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Abstract 

Background This study examined the relationship between speech‑in‑noise recognition and incident/recurrent 
falls due to balance problems ten years later (RQ‑1); 10‑year change in speech‑in‑noise recognition and falls (RQ‑
2a), as well as the role of dizziness in this relationship (RQ‑2b). The association between hearing aid use and falls 
was also examined (RQ‑3).

Methods Data was collected from the Netherlands Longitudinal Study on Hearing between 2006 and December 
2022. Participants completed an online survey and digits‑in‑noise test every five years. For this study, data was divided 
into two 10‑year follow‑up time intervals: T0 (baseline) to T2 (10‑year follow‑up), and T1 (5‑years) to T3 (15‑years). 
For all RQs, participants aged ≥ 40 years at baseline, without congenital hearing loss, and non‑CI users were eligible 
(n = 592). Additionally, for RQ‑3 participants with a speech reception threshold in noise (SRTn) ≥ ‑5.5 dB signal‑to‑noise 
ratio were included (n = 422). Analyses used survey variables on hearing, dizziness, falls due to balance problems, 
chronic health conditions, and psychosocial health. Logistic regressions using General Estimating Equations were 
conducted to assess all RQs.

Results Among individuals with obesity, those with poor baseline SRTn had a higher odds of incident falls ten years 
later (odds ratio (OR):14.7, 95% confidence interval (CI) [2.12, 103]). A 10‑year worsening of SRTn was significantly asso‑
ciated with a higher odds of recurrent (OR: 2.20, 95% CI [1.03, 4.71]) but not incident falls. No interaction was found 
between dizziness and change in SRTn. Hearing aid use (no use/ < 2 years use vs. ≥ 2 years) was not significantly 
associated with incident nor recurrent falls. Although there was a significant interaction with sex for this association, 
the effect of hearing aid use on incident/recurrent falls was not statistically significant among males nor females.

Conclusions A longitudinal association between the deterioration in SRTn and recurrent falls due to balance prob‑
lems after 10 years was confirmed in this study. This result stresses the importance of identifying declines in hearing 
earlier and justifies including hearing ability assessments within fall risk prevention programs. Mixed results of hearing 
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aid use on fall risk warrant further investigation into the temporality of this association and possible differences 
between men and women.

Keywords Incident falls, Recurrent falls, Dizziness, Hearing ability, Longitudinal, Hearing aids

Introduction
Aging affects both balance [1] and hearing ability [2], and 
problems in both often coexist as age increases. Hearing 
[3] and balance issues [4] can lead to increased risk for 
falls, which are detrimental causes of injury and disability 
among older adults [5]. In 2020, one in three individuals 
above the age of 65 experienced one or more falls in the 
Netherlands [6]. The prevalence of falls has been shown 
to increase in middle-age, particularly for women where 
the prevalence increased from 8.7% among women aged 
40–44 years to 29.9% aged 60–69 years across four pop-
ulation-based cohort studies [7]. The number of emer-
gency visits in the Netherlands due to fall-related injuries 
among the elderly has also been increasing over time [8]. 
Falls can cause serious physical injuries, such as frac-
tures, cerebral or visceral hemorrhages, and soft tissue 
injuries [5], as well as psychological consequences such 
as depression and reduced everyday functional level and 
quality of life [9]. Alongside individual consequences, the 
costs of fall-related injuries have a large impact for soci-
ety, with total emergency medical costs being 1.1 billion 
euros in the Netherlands in 2020 [6]. Considering the 
personal and societal consequences of falls, preventive 
actions are imperative.

A wide number of risk factors for falls have been identi-
fied, including older age, female gender, high body mass 
index (BMI) [9], certain chronic health conditions, his-
tory of falling, visual impairment [5], dizziness [10], 
depression [9], alcohol consumption, social isolation, 
and loneliness [11]. Furthermore, hearing impairment 
has also been shown to be associated with postural bal-
ance problems and falls [12–15]. Possible explanations 
are reduced cognitive capacity for balance [16–18] and 
spatial awareness [19]. In one meta-analysis of four cross-
sectional studies that assessed hearing loss using audiom-
etry, hearing loss was associated with 1.72 higher odds 
of falling [20]. However, two longitudinal studies in this 
meta-analysis showed no significant difference in the 
odds of falls between individuals with and without hear-
ing impairment, likely due to how hearing impairment 
was defined (inclusion of those with mild impairment). 
Additionally, it was previously found that dizziness might 
be a risk factor for falls [10, 15]. Dizziness complaints 
may also co-exist with hearing impairment [21]. One 
cross-sectional study of 2,750 patients with dizziness 
showed that vestibular dysfunction and non-vestibular-
related dizziness were associated with a higher odds of 

falls compared to patients without dizziness complaints 
[22]. However, in those with dizziness complaints, no 
significant association between the degree of hearing 
impairment and odds of falls was found. Stam et al. [15] 
found that those with hearing impairment had a higher 
odds of “dizziness causing falling”, but did not examine 
dizziness and falls as separate factors, which is important 
as dizziness does not always cause falls and vice-versa. 
Current evidence for a causal relation between hearing 
loss and falls is mixed and the role of dizziness in this 
relationship is unclear. Longitudinal research examining 
whether a deterioration in hearing over time combined 
with vestibular symptoms increases the likelihood of fall-
ing is needed. It should be noted that, according to van 
de Berg et al. [23], vestibular symptoms include e.g., diz-
ziness and unsteadiness (balance issues) and can also 
arise from disorders beyond the vestibular system (e.g. 
cardiovascular disorders). In vestibular medicine, diz-
ziness can be defined as the sensation of disturbed or 
impaired spatial orientation without a false or distorted 
sense of motion, while ‘unsteadiness’ (balance issues) is 
the feeling of being unstable  while seated, standing, or 
walking without a particular directional preference [24] 
(pp7,9). In laymen’s language, ‘dizziness’ and ‘unsteadi-
ness’ may not be used in the clinical sense. In the Dutch 
language in particular, ‘dizziness’ can refer to a number of 
vestibular symptoms including dizziness defined as above 
as well as (clinically distinct) vertigo. Some individuals 
may also use the term dizziness while actually referring 
to unsteadiness and vice-versa. However, the majority 
of Dutch individuals distinguish the term ‘balance prob-
lems’ from dizziness, with balance problems referring to 
problems in keeping postural stability when standing or 
moving. Nevertheless, research on fall risk in the Neth-
erlands benefits from taking both dizziness and balance 
issues into account in order to best capture individuals at 
risk for falls.

Hearing impairment could have a large impact on falls 
due to its high prevalence among older adults. The Global 
Burden of Disease estimates of 2019 show that approxi-
mately 25% of those above 60  years of age suffer from 
moderate to severe hearing loss (≥ 35 dB hearing loss in 
the better ear) globally [25]. Hearing impairment acceler-
ates after the age of 50 years [26], with the prevalence for 
those aged 80–85  years being 52% and 90 + years being 
91% in the Netherlands [27]. Those with severe and pro-
found hearing impairment have higher mortality ratios, 
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with death by trauma as one of the main causes of mor-
tality compared to those with better hearing [28].

While major risk factors for falls are already targeted 
in fall-prevention programs, aural rehabilitation is one 
avenue that has yet to be explored. A meta-analysis of 
283 randomized controlled trials (RCTs) found that 
combined exercise and vision assessment and treatment 
resulted in a significant reduction in fall-related injuries 
[29]. With this in mind, identification of hearing impair-
ment may also be considered when assessing fall-risk. 
Additionally, little is known on whether ensuing aural 
rehabilitation with hearing aids (HAs) mitigates the risk 
of falls. Three reviews found equivocal evidence of an 
effect of hearing aid use on balance [12, 30, 31]. Other 
studies reported mixed results when assessing fall risk 
specifically, showing that hearing aid use (vs. no use) 
either reduced fall diagnosis/risk [32–34], increased it 
[35, 36], or had no statistically significant effect [37].

As hearing impairment tends to accelerate after the age 
of 50 years [26] and the incidence of nonfatal fall-related 
injuries has also been shown to accelerate around this age 
[7], it is important to assess the extent to which a deterio-
ration in hearing may contribute to fall risk and related 
injuries, and whether hearing-aids could mitigate this 
risk. Due to the negative impact of falls on individuals 
and society, and the high prevalence of hearing impair-
ment, examining the longitudinal association between 
the two could make a positive contribution to improving 
fall prevention programs and ultimately improve quality 
of life among adults at risk of falls. To address existing 
gaps in the literature, the present study will assess the fol-
lowing Research Questions (RQs):

RQ-1: What is the association between baseline hear-
ing ability and falls due to balance problems 10 years 
later among adults aged 40 years and older at base-
line?
RQ-2: (a) What is the association between 10-year 
change in hearing ability and falls at 10 years due to 
balance problems? (b) Does this association differ 
among adults with and without dizziness complaints?
RQ-3: Is there a cross-sectional association between 
hearing aid use and falls among those with hearing 
impairment?

Materials and methods
Study design and setting
For this longitudinal study, quantitative data collected 
from the Netherlands Longitudinal Study on Hearing 
(NL-SH) between 2006 and December 2022 was utilized. 
The NL-SH is an online prospective cohort study that 
examines the association between hearing ability and 
(psychosocial) health, healthcare utilization, lifestyle, and 

participation in society. The study was started in 2006 
and is currently ongoing. Adults between the ages of 18 
and 70  years at time of enrollment, with and without 
hearing impairment, are eligible for participation. Par-
ticipants are requested to complete an online survey and 
hearing is tested every five years (baseline (T0), 5-year 
(T1), 10-year (T2), and 15-year measurement rounds 
(T3)), or until voluntary disenrollment. In the current 
study the T0 measurement round serves as baseline for 
the 10-year follow-up at T2, and T1 as the baseline for the 
10-year follow-up at T3, so two main 10-year time inter-
vals were chosen: (i) T0-T2 and (ii) T1-T3. More details 
regarding the NL-SH have been described by van Wier 
et al. [38] The NL-SH study protocol was approved by the 
institutional review board (Medical Ethics Committee) 
of Amsterdam UMC, location VUmc in Amsterdam, the 
Netherlands (METC number 2006/83; NL12015.029.06).

Measures
Dependent variables
Figure  1 shows the relationships between all the main 
measures used in the study and time point(s) or measure-
ment rounds from which they were taken and used for 
analyses. To measure falls, participants were asked the 
survey question, “How many times have you fallen due 
to balance problems during the past year?”, with answer 
options 0, 1, or ≥ 2 times at T2 (10-year measurement 
round) and an open field option (ranged from 0 to 365) at 
T3 (15-year measurement round). To examine the odds 
of experiencing incident falls (single event), these answer 
options were dichotomized into 0 (0 falls) and 1 (1 fall). 
To examine the odds of experiencing recurrentfalls (mul-
tiple falls in the same year), the original answer options 
were dichotomized into 0 (0 or 1 falls) and 1 (≥ 2 falls). 
Recurrent falls may have greater clinical relevance than 
incident falls because recurrent fallers experience greater 
morbidity than those who are not recurrent fallers [39]. 
Both dependent variables were tested in separate regres-
sion models.

Independent variables
Speech reception threshold-in-noise (SRTn) was meas-
ured by the National Hearing Test, which is an online 
adaptive speech-in-noise test that measures the ability 
to understand 23 digit-triplets against a background of 
noise. Participants were requested to remove their hear-
ing aids prior to beginning the test and recommended to 
use binaural headphones (though speakers were permit-
ted). The average signal-to-noise ratio (SNR) of the last 
20 triplets (which corresponds to 50% intelligibility) is 
used to calculate a participant’s SRTn score. SRTn corre-
lates strongly with pure tone average (PTA) results, where 
r = 0.73 for  PTA0.5,1,2  kHz and r = 0.77 for  PTA0.5,1,2,4  kHz. 
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The known measurement error of the National Hearing 
Test within approximately 1 dB SNR [40].

When assessing the association between baseline SRTn 
and falls at 10  years (RQ-1), the independent variable 
used was baseline SRTn (T0 and/or T1). Because it was 
not linearly associated with falls, baseline SRTn values 
were categorized into quartiles: -10.6 to -7.4  dB SNR 
(quartile 1), -7.2 to -6.2 (2), -6.0 to -4.2 (3), and -4.0 to 
1.9  dB SNR (4) of approximate size. Baseline SRTn was 
also assessed as a possible confounder when assess-
ing the association between change in SRTn and falls 
after 10  years (RQ-2). For this RQ, the 10-year changes 
in SRTn (ΔSRTn) for each interval were calculated by 
subtracting the SRTn at baseline (T0) from the 10-year 
measurement round (T2) and SRTn at the 5-year round 
(T1) from the 15-year round (T3). These values were also 
divided into quartiles of approximately equal size: -8.8 
to -1.0 dB SNR (quartile 1), -1.0 to 0.4 (2), 0.4 to 2.2 (3), 
and 2.2 to 8.6 dB SNR (4). Positive ΔSRTn scores indicate 
worsening of hearing over time.

When assessing the relationship between hearing 
aid use and falls at 10  years (RQ-3), survey questions 
“Do you use a hearing aid(s)?” (“yes” or “no”) and “How 

long have you used hearing aid(s)?” were used to create 
a new dichotomous variable, hearing aid use. This vari-
able had categories 0 (no hearing aid use or hearing aid 
use of < 2  years) and 1 (≥ 2  years hearing aid use), and 
was measured at the time of reported falls (T2 or T3). A 
two-year cutoff was chosen to allow for sufficient time 
to measure a potential effect of hearing aid use on falls 
during the past year. Had we chosen a one-year period 
of hearing aid use, participants would have started 
using their hearing aid during the same year that self-
reported falls were measured. In that case, falls could 
have occurred prior to wearing the hearing aid or during 
its adjustment period, which can take a few months. By 
measuring hearing aid use for at least two years, we can 
ensure that participants had a hearing aid adjustment 
period and reported falls after this adjustment period.

Confounders and effect modifiers
As fall-risk is multifactorial, the following variables were 
examined for confounding or effect modifying effects: age 
(years); sex (“male” or “female”); living situation (“alone” 
or “with others”); level of education (“low” or “mid-level” 
or “high”) [38]; baseline SRTn (T0 or T1); hearing aid 

Fig. 1 Illustration of NL‑SH time points and the data utilized at each time point for RQ‑2a, 2b. Note. All potential confounders were measured 
at T2 or T3, except for baseline SRTn, age, and sex, which were measured at T0 or T1. Fall data at T2 and T3 were utilized for analyses. The 
arrows from the four SRTn’s pointing at the two ΔSRTn’s show how the ΔSRTn’s were created. The remaining arrows depict the associations 
between the independent, dependent, and potential confounding variables. This figure is adapted from van Leeuwen et al. [54]. RQ research 
question, NL-SH Netherlands Longitudinal Study on Hearing, ΔSRTn change in speech reception threshold in noise
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use (“none or < 2 years” or “ ≥ 2 years”); depression levels 
measured by the Four-Dimensional Symptom Question-
naire (4DSQ) [41] (“moderate to severe” or “not pre-
sent to mild”); loneliness levels measured by the De Jong 
Gierveld Scale [42] (“moderate to severe” or “not present 
to mild”); dizziness complaints (“yes” or “no”); history of 
dizziness with falls (“yes” or “no”); presence of the follow-
ing chronic health conditions (“present” or “not present”): 
severe heart disease, hypertension, diabetes, chronic back 
pain, osteoarthritis of the knees and hips, rheumatoid 
arthritis, other chronic arthritis, nervous system disorders 
other than Parkinson’s, malignant condition or cancer, 
injury due to accident; near- or farsightedness (“yes” or 
“no”); obesity (“body mass index (BMI) < 30″ or” ≥ 30″); 
mobility issues (“no issues”, “mild-moderate issues”) [43]; 
difficulty performing usual activities (“no issues”, “mild-
moderate issues”) [43]; and alcohol consumption (“ ≤ 2 
glasses” or “ > 2 glasses per drinking occasion”). Chronic 
health conditions were analyzed as separate factors in 
statistical models. All variables except for baseline SRTn 
(T0 or T1), age, and sex, were measured at T2 or T3. For 
RQ-1 and 2, hearing aid use (“yes” or “no”) was included. 
For RQ-3, SRTn at the moment of self-reported falls (T2 
or T3) was also measured. These variables were assessed 
due to their documented associations with hearing 
impairment [15, 44, 45] and fall risk [9, 11, 20, 39, 45–47].

Medication use, particularly polypharmacy and use of 
a variety of types of medications are associated with fall 
risk [48–53]. Up until 2021, participants could list up to 
10 medications they used during the past four weeks, but 
these questions were omitted in the T3 questionnaire and 
not all participants answered these questions during pre-
vious measurement rounds, resulting in incomplete data. 
For sensitivity analyses, available data on medication use 
was categorized into different variables by whether they 
were known to increase fall risk, decrease risk, mixed 
results (both increase and decrease according to different 
studies), or were not related to fall risk [48–53]. Dichoto-
mous variables for medication use at all (0 vs. ≥ 1 medi-
cations) and polypharmacy (1–3 vs. 4–10 medications) 
were also created (see SM Tables 1 and 2).

Sample population
For all RQs, all 3024 participants of the NL-SH enrolled 
up to December 2022 were assessed for eligibility. Par-
ticipants were eligible if they were aged 40  years or 
older at baseline (T0) or at 5-years (T1), completed the 
National Hearing Test at one or both of the intervals, 
and completed the fall-related survey questions at T2 
and/or T3. Participants younger than 40  years of age at 
baseline (T0 or T1) were excluded to allow for a mini-
mum age of 50 years at time of falls. This is because both 
hearing loss [26] and the incidence of fall-related injuries 

[7] accelerates around this age. Due to their hearing loss 
being profound and a low likelihood of detecting a fur-
ther decline in hearing ability over time, participants were 
excluded if they had self-reported congenital hearing loss 
or used a cochlear implant. Moreover, participants with 
congenital hearing loss at birth or at an early age may 
allow for a certain level of adjustment to balance prob-
lems. By adulthood, congenital hearing loss may then 
have less effect on fall risk. Additionally, for RQ-1 (asso-
ciation between baseline SRTn and falls after 10  years) 
and 2 (association between ΔSRTn and falls), partici-
pants were excluded if they took the National Hearing 
Test while wearing a hearing aid as this may lead to unre-
liable results. Due to the inability of the hearing test to 
measure a SRTn of > 4 dB SNR, participants with a SRTn 
of ≥  + 2 dB SNR at baseline (T0 or T1) were excluded to 
allow for a 10-year SRTn change of at least 2 dB. If partic-
ipants had an improbable ΔSRTn over 10 years (defined 
as ± 3 times the interquartile range (IQR) of ΔSRTn, 
equaling 9.0 dB SNR, they were excluded as well as this 
likely represents measurement error. For RQ-3 (associa-
tion between hearing aid use and falls), participants with 
missing data on hearing aid use or non-users with good 
hearing ability (SRTn < -5.5 dB SNR) [55] were excluded. 
In the Supplementary Material (SM), Figs. 1 and 2 show 
how participants were excluded to obtain the final sam-
ples used for analyses.

Statistical analyses
Descriptive statistics for independent, dependent, 
and sociodemographic variables were generated. To 
assess the associations between baseline SRTn as well 
as 10-year ΔSRTn and falls (RQ-1 and 2a, respec-
tively), longitudinal logistic regressions were per-
formed using Generalized Estimating Equations (GEE) 
with an exchangeable working correlation structure, 
which takes repeated measurements into account 
and assumes equal correlations between each pair 
of measurements. Variables with a minimum of ten 
observations were included in analyses. Crude analy-
ses were performed to test for effect modification and 
confounding. First, we tested for effect modification 
by looking at whether the interactions between the 
independent variable and potential effect modera-
tor were statistically significant (p < 0.1) in the crude 
regression model. If significant, regression results 
were reported per stratum of the effect moderator. 
Subsequently, we tested for confounding by checking 
whether (i) the confounder was significantly associated 
with the dependent variable and with the independent 
variable (p < 0.1) and if (ii) a ≥ 10% change in the beta 
coefficient of the independent variable was present 
after adding the confounder to the crude model [56]. 
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After identifying confounders, adjusted analyses were 
reported. To assess whether the presence of dizziness 
significantly affected the association between 10-year 
ΔSRTn and falls (RQ-2b), we analyzed the interaction 
between dizziness and ΔSRTn on falls. Odds ratios and 
95% confidence intervals were reported.

To examine the cross-sectional association between 
hearing aid use and falls (RQ-3), a logistic regression 
was performed using GEE and the same statistical steps 
were taken to assess the presence of effect modification 
and confounding. Odds ratios (OR) and 95% confidence 
intervals (CI) were reported.

Sensitivity analyses were also performed using uni-
variable GEE analyses to assess whether the categori-
cal medication variables described in “Confounders 
and Effect Modifiers” were significantly associated with 
ΔSRTn and with fall risk separately, as these are condi-
tions that warrant evaluation for confounding effects. 
In case of significant associations, feasibility to impute 
missing medication data was evaluated to enable analy-
ses with medication as a possible confounder using the 
full sample. All analyses were conducted using IBM 
SPSS Statistics 28.

Results
Sample characteristics
Table  1 shows descriptive data for the study partici-
pants for each research question.

In total, n = 592 unique participants were included 
for RQ-1 and 2, with n = 188 participants overlap-
ping between the two intervals (see SM Fig.  1). The 
following statistics are presented for T0-T2 (n = 496) 
and T1-T3 (n = 284) samples, respectively. For RQ-1 
and 2, mean(SD) baseline SRTn’s were -5.57(2.61) and 
-5.40(2.66). The ΔSRTn’s over time were 0.62(2.63) and 
0.58(2.61). At T2 and T3, 29.8% and 59.6% reported 
hearing aid use, and 21.6% and 24.3% suffered from diz-
ziness. At T2 and T3, 12.7% and 10.9% reported falling 
at least once during the past year, and 6.3% and 7.4% 
reported recurrent falls.

In total n = 422 unique participants were included for 
RQ-3, with n = 88 participants overlapping between the 
two intervals (see SM Fig.  2). The following statistics 
are presented for T0-T2 (n = 363) and T1-T3 (n = 147) 
samples, respectively. At T2 and T3, 39.7% and 26.5% 
were non-users or used a hearing aid for < 2  years, 
60.3% and 73.5% used a hearing aid for ≥ 2 years, 93.9% 
and 91.8% had an insufficient or poor baseline SRTn 
score, and 26.4% and 30.6% suffered from dizziness. At 
T2 and T3, 16.5% and 18.4% reported falling at least 
once during the past year, and 7.4% and 13.6% reported 
recurrent falls.

RQ‑1: Association between baseline SRTn and falls 10 years 
later
In the crude model, baseline SRTn was significantly asso-
ciated with a 2.27 (95% CI 1.29, 3.99]) and 3.49 (95% CI 
1.52, 8.00) higher odds of incident and recurrent falls 
10  years later, respectively (see Table  2). Obesity was 
found to significantly modify the association between 
baseline SRTn and incident falls 10 years later (Wald Chi-
Square[degrees of freedom] = 8.29[3], p = 0.040) in the 
crude model. After stratifying by BMI (< 30 and ≥ 30), 
among those with a BMI ≥ 30, individuals in the poor-
est baseline SRTn category (-4.0 to 1.9 dB SNR) had 14.7 
(95% CI 2.12, 103) times higher odds for incident falls 
10  years later compared to those in the best baseline 
SRTn category (-10.6 to -7.4 dB SNR).

After adjusting for confounders, the poorest baseline 
SRTn category was significantly associated with recur-
rent falls 10  years later (OR = 2.91 [95% CI 1.21, 7.02]), 
compared to the best baseline SRTn category (-10.6 to 
-7.4 dB SNR).

RQ‑2a: Association between 10‑year change in SRTn 
and falls
No statistically significant association was found between 
ΔSRTn and incident falls in the crude model (see 
Table  3). After adjusting for confounders, the odds of 
recurrent falls were 2.20 [95% CI 1.03, 4.71] times higher 
among participants with a ΔSRTn between 2.2 and 8.6 dB 
(worsening hearing) compared to those with a ΔSRTn 
between -8.8 and -1.0 dB (improved hearing).

RQ‑2b: Role of dizziness in the association 
between 10‑year change in SRTn and falls
The interaction between ΔSRTn and dizziness was tested 
to identify the presence of effect modification. Results 
showed that the association between ΔSRTn and both 
incident (Wald Chi-Square[degrees of freedom] = 0.9[3], 
p = 0.804) and recurrent falls (5.25 [3], p = 0.154) did not 
significantly differ between individuals with and without 
dizziness.

RQ‑3: Association between hearing aid use and falls
In the crude model, the odds of incident falls among indi-
viduals with ≥ 2 years hearing aid use did not significantly 
differ compared to those with < 2 years of use or no use 
(Table 4). No significant effect modifiers nor confounders 
were identified for the association between hearing aid 
use and incident falls.

In the crude model, the odds of recurrent falls among 
individuals with ≥ 2 years of hearing aid use did also not 
significantly differ compared to those with < 2  years of 
use or no use. However, because the interaction between 
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Table 1 Sample characteristics for RQs 1 (association baseline SRTn and falls), 2a (association ΔSRTn and falls after 10y), 2b (role of 
dizziness) and 3 (association hearing aid use and falls)

RQ‑1, 2a, 2b RQ‑3

T0‑T2
(N = 496)

T1‑T3
(N = 284)

T2
(N = 363)

T3
(N = 147)

Age (years), M ± SD (range) 53.0 ± 6.6
(40–71)

55.2 ± 7.8
(40–69)

53.6 ± 6.7 (40–69) 57.6 ± 7.5 (40–71)

Sex, n (%) Female 280 (56.6) 164 (58.0) 220 (60.6) 90 (61.2)

Living situation, n (%) Alone 120 (24.2) 72 (25.4) 78 (21.5) 36 (24.5)

Level of education, n (%) Low or medium 191 (38.6) 106 (37.3) 150 (41.3) 54 (36.7)

Baseline SRTn, M ± SD ‑5.57 ± 2.61 ‑5.40 ± 2.66 ‑2.19 ± 3.08 ‑1.27 ± 3.51

Baseline SRTn, n (%) ‑10.6 to ‑7.4 dB SNR 135 (27.2) 69 (24.3) ‑ ‑

‑7.2 to ‑6.2 dB SNR 116 (23.4) 76 (26.8) ‑ ‑

‑6.0 to ‑4.2 dB SNR 124 (25.0) 66 (23.2) ‑ ‑

‑4.0 to 1.9 dB SNR 121 (24.4) 73 (25.7) ‑ ‑

ΔSRTn, M ± SD 0.62 (2.63) 0.58 (2.61) ‑ ‑

ΔSRTn, n (%) ‑8.8 to ‑1.0 dB SNR 133 (26.8) 86 (30.3) ‑ ‑

‑1.0 to 0.4 dB SNR 122 (24.6) 67 (23.6) ‑ ‑

0.4 to 2.2 dB SNR 125 (25.2) 71 (25.0) ‑ ‑

2.2 to 8.6 dB SNR 116 (23.4) 60 (21.1) ‑ ‑

Hearing aid(s), n (%) Yes 148 (29.8) 137 (59.6) 227 (62.5) 110 (74.8)

Hearing aid use, n (%) No use or < 2 years ‑ ‑ 144 (39.7) 39 (26.5)

 ≥ 2 years ‑ ‑ 219 (60.3) 108 (73.5)

Loneliness, n (%) Moderate to severe 248 (50.1) 134 (47.2) 186 (51.2) 67 (45.6)

Depression, n (%) Moderate to severe 86 (17.3) 45 (15.8) 67 (18.5) 21 (15.6)

Incident falls, n (%) 0 433 (87.3) 253 (89.1) 303 (83.5) 120 (81.6)

1 63 (12.7) 31 (10.9) 60 (16.5) 27 (18.4)

Recurrent falls, n (%) 0 or 1 465 (93.8) 263 (92.6) 336 (92.6) 127 (86.4)

 ≥ 2 31 (6.3) 21 (7.4) 27 (7.4) 20 (13.6)

Dizziness complaints, n (%) Yes 107 (21.6) 69 (24.3) 96 (26.4) 45 (30.6)

History of dizziness with falls, n (%) 55 (11.1) 7 (2.5) 47 (12.9) 6 (4.1)

Chronic health conditions, n (%) Severe heart disease 29 (5.8) 8 (2.8) 21 (5.8) 4 (2.7)

Hypertension 121 (24.4) 73 (25.7) 89 (24.5) 35 (23.8)

Diabetes 30 (6.0) 12 (4.2) 25 (6.9) 10 (6.8)

Chronic back pain 87 (17.5) 40 (14.1) 75 (20.7) 18 (12.2)

Osteoarthritis of knees and hips 177 (35.7) 72 (25.4) 148 (40.8) 36 (24.5)

Rheumatoid arthritis 37 (7.5) 14 (4.9) 39 (10.7) 2 (1.4)

Other chronic arthritis 29 (5.8) 16 (5.6) 30 (8.3) 7 (4.8)

Other nervous system disorders 10 (2.0) 2 (0.7) ‑ ‑

Malignant condition or cancer 22 (4.4) 17 (6.0) 16 (4.4) 7 (4.8)

Injury due to accident 47 (9.5) 16 (5.6) 41 (11.3) 8 (5.4)

Missing 1 (0.2) 1 (0.3) 0 0

Other health conditions, n (%) Near‑ or farsightedness 117 (23.6) 51 (18.0) 112 (29.7) 42 (28.6)

Missing 0 0 4 0

Obesity 70 (14.1) 38 (13.4) 66 (18.2) 21 (14.3)

Missing 3 (0.6) 3 (1.0) 0 2 (1.3)

Mobility issues, n (%) 113 (22.8) 51 (18.0) 87 (24.0) 25 (17.0)

Difficulty performing usual activities, n (%) 126 (25.4) 80 (28.2) 103 (28.4) 40 (27.2)

Missing 1 (0.2) 1 (0.3) 0 0

Alcohol, n (%)  > 2 glasses per drinking occasion 199 (40.1) 117 (41.2) 158 (43.5) 67 (46.5)

Missing 3 (0.6) 9 (3.2) 3 (0.9) 5 (2.5)

All variables were measured at T2 or T3, except baseline SRTn, age and sex, which were measured at T0 and T1. Empty cells (-) represent variables not relevant for that 
particular research question or too few cases (< 10)

M mean, SD standard deviation, N total sample size, n subsample size, RQ research question, ΔSRTn change in speech reception threshold in noise, SNR signal-to-noise 
ratio, dB decibel, T0, baseline measurement round, T1 5-year measurement round, T2 10-year measurement round, T3 15-year measurement round, T0-T2 10-year time 
interval using data from baseline and the 10-year measurement round, T1-T3 10-year time interval using data from the 5-year and 15-year measurement rounds
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hearing aid use and sex was statistically significant 
for recurrent falls (Wald Chi-Square[degrees of free-
dom] = 4.22[3], p = 0.040), analyses stratified by sex were 
performed (Table 4). The odds of recurrent falls between 
participants with ≥ 2  years of hearing aid use and those 
with < 2 years or no use did not significantly differ in nei-
ther males nor females.

Sensitivity analyses
GEE results and interpretations of the sensitivity anal-
yses can be found in SM Tables  1  and  4  . No medica-
tion use (nonusers) was used as the reference group. 

Medication users (vs. no users) had a higher odds of 
incident (OR:1.67, 95% CI 0.93, 3.02) but not recur-
rent falls (SM Table 3). Out of the types of medication 
use, only fall risk-related medications were significantly 
associated with incident (OR:2.08 95% CI 1.01, 4.28) 
but not recurrent falls. Fall risk-related medication use 
(OR:2.14, 95% CI 1.08, 4.21) was also associated with 
worsening of SRTn (ΔSRTn of 2.2 to 8.6 dB SNR) (SM 
Table 4). However, due to missing T3 data on medica-
tion use, further assessment of medication use in the 
main analyses was considered not possible (see SM for 
additional explanation).

Table 2 Association between baseline SRTn and falls 10 years later (RQ‑1)

Model 1 represents the unadjusted model and Model 2 adjusted for confounders

OR odds ratio, CI confidence interval, SRTn speech reception threshold in noise, dB decibel, SNR signal-to-noise ratio, BMI body mass index, RQ research question, 
ΔSRTn change in speech reception threshold in noise
a Represents p-values for Type III fixed effect for baseline SRTn
b Adjusted for dizziness and injury
c Adjusted for chronic back pain
d Adjusted for osteoarthritis of the knees/hips/hands
e Represents number of participants who reported falls per baseline SRTn quartile
* p < 0.05
** p < 0.01

Incident falls (1) Recurrent falls (≥ 2)

1 Fall/
0  fallse

OR [95% CI] p  ≥ 2 Falls/
 < 2  fallse

OR [95% CI] p

Model 1

 Baseline SRTn (dB SNR) ‑ 0.003**a ‑ 0.030*a

 ‑10.6 to ‑7.4 (reference) 22/168 1 6/198 1

 ‑7.2 to ‑6.2 20/198 1.00 [0.55, 1.83] 0.99 14/178 2.61 [1.14, 5.94] 0.023*

 ‑6.0 to ‑4.2 26/170 0.94 [0.50, 1.79] 0.86 12/178 2.05 [0.90, 4.67] 0.087

 ‑4.0 to 1.9 26/150 2.27 [1.29, 3.99] 0.004** 20/174 3.49 [1.52, 8.00] 0.003*

Model  2b

 Baseline SRTn (dB SNR) ‑ ‑ ‑ ‑ 0.12a

 10.6 to ‑7.4 (reference) ‑ ‑ ‑ 6/197 1

 ‑7.2 to ‑6.2 ‑ ‑ ‑ 14/178 2.15 [0.90, 5.13] 0.086

 ‑6.0 to ‑4.2 ‑ ‑ ‑ 12/178 1.79 [0.64, 4.35] 0.20

 ‑4.0 to 1.9 ‑ ‑ ‑ 20/174 2.91 [1.21, 7.02] 0.017*

Stratified model

 BMI <  30c ‑ 0.32a ‑ ‑ ‑

Baseline SRTn (dB SNR)

 10.6 to ‑7.4 (reference) 18/163 1 ‑ ‑ ‑

 ‑7.2 to ‑6.2 17/149 0.96 [0.50, 1.86] 0.91 ‑ ‑ ‑

 ‑6.0 to ‑4.2 16/144 0.86 [0.42, 1.75] 0.68 ‑ ‑ ‑

 ‑4.0 to 1.9 25/136 1.50 [0.80, 2.80] 0.21 ‑ ‑ ‑

 BMI ≥  30d ‑ 0.002**a ‑ ‑ ‑

Baseline SRTn (dB SNR)

 10.6 to ‑7.4 (reference) 1/21 1 ‑ ‑ ‑

 ‑7.2 to ‑6.2 1/25 0.89 [0.07, 12.1] 0.93 ‑ ‑ ‑

 ‑6.0 to ‑4.2 3/25 2.39 [0.27, 20.9] 0.43 ‑ ‑ ‑

 ‑4.0 to 1.9 13/19 14.7 [2.12, 103] 0.007** ‑ ‑ ‑
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Discussion
Interpretation of findings
RQ‑1 Baseline SRTn and falls after 10 years
When assessing the association between baseline SRTn 
and falls 10 years later, we found that individuals with 
poor hearing at baseline had a significantly higher odds 
of falling 10  years later, compared to those with good 

hearing at baseline. This was in agreement with prior 
studies that have found a significant relationship between 
hearing impairment at baseline and suffering from falls 
after one [57], five [35], and seven [58] years. This asso-
ciation also differed by obesity status. An increased odds 
of incident falls among obese individuals with poor base-
line SRTn in our study may signify that a combination 

Table 3 Association between 10‑year change in SRTn and falls (RQ‑2a)

Model 1 represents the unadjusted model and Model 2 adjusted for confounders. Model 2 for incident falls is adjusted for baseline SRTn, hearing aid use, and 
problems with daily activities. Model 2 for recurrent falls is adjusted for baseline SRTn

OR odds ratio, CI confidence interval, ΔSRTn change in speech reception threshold in noise, dB decibel, SNR signal-to-noise ratio, RQ research question
a Represents p-values for Type III fixed effect for ΔSRTn
b Represents number of participants who reported falls per ΔSRTn quartile
* p < 0.05

Incident falls (1) Recurrent falls (≥ 2)

1 Fall/
0 falls b

OR [95% CI] p  ≥ 2 Falls/
 < 2  fallsb

OR [95% CI] p

Model 1

 ΔSRTn (dB SNR) ‑ 0.32a ‑ 0.28a

 ‑8.8 to ‑1.0 (reference) 22/168 1 10/180 1

 ‑1.0 to 0.4 20/198 0.77 [0.41, 1.46] 0.43 11/207 0.89 [0.38, 2.10] 0.80

 0.4 to 2.2 26/170 1.09 [0.60, 1.98] 0.77 16/180 1.35 [0.65, 2.80] 0.42

 2.2 to 8.6 26/150 1.36 [0.75, 2.46] 0.31 15/161 1.70 [0.84, 3.42] 0.14

Model 2

 ΔSRTn (dB SNR) ‑ 0.49a ‑ 0.10a

 ‑8.8 to ‑1.0 (reference) 22/167 1 10/180 1

 ‑1.0 to 0.4 20/197 1.04 [0.51, 2.11] 0.52 11/207 1.17 [0.45, 3.05] 0.75

 0.4 to 2.2 26/170 1.33 [0.68, 2.59] 0.40 16/180 1.94 [0.85, 4.46] 0.12

 2.2 to 8.6 26/150 1.49 [0.80, 2.79] 0.21 15/161 2.20 [1.03, 4.71] 0.042*

Table 4 Cross‑sectional association between hearing aid use and falls after 10 years (RQ‑3)

Model 1 represents the unadjusted model

OR odds ratio, CI confidence interval, RQ research question
a Represents number of participants who reported falls per hearing aid use category
* p < 0.05

Incident falls (1) Recurrent falls (≥ 2)

OR [95% CI] p OR [95% CI] p

Model 1 1 Fall/
0  fallsa

 ≥ 2 Falls/ < 2  fallsa

Hearing aid use No use or < 2 years (reference) 27/156 1 15/168 1

 ≥ 2 years 60/267 1.20 [0.71, 2.01] 0.50 32/295 0.86 [0.39, 1.89] 0.71

Stratified model

Male

Hearing aid use No use or < 2 years (reference) ‑ ‑ ‑ 8/60 1

 ≥ 2 years ‑ ‑ ‑ 9/123 0.46 [0.14, 1.55] 0.21

Female

Hearing aid use No use or < 2 years (reference) ‑ ‑ ‑ 7/108 1

 ≥ 2 years ‑ ‑ ‑ 23/172 1.67 [0.94, 2.98] 0.082
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of muscle weakness often associated with obesity [59] 
and a compromised vestibular system caused by hearing 
impairment results in a higher fall risk. To our knowl-
edge, no prior studies have compared this association 
between obese and non-obese individuals. More research 
is needed to confirm this result. Recurrent falls were 
also significantly associated with baseline SRTn. After  
adjustment for dizziness and injury, the association with 
the poor SRTn category remained, showing that adults 
with severe hearing impairment have an increased risk for 
recurrent falls 10 years later, independent of other factors.

RQ‑2a Change in SRTn and falls after 10 years and RQ‑2b 
(Role of dizziness on this association)
When assessing the association between ΔSRTn and falls 
after 10  years, both unadjusted and adjusted analyses 
revealed that a 10-year ΔSRTn was not significantly asso-
ciated with an increased odds of incident falls, compared 
to no falls. However, adjusted analyses did reveal that 
those with worsening hearing over 10  years (between 
2.2 – 8.6 dB SNR) had significantly higher odds of recur-
rent falls (i.e., ≥ 2 during the past year). Possible expla-
nations for this association are that worsening hearing 
over time leads to loss of auditory perception and cues 
resulting in reduced spatial awareness [19], a reduced 
cognitive capacity for balance [16–18], and an increased 
postural sway reflective of hearing loss during the aging 
process. [60] These factors may more persistently cause 
vestibular problems and recurrent falls, rather than inci-
dental falls caused by factors unrelated to inner ear dys-
function. Additional research is needed to confirm these 
explanations.

Earlier studies within the NL-SH [15] and others [10, 
61] have found that dizziness was associated with falls. 
To understand whether dizziness interacts with a change 
of SRTn on the odds of falling, RQ-2b examined this 
association between those with and without self-reported 
dizziness complaints. Results showed that the relation-
ship between change in hearing and falls did not differ 
between those with and without dizziness complaints. 
The combination of worsening of hearing ability with 
symptoms of dizziness therefore did not seem to increase 
the odds of falling. Perhaps some individuals with both 
a deterioration in hearing ability and dizziness are more 
aware of their vestibular problems that could lead to falls, 
and are therefore more cautious. Moreover, our study had 
too few cases to further examine whether self-reported 
types of hearing impairment and frequency of dizziness 
had any impact on the relationship between hearing  
ability and falls. Studies with detailed information on the 
origin and types of dizziness is needed to clarify the rela-
tionship between hearing ability and risk of falls.

RQ‑3 Hearing aid use and falls after 10 years
Among individuals who used a hearing aid for ≥ 2 years, 
the odds ratio for incident falls was 1.20, whereas for 
recurrent falls, the odds ratio was 0.86. Although these 
results were not statistically significant, they are compa-
rable with those of Riska et al. with the slight difference 
that they assessed daily hearing aid use during the past 
year [37]. Other studies reported mixed results, show-
ing that hearing aid use (vs. no use) either reduced fall 
diagnosis/risk [32–34], increased it [35, 36], or had no 
statistically significant effect [37]. For example, Gopinath 
et al. found that HA-users at baseline (vs. no users) had 
an increased risk of ≥ 2 falls 5 years later after adjusting 
for sex and age, although information about the severity 
of hearing loss among hearing aid participants was not 
reported which could potentially explain these results 
[35]. Assuming that Gopinath’s participants used hear-
ing aids for at least 5  years, perhaps our study’s chosen 
interval of ≥ 2  years of hearing aid use did not result in 
significant differences in fall risk when comparing to the 
reference group. Perhaps it takes more time to detect 
a beneficial effect of a hearing aid on preventing falls. 
Studies that assessed the effect of hearing aid use (for at 
least 3 months) on balance also found mixed results [33, 
36]. Perhaps vestibular problems develop independently 
alongside hearing loss, on which hearing aid use would 
have little effect. More research on the temporal relation-
ship between balance and hearing loss as well as hearing 
aid use and its impact on falls due to balance problems is 
needed.

In the present study, sex significantly modified the 
association between hearing aid use and recurrent falls, 
but after performing stratified analyses, no significant 
associations were found among males nor females. These 
results are contrary to Lopez et  al. who, although did 
not examine hearing aid use directly, found that hear-
ing impairment was associated with an increased fall 
risk among both men and women [62]. Our results may 
be due to a number of factors, such as different hear-
ing aid adjustment periods (adapting to auditory inputs) 
between men and women. Men and women may differ 
in whether they withdraw from social/physical activities 
due to hearing difficulties, potentially affecting mobility 
levels [63]. After stratifying by sex, the number of par-
ticipants with ≥ 2 falls during the past year was also very 
small relative to the number of people who reported < 2 
falls. This affected our ability to detect a significant effect. 
While hearing aid use was not found to be significantly 
associated to incident nor recurrent falls, the contrast-
ing odds ratios found between the male and female par-
ticipant groups are noteworthy and warrant further 
investigation.
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Strengths and limitations
The present study has various strengths. While many 
studies have investigated the cross-sectional association 
between hearing ability and falls, to our knowledge this 
is the first study to examine the relationship between 
10-year ΔSRTn and risk of falls. In prior cross-sectional 
studies, hearing impairment and falls were measured 
simultaneously using pure-tone audiometry [3, 64, 65], 
self-reported hearing loss [37, 62, 66–68], and clini-
cal records [69]. Contrarily, our study has the advantage 
that its longitudinal design allows us to build evidence 
towards a causal relationship between change in hear-
ing and falls. Additionally, three prior studies have used 
one [57], five [35], and seven [58] year timeframes to 
assess hearing impairment at baseline and falls, while 
our study’s 10-year timeframe has allowed us to assess 
this relationship over a longer period of time. Given that 
the average decline in SRTn over 10  years is approxi-
mately 0.9 dB SNR [26], this gave us a reliable timeframe 
to assess its impact on falls. Moreover, contrary to self-
reported hearing or pure-tone audiometry, this is the first 
study to use ΔSRTn to assess its longitudinal relation-
ship with falls, adding to the novelty of the study and our 
results confirm the usability of SRTn in identifying indi-
viduals at risk of falls.

This study has limitations. Firstly, participants were 
only asked whether they experienced falls due to balance 
problems during the past year, which limited our ability to 
assess all-cause falls. Also, information on falls was self-
reported, thus, subject to measurement error due to recall 
bias. Future studies measuring monthly falls, yearly SRTn 
across a 10-year period, and data on other medical factors 
that are related to both hearing loss and fall risk (such as 
reduced cognition and comorbidities) could enhance the 
reliability of the data necessary to assess temporality and 
approximate a causal relationship more closely. When 
interpreting causality, it is also important to consider that 
a worsening of SRTn over time may itself not cause falls 
but could reflect a deterioration of the cochlea and the 
vestibular system together as one anatomical unit. A bet-
ter measure of this deterioration would represent the rela-
tionship between hearing and falls better. Dizziness being 
an umbrella term, is also non-specific and can indicate 
various symptoms. This means that those who reported 
experiencing dizziness may form a heterogeneous 
group. It is a possibility that some participants may have 
reported having dizziness symptoms but actually had bal-
ance issues or vertigo in mind when answering the survey 
question, rather than dizziness as a distinct symptom as 
defined by Bisdorff et al. [24] (pp7). This implies that there 
may be some overlap of these symptoms which may result 
in misclassification of dizziness for some participants 

during statistical analyses for RQ-2. If an interaction effect 
between change in SRTn and dizziness on the association 
between change in SRTn and falls exists, and this inter-
action leads to increased odds of falls among participants 
who experience dizziness, misclassification of dizziness 
would attenuate the regression coefficient of this inter-
action. This may have therefore contributed to insig-
nificant findings for RQ-2.  Future studies would benefit 
from obtaining more precise, distinct measurements of 
vestibular symptoms and collecting additional details on 
the timing and triggers of dizziness [70]. Moreover, other 
unmeasured lifestyle factors such as the home setting [71] 
and social engagement [72] may also add valuable context 
to assessing fall risk in future studies.

Additionally, the maximum score of the hearing test 
is set at + 4  dB SNR. We excluded participants with a 
baseline SRTn ≥ 2  dB, to leave room for measurable 
decline, but may have missed declines that would put 
SRTn beyond + 4 dB. Nevertheless, we believe the range 
of change in hearing ability over time is sufficiently large 
to make a reliable estimation of the true association 
between hearing ability and falls. A quarter of partici-
pants showed an improvement in hearing over 10 years, 
which was used as our reference category. Although 
an improvement in hearing is possible, such as after 
removal of excess earwax or surgery, it is unlikely this 
was the case for all participants in this quartile. Similarly, 
a worsening in SRTn of up to 8.6 dB SNR as was seen in 
the highest quartile is much more than average. Despite 
multiple validations of the National Hearing Test under 
controlled conditions [73, 74], additional measurement 
error due to variations within the home setting may have 
affected the validity of SRTn measured. However, while 
SRTn may not reflect all parts of the auditory system, it is 
a clinically relevant and valid indicator of hearing ability  
and has been shown in prior research to correlate 
strongly with pure tone average results [40] and better 
predict self-reported hearing ability compared to pure-
tone audiometry [55].

Furthermore, we were unable to assess the impact of 
medication use at the time of falls as this data was only 
available at T2 but not T3. It was deemed unfeasible to 
apply multiple imputation methods for missing T3 data 
as we had no information on whether medication use 
changed over 5 years and whether changes in prescription 
guidelines affected medication dissemination. Moreover, 
participants were asked to list medications they used dur-
ing the past 4  weeks, which created inconsistency when 
analyzing its association with falls during the past year. 
Lastly, we did not have enough data to examine specificities 
of hearing aid use, such as fitting, satisfaction, consistency 
of use, and replacement of hearing aids.
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Conclusion
Individuals with poor SRTn at baseline had a higher odds 
of incident and recurrent falling 10 years later. Impor-
tantly, the co-occurrence of obesity and having poor 
SRTn at baseline was a significant predictor of increased 
incident falls 10 years later. Moreover, individuals with a 
substantial worsening in SRTn over 10 years had a higher 
odds of recurrent falls. Further prospective research that 
collects additional details on causes of dizziness could 
provide a better insight into the role of vestibular symp-
toms on the relationship between hearing impairment 
and falls. Additional studies looking into the gender or 
sex-specific differences in hearing aid use patterns [75] on 
fall risk as well as the co-occurrence of obesity and hear-
ing impairment on fall risk would benefit fall-risk preven-
tion programs. However, considering the potential risks 
and gains of addressing hearing impairment in fall preven-
tion programs, such a recommendation seems reasonable 
based on the available evidence. With the high prevalence 
of older adults with hearing impairment as well as fall-
related injuries, raising awareness among health profes-
sionals of the importance of worsening hearing as a risk 
factor for falls due to balance problems is imperative.
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