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Abstract

Listening effort can be defined as a measure of cognitive resources used by lis-

teners to perform a listening task. Various methods have been proposed to mea-

sure this effort, yet their reliability remains unestablished, a crucial step before

their application in research or clinical settings. This study encompassed 32 par-

ticipants undertaking speech-in-noise tasks across two sessions, approximately a

week apart. They listened to sentences and word lists at varying signal-to-noise

ratios (SNRs) (�9, �6, �3 and 0 dB), then retaining them for roughly 3 s. We

evaluated the test–retest reliability of self-reported effort ratings, theta (4–7 Hz)

and alpha (8–13 Hz) oscillatory power, suggested previously as neural markers

of listening effort. Additionally, we examined the reliability of correct word per-

centages. Both relative and absolute reliability were assessed using intraclass

correlation coefficients (ICC) and Bland–Altman analysis. We also computed

the standard error of measurement (SEM) and smallest detectable change

(SDC). Our findings indicated heightened frontal midline theta power for word

lists compared to sentences during the retention phase under high SNRs (0 dB,

�3 dB), likely indicating a greater memory load for word lists. We observed

SNR’s impact on alpha power in the right central region during the listening

phase and frontal theta power during the retention phase in sentences. Overall,

the reliability analysis demonstrated satisfactory between-session variability for

correct words and effort ratings. However, neural measures (frontal midline

theta power and right central alpha power) displayed substantial variability,

even though group-level outcomes appeared consistent across sessions.

KEYWORD S
EEG, frontal midline theta power, hearing impairment, repeatability, speech-in-noise
perception

Abbreviations: ANOVA, analysis of variance; EEG, electroencephalography; ICC, intraclass correlation coefficient; LMM, linear mixed model; LoA,
limits of agreement; SD, standard deviation; SDC, smallest detectable change; SEM, standard error of measurement; SNR, signal-to-noise ratio.
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1 | INTRODUCTION

Comprehending speech in adverse situations is challeng-
ing and requires effort from the listener. Listening effort
has been defined as the allocation of cognitive resources
to overcome auditory challenges (Peelle, 2018; Pichora-
Fuller et al., 2016). When speech is degraded, a greater
use of cognitive resources is required, including selective
attention to segregate and identify target speech from
background interference and working memory to com-
pensate for the reduction of target speech information
(Edwards, 2016; Pichora-Fuller et al., 2016; Rönnberg
et al., 2013). The assessment of listening contributes to
our understanding of the real-life difficulties faced by
individuals with hearing impairments (Alhanbali
et al., 2017; Cañete et al., 2023).

Different subjective and objective methods have been
used to assess listening effort (McGarrigle et al., 2014;
Peelle, 2018). Among subjective measures, self-reported
measures have been used extensively, which are simple
and without cost. On the other hand, a variety of physio-
logical measures are used for the objective assessment of
listening effort, including electroencephalography (EEG),
functional near-infrared spectroscopy, skin conductance
and pupillometry (Alhanbali et al., 2017; Dimitrijevic
et al., 2019; Mackersie et al., 2015; Ohlenforst et al., 2018;
White & Langdon, 2021). In particular, changes in the
amplitude of neural oscillations during the speech presen-
tation and memory retention period measured by EEG
have been shown to correlate with changes in listening
effort. For instance, an increase in alpha band (8–13 Hz)
power in the left inferior frontal gyrus and parietal cortex
has been associated with the self-reported effort ratings in
a speech-in-noise task (Ala et al., 2020; Dimitrijevic
et al., 2019; Paul et al., 2021). An increase in theta band
(4–7 Hz) power localised to frontal midline regions has
also been reported to reflect subjective listening effort in a
speech-in-noise task (Wisniewski et al., 2015).

While different neural correlates of listening effort
have been proposed, reliability assessment of these mea-
sures is comparatively scarce. A reliability analysis exam-
ines the variability of response to a certain task across
repeated measurements when experimental conditions
remain unchanged (Downing, 2004). Variability in these
responses may be caused by inherent large variation,
problems with the equipment, improper understanding
of the task, motivation or performance feedback, among
other factors (Giuliani et al., 2021). Recently, a number of
studies have attempted to assess the reliability of listen-
ing effort measures. For instance, Giuliani et al. (2021)
studied the reliability of several measures of listening
effort (self-reports, peak pupil diameter, skin conduc-
tance and reaction time) and reported fair-to-moderate
reliability for the measures based on intraclass

correlation coefficients (ICC) values in the speech-
in-noise recognition task. Alhanbali et al. (2019) reported
good reliability for the measures of listening effort (self-
reported listening effort, pupil size, EEG alpha power
and skin conductance) during a digit-span task. Specifi-
cally, they reported that alpha power in the parietal cor-
tex is a reliable measure of listening effort.

In this study, we further assessed listening effort by
measuring self-reported effort ratings and neural oscilla-
tions recorded by EEG while participants performing
speech-in-noise tasks. Experiments were run in two ses-
sions, in which coherent sentences (sentences) and words
in random order (word lists) were used as speech mate-
rial and presented in different signal-to-noise ratios
(SNRs). We assessed the test–retest reliability of effort
measures, including self-reported effort ratings, theta and
alpha neural oscillations.

2 | MATERIALS AND METHODS

2.1 | Participants

The study included 32 healthy and normal-hearing par-
ticipants (13 females, age = 24 ± 3 years; mean ± stan-
dard deviation, SD). In terms of precision, this sample
size ensures that the 95% confidence intervals (95% CI)
around the standard error of the measurement (standard
error of measurement [SEM]) will not exceed 25% of its
magnitude (Mokkink et al., 2023). There was no history
of neurological or psychiatric illness or psychotropic
medication use among the participants. Participants pro-
vided written informed consent and received financial
compensation. The study was approved by the ethics
committee of Northern Jutland, Denmark (N-20200061),
and it was conducted at Aalborg University following the
Declaration of Helsinki.

2.2 | Stimuli

Speech materials were obtained from the Dantale II data-
base (Wagener et al., 2009). Dantale II contains 15 lists with
10 sentences each. Each sentence has the same syntactical
structure consisting of a name, verb, number, adjective and
object but is semantically unpredictable (e.g. in English:
“Michael owns six nice houses”). The sentences in each list
were generated by a random combination of the alterna-
tives from a base list. Each base list consists of 10 sentences.
The sentences were recorded at 44.1 kHz by a Danish
female speaker. Duration of the sentences ranged from 1.85
to 2.52 s (2.22 ± 0.12 s; mean ± SD).

Random word lists with neither syntactic structure
nor sentence-level semantic content were created. Each
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sentence of the base list was split into 5 words, yielding
50 different words. A natural pause after each word was
kept by selecting the duration of individual words from
the beginning of the given word to the beginning of the
next word. Word lists were created by randomly combin-
ing 5 words from the list of 50 words (e.g. in English:
“find won jackets nine new”). The duration of all word
lists was between 1.58 and 2.71 s (2.20 s ± 0.16 s), compa-
rable with that of the sentences.

The audio files were then masked by speech-shaped
noise at SNRs of �9, �6, �3 and 0 dB by varying the
intensity of the speech while keeping the background
noise constant. Speech-shaped noise was created based
on the long-term power spectrum of speech. This noise
was also used during baseline and retention intervals (see
below).

2.3 | Experimental design and stimulus
presentation

The experiment was conducted in two sessions with iden-
tical conditions, separated by 6 ± 3 days. The experiment
used a factorial design with speech type (sentences and
word lists) and SNR (�9, �6, �3 and 0 dB) as indepen-
dent variables. Combining two speech types and four
SNR levels resulted in a total of eight conditions intro-
duced in a block design with randomised order. Each
block consists of 25 trials, for a total of 200 trials per ses-
sion. Each trial consisted of four intervals and was started
by a ‘baseline’ interval. During baseline, participants lis-
tened to background noise (speech-shaped noise) lasting
3 s plus a random interval of 0–1 s. This was followed by
a ‘listening’ interval during which participants listened
to sentences and word lists in the presence of background
noise. Then, the trial was followed by a ‘retention’ inter-
val in which speech had to be retained in memory for 3 s
plus a random interval of 0.29–1.42 s depending on
speech duration to ensure that all trials had the same
post-stimulus (listening + retention) period of 6 s. Then,
during the response interval, all corpus items of the base
list appeared on the screen in front of the participants.
Participants were asked to click on words verbatim,
matching those they had heard. The percentage of correct
words was calculated as a speech recognition perfor-
mance. Participants were asked to rate their level of lis-
tening effort on a 1–10 scale using the NASA Task Load
Index (Hart & Staveland, 1988) immediately after each
block (25 trials) and then got a 3 min rest. Each session
used different words/sentences from the same database.

The experiment was run using custom code written in
MATLAB (R2021b, MathWorks Inc.). The audio signal
was played via a soundcard (Scarlett 2i2 2nd Gen) and

presented diotically through insert-earphones (a-JAYS
Three). The presentation was controlled using the Psy-
chophysics Toolbox (PTB-3). In preparation for the main
experiment, participants heard some examples of speech
in each condition and were familiar with all the
procedures.

2.4 | EEG recording and preprocessing

EEG data were collected from 64 active sensors placed on
a standard cap based on the 10–20 international system
using a g.HIamp biosignal amplifier (g.tec medical engi-
neering GmbH, Austria). The EEG was sampled continu-
ously at 1200 Hz. The left earlobe (A1) was selected as a
reference. During recordings, the impedance of all elec-
trodes was kept below 5 kΩ. The experiment was carried
out in an electromagnetically shielded room. The EEG
data were processed using a MATLAB script and the
EEGLAB toolbox (Delorme & Makeig, 2004). For each
participant, EEG data of all conditions and sessions were
concatenated. The data were then re-referenced to the
average, band-passed between 0.5 and 40 Hz using a
third-order zero-phase Butterworth filter and resampled
to 128 Hz to reduce processing time. Portions of data con-
taminated by high-amplitude short-time artefacts pro-
duced by head and eye movement were detected and
corrected automatically using the Artifact Subspace
Reconstruction (ASR) algorithm (Mullen et al., 2013) in
EEGLAB. Each trial was epoched to �2 to 6 s. Indepen-
dent Component Analysis (ICA) was then performed to
remove any remaining artefacts. The independent com-
ponents derived by ICA were labelled using ICLabel
(Pion-Tonachini et al., 2019) as implemented in
EEGLAB. Components that belonged to each of the arte-
fact classes (Muscle, Eye, Heart, Line Noise and Channel
Noise) with a probability above 50% were visually exam-
ined for removal. Four EEG channels from one partici-
pant for all blocks were removed before ICA due to a
very high muscle artefact level and were interpolated
using spline interpolation after ICA in the EEGLAB tool-
box. Data subsequently were exported in the BESA
Research 7.1 (https://www.besa.de/) for time-frequency
analysis. EEG data of two participants were excluded
from further analysis: one due to an internal failure of
the amplifier during recording and the other because
of excessive artefacts.

2.5 | Analysis of EEG data

The power of neural oscillations for single trials was cal-
culated using the complex demodulation method

MOHAMMADI ET AL. 4359
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implemented in BESA Research. The complex demodula-
tion uses two steps. First, the time-domain signal was
multiplied by a complex exponential at the frequency of
interest f . Then a low-pass finite impulse response (FIR)
filter isolated the energy near frequency f (Hoechstetter
et al., 2004). Data were processed for frequencies between
1 and 30Hz with a time-frequency sampling rate of
1 Hz/50ms. The time-frequency data were baseline cor-
rected to the �2 to 0 s prestimulus interval. Power spec-
tral changes relative to baseline were quantified as
percent change.

2.6 | Statistical analysis

2.6.1 | Behavioural data

A two-way repeated measures analysis of variance
(RM ANOVA) with the session (first and second) and
SNR (levels: �9, �6, �3 and 0 dB) as independent vari-
ables was applied to the percentage of correct words
values and listening effort scores. In case of violations of
the sphericity assumption, the Greenhouse–Geisser cor-
rection was applied. IBM SPSS Statistics 27 was used for
the analysis. Bonferroni–Holm corrected p-values were
reported for multiple comparisons.

2.6.2 | Neural data

To test the differences between conditions in each ses-
sion, we conducted cluster-based permutation tests. Spe-
cifically, we used a cluster-based permutation t-test
(paired, two-tailed, with 5000 permutations, cluster entry
criterion; p = 0.05) to compare word lists and sentences
at each SNR level and for both sessions. We also used a
cluster-based permutation repeated-measure ANOVA test
(with 5000 permutations, cluster entry criterion of 0.05)
to assess the effect of SNR on word lists and sentences in
each session. When a significant SNR effect was
observed, post-hoc cluster-based tests were conducted for
pairwise comparisons. To account for multiple tests, we
reported Bonferroni–Holm corrected p-values for
each test.

For reliability analysis, power values were averaged
over time intervals and electrodes of interest (for theta,
frontal midline electrodes, and for the alpha, right central
electrodes; Figures 4 and 5). On these data, a two-way
RM ANOVA with the session (first and second) and SNR
(levels: �9, �6, �3 and 0 dB) as independent variables
was applied.

2.6.3 | Association between neural data and
self-reported measures

To determine the association between the neural data
(frontal theta and right central alpha) to self-reported
effort ratings, we used a linear mixed model (LMM) with
effort rating, SNR and correct word score as fixed effects
and participants as random variables.

2.6.4 | Reliability analysis

Two types of reliability have been identified: relative
and absolute reliability (Atkinson & Nevill, 1998;
Biurrun Manresa et al., 2014; Bruton et al., 2000;
Lamb, 2016). Relative reliability refers to the extent to
which the individual’s scores maintain their position
over repeated measurement relative to others. Methods
based on correlation coefficients such as the interclass
correlation coefficient (ICC) provide an expression of
relative reliability. Absolute reliability is the degree to
which individuals’ scores vary in repeated measure-
ments and is expressed in actual units of measurement
(Atkinson & Nevill, 1998). Absolute reliability can
be assessed using the SEM and Bland–Altman
(BA) analysis (Bland & Altman, 1999).

Reliability analyses were conducted on the percentage
of correct words, listening effort scores, and theta and
alpha power values for each condition. For the ICC, a
two-way mixed model using absolute agreement was
selected, and the ICC of single measurements
was reported with its corresponding 95% CI. On the other
hand, the SEM is calculated as SDdiff=

ffiffiffi
2

p
, where SDdiff is

the standard deviation of the differences between
repeated measurements. SEM can also be used to calcu-
late the smallest detectable change (SDC), defined as the
minimum amount of change in the score that can be
interpreted as a real change for an individual rather than,
potentially, the result of measurement error (Geerinck
et al., 2019; Overend et al., 2010; Ries et al., 2009). A
smaller SDC indicates a more reliable measure. The SDC
was calculated as 1:96 � ffiffiffi

2
p �SEM.

The BA analysis comprises plotting the average versus
differences of paired measurements, from which the
limits of agreement (LoA) are derived. The LoA are
defined as the mean difference between repeated mea-
surements (known as bias) � 1:96 �SDdiff . The LoA deter-
mine the range within which 95% of the differences
between repeated measurements are expected to fall. The
95% CIs are reported for the SEM, the LoA and bias
(Bland & Altman, 1999).
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2.6.5 | Data and code availability statement

The EEG data, behavioural data and analysis code are
available upon request to Ole Kæseler Andersen.

3 | RESULTS

3.1 | Behavioural outcomes

The individual average percentage of correct words and
self-reported listening effort are shown in Figure 1.
With regard to the number of correct words identified,
a main effect of the session (F(1,31) = 34.55, p < 0.001,
η2p ¼ 0:52), a main effect of SNR (F(1.43,44.30)= 304,
p <0.001, η2p ¼ 0:90) and a session � SNR interaction
effect (F(1.65,51.24)= 6.52, p = 0.005, η2p ¼ 0:17) were
found in the sentences condition. Post-hoc analysis
revealed systematic bias between sessions (session 1 –
session 2) at �9 dB (mean difference=�7.27%, t(31)

=�3.5, p = 0.005), �6 dB (mean difference=�6%, t(31)
=�4.7, p <0.001 and �3 dB (mean difference=�2.45%,
t(31)=�3.11, p = 0.015) but not at 0 dB (mean
difference=�0.07%, t(31)=�0.12, p = 0.90). Further-
more, a main effect of the session (F(1,31)= 29.22,
p <0.001, η2p ¼ 0:48) and main effect of SNR (F
(2.15,66.74)= 590, p <0.001, η2p ¼ 0:95) were found for
the word lists condition but no significant session � SNR
interaction (F(3,93)= 1.31, p = 0.27, η2p ¼ 0:01). Post-hoc
analysis on the effect of the session showed a mean dif-
ference with a magnitude of �4.92% between sessions
(t =�5.41, p <0.001). Post-hoc analysis on the effect of
the SNR demonstrated differences between �9 and
�6 dB (mean difference=�23.5, t(31)=�20, p< 0.001),
between �9 and �3 dB (mean=�40.8, t(31) =�28.4,
p <0.001), between �9 and 0 dB (mean=�49.4, t(31)
=�33, p <0.001), between �6 and �3 dB (mean-
=�17.3, t(31)=�13.2, p <0.001), between �6 and 0 dB
(mean=�26, t(31)=�19.3, p <0.001) and between �3
and 0 dB (mean=�8.6, t(31)=�11.5, p <0.001). BA

F I GURE 1 (a) Individual’s percentage of correct words for each condition (sentences and word lists at a signal-to-noise ratio [SNR] of

�9, �6, �3 and 0 dB) and in session 1 (S1) and session 2 (S2). Lines represent the mean (central dot) and standard deviation

(SD) (whiskers). (b) Bland–Altman plots of the percentage of correct words for word lists and sentences. The dashed line indicates the bias

between sessions, and the dotted lines are the limits of agreement (LoA), calculated as a bias ±1.96 times the standard deviation of the

differences (SDdiff Þ in measurements between sessions. Shaded areas indicate the 95% confidence intervals of the bias and the LoA.

MOHAMMADI ET AL. 4361
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plots and ICC, SEM and SDC values and their 95% CI for
each condition were listed in Figure 1 and Table 1,
respectively.

In relation to listening effort, a main effect of the ses-
sion (F(1,31) = 22.63, p < 0.001, η2p ¼ 0:42), a main effect
of SNR (F(2.5,77.66)= 206, p< 0.001, η2p ¼ 0:87) and a
session � SNR interaction effect (F(3,93)= 6.06,
p= 0.001, η2p ¼ 0:16) were observed in the sentences con-
dition. Indeed, differences in listening effort scores
between sessions were observed at �6 dB (mean
difference= 1.70, t(31)= 3.87, p = 0.003), at �3 dB
(mean difference= 1.40, t(31)= 4.45, p< 0.001), but not
at �9 dB (mean difference= 0.27, t(31)= 1.12, p = 0.63)

or at 0 dB (mean difference= 0.40, t(31)= 1.68, p= 0.41).
Concerning word lists, a main effect of the session (F
(1,31)= 13.51, p< 0.001, η2p ¼ 0:30), a main effect of SNR
(F(2.25,69.63)= 123, p< 0.001, η2p ¼ 0:80) and a session �
SNR interaction effect (F(2.46,76.20)= 3.49, p= 0.027,
η2p ¼ 0:17) were found. Differences between sessions were
observed at �3 dB (mean difference= 1.34, t(31)= 3.92,
p= 0.003) but not at �9 dB (mean difference= 0.17, t
(31)= 1.88, p= 0.13), �6 dB (mean difference= 0.52, t
(31)= 1.60, p= 0.11) or at 0 dB (mean difference= 0.82,
t(31)= 1.88, p= 0.11). BA plots and ICC, SEM and SDC
values and their 95% CI for each condition were listed in
Figure 2 and Table 1, respectively.

TAB L E 1 Intraclass correlation coefficient (ICC), standard error of measurement (SEM) and smallest detectable change (SDC) for the

percentage of correct words, self-reported listening effort, theta power and alpha power at different signal-to-noise ratios (SNRs).

SNR �9 dB SNR �6 dB SNR �3 dB SNR 0 dB

Word lists Sentences Word lists Sentences Word lists Sentences Word lists Sentences

Correct words
(95% confidence interval)

ICC 0.62 0.56 0.70 0.37 0.62 0.21 0.68 0.18

(0.19�0.82) (0.2�0.77) (0.30�0.87) (�0.02�0.65) (0.29�0.80) (�0.09 to 0.49) (0.44�0.83) (�0.19�0.50)

SEM 5.6 8.2 5.6 5.2 6.7 3.1 5.2 2.4

(4.2�7) (6.1�10:2) (4.2�7) (3.9�6:4) (5.0�8:3) (2.3�3:9) (3.9�6:5) (1.8�3)

SDC 15.5 22.7 15.6 14.3 18.5 8.7 14.4 6.7

(11.7�19:3) (17.1�28:2) (11.8�19:5) (10.8�17:8) (14.0�23) (6.5�10:8) (10.9�18) (5.1�8:4)

Listening effort

ICC 0.66 0.49 0.30 0.26 0.30 0.42 0.36 0.50

(0.41�0.82) (0.18�0.71) (�0.06�0.55) (�0.04�0.54) (�0.03�0.57) (0.02�0.69) (0.04�0.62) (0.20�0.72)

SEM 0.37 0.98 1.28 1.76 1.39 1.26 1.51 0.96

(0.28�0.46) (0.74�1:2) (0.96�1:6) (1.3�2:2) (1.1�1:7) (0.95�1:6) (1.14�1:8) (0.72�1:2)

SDC 1.02 2.7 3.5 4.9 3.8 3.5 4.2 2.7

(0.77�1:3) (2�3:4) (2.7�4:4) (3.7�6:1) (2.9�4:8) (2.6�4:3) (3.2�5:2) (2�3:3)

Theta power

ICC 0.69 0.68 0.51 0.46 0.65 0.35 0.62 0.16

(0.45�0.84) (0.43�0.83) (0.19�0.74) (0.12�0.70) (0.38�0.81) (�0.01�0.63) (0.34�0.80) (�0.19�0.48)

SEM 5.3 5.5 6.5 5.9 6.0 6.3 5.7 6.3

(4.0�6:7) (4.1�7:0) (4.9�8:2) (4.4�7:4) (4.4�7:4) (4.7�8:0) (4.2�7:1) (4.74�7:9)

SDC 14.7 15.4 18.2 16.4 16.3 17.6 15.8 17.6

(11.0�18:5) (11.5�19:3) (13.6�22:8) (12.3�20:6) (12.2�20:5) (13.2�22:1) (11.9�19:8) (13.1�22:1)

Alpha power

ICC 0.41 0.50 0.60 0.53 0.57 0.40 0.60 0.33

(0.07�0.66) (0.17�0.73) (0.30�0.79) (0.22�0.74) (0.28�0.77) (0.05�0.66) (0.32�0.80) (�0.03�0.62)

SEM 7.6 7.2 7.3 7.8 6.5 8.8 6.7 7.7

(5.6�9:5) (5:3�9:0) (5.4�9:1) (5.8�9:8) (4.8�8:1) (6.3�11:1) (5.1�8:4) (5.3�8:8)

SDC 21.1 19.9 20.2 21.6 17.9 24.6 18.6 19.6

(15.7�26:3) (14:8�24:9) (15.1�25:3) (16.2�27:1) (14.4�22:5) (18.4�30:8) (13.9�23:3) (14.6�24:5)

4362 MOHAMMADI ET AL.

 14609568, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.16187 by R

oyal D
anish L

ibrary, W
iley O

nline L
ibrary on [06/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.2 | Neural results

Cluster-based permutation t-test showed a cluster of sig-
nificant differences between word lists and sentences at
SNR 0 dB (time interval: 3350–5850 ms; frequency: 2–
8 Hz; channel at maximum: F1; p = 0.028) and SNR
�3 dB (time interval: 2700–5600 ms; frequency: 2–8 Hz;
channel at maximum: F3, p = 0.019) and not at SNR
�6 dB and �9 dB (p > 0.05) for session one (Figure 3a).
For session two, tests showed significant differences
between word lists and sentences only at SNR 0 dB (time
interval: 850–6000 ms; frequency: 2–10 Hz; channel at
maximum Fz; p = 0.024) but not at SNR -3, SNR �6 and
�9 dB (Figure 3b).

Cluster-based ANOVA test showed only an effect of
SNR on sentences in session one (time interval: 500–
3300 ms, channel at maximum CP4, p < 0.001). In the
following, post-hoc tests showed a significant difference
in power values between SNR �3 and 0 dB (time interval:
1400–2200 ms; frequency: 2–15 Hz; channel at maxi-
mum: C4; p < 0.001), a difference between SNR �3 and

�6 dB (time interval: 1400–2600 ms; frequency: 7–17 Hz;
channel at maximum: CP4; p = 0.004), a difference
between SNR �3 dB and �9 dB (time interval: 1050–
3050 ms; frequency: 4–24 Hz; channel at maximum: AF4;
p < 0.001), a difference between SNR 0 and �9 dB (time
interval: 2000–3350 ms; frequency: 9–21 Hz; channel at
maximum: F4; p < 0.001) (Figure 3c). No relevant SNR
effects were observed for word lists in both sessions and
for sentences in session two (p > 0.05).

In the following permutation testing, time-frequency
data were averaged across the frequency range of 4–7 Hz
(theta band) and time interval of 3.5–5.5 s (retention
interval) (Figure 4). To conduct further statistical analy-
sis, the theta power was averaged over frontal midline
electrodes, including AF3, AF4, F3, F1, FZ, F2, F4, FC1,
FCZ and FC2, and the averaged values were shown in
Figure 6a. These specific intervals and electrodes were
chosen based on cluster-based test results, as presented
above. Two-way RM ANOVA performed on frontal theta
power for word lists showed a small main effect of SNR
(F(1.98,57.50) = 2.89, p = 0.04, η2p ¼ 0:09) but no relevant

F I GURE 2 (a) Individual’s listening effort scores for each condition (sentences and word lists at a signal-to-noise ratio [SNR] of �9, �6,

�, and 0 dB) and in session 1 (S1) and session 2 (S2). Lines represent the mean (central dot) and standard deviation (SD) (whiskers).

(b) Bland–Altman plots of the self-reported listening effort for word lists and sentences. The dashed line indicates the bias between sessions,

and the dotted lines are the limits of agreement (LoA), calculated as a bias ±1.96 times the standard deviation of the differences (SDdiff Þ in
measurements between sessions. Shaded areas indicate the 95% confidence intervals of the bias and the LoA.
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effect of session (F(1,29)= 0.22, p= 0.64, η2p ¼ 0:008) or
session � SNR interaction(F(3,87)= 1.76, p= 0.16,
η2p ¼ 0:05). Post-hoc analysis of the SNR effect showed no
relevant differences after the Bonferroni�Holm correc-
tion. Concerning sentences, the analysis showed a main
effect of SNR (F(3,87)= 3.55, p= 0.017, η2p ¼ 0:10), no rel-
evant effects of session (F(1,29)= 1.86, p= 0.18,
η2p ¼ 0:06) and interaction (F(3,87)= 0.66, p= 0.57,
η2p ¼ 0:02). The ICC, SEM and SDC values for each condi-
tion are listed in Table 1. LMM results showed no rele-
vant relationship between the frontal midline theta
power during retention and listening effort ratings
(p> 0.05).

Figure 5 shows the topographical plot of alpha power
(8–13 Hz) averaged over a time interval of interest of 0.5–

2 s (listening interval). For further statistical analysis, the
alpha power was then averaged over the time interval of
interest and right central electrodes (FC2, FC4, FC6, C2,
C4, C6, CP2, CP4, CP6) (Figure 6). The averaged alpha
power values for word lists and sentences are indicated
in Figure 7a. One these data, two-way RM ANOVA per-
formed for word lists showed no relevant effects for the
session (F(1,29) = 3.68, p = 0.06, η2p ¼ 0:11), SNR (F
(3,87)= 2.08, p= 0.11, η2p ¼ 0:06) or for the session �
SNR interaction effect (F(3,87)= 0.82, p= 0.49,
η2p ¼ 0:03). RM ANOVA performed for sentences revealed
a main effect of SNR (F(3,87)= 6.35, p< 0.001, η2p ¼ 0:18)
and no relevant effects of session (p= 0.32) or session �
SNR interaction (p= 0.65). Post-hoc analysis on the SNR
effect showed differences between �9 and �3 dB (mean

F I GURE 3 Cluster-based permutation test results. (a) Clusters of electrodes and time-frequency points that showed significant

differences between word lists and sentences at a signal-to-noise ratio (SNR) of 0 dB (p = 0.028) and �3 dB (p = 0.019) in session 1. Power

value is represented in percentage relative to the baseline. The speech in noise acoustic waveform is shown above time-frequency plot. (b) A

cluster of electrodes and time-frequency points that showed a significant difference between word lists and sentences at SNR of 0 dB

(p = 0.024) in session 2. (c) Clusters of electrodes and time-frequency points that showed significant differences in sentences between SNRs

in session 1: �3–0 dB (p < 0.001), �3 to �6 dB (p = 0.004), �3 to �9 dB (p < 0.001) and 0 to �9 dB (p < 0.001). Electrodes belonging to

significant clusters of differences are marked with asterisks. Images were generated in BESA statistics 7.1.
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difference=�5.12, t(29)=�4.14, p= 0.001). The ICC,
SEM and SDC values for each condition are listed in
Table 1.

LMM results showed a relationship between the right
central alpha power and listening effort ratings in only
sentences for session one (p = 0.051). It further showed
no relevant relation for SNR (p = 0.08) and correct words
(p = 0.20).

4 | DISCUSSION

4.1 | The reliability of the behavioural
measures

Self-reported measures of listening effort typically refer to
an answer on a scale to how effortful the task was
(Johnson et al., 2015). Therefore, it is expected that the

F I GURE 4 Average theta (4–6 Hz)

power across participants during the

retention interval (3.5–5.5 s) for word lists

and sentences at a different signal-to-noise

(SNR): �9, �6, �3 and 0 dB and sessions.

F I GURE 5 Average alpha (8–13 Hz)

power across participants during the

listening interval (0.5–2 s) for word lists

and sentences at a different signal-to-noise

(SNR): �9, �6, �3 and 0 dB and sessions.
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answer could be different between individuals, since peo-
ple’s understanding of the meaning of the question may
differ. However, more important than that is how the
individual’s effort score varies between sessions. If
between-session variability is acceptable, these measures
could be used in a realistic setting to assess the daily life
effort of hearing-impaired individuals (Cañete
et al., 2023).

Previous studies used ICC to assess the reliability of
self-reported listening efforts such as Alhanbali et al.
(2019) which showed a ‘good to excellent’ (ICC = 0.83)
reliability of effort rating. In this study, in addition to the
ICC method, we used absolute reliability measures such
as SEM, SDC and BA plots. As an example, for self-
reported listening effort in sentences at 0 dB, we reported
ICC of 0.50, SEM of 0.96 points and the SDC of 2.7
points. The SEM value indicates that the difference
between a subject’s measurement of effort rating and the
hypothetical true score would be expected to be less than
1:96 �SEM, which equals 1.88 points for 95% of observa-
tions (Atkinson & Nevill, 2000; Bland & Altman, 1996).
The SDC value means that the self-reported effort score

of an individual would have to change by at least 2.7
points (on a scale of 1 to 10) before the observed change
can be considered to be a real change in the effort rating
of a subject, and not potentially a result of measurement
error. Alternatively, from BA plot, the difference between
the two measurements is expected to be less than 3 points
(i.e. within the LoA) for 95% of the pair of observations
within a week’s time.

BA plots and ANOVA analysis for a percentage of
correct words (Figure 2a) show a systematic bias, mean-
ing participants recognised words better in the second
session compared with the first one, most likely due to
learning effects (Goldstone, 1998; Zhang et al., 2021).
This systematic bias for sentences showed an interaction
with SNR, indicating a smaller bias with increasing SNR.
When the SNR was highest (0 dB), the bias was negligi-
ble. At this SNR, a ceiling effect is observed in the sen-
tences condition, meaning that it was not possible to
improve word recognition beyond the already high
values, and differences between sessions are reduced
accordingly. However, in word lists conditions, the aver-
age bias was almost the same (�5%) across all SNRs.

F I GURE 6 (a) Individual’s frontal theta power for session 1 (S1) and session 2 (S2) at a signal-to-noise ratio (SNR) of �9, �6, �3 and

0 dB. Lines represent the mean (central dot) and standard deviation (SD) (whiskers). (b) Bland–Altman plots of frontal theta power at

different SNRs for (top) word lists and (bottom) sentences. The dashed line indicates the bias between sessions, and the dotted lines are the

limits of agreement (LoA), calculated as a bias ±1.96 times the standard deviation of the differences (SDdiff Þ in measurements between

sessions. Shaded areas indicate the 95% confidence intervals of the bias and the LoA.
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From BA plots, it is also evident that the measurement
error diminishes with increasing SNR (i.e. the LoA get
narrower) in sentences but not in word lists. This indi-
cates that the source of between-session variation in word
lists solely depends on the type of speech, which is the
random combination of words, whereas, in sentences,
measurement error depends on SNR.

It should be noted that our data emphasise the use of
absolute measures of reliability compared with relative
measures (e.g. ICC). For instance, the ICC value for cor-
rect words at 0 dB in sentences is 0.18, which would be
classified as ‘poor’ reliability using current arbitrary
scales. However, it is not appropriate to treat reliability
results as dichotomous variables or as the outcome of a
hypothesis test, and the measurement error should be
considered (Biurrun Manresa et al., 2014; Bland &
Altman, 1999; Völker et al., 2021). In this regard, the BA
plot (Figure 2b) shows that the maximum difference for
most of the observations (95%) between two sessions is
approximately 7% (i.e. within the LoA) which is accept-
able given the range of 0%–100% for correct words. This
indicates that ICC is highly influenced by heterogeneity

and the range of measured scores (Atkinson &
Nevill, 1998; Martin Bland & Altman, 1986). Therefore,
relative measures of reliability should be carefully inter-
preted, preferably along with absolute estimates of mea-
surement error.

4.2 | The reliability of neural measures

The frontal midline theta oscillations have been observed
in cognitive control (Cavanagh & Frank, 2014) and work-
ing memory tasks (Jensen & Tesche, 2002). Generally,
frontal midline theta oscillations increase when partici-
pants actively engage in cognitive tasks and proportion-
ally increase with task demand (Hsieh &
Ranganath, 2014). In relation to listening effort, frontal
midline theta oscillations have been proposed as a neural
correlate of listening effort (Wisniewski, 2017;
Wisniewski et al., 2015, 2018, 2021). For instance, Wis-
niewski et al. (2015) performed a speech-in-noise task
where sentences were presented to participants in back-
ground noise at five different SNR levels (�12, �6, 0, 6

F I GURE 7 (a) Individual’s alpha power for session 1 (S1) and session 2 (S2) at a signal-to-noise ratio (SNR) of �9, �6, �3 and 0 dB.

Lines represent the mean (central dot) and standard deviation (SD) (whiskers). (b) Bland–Altman plots of alpha power at different SNRs for

(top) word lists and (bottom) sentences. The dashed line indicates the bias between sessions, and the dotted lines are the limits of agreement

(LoA), calculated as a bias ±1.96 times the standard deviation of the differences (SDdiff Þ in measurements between sessions. Shaded areas

indicate the 95% confidence intervals of the bias and the LoA.
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and 12 dB). They reported an effect of SNR on theta
power (η2p ¼ 0:29Þ, indicating that as SNR decreases fron-
tal theta power increases which might be related to
increased effort. Indeed, they also reported that increased
frontal midline theta power was correlated to the self-
reported listening effort.

In the present study, we used sentences and word lists
and presented them in four SNR levels (�9, �6, �3 and
0 dB). We observed an increased frontal theta during
retention interval for word lists than sentences at high
SNRs (�3 and 0 dB), probably representing increased
working memory load for word lists compared with sen-
tences. We also observed a small effect of SNR on frontal
theta power for sentences (η2p ¼ 0:10Þ and word lists
(η2p ¼ 0:09Þ. In addition, we observed an effect of SNR on
right central alpha power in sentences η2p ¼ 0:18

� �
: Then,

we assessed the reliability of frontal theta power and cen-
tral alpha power for both speech types and observed high
variability for both theta and alpha values despite differ-
ences observed in conditions (SNRs and speech types) at
the group level. For example, the average theta power on
the two sessions in word lists at 0 dB was 6.26%; there-
fore, it would be likely that a subsequent volunteer to be
tested shows a frontal theta power magnitude of 7% in
the first session. The LoA indicates a 95% probability that
the retest theta power will be between �14% and 25.6%.
The same reliability analysis for alpha power (for word
lists at SNR 0 dB) showed that retest alpha power will be
between �21% and 15.8% for a subsequent volunteer.
These ranges are very wide and would be unacceptable
for practical use.

Additionally, concerning association with behavioural
data, in contrast to (Wisniewski et al., 2015), we observed
no significant association between frontal theta power
and self-reported listening effort for word lists and sen-
tences. This is because we used LMM, considering SNR
as a fixed effect and participants as random variables.
However, in Wisniewski et al. (2015), the authors related
averaged theta power, over participants, to the self-
reported effort. This might be misleading since, in their
paradigm, SNR is the main driver of theta power changes
and should be involved in the model to access the real
relation between theta power and effort rating.

While our study suggests that the neural data (frontal
midline theta and right central alpha) may not be a reli-
able measure of listening effort, it is important to note
that there were some limitations to our study that could
have affected the reliability of the neural measures. We
used 25 trials per condition, which is lower than the aver-
age number of trials used per condition in previous stud-
ies on the listening effort (Ala et al., 2020; Alhanbali
et al., 2019; Dimitrijevic et al., 2019; Paul et al., 2021;

Wisniewski et al., 2015) which is 53 (30–100, min and
max). However, in our study, the number of trials was
limited by the number of conditions and experiment
duration, and increasing the number of trials would have
resulted in fatigue and a decrease in signal quality. It is
also possible that learning effects, as observed in beha-
vioural data, could have contributed to the low reliability
of neural measures, by adding more variability to neural
responses. Therefore, future studies that aim to assess the
reliability of listening effort measures are suggested to
consider controlling for learning effects and increasing
the number of trials.

5 | CONCLUSION

In this study, behavioural and neural data were recorded
in speech-in-noise perception tasks. The behavioural
measures (percentage of correct words and self-reported
listening effort) showed low between-session variability,
indicating a high level of reliability. An increased frontal
theta power in word lists compared with sentences was
observed during the retention interval which may indi-
cate an increased working memory load for word lists. A
pattern of increased right central alpha power was
observed in response to listening to speech in noise that
showed to be affected by SNR only in sentences. Neural
data (frontal theta and right central alpha power) showed
high between-session variability. The high variability in
neural data might be due to a low number of trials
(25) used or learning effects as observed in behavioural
measures.
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