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ABSTRACT
Objectives: Listening effort may be defined as the attentional and cognitive resources needed
to understand an auditory message, modulated by motivation. Despite the use of hearing
devices such as hearing aids (HAS) or cochlear implants (Cls), the requirement for high
listening effort remains a challenge for individuals with hearing loss. The Listening Effort
Questionnaire - Cochlear Implant (LEQ-CI) is a hearing-specific patient-reported outcome
measure (PROM) that has been designed for use in the CI candidacy and rehabilitation
process to assess perceived listening effort in everyday life in adults with severe-profound
hearing loss. The LEQ-CI has been developed in line with international consensus-based
standards for best practice in PROM construction. The aim of this study was to improve the
measurement precision of the LEQ-CI and to assess its psychometric measurement
properties.
Design: A field test was undertaken with 330 CI patients from five NHS auditory implant
centres in the United Kingdom (UK). Participants were adults (=18 years of age), had a
severe-profound hearing loss, and met the UK candidacy criteria for cochlear implantation
specified by the National Institute for Health and Care Excellence (NICE). Participants
completed and returned an anonymised 29-item (each with a 5-point or 7-point response
option), draft version of the LEQ-CI (LEQ-CI?°) and a demographic questionnaire. Rasch
analysis was undertaken using Winsteps software and the partial credit model to assess rating
scale function and item fit. Results informed refinements to produce a 21-item version (LEQ-
CI1?Y) which underwent a further Rasch analysis.
Results: The sample was predominantly female: 60.3% (n = 191). Median age of participants
was 66 (range 21 - 89) years, with 7.3% (n = 24) of respondents being CI candidates and
92.7% (n = 306) being CI recipients. Mean duration of implantation was 3.8 (SD 4.8) years.

Initial Rasch analysis of the LEQ-CI?° revealed poor rating scale functioning. Collapsing the
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5- and 7-point rating scales to 3-point and 4-point scales and removing eight items produced
a 21-item PROM (LEQ-CI?!) which met the Rasch criteria for rating scale functioning. Rasch
analysis of the LEQ-CI?* showed good fit to the Rasch model. No items showed misfit and
dimensionality analysis supported the existence of a single Rasch dimension, defined as
perceived listening effort in daily life. Person reliability was 0.91 and the person separation
index was 3.28, establishing four levels of person ability. The item separation index was 9.69,
confirming the item hierarchy. No items showed differential item functioning (DIF) for
gender or age. The item difficulty range was -0.81 to 1.05, the person ability range for non-
extreme persons was -3.54 to 2.49, and the mean person ability was -0.31.

Conclusions: Overall, the LEQ-CI?* was found to meet the Rasch model criteria for interval
level measurement. The LEQ-CI?! is the first PROM to be developed specifically for the
measurement of perceived listening effort and one of the first PROMs for use with CI
patients to be developed using Rasch analysis. The LEQ-CI?! has the potential to be used as a
research tool and in clinical practice to evaluate perceived listening effort in daily life.

Further psychometric evaluation of the LEQ-CI?! is planned. (513words)
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INTRODUCTION

Listening effort may be defined as the mental exertion required to attend to, and
understand, an auditory message (McGarrigle et al. 2014). It is a significant problem for
individuals with hearing loss insofar as they are required to exert greater listening effort than
individuals with normal hearing despite the use of hearing devices such as hearing aids
and/or cochlear implants (Ohlenforst & Zekveld 2017). Damage to the auditory pathway
associated with sensorineural hearing loss results in the degradation of the quality of the
auditory signal as well as its intensity. Furthermore, listening often takes place in less than
optimal acoustic conditions requiring individuals to deploy additional cognitive resources to
extract, decode and comprehend the incoming auditory message (Edwards 2016). Sustained
effortful listening in adults with hearing loss is known to contribute to fatigue (Holman et al.
2019; Hornsby 2013; Hornsby et al. 2016; Hornsby & Kipp 2016), increased levels of
workplace absence/sickness (Nachtegaal et al. 2009), poor mental health (Amieva et al.
2018), social withdrawal and isolation (Ramage-Morin 2016), and negatively impact quality
of life (McRackan et al. 2017).

A hearing-specific, validated measure of listening effort could provide hearing
healthcare professionals with a means to support interventions designed to reduce listening
effort and mitigate its wider effects. Several methods have been developed to measure
listening effort; however, deployment of these measures has been predominantly within
research settings. These techniques include behavioural measures that rely on task
performance as a proxy-measure of effort (cf. Gagné et al. 2017 for a review); physiological
measures such as electroencephalography (EEG, Miles et al. 2017) and pupillometry
(Zekveld et al. 2018); and self-report measures of perceived listening effort. Frequently used

alongside behavioural or physiological measures, self-report measures have utilised visual
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rate intensity of effort during a specific listening task.

To complicate matters, the relationship between these various measures of listening
effort is not yet well understood and there is a generalised lack of agreement in the empirical
literature among findings using these different types of measures (Hornsby 2013; Miles et al.
2017). This lack of consensus has led to the suggestion that these various methods may be
measuring different aspects of the listening effort construct (Strand et al. 2018; Strand et al.
2020). For example, Alhanbali et al. (2018) used factor analysis to explore the relationship
among behavioural, physiological and self-report measures, revealing four underlying
dimensions. It seems likely that a range of measures, with method selection depending on the
aims of measurement, will be required if listening effort is to be evaluated appropriately.

Patient-reported outcome measures (PROMSs) offer promise as a viable clinical tool
for clinicians and researchers wishing to gain insight into perceived listening effort in daily
life as experienced by individuals with hearing loss. PROMs are self-report measures,
typically validated questionnaires, that measure aspects of a person’s health (such as
symptoms, functioning, and quality of life) known only to the individual (Devlin & Appleby
2010; FDA 2020). Originally developed for clinical trials research, these tools are now
embedded in routine clinical practice across a range of health conditions (Field et al. 2019).
There is a long tradition of self-report in audiology and, commensurate with this tradition,
there are a number of hearing-specific PROMs (Granberg et al. 2014). Most of these
measures have been developed for use in the population of adults with mild-moderate hearing
loss (MMHL) who use hearing aids. Furthermore, most hearing-specific PROMs have been
developed and validated using traditional psychometric methods which limits their use as
clinical measures with individual patients. Notably, no hearing-specific PROMSs have been

identified that measure perceived listening effort in daily life for the population of adults who
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use Cls. A systematic review undertaken by the authors identified a number of PROMs
containing items considered to measure perceived listening effort in hearing loss. However,
no dedicated measures that have been developed with substantial input from ClI recipients, or
validated in a large, representative sample, were found (Hughes et al. 2017a; Hughes et al.
2017b).

International guidance and consensus-based standards are available to guide PROM
development and validation (Mokkink et al. 2018; Patrick et al. 2011a; Patrick et al. 2011b).
The PROM development process includes content generation through direct engagement with
members of the target population; pretesting and qualitative refinement; and psychometric
evaluation to establish the new PROM’s measurement properties (FDA 2009; FDA 2020).
Psychometric evaluation concerns the measurement of the target construct which is often
largely unobservable (e.g., effort, pain or fatigue). It aims to establish whether the
conceptualisation of the variable of interest (i.e., as defined by the PROM’s content) has been
operationalised successfully (Hobart and Cano 2009). There are a number of psychometric
methods that may be used to evaluate a PROM’s measurement characteristics, with Classical
Test Theory (CTT) and Item Response Theory (IRT) being two commonly used methods.
CTT is the most widely used of these methods and has dominated the field of psychometrics
for the last century (Streiner et al. 2015). Also known as weak true score theory, CTT
examines how measurement error affects rating scale scores. It proposes that an observed
score may be broken down into a true score and an error score, and although these values are
unknown, they may be estimated (Cano et al. 2011). CTT methods construct PROMs that
generate ordinal (rather than interval-level) data. The data are considered to represent ordered
counts, and the difference between adjacent categories on a response scale cannot be assumed
to have the same meaning (e.g., the distance between “sometimes” and “frequently” may not

be the same as “frequently” to “always”) (Stevens 1946) . CTT evaluation is based on the
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instrument as a whole and uses evidence primarily from correlations and descriptive statistics
(Hobart & Cano 2009).

Rasch measurement theory, a variant of IRT, is a modern psychometric method that is
used increasingly alongside CTT to develop and validate PROMs (Aryadoust et al. 2019).
Developed by Danish mathematician Georg Rasch, the Rasch model is a mathematical ideal
which specifies a set of criteria for the construction of interval level measures. The model
states that the probability that a person will affirm an item is a logistic function of the
difference between a person’s trait level (this is expressed as person ability in Rasch terms)
and the amount of the trait expressed by the item (expressed as item difficulty in Rasch
terms), and is only a function of that difference (Rasch 1960). Therefore, the higher a
person’s ability relative to item difficulty, the higher the probability of the person endorsing
that item. On this basis, a summed raw score may be used to derive an estimate of the target
trait (i.e., perceived listening effort) on an interval scale. Moreover, parameter separation, a
key characteristic of the Rasch model, means item difficulty is independent of the sample and
that a person’s level of trait (i.e., ability) is independent of items (Bond & Fox 2015).

Rasch analysis is the term used to describe the formal evaluation of a PROM against
Rasch’s mathematical measurement model. If data are found to conform to the model criteria,
then PROM developers can theoretically be confident that interval-level scales (measured
using the Rasch logit or log odds unit) have been constructed; that is, a respondent’s answers
can be used to determine their precise location on a continuum that ranges from low to high
levels of perceived listening effort. Unlike CTT, the Rasch model enables estimates suitable
for individual-person analyses as well as group comparisons (Hobart & Cano 2009). These
two properties are of particular importance if a PROM’s intended use is with individual
patients in the clinic. Because psychometric evaluation focuses on item-level rather than

scale-level assessment, a Rasch analysis also provides opportunity for PROM developers to
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refine individual items and response scales, addressing potential sources of error and enabling
measurement precision to be improved (Boone 2016).

To satisfy the Rasch model, several criteria must be met. Firstly, an instrument’s
items must demonstrate unidimensionality and local independence. For a scale to be
unidimensional, the items must only measure a single construct. Local independence means
items should only correlate through the latent trait that the test is measuring (i.e., a response
to an item must not influence responses to other items) (Lord et al. 1968). Thirdly, items must
fit the Rasch model expectations (i.e., item fit), as assessed through the examination of fit
statistics. Lastly, measures must be invariant such that the relative location of any two
persons on the construct continuum should be independent of the items used to make that
comparison (Hobart & Cano 2009).*

The opportunity for item refinement and construction of an instrument capable of
interval-level measurement means Rasch analysis could be argued to be a sensible choice for
undertaking a first evaluation of a new PROM’s psychometric measurement properties.
Building upon developmental work reported elsewhere (Hughes et al. 2018), this paper
presents the quantitative refinement and initial validation of the Listening Effort
Questionnaire-Cochlear Implant (LEQ-CI), a new PROM measuring perceived listening
effort in daily life (Hughes et al. 2019). The specific study aims were: 1) to use Rasch
analysis to refine the LEQ-CI’s rating scales and response categories; and 2) to assess the fit
of the LEQ-CI to the Rasch model. The overall goal is to make available to clinicians and
researchers a carefully developed and validated PROM of perceived listening effort that is

appropriate for use both in research and clinical practice.

! For readers interested in undertaking further study of psychometrics including Classical Test Theory and
Rasch measurement theory, we suggest Bond et al. (2020), Boone et al. (2014), and Streiner et al. (2015) as
introductory texts.
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MATERIALS AND METHODS

Participants

Linacre (1994) specifies a minimum sample size of 250 participants to increase
precision and robustness of estimates when conducting a Rasch analysis. Altogether, a total
of 511 cochlear implant patients from five regional National Health Service (NHS) auditory
implant centres in the UK were approached. Patients were invited to participate if they met
the following inclusion criteria: 1) they were adults aged 18 years or older; 2) they had a
diagnosis of severe-profound sensorineural hearing loss (SNHL); 3) they were either a Cl
candidate or ClI recipient according to the UK candidacy criteria (National Institute for Health
and Care Excellence (NICE) 2009); 4) they were able to read/write in competent English; 5)
they had no history of medical conditions that would preclude their ability to self-complete
the LEQ-CI; and 6) they were able to return the completed questionnaire by post. Both
candidates and recipients were invited to participate to increase the likelihood that persons
representing the full continuum of the latent trait (i.e., low to high levels of perceived
listening effort) were included in the study sample. Participating Cl teams identified potential
participants and sent each participant an invitation letter, patient information sheet, and a
booklet comprised of a demographic questionnaire and the draft LEQ-CI%°. A postage-paid

reply envelope was included for returning the completed booklet to the study team.

Ethical considerations
The study was approved by the North East - Newcastle and North Tyneside 2
Research Ethics Committee (Ref: 18/NE/0320) and the Swansea University-Swansea Bay

University Health Board’s Joint Study Review Committee.
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The Listening Effort Questionnaire — Cochlear Implant (LEQ-CI)

The LEQ-CI was developed to measure perceived listening effort in daily life in adult
Cl patients. It is intended for use as both a candidacy and outcome measure in routine clinical
practice as well as in clinical research studies. The LEQ-CI’s underlying conceptual
framework (see Figure 1) was developed from a mixed methods qualitative study that utilised
in-depth focus groups and a follow-up postal survey with cochlear implant patients (Hughes
et al. 2018). Findings from these first-hand accounts suggested that perceived listening effort
in daily life is a complex construct that includes the mental energy needed to attend to and
process an auditory signal while adapting and compensating for hearing loss. Effort is subject
to a cost-benefit analysis and is mediated by a number of motivational factors, particularly
that of social connectedness and pleasure. These findings also supported the heuristic
Framework for Understanding Effortful Listening (FUEL). The FUEL proposes that listening
effort depends not only on hearing difficulties and task demands, but also on the listener's
motivation to expend mental effort in the challenging situations of everyday life (Hughes et
al. 2017b; Pichora-Fuller et al. 2016).

An item pool was generated from the focus group accounts; a review of the literature;
and extant PROMSs measuring relevant concepts within the conceptual framework (e.g.,
social connectedness, attention, and memory) (Hughes et al. 2018). Item candidates were
selected for inclusion in the draft LEQ-CI using the PROMIS® qualitative item review
procedures (DeWalt et al. 2007). The draft instrument (including respondents’ instructions,
items and rating scales) was appraised for relevance, comprehensiveness, comprehensibility
and acceptability by an online survey of subject matter experts and also by ClI patients in a
series of cognitive interviews (Hughes et al. 2019a). Qualitative findings from the online
survey and cognitive interviews were used to refine the LEQ-CI prior to undertaking further

refinement or performing an initial validation using Rasch analysis.
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Qualitative refinement produced a draft LEQ-CI comprised of 29 items (LEQ-CI%°)
covering four domains (see Table 1): 1) the effort of attending (5 items); 2) the effort of
processing (9 items); 3) the effort associated with adapting and compensating for a hearing
loss (4 items); and 4) motivation (11 items). Iltems were measured using 5-point or 7-point
ordinal scales assessing either frequency (i.e., 1 = never; 2 = rarely; 3 = occasionally; 4 =
sometimes; 5 = frequently; 6 = usually; 7 = always) or intensity (i.e., 1 =notat all; 2 =
slightly; 3 = moderately; 4 = quite a bit; 5 = extremely), with higher scores indicating greater
levels of perceived listening effort. All relevant items were included in the draft instrument to
maximise coverage of the target construct (Bond & Fox 2015). A broad response scale was
utilised to enable greater differentiation in the judgements being made (Krosnick & Presser
2010) and to enable the use of Rasch analysis for optimisation of the rating scale response
categories (Bond & Fox 2015). The inclusion of a relatively large number of items reflected
the expectation that some items could be removed to optimise model fit without sacrificing
construct coverage. Readability of the full participant questionnaire booklet (including both
the LEQ-CI?° and demographic questionnaire) was scored using the web-based application

Readable (www.readable.io). The booklet received a Flesch-Kincaid Grade Level score of

4.8 and SMOG Index of 7.8 (Flesch 1948; McLaughlin 1969). These results suggested the
wording of the instructions, items and response scales of the booklet would be understood by
a respondent with literacy skills equivalent to a 4th grade reading level based on the
American education system. A SMOG score 7.8 suggested the LEQ-CI?° would be
understood by 93% of the UK population (NHS Digital Service Manual 2019). Estimated

reading time was approximately seven minutes.

Data collection
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Participating ClI clinical teams sent a copy of the study information leaflet, the LEQ-
CI?°, a demographic questionnaire, and a reply-paid envelope to Cl patients who met the
study eligibility criteria. Patients who wished to participate completed the questionnaires and
returned these directly to the research team in the reply-paid envelope. Paper-based
questionnaires were used to optimise responding in an older CI patient population and to
promote inclusivity by limiting digital exclusion (Rowen et al. 2019; Smith et al. 2019). To
ensure participant anonymity, each booklet was coded with a unique identifier and no
identifiable information was collected. The clinical team at each CI centre held a master list
linking the identifiers to patients for purposes of data chasing (i.e., a reminder letter sent two
weeks after the initial mail out) and to pay each participant an honorarium in the form of a
£10 GBP retail gift card as a gesture of appreciation for their time and effort. All participant
follow-up was undertaken solely by the clinical team. To maintain anonymity, consent was
presumed when participants completed and returned the questionnaire booklet directly to the

research team (UK Data Service 2020).

Missing data

Any LEQ-CI?® items not answered by respondents were considered missing data. The
full dataset, including cases with missing data, was included for analysis using Winsteps
analysis software (Version 4.4.7, www.winsteps.com). Unlike CTT which requires a
complete dataset, it is standard practice in Rasch analysis to include cases with missing data.
Winsteps’s use of Joint Maximum Likelihood Estimation (JMLE) enables parameter
estimation for each missing case via a likelihood function based on the available data

(Linacre 2020a; Waterbury 2019).

Data analysis plan
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Data analysis was undertaken in two stages: 1) a description of sample characteristics,
response rates, data quality and missing data; and 2) psychometric evaluation using Rasch
analysis, performed with Winsteps using JMLE and the partial credit model (Masters 1982).
The partial credit model is an unconstrained model suitable for polytomous data where the
response structure is permitted to vary across items (Bond and Fox 2015). The specific steps

of the Rasch analysis are described below.

Assessment of rating scale functioning - The rating scale structure of a PROM must fulfil

several criteria in order to satisfy the Rasch model requirements (Linacre 2002a). Firstly, all
items must orient with the latent variable. Any reverse-scored items should be re-scored, as
the rating scale categories may otherwise function differently. Secondly, a greater level of
perceived listening effort by a person should equate to higher scores on the LEQ-CI. As such,
it is expected that the higher the level of effort, the higher the response category that will be
endorsed, with response category thresholds advancing monotonically across the
measurement continuum. For each item, a category probability curve shows the probability of
observing each ordered category according to the Rasch model. If category thresholds do not
progress in a linear manner (i.e., along a continuum partitioned into equal, contiguous
intervals), or if the distance between two categories is judged to be inadequate, thresholds are
considered disordered. Disordering occurs when respondents select a response option that is
inconsistent with their ability and implies that a rating scale’s categories may be confusing or
difficult to use (Boone et al. 2014; Pallant & Tennant 2007). Category disordering may be
resolved by collapsing one or more rating scale categories with adjacent categories (Boone &
Noltemeyer 2017). Thirdly, each response category should be endorsed by a minimum of ten
persons per response category as low category endorsement could mean the step calibration is

imprecisely estimated and potentially unstable (Linacre 2002a). A uniform distribution of



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

Hughes et al. 14

observations across response categories is optimal for step calibration. Lastly, category fit
statistics (i.e., as indices of how well the rating scale category structure meets the Rasch
model requirements) must fall within an acceptable range. Infit and outfit are the indices used
to assess model fit. Infit denotes inlier-sensitive or information-weighted fit, whilst outfit
refers to outlier-sensitive fit. Fit statistics are reported as mean square values (MNSQ), or as
standardised (ZSTD) values. MNSQ is the mean of the squared residuals for an item and is
sample independent, whilst ZSTD is a transformation of the mean square value with a sample
size correction. Outfit mean square values less than 2.0 logits (MNSQ < 2.0 logits) were

considered to be evidence of acceptable category fit (Bond et al. 2020).

Assessment of item and person fit to the model - Fit statistics show the extent that item

performance and person ability differ from the Rasch modelled expectations for fundamental
measurement. Mean-square values were reported using Winsteps, with values between 0.5
and 1.5 logits indicating acceptable fit (Linacre 2002b; Wright & Linacre 1994). Item fit was
confirmed by inspecting the item characteristic curves (ICCs) for each item. The ICC is an
ogive-shaped plot of the probabilities of responding to an item for any value of the
underlying trait (Bond & Fox 2015). The empirical and model ICCs should present a close
alignment of the observed and predicted scores for an item.

Person-fit measurement aims to identify individuals in the sample whose response
patterns deviate from the Rasch-modelled expectations (Boone et al. 2014). Person misfit has
the potential to affect item fit and, as a consequence, a scale’s internal construct validity.
Person fit was assessed in the same manner as item fit. Examination of infit and outfit
statistics with mean square values outside the 0.5 — 1.5 logit range were considered evidence
of misfit (Linacre 2002b). Underfit, defined as high mean square values (MNSQ > 1.5), is

indicative of noise or randomness in the data with potential to influence item calibration;
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therefore, it is standard practice to remove underfitting persons from the sample when

evaluating items’ fit to the Rasch model (Bond & Fox 2015).

Assessment of unidimensionality and local independence - Unidimensionality (i.e., the set of

items under assessment represents a single construct) and local independence of items (i.e.,
the entire correlation between the items is captured by the latent trait) are core requirements
of the Rasch model (Hagquist et al. 2009). Unidimensionality was assessed in Winsteps using
a principal component analysis of the residuals (PCAR) (Linacre 2018). The following

criteria were used to determine whether the LEQ-CI met the requirement of

(Smith et al. 2007); and 3) disattenuated correlations between the person measures for the
item clusters on the first residual contrast greater than 0.70 (Linacre 2018). Local
independence was appraised by examining the item fit statistics for overfit and correlations
between items of the standardised residuals. Overfit and a substantial correlation of the
standardised residuals for two items was considered evidence of local dependence (Fan &
Bond 2019). A range of critical values for residual correlations have been reported in the
literature (Christensen et al. 2017). For this study, residual correlation values of r < 0.4 were

considered evidence of low dependency (Bond et al. 2020; Linacre 2020a).

Assessment of differential item functioning (DIF) - Differential item functioning (DIF)

analysis investigated whether the LEQ-CI’s items measure perceived listening effort in daily
life in the same way for different sub-groups of the sample when both groups have equal
levels of effort. The presence of DIF implies a lack of measurement invariance that can

impact model fit (Tennant & Conaghan 2007). In the case of the LEQ-CI, DIF was explored
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for gender (i.e., male and female) and age (i.e., adults aged less than 70 years and adults,
aged 70 years and older, as an approximation of the median age of the sample). Group
comparisons (e.g., males v females) were assessed for each item, examining probability of
DIF and effect size. Items found to have p-values less than 0.05 and an effect size (i.e., DIF

contrast value) of 0.64 or greater were considered to have sizable DIF (Linacre 2020).

Targeting of the scale - Targeting assesses the ability of an instrument’s items to measure the

full range of persons in a sample. Items that are used to represent the latent construct (i.e.,
perceived listening effort) should collectively form a “difficulty” hierarchy, with difficulty
defined as the amount of trait represented by an item. The item hierarchy should range from
the item representing the least effort to the item measuring maximum effort. In a Rasch
analysis, item difficulty and person ability is measured using log-odds units or logits.? The
scale is always centred on zero logits, representing the item of average difficulty for the scale
(Tennant & Conaghan 2007). Item difficulties and person abilities are plotted on the same
logit scale and, for well-targeted instruments (i.e., one that is neither too easy nor too
difficult), the distribution of persons should closely match the distribution of items. The mean
person location and mean item location should correspond, with both location scores close to
zero. Targeting of the LEQ-CI was assessed by inspecting: 1) the person-item distribution
map 2) the summary statistics of item and person measures; and 3) the location range for

items and persons on the Rasch scale.

2 The terms “item difficulty” and “person ability” are used in this manuscript to maintain consistency with
Rasch terminology. Item difficulty refers to the level of perceived listening effort (i.e., the latent trait) that an
item measures. Person ability is an estimate of the underlying trait or attribute being measured in an individual.
In the case of the LEQ-CI, high ability is indicative of a low level of perceived listening effort (i.e., a person
who reports listening to be relatively effortless).
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Assessment of reliability - In Rasch analysis, reliability is defined as “reproducibility of

relative measure location”, or the probability that persons or items with high measures
actually do have higher measures than items or persons with low measures (Wright &
Masters 1982). Reliability is sample size dependent, and measured in Winsteps using
separation indices. Separation indices indicate the number of distinct levels of functioning
that can be distinguished; ability in the case of persons; and difficulty in the case of items
(Duncan et al. 2003; Wright & Masters 1982). As a heuristic, a person separation index of
1.50 may be considered to represent an acceptable level of separation, whereas an index of
2.00 to represent a good level of separation and index of 3.00 represent to an excellent level
of separation (Wright & Masters 1982). A second statistic, the person reliability index,
indicates the replicability of person ordering if the same sample were given another set of
parallel items measuring the same construct. Higher values are indicative of better reliability
with values exceeding thresholds of 0.7, 0.8, and 0.9 indicating “acceptable”, “good”, and
“excellent” replicability (Bond & Fox 2015). Item separation and reliability is reported in the
same manner as person separation and reliability. The item separation index is used to verify
the item hierarchy (i.e., ordering of items according to difficulty) as confirmation of the
construct validity of an instrument (Wright & Masters 1982). Low item separation (< 3)
imply that the person sample is not large enough to confirm the item difficulty hierarchy
(Linacre 2011). High item reliability suggests item ordering would be replicated if the LEQ-

Cl was given to a new but identical person sample (Wright & Masters 1982).

RESULTS
From a total of 511 questionnaires distributed, 330 cochlear implant patients
completed the LEQ-CI?°, a response rate of 64.6%. The respondents represented a wide age

range (mean = 62.5 SD = 15.05, range = 21 — 89) that was negatively skewed with one third
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of respondents aged 70 years or older (n = 125, 37.9%). There was a higher proportion of
females (n = 199, 60.3%) to males, and the majority of respondents used one Cl only (n =
193, 58.5%) or one Cl and a hearing aid (n = 106, 32.1%). No notable differences between
the candidate and recipient sub-samples were found for age, gender, or age at diagnosis of
hearing loss which suggested the subgroups were broadly similar in their demographic
characteristics. The sample characteristics were consistent with demographic trends for this
patient group (Amin et al. 2020). The demographic characteristics for the sample are reported

in Table 2.

Data quality

All data were extracted from the questionnaire booklet and entered manually into
REDCap (Version 8.10.2), clinical data management software hosted by Swansea Trials Unit,
Swansea University. Double entry was completed by the lead author (SEH) for 10% (n=33)
of the returned questionnaires. Eight data entry errors were detected (0.58%) across 1386
datapoints.

The complete dataset for all 330 participants was exported from REDCap to an Excel
spreadsheet and uploaded to Winsteps. Prior to upload into Winsteps, the Excel spreadsheet

was checked for formatting, and all reverse-scored items were transformed.

Missing data

Responses were missing for 73 items (0.007%) from the LEQ-CI?° dataset of 9,570
(29 items x 330 respondents) responses. Eight respondents failed to complete one or more
pages of the LEQ-CI?® accounting for 72.6% (n = 53) of the missing responses. On a per item

basis, the median number of missing responses was 2 (range = 0 — 6 missing responses,
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corresponding to missing response rates of 0% - 1.8%). No further discernible response

patterns were identified from visual inspection of the data.

Assessment of rating scale functioning and instrument refinement

The first step of the Rasch analysis involved assessment of rating scale of functioning
for the LEQ-CI?®’s items, following the guidelines proposed by Linacre (2002a). The
majority of the LEQ-CI?®’s items showed multiple problems with category functioning when
5-point or 7-point rating scale structures were used. Categories failed to advance
monotonically for six items; disordered category fit statistics were reported for nine items;
and six items had response categories with fewer than 10 respondents. The category
probability curves showed threshold disordering and a lack modal peaks for all response
options. To improve rating scale function, adjacent response categories were collapsed to
construct either a 3-point or a 4-point rating scale. Restructuring of the rating scale categories
proceeded iteratively on a per item basis with the aim of optimising the response structure.
With each iteration, the revised rating scale was reviewed to check for uniform category
endorsement, to establish whether categories advanced monotonically and to confirm that
outfit MNSQ values were less than 2.0 logits as evidence of model fit. The category
probability curves were inspected, checking for modal peaks and advancing categories (Bond
& Fox 2015; Linacre 2002a; Wright 1996).

Despite refinements to the rating scale categories, eight items continued to exhibit
problems with scale functioning. No discernible patterns in terms of these items’ content,
difficulty, or response category structure, were identified. These items were removed to yield
a 21-item version with all items satisfying the essential criteria for rating scale functioning
(Linacre 2002a). The LEQ-CI?!’s rating scales were found to be oriented with the latent

variable (i.e., increasing category score = increasing effort requirement), average measures
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were found to advance monotonically, and outfit mean-square values were less than 2.0
logits. Table 3 presents a summary of the category structure for the refined rating scales of
the LEQ-CI?L. Most category probability curves showed good rating scale functioning;
however, six items had category probability curves with ordered thresholds that failed to
show clear modal peaks for intermediate categories. The lack of modal peaks was attributed
to a lack of uniformity in category endorsement and was not considered to be detrimental to
rating scale functioning (see Figure, Supplemental Digital Content 1, showing the category
probability curves for the 29-item and 21-item versions of the LEQ-CI). Following rating
scale refinement, a further Rasch analysis was undertaken to establish whether the 21-item
version of the LEQ-CI met the Rasch model criteria for successful interval-level

measurement. The results of this analysis are reported below.

Assessment of item and person fit to the model

High, positive person fit residuals (MNSQ values > +2.0) are indicative of an
abnormal, random response pattern. Forty-six persons (13.9%) with MNSQ-values > +2.0
were identified as underfitting in the model and these persons were temporarily removed
from the dataset (Bond et al 2020) to ascertain their contribution to distortion of model fit.
Rasch analyses were conducted for the full data set (n = 330) and with underfitting persons
removed (n = 284). No notable differences between the analyses were identified; therefore,
the results of the Rasch analysis conducted with the full sample were reported (see Table,
Supplementary Digital Content 2, which presents the Rasch analyses for the full sample
(n=330) and with underfitting persons removed (n = 284)). All 21 items showed appropriate
fit to the model, with item fit statistics (mean-square values) falling within the 0.5 - 1.5 logits
range for productive measurement (see Table 4) (Linacre 2002b). The empirical range was

0.68 - 1.52. Empirical item characteristic curves (ICCs) showed good fit to the theoretical
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491  ICCs with data points falling within the 95% confidence bands (see Figure, Supplemental
492  Digital Content 3, which shows the ICCs for the LEQ-CI?Y).

493

494  Assessment of unidimensionality and local independence

495 The LEQ-CI was found to meet the Rasch model requirements of unidimensionality
496 and local independence. The results of the principal component analysis of the residuals
497  (PCAR) supported the existence of only one Rasch dimension. The observed variance was
498 56.5%, and the unexplained variance of the first residual contrast was 5.1% (Eigenvalue =
499  2.47). Disattenuated correlations of item clusters (i.e., a group of items based on a cluster
500 analysis of the PCAR loadings) were above the recommended minimum of 0.7 (empirical
501 range 0.89 — 0.98), and suggested the clusters measure a single construct. A second PCAR
502  was performed using Winsteps-generated Rasch simulated data that was equivalent to the
503 empirical data file (i.e., in terms of person measures, item difficulties, and rating scale

504  structure). The simulated data were used to verify the empirical data, establishing whether the
505 observed eigenvalue of 2.47 was due to a second dimension or the result of an artefact (noise)
506 in the data structure. The unexplained variance for the Rasch-modelled data was 3.3%

507 (Eigenvalue = 1.34), which corresponded closely to the empirical data and provided further
508 evidence of unidimensionality. None of the items were overfitting and standardised residual
509 correlation values were less than 0.33 for the empirical dataset, indicative of local

510 independence.

511

512  Assessment of differential item functioning (DIF)

513 DIF analyses were undertaken for gender and age (see Tables, Supplemental Digital
514  Content 4, which presents the results of the DIF analyses for the LEQ-CI?Y). No evidence of

515 DIF was identified. Although two items were found to have p-values indicating statistical
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significance (p < 0.05), the DIF contrast values (i.e. effect sizes) did not exceed the 0.64

threshold for DIF in terms of effect size (Linacre 2020b).

Targeting of the scale

The person-item distribution map showed good targeting of items to persons (see
Figure 2). The mean person ability was -0.32, suggesting persons had a slightly lower
requirement for effort relative to the mean item difficulty (which is always “0”). The full
sample ability ranged from -4.58 to 3.84 logits, with non-extreme person locations (n = 327)
ranging from -3.54 to 2.49 logits. To illustrate the meaning of the scale as a continuum of
perceived listening effort, Item 21 (e103) was located at a logit of 1.05 on the scale. At this
location, Item 21 provides content coverage for a person with moderately high level of
perceived listening effort (see Figure 2 and Table 5). Conversely. Item 3 (ng4) was located at
a logit of -0.81, providing content coverage for persons with a relatively low level of
perceived listening effort (see Figure 2 and Table 5). The person with the lowest level of
perceived listening effort was located at -4.58 logits, whilst the person with the highest level
of perceived listening effort was located at 3.84 logits. Overall, the items were found to
provide good coverage for the majority of the sample (item measure range -0.81 to 1.05);
however, a lack of items at the extreme ends of the effort continuum suggested that precision
may be reduced for the measurement of persons with extremely high or extremely low levels

of perceived listening effort.

Assessment of reliability
The LEQ-CI?! person separation reliability was 0.91 and the person separation index
was 3.28, suggesting excellent reliability and an excellent level of separation distinguishing

approximately four levels of person ability defined as “low”; “below average”; “above
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average”’; and “high” levels of perceived listening effort (Duncan et al. 2003; Wright &
Masters 1982). The item separation index was 9.69, indicating the sample size was sufficient
to confirm the ordering of items on the listening effort continuum (i.e., construct validity).
Raw score to Rasch score conversion

The raw score for the LEQ-CI?* was calculated by summing the item responses for all
21-items. Rasch scores were calculated in Winsteps and rescaled to 0-100 values as an index
of perceived listening effort (see Table, Supplemental Digital Content 5 which presents the
conversion table).

DISCUSSION

The present study is an essential step in developing a clinically useful and validated
measure of perceived listening effort in daily life. The LEQ-CI?! is the first hearing-related
PROM to be developed specifically for the measurement of perceived listening effort in
adults with hearing loss, and one of only a few hearing-related PROMs to be developed and
validated using modern psychometric techniques. The results of this initial validation study
using Rasch analysis showed that the 21-item version of the LEQ-CI satisfies the Rasch
model requirements for interval-level measurement and, therefore, has the potential to be
used as a clinical tool for monitoring individual changes in perceived listening effort and as a
research tool for group comparisons using parametric statistical tests (Browne & Cano 2019).

In the context of listening effort assessment, using Rasch analysis to develop the
LEQ-CI offered several advantages. Firstly, the Rasch model creates a “fixed ruler” that
represents an effort continuum. The LEQ-CI’s raw scores, when expressed as a summed total
in logits or converted to a 0-100 scale, may be used as an index of a person’s perceived level
of listening effort (Wright & Masters 1982). This transformation renders the meaning of
LEQ-CT’s total scores clearer and more easily interpretable. Secondly, performance outcome

measures of listening effort, such as tasks carried out under controlled conditions (e.g., dual
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task paradigm), could be co-calibrated with the LEQ-CI?! using the same interval scale, thus
enabling the performance-based measure to be interpreted using the content of the LEQ-CI
(Regnault et al. 2020). Co-calibration is of particular relevance to the study of listening effort
as the relationships among reported findings from behavioural, physiological and self-report

Using Rasch analysis to refine and validate the LEQ-CI also facilitates its use across
different cultural contexts, meaning it could potentially be a suitable tool for international
within different cultural contexts, evaluation of measurement invariance through DIF analysis
could enable adjustments to the LEQ-CI?! (i.e., removal of items with DIF) to create a
measure that is invariant, thus ensuring the equivalence of any translated versions as well as
the cultural appropriateness of included items and their response scales. A culturally and
linguistic invariant measure supports the pooling of data, enabling CI research to be
undertaken with large datasets, a phenomenon that is, as yet, relatively uncommon in the CI
literature (Boisvert et al. 2020).

Lastly, the Rasch model would, in turn, support the development of short forms and
multiple versions of an instrument, due to psychometric analysis occurring at item rather than
at scale level. One limitation of CTT is its focus on an instrument’s total score such that
evidence of validation relates to the instrument in its entirety, meaning it cannot be applied to
individual items (McKenna et al. 2019). Information on item fit; item difficulty; and item
discrimination (derived through application of the Rasch model) can enable a small set of
items to be selected that will optimise precision, whilst ensuring full coverage of persons
across the Rasch logit scale. The study findings, therefore, could support the use of the LEQ-

CI*! in the development of individualised measures of perceived listening effort, such as
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computer adaptive tests (CAT) where the aim is to minimise respondent burden without
sacrificing measurement accuracy (Kane et al. 2020; Petersen et al. 2018).

Evaluation of the LEQ-CI using Rasch analysis offers a theoretical contribution to the
conceptualisation of perceived listening effort in daily life by providing evidence in support
of the Framework for Understanding Effortful Listening (FUEL, Pichora-Fuller, 2016).
Building upon the existing body of work on mental effort and motivation, the FUEL proposes
motivational factors to have a modulating influence on effort deployment (Pichora-Fuller et
al. 2016). The finding that all of the domains represented in the LEQ-CI’s conceptual
framework (including motivation) are components of a single dimension, defined as
perceived listening effort in daily life, contributes new evidence to the growing body of
literature on the involvement of motivational factors when listening is effortful (Koelewijn et
al. 2018; Picou & Ricketts 2014; Zekveld et al. 2019). More specifically, the LEQ-CI?'’s
assessment of constructs such as pleasure (Matthen 2016); anxiety (Monzani et al. 2008);
social connectedness (Lee & Robbins 1995); and effort-reward imbalance (Siegrist 1996)
provides evidence in support of the contribution of social, emotional and psychological

constructs to perceived listening effort (Bruya & Tang 2018; Pichora-Fuller 2016).

Limitations

This study has begun to provide insights into the theoretical understanding of
perceived listening effort and its measurement. However, there are some limitations to the
study which must be considered when evaluating its potential contribution. Firstly,
refinement of the LEQ-CI?°, including item removal and the collapsing of rating scale
categories, was undertaken a posteriori based on empirical data, with fit to the Rasch model
confirmed for the refined 21-item instrument using the same dataset. To partly address this

limitation, simulated Rasch-modelled data based on the empirical dataset were used. Further
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evaluation of the LEQ-CI?! is now needed to verify fit to the Rasch model in a new sample of
adult cochlear implant patients and, in particular, ClI candidates.

In addition, a change to the UK candidacy criteria for cochlear implantation was
implemented during data collection phase of the study, meaning patients who met the
updated criteria were not included in the study sample. Further research is needed to confirm
the fit of the LEQ-CI?! to the Rasch model in a sample of adults meeting the revised UK ClI
candidacy criteria, with particular attention given to whether the instrument is invariant in
this group when compared with the existing UK CI population.

Lastly, although targeting of items and person was good overall, incomplete item
coverage for persons at the extreme ends of the listening effort continuum represents another
limitation of the LEQ-CI?. Further work is now therefore needed to develop a better
understanding of how effort is perceived when an individual is listening at the limits of their
ability, under highly taxing acoustic conditions, or just prior to quitting a listening task
assessed as too arduous. Future work could also include a qualitative exploration of the
experiences of perceived listening effort from the perspective of adults with mild-moderate
hearing loss. These findings could then be used for purposes of developing additional items
suitable for measuring persons with an extremely low or an extremely high level of perceived
listening effort. Further studies to explore the invariance of the LEQ-CI?! across the full

range of hearing loss and different hearing devices is also needed.

CONCLUSIONS
The LEQ-CI?! is the first PROM developed specifically to measure perceived
listening effort in daily life for adult cochlear implant candidates and recipients. It is one of
only a few hearing-specific PROMs to be developed using modern psychometric methods

and is the product of a body of work undertaken in line with international consensus-based
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standards on PROM development. The current study began the task of establishing the LEQ-
CI?! as a reliable and valid, interval-level measure of perceived listening effort in daily life
suitable for use in research and in clinical practice. The use of Rasch analysis helped to
engage the LEQ-CI?! with theoretical frameworks in the published literature. Further
validation work is planned that will add to this body of evidence through assessment of the
LEQ-CI?'*s construct validity, reliability, and responsiveness using traditional psychometric

approaches, as well as to study its implementation in clinical practice.(7218 words)
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For further information about the LEQ-CI please contact: PROMS@swansea.ac.uk.
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903 FIGURE LEGEND

904  Figure 1. The conceptual framework for measurement of perceived listening effort in daily
905 life for the adult cochlear implant population. This diagrammatic representation shows the
906 domains and concepts, as well as the expected relationships between concepts (i.e., items),
907  measured by the LEQ-CI?!
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910  Figure 2. The person-item map for the LEQ-CI?! (n = 330) showing the distribution of
911  persons (upper half) and items (lower half). The x-axis displays the perceived listening effort
912  continuum on a logit scale and the y-axis displays frequency counts.
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Table 1: Item stems per domain for the LEQ-CI showing all 29 items included in the draft instrument. An asterisk (*) denotes an item

removed due to misfitting the Rasch model. Remaining items comprise the LEQ-CI.

Iltem | Item Domain Item stem

No. Label

1. €398 Attending Have to stay alert

2. e319 Attending Strain to hear sounds around you

3. ng4 Attending Strain to hear speech

4. e320 Attending Figure out which sound to focus on

5. e3l Attending Listen as long as needed*

6. n2- Processing Anticipate what someone says*

7. e35 Adapting & compensating | Ask others to repeat

8. nl4 Processing Figure out what said - odd word or phrase*

9. e50 Processing Forget what other person just said

10. nl6 Processing Take longer to understand

11. e323 Processing Able to listen to someone talk while doing something else
12. e7l Processing Listen and plan reply*

13. €365 Attending Listening just seems to happen*

14, e310 Motivation Stop listening because too much effort

15. e34 Processing Understand group talking - no background noise*
16. ng3 Processing Understand group talking - background noise

17. el2l Adapting & compensating | Do things to make listener easier*

18. nll Adapting & compensating | Make others feel at ease

19. e344 Motivation Effort bother you

20. e213 Motivation Avoid situations because of effort needed to listen
21. e103 Motivation Give up on listening

22. e335 Adapting & compensating | Plan day around effort*

23. el105 Adapting & compensating | Run out of energy for listening

24. e214 Adapting & compensating | Can be yourself

25. el18 Motivation Feel tense

26. ell? Motivation Choose to be alone because of listening effort
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Iltem | Item Domain Item stem
No. Label
217. e326 Motivation Stop doing things want to do
28. €363 Motivation Find pleasure in listening
29. e329 Motivation Feel connected with others

918  *Item removed as misfitting the Rasch model

38
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Table 2: Participants’ demographic characteristics

39

Total (N = 330)

Patient age (years)

Mean (SD) 62.50 (15.1)
Median (range) 66 (21 — 89)
Missing 0
Gender

Male 131 (39.7%)
Female 199 (60.3%)
Prefer to self-describe 0 (0%)
Prefer not to say 0 (0%)
Missing 0 (0%)

Employment status

Not employed

Employed, working full time
Employed, working part-time

76 (23.0%)
40 (12.1%)
11 (33.3%)

Secondary school

GCSE/O-level qualification

Retired 177 (53.6%)
Full-time homemaker 13 (3.9%)
Volunteer worker 2 (0.6%)
Student 2 (0.6%)
Other 8 (2.4%)
Unknown 1 (0.3%)
Highest level of education
Not applicable 8 (2.4%)
Primary school 1 (0.3%)

96 (29.1%)
52 (15.8%)

A-level/BTEC or equivalent post-16 education 70 (21.2%)
Undergraduate degree 21 (6.4%)
Graduate degree 50 (15.2%)
Doctorate degree 9 (2.7%)
Other 20 (6.1%)
Unknown 3 (0.9%)
UK Region
London 71 (21.5%)
Midlands 62 (18.8%)
Northwest 97 (29.4%)
Scotland 91 (27.6%)
Wales” 9 (2.72%)
Age at HL onset
Mean (SD) 28.6 (20.1)
Median (range) 28.0 (0-78.0)
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Missing 10 (3.0%)
Age at receipt of first hearing device
Mean (SD) 35.0 (20.9)
Median (range) 39.5 (0-84.0)
Missing 12 (0.04%)
Hearing devices used
One hearing aid 7 (2.1%)
Two hearing aids 14 (4.2%)
One cochlear implant 193 (58.5%)
One cochlear implant + one hearing aid 106 (32.1%)
Two cochlear implants 7 (2.1%)
None 3(0.9%)
Other 0 (0%)
Missing 0 (0%)
Hours of hearing device use
Mean (SD) 14.1 (2.9)
Median (range) 15.0 (0 — 24.0)
Missing 5 (1.5%)
Years implanted
Mean (SD) 3.8 (4.8)
Median (Range) 2.0 (0-26.0)
Missing 26 (1.0%)

*Fewer patients from the three Welsh CI centres were eligible to participate due to previous
involvement as participants in LEQ-CI content validity studies. Nine responses were received
from the 11 Welsh patients eligible to participate, a response rate of 81.8%.
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Table 3: Summary of the category fit statistics for each of the LEQ-CI?! rating scales.
Category values are the raw category values that correspond to the category label, average
measures can be seen to advance montonically, Outfit MnSq values < 2.0 are indicative of
model fit.

Item Category Average OUTFIT Andrich
Group Measure MnSq Thresholds Category Label
Value . ) .
(logits) (logits) (logits)
12 1 -1.25 1.13 None Never
3 -0.47 0.87 -1.96 Occasionally
5 0.14 0.94 -0.05 Frequently
7 0.57 1.54 2.01 Always
2 1 -0.67 1.12 None Not at all
2 -0.27 0.68 -0.77 Slightly
3 0.22 0.75 -0.09 Moderately
5 0.74 1.06 0.86 Extremely
3 1 -0.74 0.89 None Never
3 0.01 0.44 -0.18 1 -4 days
5 0.42 0.97 0.18 5 - 7 days
49 1 -0.99 0.90 None None of the time
3 -0.19 0.96 -1.80 Some of the time
4 0.33 0.95 1.80 Most of the time
5¢ 1 -1.16 0.98 None Not at all tense
3 -0.44 0.77 -1.82 Moderately tense
5 0.36 0.80 1.82 Extremely tense

Items are labelled according to their entry number in Winsteps and are grouped according to
their rating scale structure:

tems = Item 1, 4, 7, 9-11, 14, 16, 20, 21, 26, 27

bltems = Item 2, 3, 18, 19, 28, 29

‘ltems = 23

dIitems = ltem 24

®Items = Item 25
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Table 4: Item fit statistics showing final item locations for the LEQ-CI?* (n = 330)

Infit Statistics Outfit Statistics
Item 1D Measure MNSQ ZSTD MNSQ ZSTD
el103 1.05 1.03 0.43 0.90 -0.55
£326 0.84 0.97 -0.31 0.86 -0.97
ell2 0.64 0.82 -2.32 0.72 -2.32
e50 0.63 1.14 1.65 1.08 0.65
e310 0.60 0.87 -1.72 0.86 -1.18
e213 0.48 1.03 0.39 0.93 -0.66
el05 0.32 0.91 -1.11 0.7 -1.08
e320 0.09 1.18 2.27 1.21 2.18
e329 -0.02 0.73 -3.87 0.81 -2.19
nl6 -0.11 0.80 -2.79 0.93 -0.81
£363 -0.14 1.02 0.27 1.10 1.04
e214 -0.20 1.03 0.41 1.02 0.19
e319 -0.23 1.22 2.84 1.25 2.41
e35 -0.25 0.66 -5.12 0.7 -3.33
e323 -0.30 1.43 5.07 1.47 5.01
£398 -0.43 1.48 5.61 1.52 5.51
nil -0.45 1.27 3.41 1.37 3.28
e344 -0.47 0.72 -4.21 0.68 -3.50
ng3 -0.61 1.38 455 1.36 3.94
el18 -0.67 0.91 -1.25 0.88 -1.40
ng4 -0.81 0.70 -4.34 0.83 -1.30
Mean 0.00 1.01 0.0 1.01 0.20
SD 0.52 0.24 3.1 0.25 2.5

The MNSQ acceptable range for productive measurement = 0.5 — 1.5 logits.
MNSQ = mean square
ZSTD = Z-standardised statistics
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Table 5: Extreme scores for items and persons from the sample (n = 330).

IIExtreme Total | Measure Meaning of Item/Person Location

tems/Persons | Score

Item 21 n/a 1.05 Low trait level (more likely to be endorsed by

(e103) persons with moderately high levels of perceived
listening effort)

Item 3 (ng4) n/a -0.81 | High trait level (more likely to be endorsed by
persons with low levels of perceived listening effort)

Person 276 124 3.84

10/05/2021 Person with highest level of perceived listening effort

11:26:00

Person 35 72 0.01 Person with average levels of perceived listening
effort

Person 203 21 -4.58 | Person with the lowest level of perceived listening
effort
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Computer adaptive test

Cochlear implant

Classical Test Theory

Differential item functioning
Electroencephalography

Framework for Understanding Effortful Listening
Hearing aid

Item characteristic curve

Item response theory

Joint Maximum Likelihood Estimation

Listening Effort Questionnaire — Cochlear Implant
Mild-moderate hearing loss

Mean square

National Health Service

National Institute for Health and Care Excellence
Principal component analysis of the residuals
Patient-reported outcome measure
Patient-Reported Outcomes Measurement Information System
Person separation index

Rasch measurement theory

Sensorineural hearing loss

United Kingdom

Visual analogue scales

z-standardised
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Supplemental Digital Content 1.

Category Probability Curves for the LEQ -CI?° and LEQ-CI?"

Raschmodelcategoryprobabilitycurves for eachitem of the original29-item and the revised 21-item versions of
the LEQ-CI. The x-axis representsthe attribute in logits. The y-axis representsthe probabilityof a response
category being selected The curves representthe likelihoodthat a respondentwith a particularamountof the
latent trait will selecta category The y-axis representsthe expected probabilityof endorsementof any given
categorywhena personrespondsto the item. The x-axis representsthe personability relative to the item difficulty,
with originssetto 0. The scaleis measuredn logits (log odds units) Distancesto the rightof zero indicatehigher
and higherlevels of effort. Locationsto the left of zero indicatelowerand lowerlevels of effort. Categoriesshould
advance in ascendingorder from left to right along the x-axis. Categories should each have a distinct peak
indicatingthat it is the mostprobable (modal)category at that pointon the latent variable The crossoverpoints
between two curves are the equakprobabilitypoints or thresholds Thresholdsadvance in line with categories,
thresholdsthat fail to advance monotonicallyare considereddisordered The initialitem category structure shows
thresholddisorderingand a lack of modalpeaks The categoryprobabilitycurves have not beendisplayedfor any
itemsthat have beenremovedfrom the LEQ-Cl due to modelmisfit

LEQ-CI?? LEQ-CI??
1.e398 1.e398
g0 2 “'\ /
l;-:- g‘n

5 5 4 9 2 4 0 1 2 3 4 5 & 5 5 4 3 2 4 0 1 2 3 +4
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24

25

Hughes et al.

Category Probability

Category Probability

LEQ-CI?°

2.0319

Lo
T

°
3
Sk

o
&

6 5 4 3 2 4 0 1 2 3 4 5 6
Measure relative to item difficulty

LEQ-CI?®

6 5 4 3 -2 4 0 1 2 3 4 5 5
Measure relative to item difficulty

Category Probability
o
&

Category Probability
°
&

LEQ-CI?!

2.e319

4 3 2 4 0 1 2 3
Measure relative to item difficulty

LEQ-CI?!

4

5

5

4 4 2 4 0 1 2 3
Measure relative to item difficulty

47



Hughes et al.

LEQ-CI?°

4.0320

°

°
3

Category Probability
2 @

03
0z
at
5 5 4 3 2 4 0 1 2 3
Measure relative to item difficulty
LEQ-CI?°
5.e31r
10—
08
0g
o7

°
3

Category Probability
2 @

o
2

Measure relative to item difficulty

27

48

LEQ-CI?!

4.0320

Category Probability
e o © o © @
S 8 2 & &8 2

°

5 5 4 3 2 4 0 1 2 3 4 5 6
Measure relative to item difficulty

LEQ-CI?!

* |tem removed



28

29

Hughes et al.

Category Probability

o
2

Category Probability
o

°
@

LEQ-CI?°

°

°
3

°
3

°

°

LEQ-CI?!

* |[tem removed

4 5 4 3 2 4 0 1 2 3
Measure relative to item difficulty

LEQ-CI?°

7.e35

°

°
3

°
a

°
=

°

°

Category Probability

°
2

Measure relative to item difficulty

o

°
3

°
a

°
=

°
S

°

LEQ-CI?!

7.e35

4 3 2 4 0o 1 2 3 4

Measure relative to item difficulty

49



30

31

Hughes et al.

Category Probability

o
2

Category Probability
o

°
@

LEQ-CI?°

8.n14

°

°
3

°
3

°

°

LEQ-CI?!

* |[tem removed

4 5 4 3 2 4 0 1 2 3
Measure relative to item difficulty

LEQ-CI?°

9. e50

°

°
3

°
a

°
=

°

°

Category Probability

°
2

Measure relative to item difficulty

o

°
3

°
a

°
=

°
S

°

LEQ-CI?!

9. e50

4 3 2 4 0o 1 2 3 4

Measure relative to item difficulty

50



32

33

Hughes et al.

Category Probability

o
2

Category Probability

o o
& &

°

°
s

o
o

°
<

°

LEQ-CI?°

10.n16

°

°
=

°

<

o

o o
a

3

6 5 4 3 2 4 0 1 2 3 4 5 6
Measure relative to item difficulty

LEQ-CI?®

11.0323r

6 5 4 3 -2 4 0 1 2 3 4 5 5
Measure relative to item difficulty

Category Probability
B

LEQ-CI?!

10.n16

°
=
———

s e o
2 2

2
2
-
e

o
o

e
/ \',,‘/ \ \\
/,///y&f\

o
S

°

4 5 4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty

LEQ-CI?!

11.e323r
09 \\ //
E:i "‘\ ’r'!
\)/\\‘."\/
£u A /\
e
a1 / /\/‘\ \

4 5 4 3 2 4 0 1 2 3 4 6
Measure relative to item difficulty

51



Hughes et al.

LEQ-CI?°

12.e71r

°

°
3

Category Probability
2 @

03
0z
at
5 5 4 3 2 4 0 1 2 3
Measure relative to item difficulty
LEQ-CI?°
13. 03651
10—
08
0g

°

°
3

Category Probability
2 @

o
2

Measure relative to item difficulty

35

Category Probability
e o © o © o
S 8 2 & &8 2

°

LEQ-CI?!

14.e310

6 5 4

* |tem removed

3 2 4 0 1 2 3
Measure relative to item difficulty

LEQ-CI?!

4

52



Hughes et al.

LEQ-CI?°

14. 0310

o o

Category Probability
°

* |[tem removed

* |tem removed

00 e
5 5 4 3 2 4 0 1 2 3 5 6
Measure relative to item difficulty
LEQ-CI?°
15.e34r
10— ==
09

°

°
3

Category Probability
2 @

o

Measure relative to item difficulty

37

LEQ-CI?!

LEQ-CI?!

53



38

39

Hughes et al.

Category Probability

Category Probability

LEQ-CI?°

16.nq3r

o

6 5 4 3 2 4 0 1 2 3 4 5 6
Measure relative to item difficulty

LEQ-CI?°

17.e121

3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty

LEQ-CI?!

16.nqg3r

Category Probability
o
&

5 5 4 3 2 4 0 1 2 3
Measure relative to item difficulty

LEQ-CI?!

* |tem removed



40

41

Hughes et al.

18.n11
or— P
. 7=
“ \ /
08 \ /
o7 \
A
£, \ /
g0 \ /
2 /
& o5 ~
- R %\
3 ¥ N o
) A
03 \ ;r\\ /
02 /
a1
o f=—— e
% 5 4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty
LEQ-CI?®
19. 0344
10t _ S
~—. -
a2 54
5 \ 7
08

o o
s 2

Category Probability
°
&

LEQ-CI?°

_:\:\\ ,// (,\\
/ \ )1‘.:5\/ \\

/ ,/g( \><’\'\ \
/)X \\\\\ “\\_

o /
= e N =
7 . .
4 5 4 3 2 4 0 1 2 3 4 5 6

Measure relative to item difficulty

Category Probability

o o
S &

—
S

Category Probability

o o
2 8

~_
~.
,—(
s

o
8
RS
B
N
-

55

LEQ-CI?!

18.n11

4 5 4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty

LEQ-CI?!

19. 0344

°
s
o

=

Measure relative to item difficulty



42

43

Hughes et al.

Category Probability

o
2

Category Probability

o o
& &

°

°
s

o
o

°
<

°

LEQ-CI?°

20.0213

°

°
=

°

<

o

o o
a

3

6 5 4 3 2 4 0 1 2 3 4 5 6
Measure relative to item difficulty

LEQ-CI?®

21.0103

6 5 4 3 -2 4 0 1 2 3 4 5 5
Measure relative to item difficulty

Category Probability
B

LEQ-CI?!

20.0213

°
=
———

s e o
2 2

2
2
-
e

o
o

e
/ \',,‘/ \ \\
/,///y&f\

o
S

°

4 5 4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty

LEQ-CI?!

21.e103
09 \\ //
E:i "‘\ ’r'!
x/\."\/
A
B /\
o \ 'I \
a1 /'/"\/‘\ \

4 5 4 3 2 4 0 1 2 3 4 6
Measure relative to item difficulty

56



Hughes et al. 57

LEQ-CI?° LEQ-CI?!

22.0335 23.e105
10— — 10 —
13 -
a9 \ Ve 08
\ /
08 \ f 08

°

g g
8o 8o
3 3
e g
[E [E
g H
D04 D04
& 2
= =
© o3 O o3
0z
at
4 5 4 3 2 4 0 1 2 3 4 5 6 4 5 4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty

Measure relative to item difficulty

LEQ-CI?° LEQ-CI?!

23.e105

°

°
3

Category Probability
2 @

o
2

Measure relative to item difficulty



Hughes et al. 58

LEQ-CI?° LEQ-CI?!

24.e214r 24.e214r

°

°
5

Category Probability

Category Probability
o o
2 &

o
o

6 5 4 3 2 4 0 1 2 3 4 5 6 4 5 4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty Measure relative to item difficulty

46

LEQ-CI?® LEQ-CI?!

25.0118

25.0118
o — e 10 G P
is I & //’/ s \\ //
08 \ / a8 \ /
\ / \ | 7%
o7 / o7 \
£ Y z \ / \ /
\ Vo
£ \ £ Y |
§ 04 /\ § 04 / \ /
84 / 84 / \ / \
\ \
02 // 02 l! '-,'\ I/‘ \
01 4 o1 / Y
o e A

5 5 4 3 2 4 0 1 2 3 4 5 6 4 5 4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty Measure relative to item difficulty

47



48

49

Hughes et al.

Category Probability

o
2

Category Probability

o o
& &

°

°
s

o
o

°
<

°

LEQ-CI?°

26.e112

°

°
=

°

<

o

o o
a

3

6 5 4 3 2 4 0 1 2 3 4 5 6
Measure relative to item difficulty

LEQ-CI?®

27.0326

6 5 4 3 -2 4 0 1 2 3 4 5 5
Measure relative to item difficulty

Category Probability
B

LEQ-CI?!

26.e112

°
=
———

s e o
2 2

2
2
-
e

o
o

e
/ \',,‘/ \ \\
/,///y&f\

o
S

°

4 5 4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty

LEQ-CI?!

27.0326
08 \\ //
E:i "‘\ ’r'!
x/\."\/
£u A /\
e
o1 / /\/‘\ \

4 5 4 3 2 4 0 1 2 3 4 6
Measure relative to item difficulty

59



50

51

Hughes et al.

Category Probability

o

°
3

Category Probability
2 @

o
@

LEQ-CI?°

28.363r

4 9 2 4 0 1 2 3

Measure relative to item difficulty

LEQ-CI?®

29.e329r

4 2 4 0 1 2 3 4

Measure relative to item difficulty

Category Probability
o
&

°

°
&

Category Probability
FR

o
o

LEQ-CI?!

28.363r
\\\\ //
R /
\'\ [
; [
LImE
/X‘\ \g‘
/ YR
/ A \
x // / ‘\ \
/ \
A ) N \\\
4 -4 3 -2 -1 L) 1 2 3 4 5 )
Measure relative to item difficulty
LEQ-CI?!
29.329r
\\\ /
N
N
\ .’/

\
/A
AN
7 / "\l' \
/ / j\ ‘\.\
Ao\
~ P4 NN
6 5 -4 3 2 4 0 1 2 3 4 5 &
Measure relative to item difficulty

60



Hughes et al.

Supplemental Digital Content 2: Table comparing the Rasch analyses undertaken with the full sample (n = 330) and with underfitting persons

removed (n = 284)

Full sample Underfitting persons removed
(n =330) (n=284)

Rasch variance explained by measures 56.5% 60.8%
Eigenvalue for PCA of 1% residual 2.48 2.33

Range disattenuated correlations of 1% residual 0.89 - 0.98 0.92 - 1.00

Mean person location -0.31 -0.39

Person separation 3.28 3.62

Person reliability 0.91 0.94

Item separation 9.69 10.07
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Supplemental Digital Content 3.
Empirical + theoretical item characteristic curves (ICCs) for the LEQ -CI?!

The x-axis representsthe average ability of personsrelative to the item score (y-axis). The solidred line is an
ogive shape which shows the expected relationshipbetween a person measureand the raw rating they would
receive for thatitem. Areas of the curve that are steeperrepresentregionswhere the item is more discriminating
The blue line representsthe empirical(data-descriptive)item characteristiccurve. The black “X’ representsthe
average observedmeasurefor an interval on the latentvariable whichis perceivedlisteningeffort. The grey lines
representd5% confidenceintervals. The bluelineis expected to approximatethe red line (i.e., the empiricaldata
fit the model) An “X’ plotted outside of the confidence intervals is evidence of divergence from the Rasch
modelledexpected pattern of responses’
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Hughes et al.

Supplemental Digital Content 4: Tables showing Winsteps generated DIF analysis (DIF) for gender and age for the LEQ-CI%*
Table 4.1: Results of DIF analysis for gender

Observed- Observed-
Person Expected DIF Person Expected DIF DIF  Joint
ltemID | Group Average  Measure  DIF S.E. | Group Average  Measure  DIF S.E. | CONTRAST S.E. Prob
e398 M -0.04 -0.40 0.07 F 0.02 -0.43 0.06 0.03  0.09 0.9408
e319 M 0.22 -0.42 0.08 F -0.14 -0.09 0.07 -0.33  0.11 0.0045
ng4 M 0.02 -0.81 0.08 F -0.01 -0.81 0.07 0.00 0.11 0.8316
e320 M 0.21 -0.05 0.07 F -0.14 0.19 0.06 -0.24  0.09 0.0063
e35 M 0.14 -0.34 0.07 F -0.09 -0.19 0.06 -0.15  0.09 0.0256
e50 M 0.00 0.63 0.08 F 0.00 0.63 0.06 0.00 0.10 0.5162
nl6 M 0.03 -0.13 0.07 F -0.02 -0.11 0.06 -0.02  0.09 0.3804
e323 M -0.08 -0.25 0.07 F 0.05 -0.33 0.06 0.08 0.09 0.4454
e310 M -0.02 0.60 0.08 F 0.02 0.60 0.06 0.00 0.10 0.6047
ng3 M -0.04 -0.58 0.07 F 0.02 -0.61 0.06 0.03 0.09 0.3308
nll M -0.12 -0.35 0.08 F 0.08 -0.53 0.07 0.18 0.11 0.0408
e344 M 0.01 -0.47 0.08 F -0.01 -0.47 0.07 0.00 0.11 0.8532
e213 M 0.00 0.48 0.08 F 0.00 0.48 0.06 0.00 0.10 0.6526
el03 M -0.05 1.10 0.08 F 0.04 1.02 0.07 0.08 0.11 0.8380
el105 M -0.19 0.48 0.08 F 0.13 0.21 0.06 0.27  0.10 0.0268
e214 M 0.05 -0.29 0.12 F -0.03 -0.15 0.09 -0.14  0.15 0.8090
el18 M -0.13 -0.53 0.09 F 0.09 -0.77 0.08 024 0.12 0.0730
ell2 M -0.04 0.71 0.08 F 0.03 0.65 0.06 0.06 0.10 0.4402
€326 M -0.06 0.89 0.08 F 0.05 0.80 0.07 0.09 0.10 0.3312
e363 M 0.07 -0.20 0.08 F -0.04 -0.09 0.07 -0.10 0.11 0.3648
e329 M 0.04 -0.06 0.08 F -0.03 0.00 0.07 -0.07  0.11 0.9951

M = males; F = females
DIF present if DIF CONSTRAST > 0.64 and p < 0.05



Hughes et al.

Supplemental Digital Content 5: Raw score to 0-100 Rasch score conversion table for use
with the LEQ-CI1%

Raw Score | Rasch Score Raw Score | Rasch Score Raw Score | Rasch Score
21 0 65 50.81 109 68.32
22 12.06 66 51.19 110 68.9
23 18.37 67 51.56 111 69.52
24 21.9 68 51.92 112 70.16
25 24.37 69 52.29 113 70.82
26 26.29 70 52.65 114 71.52
27 27.87 71 53.01 115 72.26
28 29.23 72 53.37 116 73.03
29 30.43 73 53.72 117 73.85
30 31.51 74 54.07 118 74.73
31 32.51 75 54.43 119 75.67
32 33.42 76 54.78 120 76.69
33 34.28 77 55.13 121 77.81
34 35.09 78 55.48 122 79.05
35 35.85 79 55.83 123 80.47
36 36.58 80 56.18 124 82.15
37 37.28 81 56.53 125 84.23
38 37.95 82 56.89 109 68.32
39 38.6 83 57.24 110 68.9
40 39.22 84 57.59 111 69.52
41 39.82 85 57.95 112 70.16
42 40.41 86 58.31 113 70.82
43 40.98 87 58.67 114 71.52
44 41.53 88 59.04 115 72.26
45 42.07 89 59.4 116 73.03
46 42.59 90 59.78 117 73.85
47 43.1 91 60.15 118 74.73
48 43.6 92 60.53 119 75.67
49 44.09 93 60.92 120 76.69
50 44 57 94 61.31 121 77.81
51 45.04 95 61.7 122 79.05
52 45,5 96 62.11 123 80.47
53 45.95 97 62.52 124 82.15
54 46.39 98 62.94 125 84.23
55 46.82 99 63.37 126 87.05
56 47.25 100 63.8 127 91.75
57 47.67 101 64.25 128 100
58 48.08 102 64.71
59 48.48 103 65.18
60 48.89 104 65.66
61 49.28 105 66.16
62 49.67 106 66.67
63 50.06 107 67.2
64 50.44 108 67.75
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