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Abstract

Listening effort (LE) describes the cognitive resources needed to process an auditory message. Our understanding of this
notion remains in its infancy, hindering our ability to appreciate how it impacts individuals with hearing impairment effectively.
Despite the myriad of proposed measurement tools, a validated method remains elusive. This is complicated by the seeming
lack of association between tools demonstrated via correlational analyses. This review aims to systematically review the lit-
erature relating to the correlational analyses between different measures of LE. Five databases were used— PubMed,
Cochrane, EMBASE, PsychINFO, and CINAHL. The quality of the evidence was assessed using the GRADE criteria and
risk of bias with ROBINS-I/GRADE tools. Each statistically significant analysis was classified using an approved system for med-
ical correlations. The final analyses included 48 papers, equating to 274 correlational analyses, of which 99 reached statistical
significance (36.1%). Within these results, the most prevalent classifications were poor or fair. Moreover, when moderate or
very strong correlations were observed, they tended to be dependent on experimental conditions. The quality of evidence
was graded as very low. These results show that measures of LE are poorly correlated and supports the multi-dimensional
concept of LE. The lack of association may be explained by considering where each measure operates along the effort per-
ception pathway. Moreover, the fragility of significant correlations to specific conditions further diminishes the hope of finding
an all-encompassing tool. Therefore, it may be prudent to focus on capturing the consequences of LE rather than the notion
itself.
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Introduction by Kahneman to better apply to the world of hearing
(Kahneman 1973). It relays that the experience of LE is a
complex interaction between factors such as working
) ] - i memory, attention, motivation, task difficulty, and cognitive
into routine clinical practice. Many attempts have been capacity (Kahneman 1973; Pichora-Fuller et al. 2016;
made to define LE, but perhaps the most contemporary def-  gpields et al. 2021). Despite these recent developments, our
inition stems from the Framework of Understanding
Effortful Listening (FUEL) workshop.
“The deliberate allocation of mental resources to over- '"ENT department, Royal Manchester Children’s Hospital, Manchester, UK
come obstacles in goal pursuit when carrying out a task, 2University of Manchester, Manchester, UK
with listening effort applying more specifically when tasks
. . . e D Corresponding author:
involve listening” (Pichora-Fuller et al. 2016, page 10) Callum Shields, ENT department, Royal Manchester Children’s Hospital,
This definition and the resulting model poised by FUEL Manchester, UK.
builds upon the effort perception theories first developed Email: callum.shields@mft.nhs.uk

The concept of listening effort (LE) is still yet to be fully
understood, and as a result, it is not formally integrated
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understanding of the effort perception pathways involved
with LE is limited.

The ability to accurately measure LE has wide-reaching
potential ramifications for individuals with hearing impair-
ment. Perhaps this is most acutely demonstrated by consider-
ing those with mild to moderate or asymmetrical hearing loss.
These patients are often overlooked with regards to interven-
tions, especially surgical devices, and may therefore repre-
sent an unmet disease burden. While this degree of hearing
loss may not be severe enough to interfere with traditional
outcomes such as speech and language development, it
cannot be said to have no negative connotations for quality
of life. Further, a workshop conducted via the Nottingham
Hearing Biomedical Research Unit identified “What
adverse effects are associated with not treating
mild-to-moderate hearing loss in adults?” as the number
one research priority for adults with mild to moderate
hearing loss (Henshaw et al. 2015). In the paediatric popula-
tion, there is growing research to suggest that overexposure
to LE can negatively affect educational outcomes (Bess,
Dodd-Murphey, and Parker 1998; Downs and Crum 1978;
Hsu, Vanpoucke, and van Wieringen 2017). This is particu-
larly concerning when 11.3% of the general school popula-
tion is thought to have some degree of hearing-impairment
(Bess et al. 1998). Since children with mild-to-moderate
hearing loss are less frequently identified compared to
those with more severe impairments, they may be more
likely to endure LE without the benefit of interventions and
thus further hindering their educational attainment
(Archbold et al. 2015). With this considered, research must
include the needs of the younger generation, especially as
they are perhaps more susceptible to the sequelae of LE.

Outside of educational domains, other recognized conse-
quences accrue following prolonged periods of effortful lis-
tening. Some of the most established outputs include
fatigue and stress, which, in the long run, can have a deleter-
ious impact on mental wellbeing (Bess et al. 2016; Bess and
Hornsby 2014; Kramer, Kapteyn, and Houtgast 2006;
Kumari et al. 2009; Mattys et al. 2012; Pichora-Fuller
2016; Pichora-Fuller et al. 2016; Schlotz et al. 2004;
Schneiderman, Ironson, and Siegel 2005). Together these
educational and psychological corollaries emphasise the
importance of broadening our understanding of LE and the
need to continue exploring this relatively uncharted territory
to discern other possible consequences of LE. It also provides
an alternative cache for developing outcome measures of LE
by using these downstream effects as proxy measures for LE
itself.

There are many barriers to incorporating LE as an
outcome measure within clinical practice, paramount of
which relates to the lack of consensus regarding the best
way to measure LE (Pichora-Fuller et al. 2016). Three
broad categories of LE measures are used across the litera-
ture: self-reported questionnaires, behavioural measures,
and physiological measures (McGarrigle et al. 2014).

Within each category exists a cornucopia of different tools
postulated to capture LE, each has its advocates and dissi-
dents, yet the ‘gold standard’ measure remains frustratingly
elusive. Moreover, it is not uncommon for tools that aim to
represent the consequences of LE, such as fatigue question-
naires, to be used as a proxy measure of LE (Alhanbali
et al. 2018; Dwyer et al. 2019). A brief outline of these mea-
sures and their advantages and disadvantages are presented
below.

Self-reported measures: Questionnaires that assess the
individual’s perceived effort levels are subjective. These
questionnaires often include a numerical rating scale to quan-
tify the degree of effort. The advantages of self-reported mea-
sures include that they are quick to administer and can be
used to trend LE over a period of time or assess for benefit
before and after an intervention (McGarrigle et al. 2014).
Potential pitfalls to questionnaires relate mainly to their sub-
jective nature and the subsequent effect of user bias. Indeed,
Kahneman (1973) distinguishes subjective and objective
effort as two separate entities, inferring that mental effort is
solely an objective construct, independent of perceived
effort (Bruya and Tang 2018). Examples of self-reported
measures include the NASA task load index or more super-
ficial LE visual analogue scales (Alhanbali et al. 2019; Hart
2006). Alongside effort questionnaires, fatigue question-
naires operate similarly but focus on the tiredness evoked
via effortful listening. This is an example of how the sequelae
of LE can be utilised in the assessment of hearing-related
effort (McGarrigle et al. 2014). They have the same advan-
tages and disadvantages as effort questionnaires.

Behavioural measures: Centre around an individual’s per-
formance within a particular task and use their performance
as an objective measure of effort. This is often through a
single or dual-task paradigm and thus resonates with the
capacity model of mental effort discussed above
(Pichora-Fuller et al. 2016). A benefit to mapping perfor-
mance is that it can resemble real-world challenges that lis-
teners face, such as classroom or workplace scenarios, and
thus has more ecological value (McGarrigle et al. 2014).
The contrary stance is that laboratory-based testing fre-
quently subverts the impact of motivation on capacity since
it may be challenging to foster participant motivation for
an arbitrary task (Shields et al. 2021). Additionally, their reli-
ance on the capacity model to demonstrate effort requires the
task to stretch the individual to their cognitive limit, which
may not be feasible in all experiments (Pichora-Fuller et al.
2016). Behavioural measures include response times and
reaction times within a dual-task (Rovetti et al. 2019;
Visentin and Prodi 2021).

Physiological measures: This type of tool uses a myriad of
instruments to determine effort, relaying the autonomic reac-
tion of body systems to a stressful testing stimulus
(McGarrigle et al. 2014). Their interpretation of neural and
endocrine signals leaves little room for subjectivity, indicat-
ing that these measures reflect Kahneman’s view of mental
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effort more closely than the other measures (Bruya and Tang
2018; Kahneman 1973). Unfortunately, their objective nature
does not eliminate all bias; they are prone to confounding
bias in that many other factors could amplify or dampen
somebody’s physiological responses (Ayres et al. 2021).
For instance, concurrent comorbidities (neurological disor-
ders, endocrine disorders, ophthalmic conditions, or cardio-
vascular pathology), medication use, caffeine or alcohol
intake, or even sleep hygiene (Ayres et al. 2021; Kemp
et al. 2014; Pichora-Fuller et al. 2016). Therefore, physiolog-
ical measures may represent the gold standard index of effort
in ideal experimental conditions, but this is unlikely to trans-
late into real-world environments. Examples of physiological
measures include pupillometry, EEG oscillation, cortisol
level, functional imaging, heart rate variability, and skin con-
ductance (Francis et al. 2021; Kramer, Teunissen, and
Zekveld 2016; Rovetti et al. 2019; Zekveld et al. 2019).

To add further complexity to the matter, individual studies
have shown that these measures are poorly correlated, dimin-
ishing the hope of a validated clinical tool (Alhanbali et al.
2019). This observation has given rise to the multidimen-
sional model of LE and suggests that no one tool can fully
encompass LE. If multiple measures are required to assess
LE accurately, the clinical acceptability of LE as an
outcome measure will be seriously hindered (Mosadeghrad
2012). Given the vast array of tools and experimental condi-
tions that can be applied to investigate LE, it remains prob-
lematic to generalise results from individual studies across
the literature. Therefore, it is prudent to systematically
review these individual studies to map out correlational
data between measures across all relevant studies to under-
stand this concern fully. If the results of the individual
studies harmonise the lack of correlation between measures
of LE, then it would be important to consider alternative strat-
egies to embrace the concept as an outcome.

Aims

The primary aim of this paper is to perform a systematic review
of the literature pertaining to the correlations between methods
of measuring LE in adults and children to determine how
related they are to one another. If the multidimensional
model is accurate, this review hypothesises that weak and non-
significant correlations will be observed across the literature.

A secondary aim is to compare the correlations between
various LE instruments to measures of fatigue to investigate
the association between the two concepts. If fatigue is a
downstream consequence of LE, this paper predicts that the
strength of correlations for effort-effort comparisons will be
similar to effort-fatigue comparisons.

Methods

A protocol outlining the methodology of this review was
published on PROSPERO prior to the commencement of

the literature search. Access to the full PROSPERO protocol
can be obtained via the following link: https:/www.crd.york.
ac.uk/prospero/display_record.php?RecordID =253010.

Literature Search

The literature search for this review was conducted using five
databases — PubMed, Cochrane Central, EMBASE,
PsycINFO, and CINAHL. An appropriate search strategy
was used that utilised medical subject heading (MeSH) and
operators was used. The two core themes of the search
were — listening effort/fatigue and hearing impairment — a
detailed overview of this strategy can be found in the
PROSPERO registration. A date limit of 2000-present was
applied, given the relative novelty of the term listening
effort. The strategy was validated by a medical librarian,
independent of the study. Once the final set of papers had
been retrieved, they were uploaded to the systematic
review software EPPIl-reviewer to be screened (Thomas,
Brunton, and Graziosi 2021).

Study Selection

The initial screening stage involved removing duplicates; this
was done initially by the tool located within EPPI-reviewer
and subsequently verified manually by one reviewer. Once
duplicates had been removed, screening on title and abstract
was conducted by two reviewers independently with blinding
applied to the other’s decisions to minimise any bias effects.
Inclusion and Exclusion criteria were generated using a mod-
ified version of the Population, Intervention, Comparison,
Outcome and Study design (PICOS) framework
(Armstrong 1999; Ebell 1999). In this review, the domain
‘intervention’ was replaced with ‘exposure’ to resonate
with the study objective. The following inclusion and exclu-
sion criteria were applied:

Inclusion:

e Participants — The study population includes the following
categories: Normal hearing, Hearing-impaired with a
device, Hearing-impaired without a device, Adults and
Children. Adults and children have been included in this
review to allow for age-specific comparisons of the corre-
lations between instruments. Children may be more prone
to the negative consequences of LE in terms of educa-
tional attainment and therefore represent an important
population to consider. However, there is only a small
number of published papers on paediatric individuals;
therefore, this review included adults to allow for a com-
plete narrative.

e Exposure — The paper includes any tool used to capture
LE or fatigue related to a listening task.

e Comparison — The paper uses statistical correlational
methods to compare the results obtained for the different
measures of LE
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e Outcome — The paper produces correlation coefficients
between measures and associated p-values

e Study design — Primary research, study must be available
in English

Exclusion:

e Participants — Any documented comorbidities that may
influence listening effort results or fatigue assessment.
This may include chronic health conditions, fatigue-
causing conditions, or dual sensory impairment.

e Exposure — Any tool which does not primarily measure
listening effort or fatigue related to a listening task. This
included general quality of life measures.

e Comparison — No analysis provided to compare different tools.

e Outcome — The paper does not comment on the relation-
ship between two measures of LE derived from the results
of the correlational analysis.

e Study design — Secondary research, editorials, interviews,
book chapters or case reports, Studies not available in English

Any disagreement between reviewers during the coding stage
was referred to a panel constituting an ENT consultant, audi-
ologist and another ENT doctor for reconciliation. This
process was then repeated similarly for full-text screening.
After obtaining an initial set of included results, forward cita-
tion chaining was conducted to further search the literature
for relevant papers. Forward citation was chosen as it had
the added benefit of finding papers published after the
initial search and papers contained within the grey literature
and, therefore, may not have been identified (Lefebvre et al.
2021). An outline of this process is shown in the PRISMA
flowchart contained within the results section of this paper.

Data Extraction and Data Analysis

Data extraction was performed via a google form document by
two reviewers. Key information captured for each study included:

e Details of the study — Type of paper, date published,
authors, country of publication
Study design — Observational vs. interventional
Study population — Cohorts, sample size, and whether a
power analysis had been performed

e Setting of the study — Listening task and listening
conditions

e Measure of LE — What exact tools were used, and which
overarching category do they fall under (Behavioural/
physiological/self-reported)

e Type of comparison method used for the analysis of LE
measures (Spearman’s/Pearson’s)

e Strength of correlation.

Quality Assessment and Risk of Bias

To assess the quality of evidence and potential risk of bias,
the  Grading of Recommendations  Assessment,

Development and Evaluation (GRADE) criteria was
applied to the pool of included studies (Schiinemann et al.
2013). This approach has the benefit of assessing the
quality of evidence in its entirety rather than focusing on indi-
vidual studies. This was deemed particularly appropriate for
this review, given the heterogenous designs of the studies
included. The GRADE criteria contain several domains that
assess the overall quality of evidence (Schiinemann et al.
2013).

First, ‘inconsistency’ refers to how homologous the evi-
dence is, where studies performed in similar conditions on
comparable participants. ‘Imprecision’ describes the statisti-
cal power of the studies in relation to their sample sizes.
‘Indirectness’ is how applicable the included studies are
when examining the research question of this review.
Determinates of indirectness include the population under
investigation and the outcome measures used within the
included studies. Each item can be graded as ‘not serious’,
‘serious’, or ‘very serious’ depending on the proportion of
studies that satisfy each criterion (Schiinemann et al. 2013).
The effect of publication bias was also investigated within
the overall GRADE assessment. This was determined by
examining whether studies were consistent between their
methods and reported results.

In addition to the above markers for study quality, the risk
of bias was also assessed by applying an appropriate check-
list to each study which varied based on individual study
design. The ROBINS-I checklist was used for interventional
studies to determine study limitations (Sterne et al. 2016).
The current review classified a study as interventional if it
attempted to measure the change in LE within study partici-
pants upon application of an accepted therapy such as hearing
aid settings. This tool was chosen as it was specifically
designed for non-randomised interventional studies, which
aligns well with the subset of included studies in this
review. Additionally, it is endorsed by the Cochrane
Handbook for systematic reviews (Sterne et al. 2021).
ROBINS-I assesses several domains, including —
Confounding bias due to differences in baseline characteris-
tics; selection bias emanating from differences in participants
between study groups; classification bias due to misclassify-
ing participants based on intervention status; deviation bias
when study participants deviate from intended interventions
and outcome bias arising from differences in the methods
used to measure outcomes between participants (Sterne
et al. 2016). Following this assessment, the overall risk of
bias is formulated as — ‘low’, ‘moderate’, ‘serious’, or ‘criti-
cal’ depending on how the study is assessed in the domains
mentioned above (Sterne et al. 2016). An example of how
the ROBINS-I checklist was applied within this study can
be found in the supplementary information.

For observational studies, the GRADE checklist was uti-
lised, which examines factors including - whether a control
group was present, how the study confirmed the exposure
of interest, how consistently was the outcome measure
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applied to participants, did the study account for possible
confounders, and finally did the study measure at multiple
time points (Schiinemann et al. 2013). For this review,
studies were classed as observational if they measured LE
within a cohort and did not attempt to discern the effect of
a particular intervention such as hearing aid settings on the
participant’s LE. The overall risk of bias for the observational
studies can be judged as ‘low’ whereby most information
from studies is deemed to have a small risk of bias;
‘unclear’ if the information from studies indicates a small
or uncertain risk of bias; or ‘high’ in which the information
from studies suggests that the risk of bias is sufficient to
affect the interpretation of the results (Schiinemann et al.,
2013). An example of how the GRADE checklist was consid-
ered in the current study can be found in the supplementary
information.

Data Synthesis

It was not appropriate to conduct a meta-analysis of the
included studies as the pooled sample of papers was heterog-
enous in design. Factors that contributed to the lack of con-
gruency between papers included measurement tools,
experimental design, and study population. Therefore, a nar-
rative synthesis of the result was produced to answer the
research question posed by this review.

To overcome the challenge associated with directly com-
paring correlations amongst a heterogeneous study pool, this
paper classified each r-value of statistically significant results
according to the taxonomy of correlations outlined by Chan
(Chan 2003). This reporting system has been specifically
designed for application to medical papers. Chan reported
the following grading system, a perfect correlation (coeffi-
cient+ 1 or —1), very strong (coefficient 0.8 to 1 or —0.8 to
—1), moderate (coefficient 0.6 to 0.8 or —0.6 to —0.8), fair
(coefficient 0.3 to 0.6 or —0.3 to —0.6), poor (coefficient 0
to 0.3 or 0 to —0.3) and none (coefficient 0) (Chan 2003).
This review evaluated the performance of each measurement
theme against these criteria to provide an overall understand-
ing of the degree of association between effort question-
naires, behavioural measures, physiological measures, and
fatigue questionnaires in relation to capturing LE. A
Chi-squared test was used to determine if there was a statis-
tically significant difference between the observed classifica-
tions across all significant results. Additionally, a Fisher’s
exact test was used to examine for observed differences
between the results for the adult and child population
groups. Fisher’s exact test was chosen due to the relatively
small number of children within the included papers.

Results

Upon completion of both title and abstract, full-text screen-
ing, and forward citation searching, 48 papers were included
based on the above PICOS criteria. The PRISMA diagram

(Figure 1) below summaries the results of this process
(Page, McKenzie, et al. 2021). The full details of each
included paper, with reference to the experimental design,
can be found in the supplementary information.

The adult population across the papers comprised 775
hearing-impaired participants and 815 individuals with
normal hearing, totalling 1687 participants. Of the 775
patients with hearing impairment, 124 were listed as
hearing aid users, whereas 117 had cochlear implants. For
the paediatric population, 34 had a hearing impairment, and
179 had normal hearing, totalling 213 paediatric participants.
The total sample size across all studies, ages, and hearing
level equated to 1900.

Summary of the Strength of Correlations

The total number of correlational analyses across all included
papers totalled 274. These 274 were stratified across ten dif-
ferent ‘subgroups’ each of which provided a comparison
between two categories of instruments (EQ-EQ, EQ-B,
EQ-P, EQ-FQ, B-B, B-P, B-FQ, P-P, P-FQ, and FQ-FQ —
EQ = Effort questionnaire, B = Behavioural measures, P
= Physiological measure and FQ = Fatigue questionnaire).

This review defined the results as either statistically signif-
icant or non-significant based on the p-values reported by the
individual papers. A reported p-value of less than 0.05 was
considered statistically significant in line with the traditional
cut-off (Andrade 2019). Across all subgroups, 99 analyses
reached statistical significance representing 36.1% of the
total analyses. The range of r-values has been plotted using
a violin chart and stratified according to significance —
Figure 2. Only those analyses that reported the r-value,
despite non-statistically significant results were included in
the figure (133/175).

Each statistically significant trial was classified using the
criteria outlined by Chan, which provides an overview of
how related each measure is to one another (Chan 2003).
This is summarised in Table 1, which is overlaid with a
heat map to illustrate the density of the results. The most
common classification identified across all significant corre-
lations was fair (n = 62). The observed difference between
the frequency of each classification was shown to be statisti-
cally significant through Chi-squared testing (p <0.01).

Comparison Between Adults and Children

A total of 253/274 correlational analyses exclusively con-
tained an adult population, whereas only 21/274 correlational
analyses contained children. The number of significant trials
amongst the adult population was 89 (35.2%). In contrast, 10
(47.6%) of the analyses in children reached significance.
Fisher’s exact test showed no significant difference
between the frequency of each type of classification
between the adult and child population groups (p = 0.84).
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Figure 1. PRISMA Diagram lllustrating Literature Search and Screening Process (Page et al.,, 2021a).

Conditional and Unconditional Correlations

This review recognises two distinct types of correlations: con-
ditional and unconditional. The latter refers to correlations in
which the paper has provided a general comparison between
two measures, collapsing for any changes to experimental con-
ditions or study populations. Conditional correlations exist
when the paper has published the strength of association
between two measures of LE for a specific study condition.
This review identified three categories of experimental condi-
tions discussed below. The conditions for each analysis can
be found in the supplementary information.

The first relates to the listening task used to evoke effort.
This may include noise, light, signal quality, and task dif-
ficulty. This review noted that, in general, more challeng-
ing tasks tended to produce stronger correlations. For
example, in one study, the r-value between a Visual ana-
logue scale/Peak pupil diameter was 0.6 (p<0.01) within
the SRT50% condition. When this was altered to quiet con-
ditions, the r-value fell to 0.008 (p>0.05) (Kramer et al.
2016). In another study, an analysis comparing Peak
pupil diameter/Need for recovery questionnaire revealed
an r-value of - 0.35 (p <0.05) within the light experimental
conditions. When this was changed to dark conditions, the
r-value was found to be - 0.18 (p>0.05) (Wang, Kramer
et al. 2018).

Next is the time point at which LE is measured. Examples of
this condition include pre-test, during-test, post-test,
pre-post-test difference (Gustafson et al. 2018; Key et al.
2017, Kramer et al. 2016; Zekveld et al. 2019), baseline
period, retention period, speech period (Alhanbali et al. 2019;
Russo et al. 2020), before response cue, and after response
cue (Giuliani 2021). Again, similarly to the listening task,
this review found that correlations were stronger when LE
was sampled immediately following the listening task. When
lapse of attention was compared to a fatigue scale, the
pre-test r value changed from —0.5 (p<0.05) to —0.702 (p<
0.05) in the post-test condition (Key et al. 2017). This was
again shown during a comparison of the Speech, Spatial, and
Qualities (SSQ) questionnaire, and pupillometry. Here, the
baseline r value was not documented due to a lack of signifi-
cance, but the retention interval findings reached significance
with a coefficient of —0.78 (Russo et al. 2020).

The third is the hearing ability of the population used
within the experiment. Normal hearing, hearing-impaired,
and hearing device users constitute this condition. While it
is accepted that those with a hearing impairment suffer
from higher levels of effort, there was no apparent variation
in the strength of correlations based on population conditions
(Alhanbali et al. 2017; Holube et al. 2016).

It is rational to surmise that conditional correlations
confer less evidence towards an association than
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Figure 2. Violin Plots Showing the Range of r-values (x-axis) Against Each Subgroup Comparison (y-axis) for Both the Significant (top
graph) and non-Significant (bottom graph) Correlational Analyses. Colour is Matched to Subgroup. (EQ = Effort Questionnaire, B =
Behavioural Measures, P = Physiological Measures and FQ = Fatigue Questionnaire).

unconditional correlations as their reproducibility would be
limited to the exact experimental conditions used to derive
the finding.

Strength of Correlation Stratified by Subgroup

To further explore the correlations reported, this review presents
both a within subgroup and between subgroup comparisons

below. Each section compares two subgroups of measures
against one another to provide an insight into whether each
theme captures similar or different components of LE. A
summary of the number of significant analyses for each sub-
group comparison is shown in Table 2.

Effort Questionnaires v Other Effort Questionnaires — A Within
Subgroup Comparison. This review identified three papers
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Table I. Showing the Number (%) of Each Classification Type Against Each Subgroup Comparison.

Strength
Poor Fair Moderate Very strong Total
(0to0.3or0to (0.3to0.6or- (06to0.8o0or- (0.8to1o0r-0.8
Subgroup -0.3) 0.3 to -0.6) 0.6 to -0.8) to -1)

5

EQ-EQ 0 3(60.0% 1.(20.0%) 1(20.0%)
9

Eq-8 1.(11.1%) 0 0
21

EQ-P 5 (23.8%) 4(19.1%) 4(19.1%)
19

EQ-FQ 0 4 (21.0%) 1 (5.3%)
10

B-B 0 0 0
B-P 7

2 (28.6%) 4(57.1% 1(14.3%) 0
9

EhQ 1(11.1%) ﬁ 1(11.1%) 0
P-P 7

3 (42.8%) 2 (28.6%) 1(14.3%) 1(14.3%)
P-FQ il

6 (54.5%) 5 (45.5%) 0 0
.

Fe-FQ 0 1(100%) 0 0

Overlaid with a heat map to illustrate the concentration of results. The model value for each subgroup comparison is indicated by bold and italicised text. (EQ =
Effort Questionnaire, B = Behavioural Measures, P = Physiological Measures and FQ = Fatigue Questionnaire).

Table 2. Summary of the Number of Significant Correlational
Analyses Across Each Comparison of Subgroups.

Total number Number of % of trials reaching

Subgroup of trials significant results significance
EQ-EQ 5 5 100

EQ-B 28 9 32.1

EQ-P 73 21 28.8
EQ-FQ 24 19 79.2

B-B 15 10 66.7

B-P 26 7 26.9

B-FQ 19 9 474

P-P 43 7 16.3

P-FQ 30 I 36.7

FQ - FQ | | 100

that compared different effort-based questionnaires (Perreau
et al., 2017; Picou et al., 2017; Picou & Ricketts, 2018). This
resulted in five correlational analyses, all of which reached sta-
tistical significance. All five analyses were unconditional and
therefore not dependent on changes to experimental conditions.
Within this subgroup, the strongest association was observed
between single entity questions that aimed to elicit ‘loss of
control” and questions that focused on the ‘work required’ to
complete a task. This had an r-value of 0.82. The weakest cor-
relation was noted between ‘work required’ questions and

questions which explored an individual’s desire to ‘give up’
with an r-value of 0.34. Three of the correlations were classified
as fair, one as moderate, and one as very strong.

Effort Questionnaires v Behavioural Measures — A Between
Subgroup Comparison. Out of the 48 included papers, 13 of
them compared effort questionnaires to behavioural measures
of LE (Desjardins, 2016; Johnson et al., 2015; Megha &
Maruthy, 2019; Perreau et al., 2017; Picou et al., 2017;
Picou & Ricketts, 2018; Rovetti et al.,, 2019; Seeman &
Sims, 2015; Strand et al., 2018; Visentin et al., 2019, 2021;
Visentin & Prodi, 2021; White & Langdon, 2021). These
papers produced 28 distinct correlational analyses. Only
nine (32.1%) of these correlations reached statistical signifi-
cance. For these nine correlations, six were unconditional,
and three were conditional. The strongest association was
demonstrated between control-themed questions and reaction
times, with an r-value of - 0.59. This was a conditional corre-
lation found only when the stimulus was presented in noise.
The weakest correlation existed between a five-point LE
scale/response times with an r-value of 0.16. Regarding the
classification of correlations, one was poor, and eight were
fair. The remaining 19 results were not statistically significant.

Effort Questionnaires v Physiological Measures — A Between
Subgroup Comparison. The comparisons between effort
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questionnaires and physiological measures of LE represent
the most investigated subgroup within this review, with
results stemming from 23 papers (Alhanbali et al., 2019,
2021; Bernarding et al., 2017; Dimitrijevic et al., 2019;
Dwyer et al., 2019; Finke et al., 2016; Francis et al., 2021;
Holube et al., 2016; Kramer et al., 2016; Lau et al., 2019;
Mackersie et al., 2015; Mackersie & Cones, 2011;
Magudilu Srishyla Kumar, 2020; McGarrigle et al., 2020;
Rovetti et al., 2019; Russo et al.,, 2020; Schafer et al.,
2015; Seeman & Sims, 2015; Strand et al., 2018; Visentin
et al.,, 2021; White & Langdon, 2021; Wisniewski et al.,
2015; A. A. Zekveld et al., 2011). This culminated in a
total of 73 correlational analyses. Within these 73 analyses,
21 (28.8%) reached significance, and 52 failed to reach sig-
nificance. Focusing on the 21 significant results, four were
unconditional, and 17 were conditional. The joint strongest
association compared National Aeronautics Space
Administration (NASA) task load index/EEG oscillation
and a five-point LE scale/EEG frontal midline theta power,
both showing r values of 0.97. This represents a near-perfect
correlation; similar results were also observed between a
seven-point LE scale/EEG oscillation (r-value 0.94). These
very strong analyses stemmed from three separate papers.
The weakest association was between NASA task load
index/Functional infra-red spectroscopy with an r-value of
0.13. In terms of classification, five were poor, eight were
fair, four were moderate, and four were very strong.

Effort Questionnaires v Fatigue Questionnaires — A Between
Subgroup Comparison. Within the category contrasting
effort questionnaires to fatigue questionnaires, a total of
eight papers published comparisons (Alhanbali et al., 2017,
2018, 2019, 2021; Dwyer et al., 2019; McGarrigle et al.,
2020; Picou et al., 2017; Picou & Ricketts, 2018). This
resulted in 24 separate correlation analyses; 19 (79.2%)
reached significance, while five did not. Among the signifi-
cant findings, 11 were unconditional, and eight were condi-
tion dependant. The largest effect size was demonstrated by
Amsterdam Checklist for Hearing and Work/Profile of
Mood States - frequency of tiredness questions with an
r-value of 0.80. The weakest association was between an
Effort assessment scale/Fatigue assessment scale resulting
in an r-value of 0.30. The significant correlations obtained
the following classifications of strength, 14 were fair, four
were moderate, and one was very strong.

Behavioural Measures v Other Behavioural Measures — A Within
Subgroup Comparison. Two papers compared different beha-
vioural measures of LE and generated 25 distinct correla-
tional analyses (Strand et al., 2018; Wu et al., 2014). Ten
(66.7%) of these analyses were significant, and 15 were non-
significant. Of the ten significant results, one was uncondi-
tional, and nine were conditional. The largest r value
existed for listening span/cognitive spare capacity test, and
this was a conditional correlation found within the high

predictability/updating conditions with an r-value of 0.53.
The weakest correlation was observed between complex
reaction times/cognitive spare capacity tests, again condi-
tional for the 2-word recall condition; here, the r value was
0.38. All the results in this section were classified as fair.

Behavioural Measures v Physiological Measures — A Between
Subgroup Comparison. A total of nine papers compared beha-
vioural and physiological measures of LE (Bertoli &
Bodmer, 2014; Gustafson et al., 2018; Key et al., 2017;
Rovetti et al.,, 2019; Strand et al., 2018; Visentin et al.,
2021; White & Langdon, 2021; A. Zekveld et al., 2020;
Zhao et al., 2019). They conducted 26 correlational analyses,
with only seven (26.9%) reaching statistical significance. The
seven analyses which reached significance were all condi-
tional. The largest effect size was between hit rate (correct
response within a certain time frame)/pupillometry - pupil
dilation response, r = - 0.65. This result was a conditional
correlation found within the young cohort (age 18-35
years) within the 15-20 s time period after the stimulus.
The joint weakest correlation was between reaction times/
pupillometry - mean pupil dilation in the compatible condi-
tion and reaction times/pupillometry - peak pupil dilation
in the compatible/conflict condition with r values of 0.28
and - 0.28 respectively. Two analyses were poor, four were
fair, and one was moderate.

Behavioural Measures v Fatigue Questionnaires — A Between
Subgroup Comparison. Six papers reported correlations
between behavioural measures of LE and questionnaires
designed to measure fatigue, resulting in 19 correlational
analyses (Athey, 2016; Gustafson et al., 2018; Hornsby,
2013; Key et al, 2017; Picou et al., 2017; Picou &
Ricketts, 2018). Within this category, nine results reached
significance; seven of these significant results were condi-
tional, and all were dependent on the time point used to
measure LE. The largest coefficient was shown between
lapses of attention/fatigue scale within the post-test time con-
dition with an r value - 0.70. The weakest correlation was
between reaction times/tiredness questions, with an r-value
of 0.22. These results are classified as follows, one poor,
seven fair, and one moderate.

Physiological Measures v Other Physiological Measures — A
Within Subgroup Comparison. Eight of the 48 papers included
in this study compared physiological measures of LE with
other physiological measures (Alhanbali et al., 2019; Francis
et al., 2021; Giuliani, 2021; Kramer et al., 2016; McMahon
et al.,, 2016; Miles et al.,, 2017; Seifi Ala et al., 2020;
A. A. Zekveld et al., 2019). Altogether, this translated into
43 distinct correlational analyses. For these results, seven
(16.3%) reached significance, and 36 failed to reach signifi-
cance. When examining the significant correlations, this
review found that two out of the seven were unconditional cor-
relations, and the remaining five were conditional. The
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strongest association existed between skin conductance
response quantity/skin conductance response amplitude, with
an r-value of 0.89. This was a conditional correlation demon-
strated only in the before response cue period. The weakest
association was between skin conductance/pupillometry -
peak pupil diameter with an r-value of 0.20. These results
can be stratified according to Chan’s classification as follows,
three poor, two fair, one moderate, and one very strong.

Physiological Measures v Fatigue Questionnaires — A Between
Subgroup Comparison. Eight papers compare physiological
measures against questionnaires related to fatigue (Alhanbali
et al., 2019, 2021; Dwyer et al., 2019; Gustafson et al., 2018;
Key et al., 2017; McGarrigle et al., 2020; Wang, Kramer,
et al., 2018; Wang, Naylor, et al., 2018). These papers pro-
duced 30 correlational analyses, 11 (36.7%) reached signifi-
cance. Eight of the 11 significant results were unconditional
correlations. The strongest association existed between pupillo-
metry - task-evoked pupillary response/fatigue scale 0-100.
The r-value for this result was - 0.48. The weakest correlation
was between pupillometry - peak pupil diameter/visual ana-
logue scale - tiredness with an r-value of - 0.19. The classifica-
tions for the significant results were six poor and five fair.

Fatigue Questionnaires v Other Fatigue Questionnaires — A Within
Subgroup Comparison. The final correlation comparison
between fatigue questionnaires only yielded one trial
(Wang, Naylor, et al., 2018). This result demonstrated a sig-
nificant unconditional correlation between Need for
Recovery questionnaire/Checklist Individual Strengths ques-
tionnaire. The r-value for this analysis was 0.57, resulting in a
fair classification.

Quality Assessment and Risk of Bias

The GRADE approach was applied to the 48 included studies
to provide an overview of the quality of the evidence con-
tained within this review. This review utilised either the
GRADE criteria or the ROBINS-I. In total, 38 papers were
classified as observational and nine as interventional.
Overall, the risk of bias was judged to be high/serious for
both types of study design. At an individual study level, 38/
48 were deemed to have a serious/high risk of bias, 9/48 a
moderate risk of bias, and 5/48 a low risk of bias. The rationale
behind this assessment was due to several factors. First, 31 out
of the 48 studies only included one cohort; 17 of these studies
only had a normal hearing group, and 14 only contained indi-
viduals with hearing impairment. Inconsistency was also
noted between the exclusion criteria applied by each study
with regard to possible confounding comorbidities. Some
papers accounted for a range of possible pre-existing factors
which may influence the measure of LE obtained. Examples
include neurological disorders, learning disabilities, psychiat-
ric conditions, chronic fatigue, medication use, smoking
history, alcohol intake, and caffeine use. The antithesis was

found whereby some papers only partially attempted to
adjust for this potential risk of bias, introducing a high
degree of confounder bias. Finally, most papers, 44/48, only
measured LE at a single time point and therefore had no
follow-up. Generally, the literature mitigated the effects of
exposure bias — by ensuring normal hearing participants
were screened via audiological testing prior to inclusion -
and outcome bias — by keeping missing data to a minimum.

The included studies displayed a large amount of hetero-
geneity in terms of study design; therefore, ‘inconsistency’
was judged to affect the quality of evidence seriously.
Specifically, a large variation existed between studies regard-
ing which tool was utilised to measure LE. Indeed, variations
existed between specific types of tools, for example, differ-
ences in the numerical ranges contained within self-reported
LE scales. The setting of the study experiments was also
inconsistent in terms of listening task and listening condi-
tions. Finally, the study population differed significantly
between papers with reference to hearing level and age.
‘Imprecision’, most studies did not report a sample size cal-
culation, 30/48, an additional 3/48 performed a power calcu-
lation but subsequently did not have sufficient sample size,
one study sample fulfilled the power calculation for some
but not all outcomes, and only 14/48 studies satisfied the
required sample size. Therefore, the effect of ‘Imprecision’
on the quality of evidence was graded as serious. This
review applied the criterion of ‘indirectness’ by considering
three factors — Did the study contain hearing-impaired partic-
ipants? Did the study contain both an adult and paediatric
population? Did the study use an accepted measure for LE?
Overall, no study satisfied all three factors; 17 met two, 30
met one, and one failed to meet any of the above factors.
This finding resulted in ‘indirectness’ achieving a rating of
moderate. Publication bias moderately impacted the quality
of evidence due to the fact 42/274 correlational analysis
did not report the r values of non-significant results (Page,
Higgins, and Sterne 2021). Combining each of the GRADE
criteria outlined above translates into an overall quality of
evidence rating of very low, which has important implica-
tions for the conclusions drawn by this review. This aligns
with previous systematic reviews investigating the literature
pertaining to LE and reflects one of the inherent challenges
to validating a clinical tool to measure this phenomenon
(Holman, Drummond, and Naylor 2021; Ohlenforst et al.
2017). A summary of the quality of evidence assessment
for the included papers is shown in Table 3 below.

Discussion

This review aimed to determine the association between dif-
ferent instruments used to capture LE by evaluating the cor-
relational analyses performed across the literature.
Additionally, the correlations between effort and fatigue
instruments were contrasted to investigate the relationship
between the two concepts of LE and fatigue.
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Table 3. Summary of Risk of Bias Assessment.

Risk of bias tool Risk of bias Inconsistency Imprecision Indirectness Publication bias Quality Importance
GRADE (n = 39) High Serious Serious Moderate Moderate Very low Important
ROBINS-I (n = 9) Serious

Multi-Dimensional Model of Listening Effort

Spatial Stratification. This review notes that only 36.1% of the
274 correlation analyses reached statistical significance, and
correlation strength was most often classified as fair. The dis-
tribution of classifications towards fair was found to be statis-
tically significant. This lack of association lobbies the notion
that different measures encompass different components of
LE. Previous studies have explained this phenomenon by
referring to a multi-dimensional model of LE; therefore,
this idea is reaffirmed by the findings of this review.
(Alhanbali et al. 2019; Francis and Love 2020).

This model outlines that behavioural, physiological, and
self-reported measures capture different components of LE
(Alhanbali et al. 2019; Francis and Love 2020; Peelle
2018). McMahon et al. (2016) hypothesize that this can be
rationalised by considering that different measures align
with the different cognitive processes involved with sound
perception (McMahon et al. 2016). Only when we under-
stand these cognitive processes will we be able to fully inter-
pret information gathered from measures of LE. Hughes et al.
(2018) have attempted to categorise some of these cognitive
pathways to help clarify this topic. They outlined three dis-
tinct cognitive stages which can give rise to LE. These
were described as the effort evoked by ‘attending to’, ‘pro-
cessing’, and ‘adapting to’ an auditory message. The mea-
sures of LE, therefore, may resonate more closely with one
particular part of the overall process (Hughes et al. 2018).
From a physiological perspective, this theory is reflected by
examining functional imaging studies highlighting the
myriad of cortical areas involved with understanding
degraded speech (Peelle 2018).

Further to these intrinsic processes involved in speech per-
ception, individual factors may also contribute to the effort
experienced. Francis and Love (2020) delineated the differ-
ences between exerted and assessed effort in that the tangible
cognitive resources required to match the demands of a task
may not be congruent to the perceived effort required as
interpreted by the individual listener. This theory also
accounts for the interrelated effects of motivation and plea-
sure on the perception of effort (Pichora-Fuller et al. 2016).
Therefore, a combination of exerted effort and assessed
effort contribute to the overall LE experienced (Francis and
Love 2020). From this depiction, it is clear to see the com-
plexities involved with LE mechanisms and the challenges
associated with its measurement.

Together, the lack of association between subgroups dem-
onstrated across the literature and the cognitive mechanisms
discussed above suggest that measures of LE are spatially

stratified according to which components of the cognitive
pathways they encapsulate. This means that behavioural,
physiological, and self-reported measures have the potential
to encode different aspects of the neural and cognitive
routes involved with effort perception.

Effect of Experimental Conditions. To further build upon the
aforementioned model, it is important to consider the effect
that experimental conditions have on the degree of association
between measures of LE. As stated, significant correlations
between measures can and do occur, a finding which would
seemingly refute the premise of the multi-dimensional
nature of LE. To help explain this incongruency, this review
highlights the fragility of significant correlations by referenc-
ing the influence of experimental conditions on the strength of
correlations. This is reflected by the fact that 59/99 (56%) of
the significant correlation were related to a specific experi-
mental condition. Changing either the listening task or the
timeframe LE was measured has been shown to alter the
strength of correlation between measures of LE. This inconsis-
tency may reflect the sensitivity of different instruments and
their reliance on the cognitive capacity model (Kahneman
1973; Pichora-Fuller et al. 2016). This model posits that
more difficult scenarios require individuals to draw upon
more cognitive reserves. The more of these limited resources
the individual uses, the more effort they experience. The
ability of a measure to capture LE is, therefore, dependent
on the relationship between its sensitivity and the task diffi-
culty (Hick and Tharpe 2002). Differences in the sensitivity
of each measure make it challenging to demonstrate associa-
tions in easier listening conditions hence explaining why the
strength of correlations appears to change based upon the
timeframe LE was sampled and the task used to evoke the
effort. This highlights how measures of LE are context depen-
dant and thus are appropriately termed ‘markers’ rather than
an ‘invariant’ as a one to one relationship between instrument
and outcome cannot be demonstrated (Richter and Slade
2017). Additionally,cautions against generalising the results
of one paper across the entire literature. One possible way to
mitigate this effect is to conduct more ecological studies
outside the laboratory to help encapsulate real-world condi-
tions more representationally (Bruya and Tang 2018).

To analyse this finding, and in keeping with the astronom-
ical theme of multi-dimensions, this paper denotes a model of
LE which accounts for the conditional effect on the associa-
tion between measures, termed the solar system model of LE.
In this model, LE is depicted as the sun, and the different
measurement tools take the role of the orbiting planets.
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When the various planets align (Experiments with difficult
listening situations), they absorb the same solar outputs
(LE dimensions). This mirrors the notion that when the con-
ditions are right, the measures capture the same dimensions
of LE. As the experimental conditions become easier, the
sensitivity of each measure pulls the planets out of alignment,
and the solar outputs they capture are different. This suggests
that LE measures depend on the experimental conditions
within which they are applied. A diagrammatic representa-
tion of this model is shown in Figure 3 below. This model
only applies to a minority of LE measures; the remainder,
as shown by this review, encompass different dimensions
of LE no matter what experimental conditions are enacted.

Temporal Stratification. The final observation noted from this
review is the lack of association between different measures
within the same subgroup. This can be evidenced by consid-
ering two factors:

1. How many ‘within subgroup’ comparisons reached sta-
tistical significance? (See Table 2)

2. What strength did the statistically significant results
reach? (See Table 1)

The comparisons between EQ - EQ, B - B, and FQ - FQ sub-
groups satisfy the first point above, with the percentage of
trials reaching significance equating to 100%, 66.7%, and
100%, respectively. Despite this, the modal classification
for each remained as fair (coefficient 0.3 to 0.6 or —0.3 to
—0.6). Moreover, the P - P subgroup failed to meet either

point. Indeed, the number of significant results totalled
16.3%, representing the lowest from any subgroup compari-
son, and the modal classification was poor (coefficient 0 to
0.3 or 0 to —0.3). Interestingly, six of the seven significant
results within the P - P subgroup comparison involved mea-
sures that utilise the same underlying mechanism to sample
effort. For instance, Skin conductance/EEG alpha were sig-
nificantly correlated, and both measure the electrophysiolog-
ical response to the effort. A significant correlation was also
noted between Cortisol/Chromogranin A with both being
hormonal measures. Given this disparity amongst physiolog-
ical measures, it may be more accurate to subclassify them
according to their mechanism of action. Logical groupings
include functional imaging, electrophysiological measures,
and hormonal measures.

Together, these results suggest that measures of LE may
also be temporally stratified along a timeline which begins
at the onset of an effortful stimulus. For example, functional
imaging measures such as infra-red spectroscopy may
reflect the more real-time cerebral processes that result
from LE. Electrophysiological measures, including pupillo-
metry, capture the subsequent neuronal response to these
processes. Followed by the cascade of endocrine mecha-
nisms recruited in response to effort, which would be
sampled using hormonal measures of LE such as cortisol.
Subsequently, behavioural measures would then encode
for the immediate reactive response of the individual
exposed to effort via their reaction times. Finally, both
effort and fatigue questionnaires would capture the down-
stream consequences of LE, which manifests much further

Optimum Conditions

Listening Effort

Behavioural Measures  Physiological Measures ~ Self-reported Measures

Altered Conditions

Figure 3. lllustration of the Effects Experimental Conditions Have When Measuring le. The Component of LE Captured is Represented by

the Solar Rays.
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along the effort perception pathway. The decision to group
the subtypes of questionnaires together can be rationalised
by examining that 79.2% of trials that compared EQ - FQ
reached significance satisfying the first point above. A rep-
resentation of the temporal stratification concept is found in
Figure 4 below.

The spatial and temporal stratification of LE measures
explains why the multi-dimensional model exists and why
specific tools are weakly correlated. Moreover, the fragility
of significant correlations has been explained by examining
the effect of experimental conditions on the strength of asso-
ciation between two tools. Accepting these findings clarifies
why the literature has not been able to pin down a single
optimum measure for LE and advocates exploring different
approaches to incorporate LE into clinical assessment.

An Alternative Approach to Measuring Listening Effort

Given the seemingly perpetual challenge of selecting one
measure of LE to clinically assess individuals with hearing

impairment, it is prudent to consider other possible alterna-
tives to help document the abstract notion. As previously dis-
cussed, there are several recognised consequences associated
with LE, which may represent a more suitable target for
screening tools. Furthermore, this review has shown that
fatigue questionnaires perform similarly to effort indices in
the classification matrix of subgroups. Therefore, shifting
attitudes towards capturing these downstream effects
creates an opportunity to design a composite measure com-
prised of previously validated tools.

First, to start with fatigue, many of the papers included in
this review have referred to fatigue, and some have already
adopted the approach of measuring this metric alongside
effort in hearing-impaired individuals (Alhanbali et al.
2018, 2019; Dwyer et al. 2019; Key et al. 2017; Picou,
Moore, and Ricketts 2017; Wang et al. 2018). Many of the

proposed measures for LE demonstrate considerable
overlap with fatigue. Take, for instance, the use of cortisol,
performance over time or effort/fatigue assessment scales

(Bess and Hornsby 2014). The evidence for the connection
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Figure 4. Metro Map Model Indicating the Time Point Each Tool Captures LE. (BVP = Blood Volume Pulse, EMG = Electromyogram, HRV
= Heart Rate Variability, EEG = Electroencephalogram, FNIRS = Functional Near Infra-Red Spectroscopy, f-MRI = Functional Magnetic
Resonance Imaging, NASA TLX = National Aeronautics and Space Administration Task Load Index, SSQ = Speech, Spatial and Qualities
Questionnaire, VAS — E = Visual Analogue Scale — Effort, SHQ = Spatial Hearing Questionnaire, CIS = Checklist Individual Strengths, PoMS
= Profile of Mood States, ITU-T = International Telecommunications Union — Tiredness, VAS — F = Visual Analogue Scale — Fatigue.
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between effort and fatigue is becoming increasingly formida-
ble and is now widely accepted as a consequence of pro-
longed intensive listening. Similarly to LE, fatigue displays
multi-dimensional characteristics making it challenging to
measure (Bess and Hornsby 2014; Gawron 2016). As a
result, many self-reported tools have been proposed for the
adult population. Gawron (2016) provides a detailed over-
view of these fatigue questionnaires and provides informa-
tion on their possible optimal application (Gawron 2016).
Examples that may be relevant to LE include the Checklist
for individuals Strength’s questionnaire due to its application
to chronic fatigue and visual analogue scales for fatigue
which have been widely used for hearing-impaired individu-
als already (Alhanbali et al. 2021; Gawron 2016). Regarding
individuals with hearing loss, recent work by Hornsby et al.
has validated a fatigue scale that aims to capture
hearing-related fatigue specifically — The Vanderbilt
Fatigue Scale. This instrument has now been validated in
adults and children (Hornsby et al. 2021, 2022).

The next consequence to consider is the stress generated
from effortful listening. Again, several studies included in
this review have acknowledged stress as a corollary of LE
and attempted to represent this within the testing strategy
(Dwyer et al. 2019; Kramer et al. 2016; Mackersie,
MacPhee, and Heldt 2015; Zekveld et al. 2019). Stress accu-
mulates due to over-activation of autonomic processes and
disruption of the endocrine system’s cortisol axis (Sharma
2021). Given this, physiological measures (Cortisol, Skin
conductance, Heart rate variability) which directly sample
these changes may provide the most accurate insight. Their
use in clinical practice is hindered by the ability to test repeat-
edly to establish a longitudinal trend of stress levels. An alter-
native to these objective measures is the Perceived Stress
Scale (PSS), first proposed by Cohen in the 1980s (Cohen,
Kamarck, and Mermelstein 1983). The PSS is the most
widely used self-reported measure for stress and has been
shown to apply to adults, children, and across ethnic
groups (Baik et al. 2019; Huang et al. 2020; White 2014).

Outside of fatigue and stress, which are well-documented
consequences of LE, there are more subtle effects that this
paper will now explore. Individuals with hearing impairment
have been shown to suffer lower levels of self-assurance and
confidence compared with normal hearing counterparts
(Bat-Chava 1993; Theunissen et al. 2014). Whilst this is gen-
erally accepted, an interesting observation was noted by
Warner-Czyz et al., whereby children who had received a
hearing intervention (hearing aid or cochlear implant) rated
their self-esteem higher than normal-hearing children
(Warner-Czyz et al. 2015). This highlights the reversibility
of the detrimental impact hearing loss has on self-worth
and the potential for confidence to be used as an indicator
of benefit in before and after studies. The relationship
between hearing ability and confidence is likely a multifacto-
rial process influenced by factors such as the ability to com-
municate, social connectedness, physical appearance, and

personal circumstances. Notwithstanding these many facets,
qualitative data from Hughes et al. (2018) did elicit a relation-
ship between low confidence and the polarity between listen-
ing effort and reward through focus group interviews
(Hughes et al. 2018). Further to these internal determinants
of confidence, educational outcomes are closely linked to
an individual’s sense of esteem (Rubin, Dorle, and
Sandidge 1977). As elaborated previously, many studies
have observed a trend for poorer school-based outcomes
amongst those with hearing impairment (Bess et al. 1998;
Niedzielski et al. 2006; Purcell et al. 2016). It is therefore
plausible to suggest that LE may adversely affect self-esteem
levels through its connection to the aforementioned factors.
The Rosenberg scale (1965) is perhaps the most widely uti-
lised measure for self-esteem (Rosenberg 1965). It has under-
gone rigorous evaluation and consistently yielded impressive
reliability indices across age groups, ethnicities, languages,
and genders (Dukes and Martinez 1994). Within the UK pop-
ulation, the Rosenberg scale was demonstrated to have a
Cronbach alpha level of 0.9, indicating strong internal con-
sistency (Schmitt and Allik 2005). Moreover, it has already
been used within the hearing-impaired population
(Theunissen et al. 2014; Warner-Czyz et al. 2015).
Therefore, the Rosenberg scale represents a strong candidate
for a composite tool to measure the possible confidence
sequalae emanating from LE.

The final downstream effects of LE identified through this
review is an individual’s desire to take control of a situation
or to give up on a listening task. This was enshrined within
the work of Picou and colleagues in the effect of hearing
aid settings on subjective ratings of LE (Picou et al. 2017;
Picou and Ricketts 2018). The idea is that at increasing
levels of task difficulty, individuals would be more likely
to act to change something about the situation (move to a
quieter room) or give up on the task altogether (Picou and
Ricketts 2018). As opposed to the other downstream
effects discussed in this section, these reflect more acute con-
sequences of LE and will depend heavily on the task’s diffi-
culty. The decision to take control and give up on a task
represents reactive tipping points for action in response to
effortful listening. They used specific questions to assess
these phenomena — ‘How likely would you be to try to do
something else to improve the situation (e.g., move to a
quiet room, ask the speaker to speak louder)?” and ‘How
likely would you be to give up or just stop trying?’ (Picou
and Ricketts 2018).

Justification for a Questionnaire-Based Approach

This review has provided evidence for the various down-
stream effects of LE in the form of — fatigue, stress, low self-
assurance, and increased desire to take control and give up on
a task. They represent some of the acute and chronic conse-
quences faced by individuals exposed to prolonged periods
of intense listening. Given the widespread use of fatigue
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scales in LE studies and the difficulties associated with mea-
suring LE directly, this paper advocates for a shift in
approaches to focus on capturing these negative sequelae.
As discussed, several self-reported tools are already validated
for each domain, creating the possibility of amalgamating the
most relevant parts of each tool into a single measure which
provides a holistic insight into the quality-of-life detriments
stemming from LE.

Additionally, questionnaire-based instruments are less
resource-intensive than more complex physiological and
behaviour measures of LE. This method allows for longitudi-
nal sampling of LE, which helps to trend how the individual
is affected over time (Farrington 1991). This approach
reflects the dynamic nature of LE. It would also allow for
‘real-world’ data collection which may help alleviate some
of the issues that stem from the influence that experimental
conditions have on LE instruments discussed previously
(Bruya and Tang 2018; Katkade, Sanders, and Zou 2018).
Finally, since questionnaires can be administered outside
the hospital/laboratory setting, this approach would align
with the post-COVID shift to try and move towards a
remote consultation model wherever possible (Gupta,
Gkiousias, and Bhutta 2021; Hutchings 2020; Samarrai
et al. 2021).

Review Limitations

Several factors limit the results obtained through this systema-
tic review. The most important relates to the quality of
included studies. Many papers were graded as having a
serious risk of bias and low overall quality, which has overt
connotations for the above inferences. The low sample size
of many of the included papers may have limited ability to
demonstrate statistical significance, creating the possibility
for the results to appear poorly correlated when in fact, this
may be due to poor study design. Linked to study design, pub-
lication bias my have artificially influenced the observed
results due to a tendency for those articles demonstrating sig-
nificant results being looked upon more favourably in publica-
tion process (Nair 2019). Thus, even weaker correlations may
have been noted from unpublished research. Furthermore, the
high degree of heterogeneity between included studies pre-
vented the use of meta-analytical methods for data synthesis.
Another inherent challenge with reviewing correlational data
from a heterogenous study pool, is the difficulty in using quan-
titative methods to compare individual analyses. Although this
review did not find a difference in the strength of correlations
observed for adults and children, only three papers out of the
48 included studies contained a paediatric population. This
small sample limits the ability to draw inferences and should
be addressed in future work. Finally, a date limit of 2000
was placed on the search strategy of this review. While the
specific terminology of “listening effort” may not have been
used commonly prior to this date, there is still potential for
some relevant articles which explore the effort related to

hearing being missed. For example, Feuerstein correlated
“perceived ease of listening” to word recognition in 1992,
and Kramer correlated “Self-rated handicap” to pupil dilation
in 1996 (Feuerstein 1992; Kramer et al. 1997).

Future Work

Future work should focus on more robust studies to compare
different measures of LE, including hearing-impaired indi-
viduals alongside normal hearing controls, measuring LE at
multiple timepoints, ensuring sample size meets power
requirements and the inclusion of paediatric participants.
This will help address some of the fundamental limitations
of this review and provide further clarification regarding
the multi-dimensional model of LE. This paper has probed
into some of the downstream effects of LE; however, the
list created above is not exhaustive, and further research
should aim to identify other potential consequences.
Finally, exploratory research should be conducted to assess
whether a composite tool, proposed within the discussion
section, may be feasible as a proxy measure for LE.

Conclusion

The results of this review have shown that the LE measures
are poorly correlated, further supporting the notion of the
multi-dimensional model of LE. Taken further, this review
has identified some of the potential dimensions that may
impact LE, namely the cognitive processes involved with
LE (Spatial dimension), the experimental conditions used
to elicit LE and the time lapse between stimulus and dimen-
sion along the effort pathway measured (temporal dimen-
sion). This may indicate that no one measure will be
adequate to capture LE in its entirety. To overcome this prob-
lematic finding, this review discusses the possibility of shift-
ing focus from measuring LE directly to measuring the
consequences of prolonged exposure to effortful listening.
These include, but are not limited to, fatigue, stress, low con-
fidence, and increased desire to take control of a situation or
give up on a task. A composite tool that comprises compo-
nents of previously validated measures for these effects
may provide a better insight into the burden of LE.
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