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Abstract
Introduction: Age-related hearing loss (ARHL) may affect
working memory (WM), which impacts problem-solving,
decision-making, language comprehension, and learning.
Limited research exists on how ARHL affects WM using
N-back tasks, but studying this is crucial for understanding
neural markers and associated cognitive processes. Our
study explores the impact of ARHL on WM using behavioral
and electrophysiological measures and how it correlates
with speech-in-noise scores in older individuals with ARHL.
Method: The study involved two groups, each with 20
participants aged 60–80. Group 1 had individuals with mild
to moderate sensorineural hearing loss, while Group 2 had
age- and education-matched controls with normal or near-
normal hearing. Participants underwent audiological as-
sessments and completed cognitive tests, including simple
reaction time and N-back tests. During the performance of
cognitive tasks, a simultaneous electroencephalography was
recorded. Data analysis included behavioral and event-
related potentials, source estimation, and functional con-
nectivity analysis. Results: The study revealed significantly
poor accuracy, longer reaction time, and smaller P300
amplitude among individuals with ARHL, even after con-

trolling for general slowing. Individuals with ARHL experi-
ence compromised neural activity, particularly in the tem-
poral and parietal regions, which are vital for cognition and
WM. Furthermore, individuals with ARHL exhibited poor
communication between the superior temporal gyrus and
insulae regions among the brain regions mediating WM
during the 1-back task. Also, the study found a strong
correlation between hearing measures and WM outcomes.
Conclusion: The study findings suggest that individuals with
ARHL have impaired WM compared to those with normal
hearing. This indicates a potential link between ARHL and
cognitive decline, which could significantly affect daily life
and quality of life. The widely used WM test with simulta-
neous EEG recording and source estimation analysis would
further validate the usefulness of the study in assessing WM
in this population. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Age-related hearing loss (ARHL) is a prevalent sensory
impairment affecting almost one-third of the population in
their 60s. This conditionoften goes untreated and ismistakenly
considered a harmless consequence of natural aging, but it can
have significant consequences. In addition, several studies have
reported significant consequences of ARHL on various cog-
nitive processes, including working memory (WM) [1–5].
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WM is a crucial cognitive function that helps with
problem-solving, decision-making, language comprehen-
sion, and learning [6]. There is a strong connection be-
tween WM and understanding speech in noisy environ-
ments [7, 8], making it relevant to study older individuals
with ARHL. Several hypotheses explain the reduced
cognition in individuals with ARHL, as these individuals
may experience increased cognitive load [2, 4, 9], social
isolation [10, 11], and cognitive fatigue [12–14] due to
sensory deficits, thereby leading to WM deficits.

The N-back test [15] is a highly validated and widely
used task to assess WM. The test requires individuals to
remember a sequence of stimuli and indicate when the
current stimulus matches the one presented N steps back
in the sequence. The difficulty level can be adjusted by
varying the value of N, which provides valuable insights
into the cognitive resources involved in WM capacity.
Literature on WM in older individuals using the N-back
task shows poor accuracy and longer reaction time (RT)
than healthy younger controls [16].

There is limited research on how ARHL affects WM.
Some studies suggest a negative correlation between hearing
ability andWM[17–25], but others usingN-back tasks have
had mixed results [22, 23, 26, 27]. Event-related potentials
(ERPs) help understand sensory and cognitive processing.
Earlier studies have reliably recorded ERPs to N-back tasks,
with P300 as an indicator of WM capacity [28–30].

Overall, there is a dearth of research into the impact of
ARHL on WM, especially using the N-back task. We have
found no literature on neural markers of the N-back task in
ARHL. Examining the impact of ARHL on WM through
ERPs is crucial for several reasons. First, it broadens our
understanding of the cognitive implications of hearing loss
beyond audiological measures, revealing the broader effects
on crucial cognitive processes for daily functioning. Fur-
thermore, ERPs provide objective and reliable measures of
neural activity linked to WM, enabling the development of
diagnostic tools and interventions for those with ARHL.
Therefore, the primary objective of the current study is to
explore the impact of ARHL on WM during N-back tasks
using both behavioral and ERP measures. The study also
investigates the correlation between WM performance and
speech-in-noise scores in individuals with ARHL.

Materials and Methods

Participants
The study involved two groups, with each group consisting of

20 participants between the ages of 60 and 80. Group 1 comprised
individuals with mild to moderate hearing loss (26 dB–55 dB),

while group 2 had individuals with normal or near-normal hearing
(≤25 dB), with matched age and education. All participants had at
least 10 years of formal education and scored above four on the
MiniCog and below 26 on the Quick Neurological Screening Test
(QNST). The MiniCog test and QNST ruled out cognitive and
neurological conditions, respectively. Participants with psycho-
logical or neurological disorders, hearing aids, visual impairments,
or ear pathologies were excluded from the study.

Participants underwent a comprehensive audiological as-
sessment, including pure tone audiometry and the speech in
noise test (Quick SIN) [31]. The Kasturba Medical College and
Kasturba Hospital Institutional Ethics Committee (Registration
No. ECR/146/Inst/KA/2013/RR-16) approved the study, ap-
proval number is IEC Project No. 465/2019, and it is registered
with the Clinical Trials Registry of India (CTRI/2019/08/
020784). All participants provided written informed consent (see
Table 1 for participant characteristics and Figure 1 for mean pure
tone thresholds with 1 SD).

Test Procedure
Participants completed two cognitive tests, the simple reaction

time (SRT) and N-back task, while simultaneous EEG was
recorded. The tests evaluated processing speed and WM. The
paradigms were created using E-Prime 3.0 software [32] and
conducted in a sound-treated room. Participants were given
practice trials and breaks between tasks. Feedback on RT and
accuracy was provided during practice sessions.

SRT Task
The experiment involved presenting a yellow smiley face with

varied stimulus onset asynchrony (2–4 s) for 150 trials. Each trial
had a fixation period followed by a 1,000 ms stimulus. A yellow
cross was shown during fixation. The correct response was pre-
loaded with Chronos as a response device. Figure 2 shows the
schematic design. Participants were instructed to respond quickly
to target stimuli, assessing basic RT without any task load to reflect
general slowing.

N-Back Paradigm
The paradigm used in the present study is depicted in Figure 3.

The paradigm is similar to the one used in the study by
Kuschpelet al. [33]. Participants completed a visual N-back task
with two difficulty levels, 1-back and 2-back, presented as separate
blocks. Stimuli were created in MATLAB and presented in black
on a white background. Each block had 300 trials with varying
fixation and presentation durations. Participants were instructed
to press a button indicating whether the current stimulus matched
the one presented 1 or 2 steps back. Appropriate rest periods were
given.

EEG Recording
The behavioral and electrophysiological data were recorded

simultaneously. The stimulus presentation and behavioral re-
sponses were controlled using E-Prime 3.0. EEG signals were
recorded using a 32-channel EEG system (ActiChamp, Brain
Vision v005 10/2017). The impedance was maintained below 50
kΩ throughout the testing and referenced to Cz. Furthermore, the
raw EEG signals were digitized using a sampling frequency of
500 Hz and online filtering between 1 and 100 Hz.
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Data Analysis
For the analysis, only the target trials were taken into account.

Behavioral Data
The RT and accuracy scores from E-Prime were extracted and

analyzed in Excel within the interquartile range and excluding outliers.
The analyzed data were then exported to SPSS for statistical analysis.

EEG Data
EEGLAB v2021.0 [34] was used to process electrophysiological

data in MATLAB R2018b. The standard preprocessing pipeline (as
shown in Fig. 4) was followed, and bad blocks were excluded.
Channels were referenced to the average reference, and the EEG
signals were filtered and epoched. The EEG data were filtered using
ICA and a classifier called “ICLabels” to remove nonbrain ac-
tivities. ERPs were computed and analyzed using the ERPLAB tool
to measure two crucial components: N100 and P300.

Source Estimation
The source estimation analysis used Brainstorm version 3 (36)

to estimate sources with sLORETA. Figure 5 shows the analysis
pipeline. Source models were calculated for each trial and averaged
across trials for each subject. Statistical comparisons of source
density were performed between older individuals with and
without ARHL using a nonparametric permutation test with
default parameters.

Functional Connectivity Analysis
Functional connectivity was measured between the regions of

interest (ROIs) using lagged linear connectivity measures. This is
considered appropriate for ERP data and sufficiently immune to
artifacts [35]. For functional connectivity analysis, 13 ROIs (shown
in Fig. 6) were chosen based on the meta-analysis of the N-back
task [36, 37]. During this, the “all voxels within the radius of 15
mm” option was chosen. Thus, the ROI consisted of all voxels

Table 1. Characteristics of the study participants

Hearing loss
(n = 20)

Normal hearing
(n = 20)

t p value

Age, years 65.61±5.007 64.80±4.663 0.545 0.589
Gender (male/female) 11/09 14/06 – –
Handedness (right/left/mixed) 20/0/0 20/0/0 – –
Education, years 11.70±2.285 12±2.340 −0.431 0.669
MiniCog scores 4.13±0.458 4.25±0.444 −0.866 0.391
Right ear – pure tone average* 41.32±6.51 21.92±1.97 15.305 <0.001
Left ear – pure tone average* 42.10±5.8 22.16±2.24 16.212 <0.001
SNR loss 8.283±1.90 0.250±2.53 11.846 <0.001

*Pure tone average across 500 Hz, 1 kHz, 2 kHz, and 4 kHz.

Fig. 1. Mean pure tone thresholds for the right (red) and left (blue) ears of hearing loss and normal hearing group.
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within the predefined radius. These ROIs were compared statis-
tically using an independent t test with unequal variance and 5,000
randomizations.

Results

SRT
In electrophysiological measures, an independent-

sample t test revealed no significant difference between
the groups for P300 amplitude (t (24.906) = −1.433, p =
0.164), N100 amplitude (t (39) = 1.124, p = 0.268), and
latencies (P300 latency: t (39) = 0.627, p = 0.534; N100
latency: t (39) = 1.270, p = 0.212). Similarly, the be-
havioral measures also showed no significant difference
between the groups for RT (t (39) = 1.904, p = 0.64).
However, as both groups had 100% accuracy, no sta-

tistical analysis was conducted. Figure 7 displays the
averaged ERP waveform of the SRT test among both
groups.

N-Back Task
Behavioral Measures
Table 2 shows the mean RT in milliseconds and ac-

curacy in the percentage for the behavioral measures
among both groups. A 2 (groups) × 2 (memory load)
repeated-measures ANOVA (RMANOVA) showed a
significant main effect of group on RT (F(1, 39) = 31.723,
p < 0.001, η2 = 0.449), where older individuals with
hearing loss had longer RT than those with normal
hearing. There was no main effect of memory load (F(1,
39) = 0.121, p = 0.730, η2 = 0.003) or interaction on RT
(F(1, 39) = 0.103, p = 0.750, η2 = 0.003). Furthermore, an
analysis of covariance was conducted while controlling
the processing speed using simple RT. The results

Fig. 2. Schematic design of SRT task.

4 Dement Geriatr Cogn Disord Extra 2024;14:1–13
DOI: 10.1159/000538109

Madashetty/Palaniswamy/Rajashekhar

https://doi.org/10.1159/000538109


remained unchanged even after correcting for processing
speed.

Furthermore, similar to RT, 2 × 2 RMANOVA showed
a significant main effect of memory load (F(1, 39) =
125.172, p < 0.001, η2 = 0.762) on accuracy, where the

1-back task had higher accuracy than the 2-back task. The
significant main effect of group (F(1, 39) = 52.086, p <
0.001, η2 = 0.572) on accuracy revealed reduced accuracy
in older individuals with hearing loss compared to their
counterparts. In addition, there was also a significant

Fig. 3. Schematic depiction of N-back task.

Fig. 4. Schematic representation of standard EEG preprocessing pipeline.
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Fig. 5. Schematic representation of source estimation pipeline.

Fig. 6. Fronto-parietal network with seed regions considered for WM process.
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interaction between the memory load and group (F(1,
39) = 14.298, p = 0.001, η2 = 0.268). Upon correction for
processing speed, the significant main effect of the group
(p < 0.001) and the interaction between memory load and
the group remained unchanged (p = 0.002). However, the
memory load showed no statistically significant differ-
ence (p = 0.185).

Electrophysiological Measures
Table 3 displays the mean amplitude in microvolts and

latency in milliseconds for the electrophysiological
measures among both groups. A 2 (groups) × 2 (memory
load) RMANOVA showed a significant main effect of
group (F(1, 36) = 4.507, p < 0.001, η2 = 0.317) on am-
plitude, revealing a smaller P300 amplitude in the hearing
loss group than in the normal hearing group. Similarly, a
significant main effect of memory load (F(1, 36) = 4.857,
p = 0.034, η2 = 0.119) on amplitude showed a larger P300
amplitude during the 1-back task than during the 2-back
task. No significant interaction was reported between the
group and memory load (F(1, 36) = 0.148, p = 0.703, η2 =
0.004). Furthermore, upon correcting for the processing
speed, the significant main effect of the group remained

unchanged (p = 0.001). However, the memory load
showed no significance after correction. Figure 8 displays
the averaged ERP waveform of the N-back task among
both groups. In terms of P300 latency, 2 × 2 RMANOVA
revealed no significant main effect of group (F(1, 36) =
0.255, p = 0.617, η2 = 0.007), memory load (F(1, 36) =
0.231, p = 0.634, η2 = 0.006), or group x memory load
interaction (F(1, 36) = 0.784, p = 0.382, η2 = 0.021) on
P300 latency.

sLORETA Results
During the 1-back task, cortical activity was signifi-

cantly reduced in the inferior and middle temporal lobes
(p < 0.05). During the 2-back task, activity reduction was
observed in the inferior and superior parietal regions (p <
0.05). Figures 9 and 10 show the cortical areas with
significant differences and the corresponding time series
for the 1-back and 2-back tasks, respectively.

Connectivity Analysis
The threshold for significance was t = 4.473, corre-

sponding to p < 0.05. In older individuals with hearing
loss, significantly decreased lagged linear connectivity was

Fig. 7. Averaged ERP waveform of SRT task at Fz and Pz electrode site.

Table 2.Mean RT (in milliseconds) and
accuracy (in percentage) of behavioral
measures

Hearing loss Normal hearing

RT, ms accuracy, % RT, ms accuracy, %

SRT 276.99±23.9 100 261.75±27.2 100
1-Back 687.19±157.7 93±14.4 503.49±6 91.85±9.3
2-Back 686.96±148.6 46±14.5 517.89±83.3 76.06±8.2

Impact of Age-Related Hearing Loss on
Working Memory

Dement Geriatr Cogn Disord Extra 2024;14:1–13
DOI: 10.1159/000538109

7

https://doi.org/10.1159/000538109


Table 3. Mean amplitude (in
microvolts) and peak latency (in
milliseconds) of electrophysiological
measures

Hearing loss Normal hearing

amplitude, µV latency, ms amplitude, µV latency, ms

SRT N100 −1.42±0.97 141.14±12.81 −1.84±1.40 136.2±12.06
SRT P300 3.56±2.07 455.52±97.44 2.99±1.86 436.6±95.69
1-Back P300 2.64±1.75 435.14±94.99 4.45±2.20 449.75±90.20
2-Back P300 1.74±0.86 448.33±117.32 3.60±2.13 441.15±84.74

Fig. 8. Averaged ERP waveform of the N-back task at the Pz electrode site.

Fig. 9. a Cortical activity showing difference at the middle and inferior temporal lobe during the 1-back test. The
activity shown is at the latency of the P300 peak in the right hemisphere. b Time series of the respective cortical
activation of both hearing loss and normal hearing groups.
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observed in the gamma band between the superior frontal
gyrus (SFG) (both right and left SFG) and left insula.
Figure 11 shows a significant connection between the SFG
and insula during the 1-back task. No significant dif-
ferences were observed between other ROIs.

Correlation Analysis
Table 4 shows the correlation between SNR loss, PTA,

and N-back scores (both behavioral and electrophysiological
measures) using Pearson’s correlation. The results revealed a
significant positive correlation between RT, PTA, and SNR
loss (p < 0.001) in the 1-back and 2-back tasks. SNR loss and
PTA were also negatively correlated with accuracy and P300
amplitude in the 1-back and 2-back tasks.

Overall, the study results revealed that individuals
with ARHL had significantly lower accuracy, longer RTs,
and smaller P300 amplitude compared to those who did
not have ARHL, even after accounting for general
slowing. Individuals with ARHL experience a compro-
mised neural activity, mainly in the temporal and pa-
rietal regions, which are crucial for cognition and WM.
Moreover, individuals with ARHL had poor commu-
nication between the superior temporal gyrus and in-
sulae regions among the brain regions mediating WM
during the 1-back task. Lastly, the study discovered a
strong correlation between hearing measures and WM
results.

Discussion

The current study investigates the effect of ARHL
on WM using ERPs. Overall, the results of the
current study show reduced WM in individuals with
ARHL compared to their matched controls without
hearing loss. This is evidenced by the ERP results
that showed significantly smaller P300 amplitudes in
ARHL, consistent with longer RTs and poorer ac-
curacy in behavioral measures. These differences
persisted even after controlling for age, education,
and general slowing. These findings align with
previous studies on WM deficits in ARHL [17–25],
confirming the effect of ARHL on cognition.

The current study is the first attempt to explore the
effect of ARHL on WM changes using ERPs during
visual N-back tasks. The lower P3 amplitude in in-
dividuals with ARHL suggests that degraded auditory
input may weaken neural activation [38, 39] and
synchronization of cortical networks involved in
higher-order stimulus processing [40]. Furthermore,
these changes would result in difficulty in the brain
allocating cognitive resources effectively. This reallo-
cation of resources affects the encoding and mainte-
nance of information in WM. As a result, tasks re-
quiring WM may be compromised [41–43]. Although
the stimulus encoding of the target in cognitive

a

b

Fig. 10. a Cortical activity showing difference at the superior and inferior parietal lobe during the 2-back test. The
activity shown is at the latency of the P300 peak in the left hemisphere. b Time series of the respective cortical
activation of both hearing loss and normal hearing groups.
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potentials occurs at a similar time, classifying them as
targets takes longer. This explains the reason for longer
RT and reduced cognitive potentials in individuals
with hearing loss, with similar P300 latency across the
groups.

Our study found no significant difference in WM
performance between both groups across memory
loads (1-back vs. 2-back). Increased memory load
(i.e., 2-back test) trended toward poorer performance,
but after correcting for processing speed, the effect of
memory load was nullified. The literature suggests
that elderly individuals show a reduced dynamic
range of cognitive function due to limited resources
[44]. Hence, it could be the saturation in terms of
cognitive resources. This does not result in the effect
of memory load.

In individuals with ARHL, there was a noticeable
decrease in amplitude during the 350–600-millisecond
latency range (P300 latency), as shown in Figures 9 and
10. This difference in amplitude was mainly observed
in the parietal and temporal regions, depending on the
task difficulty. Previous studies have indicated parietal

and cingulate cortex engagement during N-back tasks,
regardless of age [45].

To further understand the cognitive mechanisms
involved, we used source estimation analysis. The
sLORETA results showed that during the 1-back task,
these individuals displayed less neural activity in the
inferior and middle temporal lobes, associated with
auditory processing and memory. Similarly, during the
2-back task, there was a decrease in neural activity in
the inferior and superior parietal lobes, which are
linked to attention and WM [46, 47]. The decreased
activity in the temporal and parietal lobes supports
previous research highlighting the significance of intact
sensory input for optimal cognitive functioning [42].
These results also imply that hearing loss could lead to
changes in neural activities, which can be attributed to
altered resource allocation in individuals with hearing
loss and may affect the cognitive abilities of older
people.

Reduced activation in temporal and parietal regions
suggests a link between ERP differences and poor
cortical excitation. These regions are vital for cogni-
tion and WM. Various studies have shown that dif-
ferent regions mediate WM function as the difficulty
changes [46, 48]. In ARHL, both 1-back and 2-back
tasks had difficulty stemming from different brain
regions.

Functional connectivity results suggest that this
difference during WM tasks in ARHL was mainly due
to gamma-band oscillations, which are highly linked to
cognitive and memory deficits and neurodegenerative
diseases such as Alzheimer’s disease [49, 50]. The
current study showed that the gamma band oscillation
deficit was mainly seen as poor communication be-
tween the superior temporal gyrus and insula regions
among the brain regions mediating WM during the 1-
back task.

The insula and SFG are vital for cognitive functions
such as decision-making, attentional control, and
sensory processing [51–53]. Their communication is
crucial for higher-order processes and positively cor-
relates with cognition. No significant differences in
brain connectivity were found during the 2-back tasks.
This could be due to a poor dynamic range, as seen in
the ERP results.

The correlation analysis revealed a positive corre-
lation between the hearing sensitivity measures (SNR
loss and PTA) and behavioral RT. There was a neg-
ative correlation between hearing measures and P300
amplitude as well as accuracy. The literature shows
poor WM scores in individuals with hearing loss

Fig. 11. Significant connection between SFG and insula during the
1-back task.
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[23–25]. Considering SNR loss and PTA across four
frequencies would further provide more insights into
the functional deficits individuals with ARHL face.
The results of the study suggest poor WM in ARHL,
attributing the consequences of neural alterations and
poor synchronization. Thus, ERPs could serve as a
neural marker for WM deficits in individuals
with ARHL.

Additionally, the study included two groups that
differed only in hearing sensitivity and controlled for
their general processing speed, age, and education. This
provides an added advantage to the study. By con-
trolling for significant confounders, the noticeable
difference observed between the two groups could be
attributed solely to the impact of hearing loss in older
individuals.

Overall, the study findings suggest that individuals
with ARHL have impaired WM compared to those
with normal hearing. This indicates a potential link
between ARHL and cognitive decline, which could
significantly affect daily life and quality of life. The
widely used WM test with simultaneous EEG re-
cording and source estimation analysis would further
validate the study’s usefulness in assessing WM in this
population.

The implications extend beyond audiology, em-
phasizing the importance of addressing hearing loss as
a potential risk factor for cognitive decline in older
adults. Early intervention using hearing aids or other
assistive devices may hold promise in mitigating
cognitive decline associated with presbycusis. In
summary, the study sheds light on the negative con-
sequences of hearing loss on WM in older individuals.
Comprehensive assessments and interventions are
necessary to address the sensory and cognitive aspects
of ARHL. By better understanding the cognitive
consequences of presbycusis, targeted interventions
can enhance cognitive function and improve the
overall well-being of older adults.

Limitations
However, the participants were matched with major

confounders like age and education and controlled for
psychological neurological disorders. However, sample
size and other uncontrolled factors like systematic dis-
eases have not been controlled in the current study.

Statement of Ethics

The study was approved by the Institutional Ethics Committee of
Kasturba Medical College and Hospital (Registration No. ECR/146/
Inst/KA/2013/RR-16). The approval number is IEC Project No. 465/
2019. It is registered with the Clinical Trials Registry of India, with
registration number CTRI/2019/08/020784. All participants pro-
vided written informed consent prior to the recruitment.

Conflict of Interest Statement

No potential conflict of interest was reported by the author(s).

Funding Sources

The current research received no specific grants from funding
agencies or other organizations.

Author Contributions

SankalpaMadashetty: conceptualization, methodology, paradigm
creation and validation, formal analysis, investigation, resources, and
writing – original draft; Hari Prakash Palaniswamy: conceptuali-
zation, methodology, paradigm creation and validation, formal
analysis, resources, writing – original draft, visualization, and su-
pervision; and Bellur Rajashekhar: conceptualization, methodology,
resources, writing – original draft, visualization, and supervision.

Data Availability Statement

The data supporting the findings of the study are available from
the corresponding author upon request due to privacy concerns.
Further inquiries can be directed to the corresponding author.

Table 4. Correlation between SNR loss, PTA, and N-back task scores

PTA 1-Back task 2-Back task

P300 amplitude P300 latency RT accuracy P300 amplitude P300 latency RT accuracy

SNR loss 0.867** −0.520** −0.111 0.552** −0.506** −0.423** −0.062 0.537** −0.817**
PTA 1 −0.425** −0.123 0.649** −0.498** −0.487** 0.054 0.515** −0.830**

**Significant at the level of 0.001.
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