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Abstract

Speech perception in noise (SPIN) difficulties are commonly associated with older
adults, but emerging evidence suggests they may begin in midlife. This study inves-
tigated SPIN and spatial processing abilities in middle-aged adults using the Spatial
Separation Sentence Test-Kannada (SSST-K). A cross-sectional design assessed

76 participants aged 41-60 years, divided into two groups (41-50 and 51-60 years).
Assessments included: (1) the SSST-K to evaluate SPIN and spatial processing, (2)
the Montreal Cognitive Assessment (MoCA) for general cognition, and (3) standard-
ized questionnaires measuring noise exposure (NESI), physical activity (GPAQ), and
mental status (PHQ-9). Hierarchical regression analysis revealed two key findings.
First, in the co-located (0° azimuth) condition, cognition (MoCA) was the only signifi-
cant predictor of SPIN performance, overshadowing age and other variables. Second,
none of the tested variables predicted spatial advantage. Between-group comparisons
showed no age-related differences in SPIN scores for the co-located condition, but the
older subgroup (51-60 years) exhibited reduced spatial advantage and significantly
lower MoCA scores. These results indicate that among the variables examined in
middle-aged adults with self-reported normal hearing, cognitive function emerged as
the strongest predictor of SPIN ability. However, the absence of audiometric verifica-
tion, particularly extended high-frequency assessment, limits definitive conclusions
about peripheral versus central contributions. The other variables, like noise exposure,
mental health, and physical activity, had no significant influence. Future research with
longitudinal designs and objective hearing assessment is needed to determine optimal
ages and methods for SPIN screening in community and clinical settings.

1. Introduction

Age-related hearing loss is a common health issue, particularly as the global
population ages. It is well established that the gradual decline in auditory function
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significantly contributes to the complex speech perception challenges faced by
older adults [1-3]. Even individuals with audiometrically normal hearing may
encounter difficulties understanding speech, especially in environments with back-
ground noise [4,5].

Studies suggest that individuals may start experiencing difficulties in understand-
ing speech in noisy settings as early as middle age. Specifically, difficulties in hearing
speech against background noise often appear between the ages of 40 and 65 [6-8].
McFarlane and Sanchez [9] found that middle-aged adults (40—60 years) with normal
hearing thresholds often demonstrate reduced SPIN performance, suggesting that
subtle central auditory processing deficits may explain real-world communication
challenges in this population. A recent review highlighted that middle-aged adults
often exhibit increased listening effort and reduced speech perception in noise com-
pared to younger adults [10].

Numerous factors may influence speech-in-noise performance among
middle-aged adults. Emerging evidence suggests that specific types of noise
exposure, particularly occupational noise, may contribute to difficulties in speech
perception [11,12]. Cognitive abilities play a significant role in speech perception in
noise (SPIN) performance among adults [13]. The level of education also greatly
impacts auditory processing and the ability to understand speech in noisy situa-
tions among middle-aged and older adults. Individuals with higher education levels
generally exhibit superior speech comprehension in these environments, possibly
because of a strengthened cognitive reserve that helps them cope with degraded
auditory input [14].

Psychological factors such as depression may also significantly impact SPIN
performance. Xie et al. [15] examined the impact of major depressive disorder (MDD)
on speech perception in noise among normal-hearing adults. Their findings indicated
that individuals with MDD demonstrated significantly lower recognition accuracy,
particularly in conditions with a single-talker masker. The depression-related deficit
in speech perception was specific to errors resulting from interference by masker
sentences, suggesting heightened distractibility due to linguistic interference from
background talkers.

The relationship between physical activity and SPIN remains uncertain. Jiang et al.
[16] found that SPIN performance, measured using the QuickSIN, predicted cogni-
tive decline independently of physical activity levels, suggesting that exercise may
not have a strong direct or indirect effect on SPIN. In contrast, Gopinath et al. [17]
reported that practicing Sudarshan Kriya Yoga improved specific auditory processing
skills, such as gap detection and pitch discrimination thresholds, although improve-
ments in SPIN were inconclusive. Together, these findings suggest that while phys-
ical activity may enhance certain auditory processing abilities, its impact on SPIN
performance may not be straightforward.

Existing literature has examined SPIN performance using co-located noise
conditions, where speech and noise sources originate from the same spatial loca-
tion. However, real-life listening environments typically involve spatially separated
sound sources, which enable listeners to utilize binaural cues for improved speech

PLOS One | https://doi.org/10.137 1/journal.pone.0341169  January 29, 2026 2/14




PLO\Sﬁ\\.- One

understanding. Spatial separation of speech and noise can provide a substantial advantage in speech recognition, often
referred to as spatial release from masking or spatial advantage. Understanding how middle-aged adults perform under
spatially separated listening conditions is therefore critical for ecological validity and clinical relevance.

The Spatial Separation Sentence Test (SSST-K) was developed to assess speech perception abilities under spatially
separated speech and noise conditions in Kannada-speaking populations [18]. Given the increasing recognition that spa-
tial processing abilities may decline with age and may be affected by factors beyond peripheral hearing sensitivity, such as
cognition [19,20]. and lifestyle [21,22]. Validating the test’s sensitivity to age-related and individual differences in this popu-
lation is essential. Such validation would enable clinicians to better identify individuals who experience speech perception
difficulties in real-world listening environments despite having clinically normal audiograms.

Together, these findings emphasize the need for further investigation into factors affecting speech perception in noise
(SPIN) among middle-aged adults. Prior validation work with the SSST-K has focused on children aged 8-12 years, show-
ing good psychometric properties and age sensitivity in pediatric populations. Although age-related declines in speech-in-
noise performance have been demonstrated with a variety of English language tests, there is a paucity of data on spatial
hearing in Kannada-speaking middle-aged adults. The present study therefore aimed (i) to evaluate the sensitivity of the
SSST-K to age-related changes in spatial processing among adults aged 41-60 years, and (ii) to examine the relative
contributions of cognition, noise exposure, mood, and physical activity to SSST-K performance in a community-based,
Kannada-speaking cohort.

2. Materials and methods
2.1. Participants

Seventy-six participants aged between 41 and 60 years were recruited for the study, divided into two groups: 38 individu-
als aged 41-50 years and 38 individuals aged 51-60 years, ensuring equal distribution of male and female participants.
All participants were native Kannada speakers, and the sample was obtained through the snowball sampling method.

The age cutoff of 50 years was selected based on converging evidence from the literature. Study by Moore et al. and
Banumathi et al. [12,23] identified the fifth decade as a critical period for emerging speech-in-noise difficulties. Additionally,
Stelmachowicz et al. [24] reported that the largest age-related changes in EHF sensitivity occur between 40 and 59 years,
suggesting a potential inflection point around 50. This 10-year grouping also provides sufficient statistical power while
capturing meaningful developmental changes across middle adulthood.

The study included middle-aged adults with self-reported normal hearing, as it was the practical screening approach
in community-based studies. Self-reported hearing status has shown moderate correlation with audiometric thresholds in
population studies [25,26]. Individuals with cardiovascular diseases, chronic medical conditions, or pre-existing neurologi-
cal and psychological disorders were excluded from participation.

2.2. Procedure

Study approval was obtained from the Institutional Research and Ethical Committee (IEC2: 383/2024). Data were col-
lected from participants residing in Udupi, Karnataka, from November 6, 2024, to March 17, 2025. The procedure was
briefly explained to the participants, and written informed consent was obtained from all participants prior to data collec-
tion. The participant’s case history was received, including demographic details like age, gender, education, work, His-
tory of hearing loss and/or speech understanding difficulty, otological, medical, and surgical history, along with details on
workplace noise exposure and the use of PLDs.

Then, all the assessments were conducted individually in a quiet, well-lit room to avoid distractions and get an accurate
response. The assessment was conducted in a fixed order: MoCA first, followed by PHQ-9, NESI, GPAQ, and SSST-K.
The entire procedure took around 30—45 minutes for each participant.
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Montreal cognitive assessment tool (MoCA)

MoCA, developed by Nasreddine et al. [27] was administered in its validated Kannada adaptation [28] adaptation to
ensure linguistic and cultural appropriateness.. This 10-minute screening tool assesses visuospatial/executive abilities,
naming, short-term memory, attention, language, abstraction, delayed recall, and orientation domains. The maximum
score is 30, with scores <26 indicating cognitive impairment. Participants with less than or equal to 12 years of education
received an extra point per MoCA guidelines to account for educational bias. The Kannada MoCA was validated as part

of a multi-language study [29] that included 61 Kannada speaking cognitively healthy controls and 39 individuals with mild
cognitive impairment (MCI), demonstrating 86% sensitivity and 89% specificity for detecting MCI against clinical diagnostic
standard. The test was conducted face to face by the tester following the standard instructions.

Patient health questionnaire — 9 (PHQ-9)

PHQ-9, developed by [30], is a 9-item self-reported tool that assesses depression severity over the preceding two weeks.
Each is scored from 0 (“not at all”) to 3 (“nearly every day”), with total scores that range from 2 to 27. In this study, we
used the Kannada-translated version of the PHQ-9, which has been validated for use in the Indian population [31]. The
validity of the Kannada version is comparable with the original version. It showed a sensitivity of 86.7% and specificity of
88.5% for detecting major depressive disorder [31]. Severity is classified into the following categories: minimal (0—4), mild
[5-9], moderate [10,12—-15], moderately severe [16—20], and severe [21-28].

Noise exposure structured interview (NESI)

NESI, developed by Guest et al. [32] is a validated tool for quantifying lifetime noise exposure. It is a structured question-
naire that collects information about an individual’s exposure to loud sounds in different recreational, occupational, and
educational settings.

This interviewer-administered tool collects detailed information about exposure duration (in years, weeks/year, and hours/
week), intensity (categorized into 5 dB bands from <80 dBA to 295 dBA), and frequency from various sources, such as work-
place noise, loud music, and firearms. The cumulative noise exposure is calculated in A-weighted decibels (dBA) using a stan-
dardized formula: Units of noise exposure = [(years x weeks x days x hours)/ 2080] x 10*[(L-90)/10] for each reported exposure,
where L is the sound level in dBA [32]. The total exposure is derived by combining values across reported activities.

The NESI demonstrates robust psychometric properties, with good test-retest reliability in validation studies. In the cur-
rent study, the tester administers the NESI in a face-to-face interview format (duration~10 minutes), ensuring consistent
interpretation of exposure categories and accurate data collection for all participants.

Global physical activity questionnaire (GPAQ)

GPAQ version 2, given by the World Health Organization (WHO), is a validated 16-item instrument assessing physical
activity patterns across three domains: (1) work-related activities, (2) transportation, and (3) recreational pursuits. The
questionnaire captures activity intensity (Vigorous/moderate), frequency (days/week), duration (minutes/day) for each
domain, and sedentary behavior. Metabolic equivalent of task (MET) minutes per week is calculated using preset values
(8.0 METs for vigorous activity, 4.0 METs for moderate activity) multiplied by duration. Participants are classified into activ-
ity levels based on their total MET minutes per week: low activity is defined as less than 600 minutes, moderate activity
ranges from 600 to 3000 minutes, and high activity exceeds 3000 minutes.

Armstrong and Bull [33] (10 described the development and initial implementation of the GPAQ, while Bull et al. [34]
provided the comprehensive validation of the instrument, demonstrating moderate to good test-retest reliability (kappa
statistics of 0.67 to 0.73) and concurrent validity coefficients of 0.54. For this study, the GPAQ was administered orally in
Kannada through face-to-face interviews, with the interviewer translating questions directly to ensure participants compre-
hension while maintaining fidelity to the original questionnaire structure.
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Spatial separation sentence test — Kannada

Spatial Separation Sentence test (SSST) is a validated MATLAB-based auditory assessment tool developed by Hermon et al.
[18,35] to evaluate speech in noise perception in native Kannada speakers. A 2.5 dB up-and-down procedure was used to pres-
ent the stimulus at various SNRs, and the participants were asked to listen to sentences attentively while ignoring the distractor
and repeat all the sentences they had heard. They were allowed to guess the words when they were not sure. The response was
considered correct only if the participant was able to accurately repeat all the content words in the sentence. Upon achieving a
50% score at an SNR, the SNR was reduced by 2.5 dB. The ceiling was reached if the participant responded less than 50% after
three consecutive presentations. This level of SNR was taken as the client's SNR for that test condition (0°,+90°, and -90°).

SSST-K was administered using a custom MATLAB-based script provided by the original developer. Stimuli were
presented through JBL Quantum 100 wired over-ear headphones. Calibration was performed to ensure the output sound
pressure level (SPL) matched the original SSST-K specifications. The headphones were calibrated with an NBS-9A
coupler using a Bruel & Kjeer type 2250 Light sound level meter to verify if the SPL of the stimuli ranged between 68- and
72-dB SPL at 20% system output.

In the present study, the JBL headphones were preferred because they are an affordable, widely available model with
adequate bandwidth (20 Hz—20kHz) and sensitivity, and all testing was conducted after level calibration to match the
SSST K presentation requirements. Importantly, the same headset was used for every participant, which preserves inter-
nal validity and allows for a reliable estimation of relative SNR 50 differences within the study, even if absolute thresholds
may not be directly comparable to those in studies using other transducers.

2.3. Statistical analysis

Data obtained through the demographic data, questionnaire, and SSST-K were entered into an Excel sheet and trans-
formed into JAMOVI (Version 2.6.44). Descriptive statistics were computed for all variables. The normal distribution of
the data was evaluated using the Shapiro-Wilk test. Due to the data not being normally distributed, a non-parametric
approach was utilized, specifically the Mann-Whitney U test, to compare SSST-K scores across two age groups: 41-50
years and 51-60 years.

Spearman’s rank order correlation was used to explore the associations between spatial advantage and 0-degree
azimuth condition scores and each covariate, such as age, education level, NESI, MoCA, PHQ-9, and GPAQ. A hierarchi-
cal multiple linear regression was then conducted separately for spatial advantage and 0-degree condition outcomes to
determine the influence of covariates.

Collinearity statistics revealed acceptable VIF values (all VIF <2.0), indicating no multicollinearity. Shapiro-Wilk test of
residuals indicated marginal deviation from normality (W=0.966, p=.010); however, the Q-Q plot of residuals revealed
that residuals were approximately normally distributed, with minor deviations at the extremes. The residual plot demon-
strated homogeneous variance across fitted values, confirming the homoscedasticity assumption. Cook’s distance anal-
ysis identified no influential outliers. The maximum Cook’s distance was 0.0975 (well below the conventional threshold
of 1.0), with a median of 0.0175 and a mean of 0.00454, indicating that all observations had minimal and comparable
influence on the regression results. These findings align with established guidance that linear regression is robust to minor
deviations from normality.

The models were built in a stepwise manner as follows:

Model 1: Age

Model 2: Age + MoCA

Model 3: Age + MoCA+Education

Model 4: Age + MoCA+ Education + NESI
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Model 5: Age + MoCA+ Education + NESI+ PHQ-9
Model 6: Age + MoCA+ Education+ NESI+ PHQ-9+ GPAQ

The analysis adhered to a significant level of p<.05. Multicollinearity was evaluated using the Variation Inflation Fac-
tor (VIF) and tolerance values for all predictors in each regression model. A conservative VIF threshold of <2.5 was used
to indicate acceptable multicollinearity. All variables in all models had VIF values well below this threshold (see S1 File),
indicating that multicollinearity was not a concern and all predictors could be retained in the models.

3. Results
3.1. Demographics

This study collected data from 76 middle-aged adults, equally divided into two age groups: 41-50 years (n=38) and
51-60 years (n=38). Each group included an equal number of males and females (19 males and 19 females). Given the
non-normal distribution of most variables (Shapiro-Wilk p<.05), all data are presented as median (interquartile range),
and non-parametric Mann-Whitney U tests were used for group comparisons. Table 1 summarizes demographic details,
including age, gender distribution, and years of education across the two age groups.

3.2. Comparison between age groups

Comparison between mean education, cognitive function, noise exposure, depressive symptoms, physical activity, and
speech-in-noise performance is presented in Table 2. There were notable differences among the groups in three key
areas. Education levels were higher in the younger group to the older group (p =.011, rpb = -.34). Cognitive function as
measured by MoCA was significantly better in the 41-50 age group than in the 51-60 age group (p =.031, r. b = -.29). Most

Table 1. Participant demographics by age group.

Variables 41-50 years (n=38) 51-60 years (n=38)

Age, Median (IQR) 45 (4.8) 53.5 (6)

Gender, n% Male: 19 (50%) Male: 19 (50%)
Female: 19 (50%) Female: 19 (50%)

Education, Median (IQR) 12 (5) 10 (6.5)

Note. Data are presented as median (interquartile range) due to non-normal distributions.

https://doi.org/10.1371/journal.pone.0341169.t001

Table 2. Group comparison across the key variables and SSST-K.

Variables 41-50 years (n=38) 51-60 years (n=38) 95% ClI p-value Effect size (r b)
Education 12 (5) 10 (6.5) (0.00, 5.00) 0.011 -0.34

MoCA 26 (4.5) 24 (5.8) (0.00, 4.00) 0.031 -0.29

NESI 0.28 (1.08) 0.24 (2.03) (-0.20, 0.12) 0.681 0.06

PHQ-9 4 (5.75) 4 (5.75) (-2.00, 1.00) 0.374 0.12

GPAQ 64.5 (139) 155 (158) (-107.0, 11.3) 0.178 0.18

SSST-K (0° azimuth) 0 (5) 0 (5) (-2.50, 0.00) 0.823 0.03

SSST-K (Spatial advantage) 6.88 (2.5) 6.25 (2.5) (0.00, 2.50) 0.031 -0.28

Note. All values are median (interquartile range). 95% CIl=95% confidence interval for the Hodges-Lehmann estimate of median difference (Group

1— Group 2). Cls excluding zero indicate statistically significant differences. Bolded p-values indicate statistical significance (p<.05). MoCA=Montreal
Cognitive Assessment; NESI=Noise Exposure Structured Interview; PHQ-9 = Patient Health questionnaire-9; GPAQ = Global Physical Activity Question-
naire; SSST-K = Spatial Separation Sentence Test.

https://doi.org/10.1371/journal.pone.0341169.t002
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notably for the primary research focus, spatial advantage scores on the SSST-K were significantly higher in the younger
group compared to the older group (p =.031, rpb = -.28), suggesting better spatial processing abilities in participants aged
41-50 years as shown in Fig 1. No significant between-group differences were observed for noise exposure (p =.681),
depressive symptoms (p =.374), physical activity levels (p =.178), or performance in the 0° azimuth condition (p =.823).
An examination of the PHQ-9 categorical distribution revealed that the majority of participants reported minimal depres-
sive symptoms. Across the total sample, 44 participants (57.9%) scored in the minimal range (0-4), 24 (31.6%) in the
mild range (5 -9 ), 8 (10.5%) in the moderate range (10 —14 ), and none reported moderately severe to severe symptoms
(215). The categorical distribution was similar across age groups, with both groups predominantly showing minimal to mild
symptoms, consistent with the non-significant median comparison (p =.374).

3.3. SSST- K and predictors

Spearman’s rank-order correlation analysis was carried out to examine the relationships among the primary test variables
and co-variables. Performance in the 0° azimuth condition was negatively correlated with education (r=-.26, p=.022) and
MoCA scores (r=-.37, p=.001). Education was significantly positively correlated with MOCA scores (r=.485, p<.001)
and negatively correlated with age (r=-.39, p<.001). MoCA scores were negatively correlated with age (r=-.39, p<.001)
and GPAQ (r=-.23, p=.049) and positively correlated with PHQ-9 (r=.26, p.021)). A significant negative correlation was
found between education and GPAQ (r=-.23, p=.048), and a significant positive correlation was observed between NESI
scores and GPAQ. (r=.29, p=.010). Spatial advantage was not significantly correlated with any of the other tested vari-
ables, including age (r=-.20, p=.077). Full correlation coefficients are presented in Table 3.

3.4. Speech in noise performance and age

3.4.1. Regression analysis: 0° azimuth. Primary analysis: Age as a categorical predictor: A hierarchical linear
regression analysis (N=76) was performed to explore the predictors of auditory performance at 0° azimuth across six

v o)

A

10

6

0

Mo CA Scores
Spatial Advantage (dB SNR)

Age Group Age Group

Fig 1. Between-group comparison of MoCA and spatial advantage scores in middle-aged adults. (A) MoCA total scores (0-30) by age group.
Higher scores indicate better cognitive functioning. Displays cognitive scores in adults aged 41-50 and 51-60 years. Higher scores indicate better cog-
nitive functioning. (B) Spatial advantage scores (dB SNR) by age group. Higher values represent greater spatial processing advantage in noisy listening
environments.

https://doi.org/10.1371/journal.pone.0341169.9001
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Table 3. Spearman’s rank-order correlation among key variables and SSST-K.

Variable 1 2 3 4 5 6 7
0° azimuth -

Spatial advantage ok -

Age .03 -.20 -

Education -.26% 18 —. 39#** -

MoCA =.37%* -.03 - 39#x¥ 1S -

NESI .10 .05 .09 -1 -.08 -

PHQ-9 -.06 -.12 -.03 -.06 .26* .21 -
GPAQ A7 .01 19 -.23% -.23* .29% .04

Note. *p<.05, *¥p<.01, *4p<.001.

https://doi.org/10.1371/journal.pone.0341169.t003

consecutive models. The baseline model (Model 1), which included only age group as a predictor, showed no value
(R?=.0002, F(1,74) = 0.01, p=.915). Model 2 significantly improved prediction by adding MoCA scores (AR?=.148, F(1,73)
=12.68, p<.001), accounting for 14.8% of variance (b=-0.26, p<.001). Subsequent models introduced: education
(Model 3; AR?2=.010, p=.363), noise exposure (Model 4; AR?=.004, p=.576), depression symptoms (Model 5: AR?=.002,
p=.709), and physical activity (Model 6: AR?=.003, p=.598), none providing significant improvements. The final
comprehensive model (Model 6), which included all examined predictors, explained approximately 16.7% of the variance
in the auditory performance, with MoCA scores remaining the only statistically significant predictor (b=-0.22, p=.022).

Supplementary analysis: Age as a continuous predictor

For comparative purposes, we also examined age as a continuous predictor in a simple linear regression model. The
model was not statistically significant, (F1, 74) =.005, p=.942). These results confirm that age, whether treated as a
continuous or categorical variable, does not predict performance in the 0° azimuth condition, suggesting that co-located
speech-in-noise performance in middle age is more strongly influenced by cognitive function than by age. (see Table 4 for
more details)

3.4.2. Regression Analysis: 3.4.2 Regression Analysis: Spatial advantage. Primary analysis: Age as a
Categorical Predictor: A similar hierarchical regression was conducted for spatial advantage scores. Model 1 included
only age group as a predictor, was a significant model (R2=.061, F(1,74) = 4.78, p=.032), indicating that age group
alone accounted for 6.1% of the variance in spatial advantage. The addition of MOCA scores in Model 2 did not result in
a statistically significant improvement (AR?=.002, F(1,73) = 0.18, p=.673). Education was added to Model 3, accounting
for a small, non-significant increase in explained variance (AR?=.027, p=.147). Subsequent inclusion of NESI in
Model 4 (AR?=.035, p=.096), PHQ-9 in Model 5 (AR2=.007, p=.442) and GPAQ in Model 6 (AR?=.001, p=.739) did
not significantly improve the model. The final comprehensive model (Model 6), which included all predictors, was not
statistically significant (R2=.134, F(6,69) = 1.78, p=.116) and explained only 13.4% of the variance in spatial advantage

Table 4. Linear Regression Model for 0° Azimuth with Age as Continuous Predictor.

Model R R? Overall Model Test
F dft df2 p
1 .008 <.001 .005 1 74 942

Note. Models estimated using a sample size of N=76.

https://doi.org/10.1371/journal.pone.0341169.t004

PLOS One | https://doi.org/10.137 1/journal.pone.0341169  January 29, 2026

8/14


https://doi.org/10.1371/journal.pone.0341169.t003
https://doi.org/10.1371/journal.pone.0341169.t004

PLO\Sﬁ\\.- One

scores, with no predictors reaching statistical significance (p>.05). Despite this, the age group remained close to
significance (p=.056), suggesting a potential age-related trend in spatial processing abilities.

Supplementary analysis: Age as a continuous predictor

For comparative purposes, we also examined age as a continuous predictor in a simple linear regression model. The
model showed only a marginal trend for predicting spatial advantage, F(1, 74) = 2.93, p=.091, R?=.038, with an unstan-
dardized coefficient (B) of —.075 (p=.091). The superior explanatory value of the categorical age group model (AR?=.023)
suggests that differences in spatial processing ability during middle adulthood may reflect a threshold effect between the
fifth and sixth decades rather than a strictly linear, year-by-year decline. (See Table 5 for model details)

Exploratory nonlinear age effects

Following linear regression analyses, an exploratory polynomial regression analysis was conducted to assess potential
nonlinear age relationships with speech-in-noise performance. For the 0° azimuth condition, a second-degree polynomial
model revealed a marginally significant quadratic age effect (3=5.26, p=.049, AR?=.042), suggesting possible accel-
erated decline in later middle age. However, the overall model fit remained non-significant (R2=.052, F (2,73) = 2.02,
p=.141). Third-degree (cubic) polynomial models were tested but did not improve model fit (AR?=.008, p=.412) or reveal
additional significant effects. No significant nonlinear patterns emerged for spatial advantage scores (quadratic p=.828;
cubic p=.619), with all polynomial models explaining minimal variance (R?<.04). While these results hint at potential
nonlinear age effects in co-located noise perception, the small effect sizes and marginal significance warrant cautious
interpretation.

4. Discussion

The present study investigated speech perception in noise abilities in middle-aged adults across two age groups (41-50
and 51-60 years), and the influence of cognitive function, education, noise exposure, depression, and physical activity.
Our findings revealed notable differences between these age groups, particularly in spatial processing abilities, cognitive
function, and education.

4.1. Age-related differences in SPIN performance

The current study showed that the 51-60-year-old group performed poorly in SSST-K compared to their 41-50-year-old
counterparts. This difference was seen mainly in spatial separation scores and not in the co-located conditions. Recent
studies report speech in noise difficulties emerging as early as the 20s, particularly in individuals with tinnitus, elevated
[29,36,37] extended high frequency (EHF) thresholds, or substantial noise exposure. This is in contrast with our obser-
vation that only adults aged 51-60 years showed reduced spatial advantage. However, our community-based sample
comprised self-reported normal hearing adults and likely represents a relatively lower risk group compared to the targeted
high-risk cohorts in prior work. Moreover, we did not obtain conventional or EHF audiometry, and thus could not quantify
subclinical cochlear or neural deficits that may underlie earlier onset SPIN problems [37]. Our results should therefore

be interpreted as characterising age related changes in SPIN among community dwelling, self reported normal hearing

Table 5. Linear Regression Model for spatial advantage with Age as Continuous Predictor.

Model R R? Overall Model Test
F df1 df2 p
1 195 .0381 2.93 1 74 .091

Note. Models estimated using a sample size of N=76.

https://doi.org/10.1371/journal.pone.0341169.t005
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middle aged adults, rather than defining the earliest age of SPIN onset. This selective deficit in spatial advantage aligns
with the study findings of Gallun et a. [38], which states that age alone can substantially reduce spatial release from mask-
ing, independent of hearing loss. This could be due to impaired temporal processing ability starting in midlife [39]. The
current results extend these findings by showing that this dissociation emerges clearly in midlife, using an adaptive test
paradigm. Replication in the larger sample may be needed to confirm the lack of significant difference at the co-located
condition found in our study. The selective deficit in spatial advantage observed in the 51-60-year group, with preserved
performance in the co-located condition, is particularly noteworthy but must be interpreted cautiously. While this pattern
could reflect central auditory processing changes specific to spatial processing, it could equally result from age-related
EHF hearing loss that disproportionally affects binaural spatial processing [40]. Without objective audiometric data, these
competing explanations cannot be differentiated.

Previous studies have used standard speech in noise tests [9,15,41] in middle-aged adults and have reported poorer
SPIN performance. However, these previous studies have not explored spatial separation using speech in noise tests in
middle-aged adults. The current results partially align with the previous literature, which showed age-related SPIN decline
after 50 years [12,23]. The difference seen could mainly be due to the method, sample size, and the test materials used.
The findings of this study demonstrate that SSST-K is sensitive to subtle, within—-middle—aged differences in spatial advan-
tage Importantly, by modelling multiple covariates simultaneously, we also demonstrate that global cognition, rather than
noise exposure, depressive symptoms, or physical activity, is the primary predictor of SSST-K performance in this age
band, highlighting a clinically actionable link between cognitive screening and SPIN assessment in midlife. In low-resource
settings where standard audiometric testing or formal SPIN testing is impractical, a simple administration of the MoCA can
serve as a proxy to identify individuals at risk for difficulties with speech in noise. As a secondary observation, the SSST-K
demonstrated sensitivity to age-related differences in our middle-aged sample, though formal validation of this property
would require dedicated study designs.

4.2. Predictors of SPIN performance

Our investigation into potential predictors of SPIN revealed interesting patterns. While significant differences were
observed between age groups in spatial release in masking, age as a continuous variable did not emerge as a significant
predictor. This suggests that SPIN decline may not occur linearly throughout middle age but may accelerate in the older
middle-aged group (51-60 years). Further examining each age point within the middle-aged range is necessary to identify
the exact knee point at which SPIN abilities begin to decline more rapidly.

Consistent with previous literature, we observed that cognitive abilities influence SPIN outcomes. Our findings extend
this established relationship by demonstrating its persistence in community-dwelling middle-aged adults with self-reported
normal hearing, particularly in co-located listening conditions. Using the MoCA to measure general cognition, our findings
indicated that cognitive abilities significantly influenced SPIN outcomes, suggesting, consistent with prior models that cen-
tral auditory and cognitive processes likely interact to support speech perception in noise as individuals age; however, the
current study did not include direct measures of central auditory processing, so this interpretation should be considered
speculative While MoCA scores emerged as a significant predictor, this global screening tool limits our ability to identify
which specific cognitive domains (e.g., working memory, processing speed, inhibitory control) drive this relationship. This
relationship aligns with emerging models of auditory-cognitive interactions, where cognitive functions, primarily executive
and working memory, compensate for degraded auditory input. [12,19].

This study found that education is co-related to cognitive abilities, which is a highly acceptable hypothesis. However,
education was a significant predictor of speech in noise performance. It is generally believed that education increases
the cognitive reserve and, in turn, cognition. [14,42]. However, this effect is robust only when low to moderate education
is contrasted [43]. Since most of the population in the present study falls in the moderate education category, it may not
have influenced cognition or SPIN scores. However, a diverse population with varying levels of education may be needed
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to confirm the relationship. Also, it is possible that education could indirectly mediate speech in noise score through cogni-
tion. Noise exposure showed no significant effects, possibly due to moderate exposure levels of the current sample, recall
bias, or sample age potentially obscuring cumulative effects [33]. At the same time, physical activity also had no detect-
able impact, possibly due to self-reported measures, which lack precision. This contrasts with findings from [44] and [17]
and requires further research. Although depression showed no direct link to SPIN performance, its potential interaction
with cognitive load [15] highlights the complex interplay of factors shaping auditory processing.

4.3. Peripheral hearing considerations

The lack of objective audiometric assessment represents a critical limitation in interpreting our findings. While participants
self-reported normal hearing, subclinical hearing loss, loss-particularly in extended high frequencies, is common in middle
age and strongly associated with SPIN difficulties. The observed cognitive effects may therefore be due to:

1. Central auditory-cognitive processing differences,
2. Peripheral hearing loss compensated by cognitive resources.
3. A combination of both peripheral and central factors.

Without audiometric data, we cannot affirmatively distinguish between these possibilities. Future research must include
a comprehensive hearing assessment, including pure-tone audiometry (0.25-8 kHz), Extended high-frequency testing
(9-20kHz), Otoacoustic emissions, and Speech audiometry in quiet.

This limitation is particularly critical for our findings on spatial advantage. Recent research has demonstrated that
extended high-frequency sensitivity directly influences binaural spatial release from masking [40], even when EHF cues
are not explicitly present in the speech signal. Monson and Trine (2023) [45] further documented that EHF hearing loss
predicts speech-in-noise performance independently of conventional audiometric thresholds. Given that Stelmachowicz
et al. [24] identified the 40-59-year age range precisely our study population as exhibiting the largest age-related EHF
threshold shifts, the observed group difference in spatial advantage (41-50 vs. 51-60 years) could reflect accumulated
EHF hearing loss rather than, or in addition to, central auditory processing decline. This alternative explanation cannot be
ruled out without objective EHF assessment.

4.4. Implications for clinical practice

The findings indicate that, where available, clinical assessments for middle-aged adults with listening difficulties should
include not only traditional speech-in-noise tests but also measures of spatial hearing (e.g., SSST-K) as a proxy to identify
early auditory processing issues. Additionally, incorporating cognitive screenings focused on executive function and work-
ing memory into routine audiological evaluations is essential due to the strong link between cognitive function and speech
perception.

4.5. Limitations and future directions

This study has several significant limitations. A significant limitation of this study is the reliance on self-reported hearing
status without objective audiometric verification. The absence of pure tone audiometry (PTA), particularly extended high
frequency (EHF) testing above 8kHz, means we cannot definitively rule out subtle peripheral hearing loss that may have
confounded our results. Research has shown that middle-aged adults frequently exhibited threshold shifts in EHF ranges
that can significantly impact speech in noise perception [24,45], even when conventional audiometry (<8kHz) appears
normal. Therefore, what we attributed to cognitive factors may partially reflect undetected peripheral auditory decline.
Additionally, the absence of audiometric data precluded sensitivity analyses that could have tested the robustness of our
findings across different model specifications, such as comparing results with and without hearing threshold covariates.
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The cross-sectional design restricts causal conclusions and the understanding of auditory changes across midlife. Reli-
ance on self-report measures for noise exposure (without objective verification via dosimetry or work records) and phys-
ical activity introduces potential recall bias. Moreover, we were unable to conduct meaningful sensitivity analyses, such
as stratifying by noise exposure levels or comparing subgroups with documented occupational noise exposure, because
detailed objective verification data (e.g., dosimetry, work history records) were not available. The cognitive assessment
used (MoCA) provides a global screening score and does not assess specific cognitive domains (e.g., working memory,
executive function, processing speed) known to differentially impact speech-in-noise perception. Our findings, therefore,
relate to general cognitive function rather than specific cognitive mechanisms. Additionally, the use of snowball sam-
pling limits generalizability to the broader middle-aged population, as this method may have selected for more educated,
socially connected, or health-conscious individuals. These factors highlight the need for future longitudinal studies using
comprehensive cognitive evaluations and objective lifestyle measures across a wider demographic.

5. Conclusion

The study demonstrates that speech perception in noise difficulties are observable in middle age, with general cogni-

tive function emerging as a significant correlation of SPIN performance in our sample of adults with self-reported normal
hearing. However, the absence of objective audiometric verification- particularly extended high frequency testing prevents
definitive conclusions about whether these effects are truly independent of peripheral hearing status. These findings
underscore the need for comprehensive hearing assessment protocols in future research examining SPIN abilities in
middle-aged populations.
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