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ABSTRACT

Objective: Pupillometry is sensitive to cognitive resource allocation and has been used as a potential
measure of listening-related effort and fatigue. We investigated associations between peak pupil diam-
eter, pre-stimulus pupil diameter, performance on a listening task, and the dimensionality of self-reported
outcomes (task-related listening effort and fatigue).

Design: Pupillometry was recorded while participants performed a speech-in-noise task. Participants
rated their experience of listening effort and fatigue using the NASA-Task Load Index (NASA-TLX) and the
Visual Analogue Scale of Fatigue (VAS-F), respectively. The dimensionality of the NASA-TLX and the VAS-F
was investigated using factor analysis.

Study sample: 82 participants with either normal hearing or aided hearing impairment (age range:
55-85years old, 43 male).

Results: Hierarchal linear regression analyses suggested that pre-stimulus pupil diameter predicts a
dimension of self-reported fatigue, which we interpreted as tiredness/drowsiness, and listening task per-
formance when controlling for hearing level and age: Larger pre-stimulus pupil diameter was associated
with less tiredness/drowsiness and better task performance.

Conclusion: Pre-stimulus pupil diameter is a potential index of listening fatigue associated with speech
processing in challenging listening conditions. To our knowledge, this is the first investigation of the asso-
ciations between pre-stimulus pupil diameter and self-reported ratings of listening effort and fatigue.
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Introduction effort/fatigue are acquired within the same listeners, often these
measures do not correlate with each other (Hornsby 2013; Miles
et al. 2017; Strand et al. 2018; Alhanbali et al. 2019). Different
measures may tap into different dimensions of listening effort

and/or listening fatigue (Alhanbali et al. 2019).

Individuals with hearing impairment often report increased levels
of listening-related effort and fatigue in everyday life (Alhanbali
et al. 2017). Listening effort is defined as “the mental exertion
required to attend to and to understand an auditory message”
(McGarrigle et al. 2014, 434). More recently, Pichora-Fuller et al.

(2016, 10) defined listening effort as “the deliberate allocation of The use of pupi"ometry in the assessment of cognitive

mental resources to overcome obstacles in goal pursuit when car-
rying out a task that involves listening”. Listening-related fatigue
is defined as “extreme tiredness resulting from effortful listening”
(McGarrigle et al. 2014, 434). Identifying reliable measures of lis-
tening-related effort and fatigue has the potential to improve the
quality of hearing rehabilitation by tapping into aspects of listen-
ing difficulties that cannot be assessed using traditional clinical
audiometric procedures.

A number of self-report, behavioural, and physiological tools
have been used as potential measures of listening effort/fatigue
and have demonstrated sensitivity to increased listening demands
(e.g. McGarrigle et al. 2014; Hornsby, Naylor, and Bess 2016;
Pichora-Fuller et al. 2016). When multiple measures of listening

resource allocation

Pupillometry may provide a non-invasive index of changes in
control state; i.e. engagement/exploitation or disengagement/
exploration (Gilzenrat et al. 2010) and is commonly used as an
objective measure of cognitive resource allocation (e.g. Zekveld,
Kramer, and Festen 2010; Zekveld, Kramer, and Festen 2011;
Koelewijn et al. 2014; Kramer, Teunissen, and Zekveld 2016;
Wendt, Dau, and Hjortkjar 2016). However, there are multiple
interpretations of what task-evoked changes in pupil diameter
may index (for a recent review see Zekveld, Koelewijn, and
Kramer 2018). For example, task-evoked pupil dilation during
speech processing has been interpreted as an indication of
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increased processing load (e.g. Zekveld, Kramer, and Festen
2010), cognitive load (e.g. Zekveld, Kramer, and Festen 2011),
cognitive effort (e.g. Piquado, Isaacowitz, and Wingfield 2010),
or listening effort (e.g. Koelewijn et al. 2012).

Task-evoked pupil dilation has also been considered an indi-
cator of attentional capacity (Kramer, Teunissen, and Zekveld
2016). For example, when assessing differences in task-evoked
pupil dilation between individuals who are hearing-impaired and
individuals with normal hearing, greater task-evoked pupil size
was identified in individuals with normal hearing when the lis-
tening task was performed in the presence of background noise
(Kramer, Teunissen, and Zekveld 2016). This was despite hear-
ing-impaired listeners reporting significantly greater effort com-
pared to listeners with normal hearing. Smaller task-evoked
pupil dilation in listeners who are hearing-impaired may indicate
limited attentional capacity likely due to increased consumption
of attentional resources as a result of the hearing loss (Kramer,
Teunissen, and Zekveld 2016).

Fatigue has been reported to be associated with larger peak
pupil diameter (Koelewijn et al. 2018). Other work, however,
found a significant association between fatigue and smaller peak
pupil diameter (Ohlenforst et al. 2017; Wang et al. 2018). The
interpretation of changes in peak pupil diameter during a listen-
ing task therefore remains unclear: a smaller pupil diameter may
reflect an inability to invest further effort in a task due to fatigue,
or it may represent disengagement from the task.

In addition to task-evoked peak pupil diameter, changes in
pupil diameter measured in the absence of the stimulus of inter-
est, i.e. “baseline” pupil diameter or “resting” pupil diameter,
may also index shifts in control state (Zekveld, Kramer, and
Festen 2010; Hopstaken et al. 2015, Wang et al. 2018). In
speech-in-noise tasks consisting of multiple trials, the pre-stimu-
lus pupil diameter represents the average pupil diameter meas-
ured during a period of noise that precedes the presentation of
the target stimulus (speech in a noise background) in each trial
(Zekveld, Kramer, and Festen 2010; Hopstaken et al. 2015; Wang
et al. 2018). Here we will use the term “pre-stimulus pupil diam-
eter”, rather than “baseline pupil diameter”, to avoid confusion
with the “resting pupil diameter”, which has been used as the
term for measurements of pupil diameter either before or after a
listening task (e.g. Zhao et al. 2019).

Pre-stimulus pupil diameter has been used to index changes
in control state that are likely to fluctuate over the duration of
task performance (e.g. Hopstaken et al. 2015). For example,
larger pre-stimulus pupil diameter is associated with poorer task
performance, possibly indicating lapses in task engagement
(Aston-Jones and Cohen 2005; Gilzenrat et al. 2010; Zekveld,
Kramer, and Festen 2010; Wang et al. 2018). In contrast, smaller
pre-stimulus pupil diameter has sometimes been interpreted as
reduced task engagement due to increased time-on-task fatigue
in visual (Hopstaken et al. 2015) and auditory tasks (Zekveld,
Kramer, and Festen 2010).

Due to the lack of agreement on the interpretation of differ-
ent pupillometric indices, it is essential to consider the design
characteristics of each individual research study when attempting
to explain what changes in different pupillometric indices repre-
sent (Zekveld, Koelewijn, and Kramer 2018). It is generally
agreed that increased pupil diameter reflects increased arousal in
demanding conditions where increased cognitive resource alloca-
tion is required. However, pupil size was found to increase with
more challenging task demands as long as individuals remain
engaged in the task (Ohlenforst et al. 2017). As suggested by the
Framework for Understanding Effortful Listening (FUEL;

Pichora-Fuller et al. 2016), in addition to the effort required to
perform a task, motivation, performance, success importance,
and fatigue can also influence fluctuations in pupil size. The
FUEL suggests that displeasure, fatigue and low motivation can
result in disengagement even when available capacity is sufficient
for performing the task. Therefore, pupil size may decrease for a
number of possible reasons: (i) decreased listening demands, (ii)
a lack of task engagement due to poor motivation, or (iii) the
development of fatigue. The FUEL also suggests an interaction
between listening demands, performance and motivation, e.g.
poor performance due to an inability to cope with listening
demands of the task may result in reduced motivation and lead
to a decrease in pupil size.

Pupillometry as a potential index of fatigue

Pupillometry has been used as a potential index of mental fatigue
that develops over the duration of performing demanding,
lengthy experiments. For instance, McGarrigle et al. (2017)
reported a decrease in pupil size over the duration of performing
a listening task that was just under an hour long. A decrement
in pupil size was only identified in the more challenging SNR
condition. McGarrigle et al. suggested that reduced pupil size
might be an indication of reduced task engagement as a result of
the development of fatigue. Both Hopstaken et al. (2015) and
Zekveld, Kramer, and Festen (2010) had participants perform
experiments over a long duration of time (2hours and 1.5hours
respectively) and reported decrements in pre-stimulus pupil
diameter over the duration of task performance. They therefore
suggested that decrements in pre-stimulus pupil size might be an
indication of reduced task engagement over the course of the
experiment as a result of the development of fatigue. It is also
possible to experience fatigue at the level of individual trials in
an experiment e.g. in cases where performing each trial in the
task requires high levels of attention. This might happen when
participants who are likely to experience chronic fatigue perform
a mentally demanding task. For instance, Wang et al. (2018)
identified a correlation between self-reported fatigue in everyday
life and peak pupil diameter when participants with hearing
impairment performed a speech-in-noise task, despite the fact
that the task was not excessively long (cf. Hopstaken et al. 2015;
Zekveld, Kramer, and Festen 2010). The timescales over which
fatigue was assessed in these studies, ie. chronic (Wang et al.
2018) cf. transient fatigue (Hopstaken et al. 2015), was very dif-
ferent and it remains unclear whether different pupillometric
indices might be more sensitive to particular aspects of fatigue
than others.

The relationship between pupillometric indices and
self-report measures

In an attempt to identify the underlying dimensions of different
pupillometric indices, the relationship between these indices and
self-reported measures has been investigated. For example, Wang
et al. (2018) found that smaller peak pupil diameter was linked
with increased self-reported fatigue in everyday life, as assessed
by the Need for Recovery (NFR; van Veldhoven and Broersen
2003) scale, an 11-item scale that can be used for the assessment
of fatigue associated with work, but not the Checklist for
Individual Strength (CIS; Vercoulen et al. 1994), a 20-item scale
that can be used in the assessment of chronic fatigue. Pre-stimu-
lus pupil diameter was not significantly related to NFR or the
CIS. However, in Hopstaken et al. (2015) a significant correlation



was identified between decreased pre-stimulus pupil diameter
and self-reported time-on-task fatigue in a lengthy (2hrs),
demanding experiment.

The choice of self-reported fatigue tool may also affect the
likelihood of identifying significant associations between pre-
stimulus pupil diameter/peak pupil diameter and the experience
of fatigue. There are no validated subjective measures of listen-
ing-related fatigue, which may be more relevant in the context of
hearing impairment. It seems plausible that measures of self-
reported fatigue associated with task performance, such as self-
reported time-on-task fatigue (Hopstaken et al. 2015) or the
Visual-Analogue Scale of Fatigue (VAS-F; Lee, Hicks, and Nino-
Murcia 1991), are more likely to be associated with pre-stimulus
pupil diameter/peak pupil diameter. The VAS-F scale was used
to measure fatigue associated with task performance in Alhanbali
et al. (2019) and contains 2 subscales: fatigue (items 1-5 and
11-18) and energy (items 6-10), see Lee, Hicks, and Nino-
Murcia (1991) for descriptions of individual items. To our know-
ledge, the VAS-F is one of the few standardised self-reported
measures of fatigue associated with task performance. However,
it is important to note that previous reports suggest the inability
of the VAS-F to assess fatigue as a distinct dimension
(LaChapelle and Finlayson 1998). According to LaChapelle and
Finlayson (1998), some of the items in the VAS-F might not
refer to fatigue per se, but to other phenomena that are likely to
occur as a result of fatigue such as sleepiness (LaChapelle and
Finlayson 1998). Therefore, one of the aims of the current study
is to assess the dimensionality of the VAS-F.

Self-reported listening effort and fatigue may assess different
dimensions of hearing-related disability (Alhanbali et al. 2017).
Exploratory analyses (i.e. correlations uncorrected for multiple
comparisons or potential confounding factors) reported in
Alhanbali et al. (2019) (see their Table 3), suggested that peak
pupil diameter, and the mean task-evoked pupil dilation, were
negatively correlated with scores on a task-related, self-reported
measure of listening-related fatigue, the VAS-F; (Lee, Hicks, and
Nino-Murcia 1991) but not a self-reported measure of listening-
related effort (NASA-TLX; Hart & Staveland 1988). Further clari-
fication on how peak pupil diameter and pre-stimulus pupil
diameter relate to the self-reported listening effort and/or listen-
ing fatigue may help to shed some light on the conflicting results
arising from studies using multiple physiological measures of
“listening effort” (Alhanbali et al. 2019).

We carried out a secondary analysis of the data acquired in
Alhanbali et al. (2019) with the following aims:

e The first aim of the study is to determine whether the dif-
ferent items of the VAS-F (Lee, Hicks, and Nino-Murcia
1991) and the NASA-TLX (Hart and Staveland 1988) assess
the same underlying dimensions of fatigue and work load,
respectively, when participants are asked to perform a dig-
its-in-noise task. The applicability of the different items of
the VAS-F and the NASA-TLX measures might be influ-
enced by the nature of the task to be performed. For
example, the physical and extreme exhaustion items in the
VAS-F (such as “extremely worn out” and “moving my
body is a tremendous chore”) are unlikely to be applicable
to listening-related fatigue evoked by a digits-in-noise task.
The dimensions of workload included in the NASA-TLX
(mental demand, physical demand, temporal demand, per-
formance, effort and frustration) might not necessarily be
perceived as a single dimension in a digits-in-noise task.
Investigating the dimensionality of the measures can be
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useful for identifying which of their components are more
relevant to a digits-in-noise task.

e The second aim is to investigate the possibility of predicting
pre-stimulus/peak pupil diameter during performance of a
digits-in-noise task from participants’ self-reported experi-
ence of listening effort and fatigue, after controlling for
potential confounds of age (e.g. Zekveld, Kramer, and
Festen 2011) and hearing levels (e.g. Kramer, Teunissen, and
Zekveld 2016). In Alhanbali et al. (2019) we did not include
pre-stimulus pupil diameter in the data analyses, although
pupil size was recorded throughout each trial. If there is an
association between pre-stimulus/peak pupil diameter and
self-reported effort/fatigue, this would suggest that pupillom-
etry is a potential physiological measure of listening effort/
fatigue in a speech-in-noise task.

To our knowledge, this is the first within-listeners investiga-
tion of how participants’ performance on a listening task and
their subjective experiences of both task-related, self-reported lis-
tening fatigue and listening effort independently contribute to
changes in pre-stimulus pupil diameter and post-stimulus peak
pupil diameter.

Methods

Below we provide a summarised version of the methods section
in Alhanbali et al. (2019).

Participants

The factor analysis reported in Alhanbali et al. (2019) was based
on data from 116 participants. A subset of these participants
(N =82, 43 male, age range 55-85years, M: 70, SD: 7), i.e. only
those with complete datasets, was included in the present study.

Participants’” hearing level ranged from “good” hearing (those
who had hearing thresholds <30dB HL at frequencies of 500,
1000, 2000, and 4000 Hz) to severe hearing impairment based on
the criteria defined by the British Society of Audiology (2018).
Participants who were hearing aid users (53 of 59 participants
with hearing impairment) performed the listening task wearing
their hearing aids. Details about hearing aid prescription and use
can be found in Alhanbali et al. (2019). Hearing thresholds were
averaged across frequencies. For each participant, the better ear
pure-tone average (PTA) was used in the analysis.

Listening task

To minimise differences in performance across participants with
different hearing levels, an individualised SNR was established at
71% criterion performance using a 2-down, 1-up, adaptive pro-
cedure with a 2-dB step size. Individualised SNRs were estab-
lished using sequences of 3 digits (1-9, excluding 7) that
participants had to memorise and recall in the correct order. The
digits were taken from the conversational speech level recordings
in the Whispered Voice Test (McShefferty et al. 2013). Digits
were presented at a level of 65 dBA in the presence of stationary
background noise that started 5 secs before the first digit and
ended 1sec after the end of the last digit. The digits were pre-
sented via two loudspeakers placed 1m away from where the
participant was sitting at +45 degrees azimuth. The SNR range
required to establish 71% correct performance was —13 to 23 dB
(M: —4dB, SD: 6dB).
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The main listening task, during which pupillometry was
recorded, was a modified version of the Sternberg paradigm
(Sternberg 1966) in which participants are asked to recall speech
material presented during a stimulus-free retention period, based
on similar paradigms (e.g. Obleser et al. 2012; Petersen et al.
2015). In the original Sternberg paradigm, the material to be
memorised is presented visually. However, here and in previous
work (Obleser et al. 2012; Petersen et al. 2015) spoken speech
material was presented.

In the main listening task, speech material from the
Whispered Voice Test (McShefferty et al. 2013) was also used
but participants were presented with sequences of 6 single digits
instead of 3 digits. Participants were required to memorise all
the digits they heard. After listening to the 6 digits, a 3-sec reten-
tion period followed, during which participants mentally
rehearsed the digits they heard. A digit then appeared on a com-
puter screen in front of the participant and an audible pure-tone
was presented to alert the participant to respond. Using a button
box with “Yes” and “No” labels, participants responded with
“Yes” if the digit on the screen was one of the digits they heard
and with “No” if it was not. The total number of trials in the
main listening task was 50. Performance accuracy (% correct) in
the main listening task was transformed to Rationalised Arcsine
Units (RAU) (Studebaker 1985) prior to analysis.

VAS-F

The VAS-F (Lee, Hicks, and Nino-Murcia 1991) consists of two
subscales: fatigue (12 items; e.g. fatigued, tired) and energy (6
items; e.g. active, energetic). In the original VAS-F, respondents
are required to place a mark along a visual line that runs
between two extreme points such as “not exhausted at all” and
“extremely exhausted”. Here, we used the VAS-F in a Likert-type
manner where intermediate demarcations ranging from 1 to 10
were placed along the line between the start and end points.
VAS-F scores were converted into percentages. In Alhanbali
et al. (2019) participants completed the VAS-F before and after
performing the listening task. In order to rule out any effect of
fatigue that is not related to task performance, final scores were
based on the difference between the scores before and after com-
pleting the task.

NASA-TLX

NASA-TLX (Hart and Staveland 1988) has six items: mental
demand, physical demand, temporal demand, perceived perform-
ance, effort, and frustration. After completion of the main listen-
ing task, participants provided responses on a 20-step scale,
ranging from low demand to high demand for each dimension.
The score of each item was converted to a percentage and the
total score was calculated based on the mean score of the
items used.

Pupillometry

An EyeLink 1000 was used for recording pupil size with a sam-
pling rate of 1000 Hz. Pupil size was measured in pixels and then
converted into mm by calculating the number of pixels in an
artificial pupil with a known size. Room illumination was
adjusted following the Iluminance adjustment procedures
reported in Zekveld, Kramer, and Festen (2010) to avoid floor
and ceiling effects. For each participant, pupil size was recorded
in a bright (room brightness at 263 1lux and screen brightness at

123cd/m?) and a dark setting (room brightness at 0.28 lux and
screen brightness at 0.0019 cd/m®). Room lighting and screen
brightness were then adjusted to achieve a pupil size that was in
the middle range of the bright and the dark setting. The pupil
size of the right eye was measured for all participants.
Calibration of the camera was performed before the start of the
listening task. The camera of the eye tracker was calibrated by
asking participants to fixate on a black circle that periodically
appeared at one of nine different coordinate positions on the
computer monitor. During the listening task, participants were
asked to keep their gaze at a fixation cross that appeared in the
middle of computer monitor. The luminance of the visual dis-
play did not change throughout the duration of the task. A rect-
angular “area of interest” was created in the centre of the visual
display, and any erratic fixations (i.e. fixations that fell outside of
this perimeter) were removed from the analysis. This limited the
potential for any pupil size estimation errors caused by changes
in gaze position away from the fixation cross.

Trials with more than 15% missing data between the start of
the baseline period to the end of the retention period due to
blinks, saccades, gaze position outside the defined interest area,
or artefacts were excluded from the analysis (Zekveld, Kramer,
and Festen 2011; Ohlenforst et al. 2017). Missing data points
were replaced using linear interpolation and the data were
smoothed using 5-point moving average.

After exclusion of trials containing artefacts, the remaining
“accepted” trials were averaged to obtain two pupil measures for
each participant: (1) a pre-stimulus pupil diameter and (2) a peak
pupil diameter. The pre-stimulus pupil diameter was calculated as
the average pupil size in the last second of noise, i.e. a 1-sec
“noise alone” period, which preceded the presentation of the digits
(e.g. Zekveld, Kramer, and Festen 2011; Koelewijn et al. 2012;
Kramer, Teunissen, and Zekveld 2016). The peak pupil diameter
was calculated relative to the pre-stimulus pupil diameter ie. the
mean pre-stimulus pupil diameter was subtracted from the peak
pupil diameter on a per-participant basis. Trials for which incor-
rect responses were provided were not excluded from the analysis.

Analysis
Factor analysis

To address the first aim of the study, factor analysis (FA) was
used to investigate the dimensionality of the VAS-F and the
NASA-TLX items. The suitability of the data for a FA was con-
firmed using the Kaiser-Meyer-Olkin measure of sampling
adequacy (KMO) test and Bartlett’s test of sphericity (Field
2009). Factors were identified based on eigenvalues greater than
one (Field 2009). It was expected that the different factors would
correlate with each other. Therefore, oblique rotation was con-
sidered appropriate for identifying how measures load into dis-
tinct factors (Field 2009).

Regression analysis

Correlations between the dependent and the independent variables
suggested that linear models were suitable for the analysis. This
was confirmed with the curve estimation function in SPSS for
both of the regression models (IBM statistics SPSS version 22).

To address the second aim of the study, two hierarchical lin-
ear regression models were fitted. Peak pupil diameter was the
dependent variable in model 1 and pre-stimulus pupil diameter
was the dependent variable in model 2. In both models, age,



hearing thresholds, performance on the digits-in-noise task (“task
performance”), and distinct factors of VAS-F and the NASA-
TLX were entered as predictors.

As age and hearing level are known to influence pupil diam-
eter (for a recent review see Zekveld, Koelewijn, and Kramer
2018), they were entered in the first step of both of the models.
The distinct factors of self-reported effort and fatigue were
entered in the second step of the models in a step-wise manner
as the potentially unique contributions of these predictors to
peak pupil diameter/pre-stimulus pupil diameter in a digits-in-
noise task are unknown. Task performance was entered in the
third step of the models. Before performing the regression ana-
lysis, case-wise diagnostics and collinearity diagnostics were car-
ried out and the Durbin-Watson statistic was calculated (model
1 d=1.86; model 2 d=1.73). Case-wise diagnostics identified 1
participant outlier in model 2. Therefore, for model 2, regression
analysis was performed both with and without this participant to
rule out any effect they might have had on the overall results of
the regression analysis.

Collinearity diagnostics did not suggest that the outcomes of
the regression model were influenced by multicollinearity based
on the variance inflation factor (VIF) (Bowerman and O’Connell
1990) (model 1 mean VIF = 1.04, maximum VIF = 1.04; model
2 mean VIF = 1.05, maximum VIF = 1.07).

90
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VAS-F Score (%)
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performance

Before task
performance

Figure 1. Self-reported fatigue scores (VAS-F) for individual participants before
and after performing the digits-in-noise-task. Solid lines represent increased VAS-
F scores after task performance. Dashed lines represent decreased VAS-F scores
after task performance.
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Results
Factor analysis

VAS-F

The difference in the VAS-F (Lee, Hicks, and Nino-Murcia
1991) scores before and after the digits-in-noise task was used
for analysis. Figure 1 shows the average VAS-F score for each
participant before and after performing the digits-in-noise task.
The mean VAS-F scores before and after the listening task were
27.7% (SD: 15.3) and 36.7% (SD: 18.4), respectively. Nineteen lis-
teners reported negative changes in VAS-F scores i.e. lower
fatigue after completing the listening task. The mean change in
VAS scores in these 19 listeners was —8% (range: —0.33%
to —40.25%).

Results of a KMO test (0.86) indicated the adequacy of the
sample size for a FA (Field 2009). Bartlett’s test of sphericity x?
(153) = 1523.74, p < 0.001], indicated that correlations between
the variables were sufficient for a FA. FA yielded 3 factors with
eigenvalues >1 that explained about 77% of the total variance.
Factor 1 explained around 46% of the variance, factor 2
explained around 20% of the variance, and factor 3 explained
around 11% of the variance. Table 1 provides details of the load-
ing of each variable onto the different factors. To facilitate the
interpretation of the data, low loadings of less than 0.30 are not
shown (Field 2009). Both structure and pattern matrices yielded
similar results, so only the pattern matrix is reported here.
Oblique rotation resulted in items 1-5 loading into factor 3,
items 6-10 loading into factor 2, and items 11 and 18 loading
into factor 1. The scores of the questions that loaded to each fac-
tor were averaged to create three independent factors of the
VAS-F. We refer to these independent factors as: VAS-1; items
1-5: tiredness/drowsiness, VAS-2; items 6-10: energy, VAS-3;
items 11-18: exhaustion and physical fatigue (see Lee, Hicks, and
Nino-Murcia (1991) for descriptions of individual items).

Factor analysis supported the hypothesis that VAS-F assesses
more than 2 subscales i.e. fatigue and energy. According to the
VAS-F (Lee, Hicks, and Nino-Murcia 1991), items 1-5 and
11-18 belong to the fatigue subscale and items 6-10 belong to
the energy subscale. Consistent with this interpretation, items
6-10 (the energy subscale) loaded into VAS-2: energy. However,
the factor analysis grouped the “fatigue subscale” into 2 different

Table 1. Pattern matrix: Factor loadings of the variables to each factor in the
VAS-F.

Component
1 2 3

Item 1 -0.954
Item 2 -0.799
Item 3 -0.756
Item 4 -0.860
Items 5 -0.866
Item 6 0.891

Item 7 0.915

Item 8 0.872

Item 9 0.754

Item 10 0.845

Item 11 0.603

Item 12 0.669

Item 13 0.867

Item 14 0.920

Item 15 0.878

Item 16 0.909

Item 17 0.835

ltem 18 0.869
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factors; items 1-5 loaded into VAS-1 and items 11-18 into VAS-
3. Based on the content of the VAS-F questions for these differ-
ent factors we interpret VAS-1 as items that can be considered
as synonyms for the word fatigue (e.g. tired, worn out).
Therefore, they loaded into the same dimension. However, items
that loaded in VAS-3 represent either a more extreme state of
fatigue (e.g. exhausted) or physical effects resulting from fatigue
(e.g. desire to lie down). Items in VAS-3 might have loaded into
a distinct dimension because extreme states of mental fatigue
and physical fatigue are unlikely to develop as a result of per-
forming a brief speech-in-noise task.

NASA-TLX

The mean NASA-TLX (Hart and Staveland 1988) score was
35.7% (SD: 19.8). Results of a KMO test (0.78) indicated the
adequacy of the sample size for a FA (Field 2009). Bartlett’s test
of sphericity [X? (15) = 159.26, P <0.001], indicated that corre-
lations between the variables were sufficient for a FA. FA yielded
2 factors with eigenvalues >1 that explained about 69% of the
total variance. Factor 1 explained around 51% of the variance,
and factor 2 explained around 18% of the variance. Table 2 pro-
vides details of the loading of each variable onto the different
factors. To facilitate the interpretation of the data, low loadings
of less than 0.30 are not shown (Field 2009). Both structure and
pattern matrices yielded similar results, so only the pattern
matrix is reported here. Oblique rotation resulted in items 1, 2,
3, 5, and 6 loading into factor 1, and item 4 loading into factor
2 (see Table 3 for descriptors of the items). The scores of the
questions that loaded to factor 1 were averaged to create two
independent factors of the NASA-TLX. These independent fac-
tors are referred to as: NASA-1: workload and NASA-2:
performance.

Table 2. Pattern matrix: Factor loadings of the variables to each factor in the
NASA-TLX.

Component
1 2
Item 1: Mental demand 0.830
Item 2: Physical demand 0.762
Item 3: Temporal demand 0.723
Item 4: Performance 0.958
Item 5: Effort 0.798
Item 6: Frustration 0.757

Task performance

The performance accuracy in the main listening task ranged
from 68 to 98% correct (M: 89%, SD: 6).

Pupillometry

The mean raw pre-stimulus pupil diameter was 4.3 mm
(+0.81 mm) and the mean peak pupil diameter, corrected to
baseline, was 0.11 mm (+0.09 mm). Figure 2(a) shows the average
pupil response during the pre-stimulus period (pre-stimulus
pupil diameter) and Figure 2(b) shows the average pupil
response during the speech presentation period. Peak pupil
diameters presented in Figure 2(b) are corrected to baseline, i.e.
the pre-stimulus period in the 1second of noise that preceded
speech presentation.

Correlations between the dependent and the
independent variables

To aid with interpretation of the regression analyses, Table 3
provides Pearson’s correlation coefficients between the dependent
and independent variables entered into both regression models.

Predictors of pupil size during the digits-in-noise
listening task

In model 1, peak pupil diameter was not predicted by the first
step of the model (R® = 0.02, p = 0.52), which included PTA and
age. Task performance, the 2 independent NASA-TLX factors
and the 3 independent VAS-F factors, added in the second step
of the model, did not result in a significant model fit.

Table 4 shows the results of the regression analysis used to
assess predictors of pre-stimulus pupil diameter, after excluding
the participant outlier. In model 2, for predictors of pre-stimu-
lus pupil diameter, the first step of the model (R = 0.06,
p=0.08), which included PTA and age, did not result in a sig-
nificant model fit. At the second step, task performance, the 2
independent NASA-TLX factors and the 3 independent VAS-F
factors, improved the model fit (R = 0.15, AR = 0.09,
p=0.008). The results shown in Table 4 suggest that VAS-1
(tiredness/drowsiness) (B = —0.29, p=0.008) is a unique con-
tributor to this improvement in fit. At the third step, task per-
formance further improved the model fit (R = 0.19, AR® =
0.04, p=0.04). The results shown in Table 4 suggest that VAS-
1 (tiredness/drowsiness) (B = —0.28, p=0.008) and task

Table 3. Correlation coefficients (Pearson’s [r], 1-tailed significance) for the dependent (peak pupil diameter and pre-stimulus pupil diameter) and independent vari-
ables (PTA, age, VAS-1: tiredness/drowsiness, VAS-2: energy, VAS-3: exhaustion and physical fatigue, NASA-1: workload, NASA-2: performance, Task performance

(RAU)) entered into the regression models.

Peak VAS-1: VAS-3: Task
pupil tiredness/ VAS-2: exhaustion and NASA-1: NASA-2: performance
diameter PTA Age drowsiness energy physical fatigue  workload  performance (RAU)

Pre-stimulus pupil diameter 0.25* -0.26*  -0.05 -0.32* -0.07 -0.24* -0.12 -0.03 0.29%*
Peak pupil diameter -0.11 -0.07 -0.19* 0.00 -0.22* 0.04 -0.04 0.08
PTA 0.20%* 0.16 0.10 0.11 0.06 0.30* -0.48**
Age -0.01 -0.19* -0.03 -0.15 -0.19* -0.07
VAS-1: tiredness/ drowsiness 0.36%* 0.57%* 0.39%* -0.02 -0.11
VAS-2: energy 0.17 0.31* -0.02 -0.11
VAS-3: exhaustion and physical fatigue 0.38* -0.10 -0.06
NASA-1: workload 0.14 -0.00
NASA-2: performance -0.21*

*Indicates that p was significant at 0.05 and ** indicates that p was significant at 0.001.
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Figure 2. Time in seconds (0-1sec: pre-stimulus period, 1-4 sec: speech presentation period, 4-6 sec: retention period) is shown on the x axis. Panel a shows mean
(black line) pupil diameter during the 1-second pre-stimulus period. The shaded grey area represents +1 SE. Panel b shows the mean change in pupil diameter, rela-
tive to pre-stimulus baseline during the speech presentation period and during the retention period. The shaded grey area represents +1 SE. PPD: peak

pupil diameter.

Table 4. Model 2: Linear model predictors (PTA, age, VAS-1: tiredness/drowsi-
ness, task performance) of pre-stimulus pupil diameter.

Model 2 (pre-stimulus pupil diameter) b SEb B
Step 1
PTA -0.01 0.01 -0.25*
Age —-0.002 0.01 -0.02
Step 2
PTA -0.01 0.01 -0.20
Age -0.003 0.01 -0.03
VAS-1: tiredness/ drowsiness -0.10 0.003 -0.29*
Step 3
PTA -0.003 0.005 -0.08
Age -0.004 0.01 -0.04
VAS-1: tiredness/ drowsiness -0.009 0.003 -0.28*
Task performance 0.02 0.009 0.25*

For model 2, R> = 0.06 for Step 1 (p=0.08), R> = 0.15 for Step 2 (p =0.008),
R? = 0.19 for Step 3 (p =0.04). *Indicates that p was significant at 0.05.

performance (=0.25, p=0.04) are unique contributors to this
improvement in fit at the third model step. Figure 3(a) shows
that smaller pre-stimulus pupil diameter was associated with
increased self-reported, task-related fatigue. Figure 3(b) shows
that larger pre-stimulus pupil diameter was associated with
increased performance accuracy.

When predictors of pre-stimulus pupil diameter were ana-
lysed with the participant outlier included, the model fit for
the first step was not significant (R = 0.07, p=0.07). The fit
at the second step was significant (R* = 0.15, p=0.006) and
the association between VAS-1 (B = —0.29, p=0.008) and
pre-stimulus pupil diameter remained. However, there was no
significant association between task performance and pre-
stimulus pupil diameter when the participant outlier
was included.

Discussion

Listening-related fatigue is commonly reported by individuals
with hearing impairment (Alhanbali et al. 2017, 2019). The
assessment of self-reported fatigue is of potential importance in
clinical settings as it provides insight into individuals’ perception
of an important impact of hearing impairment not indexed by
standard audiometric indices. Self-report measures have often
been used to interpret potential behavioural and physiological
measures of fatigue. Objective measures (including both behav-
ioural and physiological measures) are also of potential benefit
for the assessment of listening-related fatigue in clinical settings.
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Figure 3. a. Relation between partial regressions for pre-stimulus pupil diameter and a sub-dimension of self-reported fatigue (VAS-1; tiredness/drowsiness), when
hearing level and age are taken into account. Smaller pre-stimulus pupil diameter is associated with increased self-reported fatigue. b. Relation between partial regres-
sions for pre-stimulus pupil diameter and performance, when hearing level and age are taken into account. Larger pre-stimulus pupil diameter is associated with

increased performance accuracy.

However, objective measures of listening-related fatigue are cur-
rently lacking. The identification of an objective measure of lis-
tening-related fatigue may provide an objective assessment of the
benefit derived from using listening devices and improve the
quality of hearing rehabilitation by tapping into aspects of listen-
ing difficulties that are not currently assessed by standard audio-
metric tools. Although any behaviourally or physiologically
measured benefit (reduced fatigue) might be of minimal clinical
importance if not subjectively reported, being able to objectively
quantify how much improvement the patient gains would pro-
vide a useful index for the assessment of benefit or the assess-
ment of a clinically meaningful difference. For example, if
behavioural or physiological methods are more sensitive to
changes in fatigue than self-report measures.

The association between self-reported fatigue and changes in
pupillometric indices can also provide insights into the ability to
predict the experience of fatigue in daily life from individual
differences in pupil responses (e.g. Wang et al. 2018). This is
particularly important given the lack of association that has been
often reported between hearing levels and self-reported fatigue
(e.g. Hornsby and Kipp 2016; Alhanbali et al. 2017). For
example, Wang et al. (2018) hypothesised that the assessment of
pupillometric responses in laboratory settings can provide
insights into individuals’ experience of fatigue, which can poten-
tially predict their motivation to exert effort in different listening
situations in daily life, as suggested by the FUEL (Pichora-Fuller
et al. 2016).

Pupillometry may provide objective measures of listening-
related effort/fatigue (Ohlenforst et al. 2017; Wang et al. 2018;
but also see Koelewijn et al. 2018). In the present study, FA was
applied to self-reported measures of both task-related fatigue i.e.
VAS-F (Lee, Hicks, and Nino-Murcia 1991) and task-related
effort i.e. NASA-TLX (Hart and Staveland 1988). FA was applied
to assess whether different sub-dimensions of these self-reported
measures are associated with peak pupil diameter and/or pre-
stimulus pupil diameter. Then, the associations between peak
pupil diameter/pre-stimulus pupil diameter, task performance

and task-related, self-reported listening effort and fatigue were
investigated, while controlling for known confounds of pre-
stimulus pupil diameter/peak pupil diameter, including age and
hearing thresholds (e.g. Zekveld, Koelewijn, and Kramer 2018).

No association was identified between peak pupil diameter
and task performance or self-reported, task-related listening
fatigue or listening effort. However, smaller pre-stimulus pupil
diameter was associated with higher scores on a distinct dimen-
sion of VAS-F (VAS-1: tiredness/drowsiness) but not self-
reported listening effort. Smaller pre-stimulus pupil diameter was
also associated with poorer task performance. The present results
suggest that pre-stimulus pupil diameter has potential as an
objective measure of fatigue related to listening tasks.

Factor analysis of VAS-F and NASA-TLX

The multidimensionality of the fatigue subscale supports the
argument that VAS-F is unable to measure fatigue as a distinct
symptom (LaChapelle and Finlayson 1998). Item loadings of the
VAS-F (Lee, Hicks, and Nino-Murcia 1991) may be consistent
with the arguments of Hockey (2013) who suggested that phys-
ical and mental fatigue are two distinct phenomena. According
to Hockey (2013), physical and mental fatigue have different ori-
gins and occur as a result of different types of work. In physical
fatigue, the musculature and cardiovascular system are activated
in order for the body to move or to maintain its posture. Fatigue
that is of physical origin tends to be associated with inability of
the cardio-respiratory system and musculature to maintain oxy-
gen transport and energy production. In the case of mental
fatigue, depletion of energy, as a result of performing mental
tasks, tends to be associated with changes in the pattern of the
brain activity that can include glucose metabolism, blood flow
and oxygen take-up, and changes in the difference between oxy-
genated and deoxygenated blood between resting and task condi-
tions. Items in VAS-3 might have loaded into a distinct
dimension because extreme states of mental fatigue and physical



fatigue are unlikely to develop as a result of performing a brief
speech-in-noise task.

Correlation analyses (see Table 1), uncorrected for multiple
comparisons, suggested that peak pupil diameter is correlated
with VAS-1 (tiredness/drowsiness) and VAS-3 (exhaustion and
physical fatigue) but these associations did not survive after con-
trolling for age and hearing levels in the first stage of the regres-
sion model. Correlation analyses also suggested that pre-stimulus
pupil diameter is correlated with VAS-1 (tiredness/drowsiness),
VAS-3 (exhaustion and physical fatigue), and task performance.
However, VAS-1 (tiredness/drowsiness) and task performance
were the only factors that were significantly associated with pre-
stimulus pupil diameter, after taking into account age and hear-
ing levels in the regression model. The items that loaded into
VAS-1 (tiredness/drowsiness) are potentially a more sensitive
measure of task-related listening fatigue than the full VAS-F
questionnaire.

The NASA-TLX (Hart and Staveland 1988) assesses a num-
ber of workload dimensions that tend to be associated with task
performance. The different dimensions of the NASA-TLX are
considered a single variable. Therefore, according to Hart and
Staveland (1988), the amount of workload associated with task
performance equals the average response to the different items
in the NASA-TLX. Here, all of the items in the NASA-TLX
loaded into a single dimension with the exception of the item
“performance”. Given the nature of the listening task and the
fact that most participants had a hearing impairment, we
expected the task to have a similar impact on participant per-
ceptions of task load across a number of domains (mental
demand, temporal demand, effort and frustration) indexed by
the NASA-TLX. However, the fact the physical demand loaded
into NASA-1 was not expected, particularly given that the phys-
ical fatigue was identified as an independent dimension in the
VAS-F. It is possible that asking participants to maintain a
fixed posture while performing the task was demanding and
resulted in physical demand being perceived as a dimension of
the workload. However, it seems that the amount of physical
demand was not perceived as large enough to result in phys-
ical fatigue.

Performance may have loaded into a single dimension
(NASA-2: performance) due to a possible relationship between
participants’ perceptions of task performance level and the
amount of work invested during the task, i.e. one might antici-
pate successful performance if perceived effort investment is
high. Alternatively, if perceived effort investment is high, one
might infer the task has a high difficulty level and expect poor
performance.

The nature of the response scale for the different items in the
NASA-TLX might also have contributed to the finding that per-
formance loaded into an independent dimension. In the NASA-
TLX, the scale for the different items places highest demands
towards the right end and the lowest demands towards the left
end, e.g. a participant who experienced a lot of effort would
place a mark towards the right end of the scale. When consider-
ing performance, the scale is coded backwards: The right end of
the performance scale is poorest performance while the left end
of the scale is best performance, e.g. if performance is perceived
to be close to a 100%, a mark needs to be placed towards the left
end of the scale. This might have been confusing for participants
who may be associating “high” values with the right side of each
scale and therefore using marks on the right-hand of the scale to
indicate good performance.
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Pre-stimulus pupil diameter and self-reported fatigue

In the present study, VAS-1, which we interpret to represent
tiredness/drowsiness, was found to be negatively correlated with
pre-stimulus pupil diameter. These findings are consistent with
Hopstaken et al. (2015) who identified a relationship between
smaller pre-stimulus pupil diameter and (i) increased self-
reported fatigue, which was assessed by asking participants to
rate their experience of fatigue on a scale ranging from 1 to 10
in response to the question “how fatigued are you”, and (ii)
decreased performance accuracy during a 2-hr visual task.
Hopstaken et al. (2015) suggested that changes in pre-stimulus
pupil diameter index fatigue that develops over the course of
performing a task and also indicates reduced task engagement.
Our results extend the findings of Hopstaken et al. (2015) by
suggesting that: (i) the association between self-reported task-
related fatigue and pre-stimulus pupil diameter also applies for
auditory tasks, and (ii) individual differences in the experience of
fatigue can be predicted by pre-stimulus pupil diameter even in
tasks of relatively short duration. This effect persists after con-
trolling for age and hearing levels, which are established con-
founds of pupil diameter (Zekveld, Koelewijn, and
Kramer 2018).

The negative correlation between pre-stimulus pupil diameter
and VAS-1 (tiredness/drowsiness) is consistent with the sugges-
tion that increased pre-stimulus pupil diameter generally reflects
increased alertness, corresponding to enhanced sensitivity of the
cognitive system to different inputs, which is likely to decline
with increased fatigue (van der Meer et al. 2010; Koelewijn et al.
2014). The current results are also consistent with studies that
reported decreased pupil size with time-on-task which may indi-
cate an effect of fatigue and levels of task engagement on pre-
stimulus pupil diameter (see Zekveld, Koelewijn, and Kramer
2018 for a review). The association between smaller pre-stimulus
pupil diameter and poor task performance is consistent with the
hypothesis that reduced task engagement can result in impaired
task performance (Hopstaken et al. 2015; Pichora-Fuller
et al. 2016).

Peak pupil diameter and self-reported fatigue

Wang et al. (2018) investigated the relationship between pupill-
ometry and self-reported measures of fatigue in daily life. Wang
et al. (2018) found that smaller peak pupil diameter was linked
with increased self-reported fatigue, as assessed by NFR but not
the CIS. The association between peak pupil diameter and NFR,
but not with the CIS, might be because NFR assesses early symp-
toms of fatigue at work (van Veldhoven and Broersen 2003)
while the CIS assesses chronic fatigue (Vercoulen et al. 1994).
Wang et al. (2018) suggested that decreased peak pupil diameter
in fatigued participants might be an indication of reduced task
engagement as a result of fatigue. In contrast, Koelewijn et al.
(2018) did not find a significant association between NFR scores
and peak pupil diameter. The reason(s) for this discrepancy are
unclear but they may relate to one or more of the following: (i)
in Koelewijn et al. (2018), motivation was manipulated by
rewarding correct responses with a financial incentive. This
approach might have limited the amount of fatigue developed
during the experiment and masked any effect it might have had
on peak pupil diameter, (ii) all of the participants recruited in
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Koelewijn et al. (2018) had normal hearing while Wang et al.
(2018) included a group of participants with normal hearing and
a group of participants with hearing impairment, who are more
likely to experience listening-related fatigue (Alhanbali et al.
2017), and (iii) when participants completed the NFR In
Koelewijn et al. (2018), participants completed the questionnaire
before performing the listening task while participants in Wang
et al. (2018) completed it at the end of the speech-in-noise task.

The results of the regression analysis presented here suggested
that individual differences in self-reported, task-related fatigue
did not predict peak pupil diameter. It should be noted that
both Koelewijn et al. (2018) and Wang et al. (2018) asked partic-
ipants to rate their experience of fatigue in daily life using the
NEFR scale. Here, participants were asked to rate the experience
of fatigue associated with performance on the listening task using
VAS-F (Lee, Hicks, and Nino-Murcia 1991). None of the VAS-F
sub-dimensions were related to peak pupil diameter, after con-
trolling for age and hearing thresholds. Taken together, these
results suggest that the choice of self-reported fatigue measure
may impact the potential relationship between peak pupil diam-
eter and self-reported fatigue. Alternatively, when assessing
fatigue associated with task performance, peak pupil dilation
might be more sensitive to the experience of fatigue that devel-
ops over the course of performing a lengthy task (e.g. Hopstaken
et al. 2015; Zekveld, Kramer, and Festen 2010).

It is also important to consider the possibility that pre-stimu-
lus pupil diameter and peak pupil diameter are not completely
independent. In the present study there was an association
between pre-stimulus pupil diameter and peak pupil diameter
(see Table 1). Nevertheless, we did not find any associations
between peak pupil diameter and self-reported fatigue after con-
trolling for potential confounding factors.

The results of the regression analysis also suggested that indi-
vidual differences in age, hearing level and task performance did
not predict peak pupil diameter. The lack of a significant effect
of hearing level on peak pupil diameter might be due to the use
of a hearing aid by most of the participants who took part in the
present study, as the use of a hearing aid may have partially
compensated for the hearing impairment. The absence of an
influence of age on peak pupil diameter might be to the limited
age range of the participants recruited in this study, as all of
them were older adults.

Exploratory correlation analyses presented in Table 1 sug-
gested direct associations between peak pupil diameter and sub-
dimensions of VAS-F (VAS-1: tiredness/drowsiness and VAS
—3: exhaustion and physical fatigue), consistent with Alhanbali
et al. (2019). However, after controlling for hearing level and
age, the associations between peak pupil diameter and these
VAS-F sub-dimensions were no longer significant. Hearing level
and age were not significantly correlated with peak pupil diam-
eter (see Table 1) but adding these predictors into the regression
analyses moderated the association between peak pupil diameter
and VAS-F sub-dimensions. This result suggests that it may be
important to consider potential confounding factors, including
age and hearing level, in future studies of associations between
self-reported fatigue and peak pupil diameter.

The need for a measure of listening-related fatigue

Within the field of audiology, listening-related fatigue has been
investigated using scales that assess fatigue in individuals’ every-
day life such as NFR and the CIS (Wang et al. 2018), or using
scales that can be used to assess fatigue associated with task

performance such as the VAS-F (Alhanbali et al. 2019). Others
have developed scales that are specific for the purpose of their
studies i.e. ask participants about their experience of fatigue after
performing a demanding task (e.g. Hornsby 2013).

The absence of standardised scales for the assessment of
fatigue in individuals with hearing impairment has led to vari-
ability in the self-reported scales used in the assessment of listen-
ing-related fatigue. This variability has likely contributed to the
lack of consistent results across the studies investigating the cor-
relation between self-reported fatigue and pre-stimulus pupil
diameter/peak pupil diameter (Ohelnforst et al. 2017; Wang
et al. 2018, Koelewijn et al. 2018). Drawing definitive conclusions
regarding the ability of behavioural/physiological measures to tap
into the perceived experience of listening-related fatigue remains
challenging. Further research is required to identify the tools that
are most appropriate for the purpose of investigating the rela-
tionship between the perceived experience of listening-related
fatigue and fatigue assessed using objective/physiological meas-
ures. Research efforts should be invested in the development of
hearing-specific scales that can be used for the assessment of
fatigue in everyday life and fatigue associated with task perform-
ance within the field of audiology. The results presented here
suggest that the VAS-1 sub-dimension (tiredness/drowsiness),
identified through FA, has potential as measure of task-related,
self-reported fatigue that can be linked with pre-stimulus pupil
diameter, i.e. an objective measure of listening fatigue.

Conclusions

Smaller pre-stimulus pupil diameter is associated with higher lev-
els of task-related, self-reported listening fatigue. Smaller pre-
stimulus pupil diameter is also associated with higher hearing
thresholds, consistent with models suggesting a role of motiv-
ation on levels of task engagement (e.g. FUEL; Pichora-Fuller
et al. 2016): individuals with poorer hearing levels may perceive
listening tasks to be more challenging and therefore feel less
motivated to engage with the task. Current findings suggest that
pre-stimulus pupil diameter might be a potential objective index
of task-related listening fatigue (as measured by VAS-1: tired-
ness/drowsiness) that can be used in clinical settings to improve
hearing rehabilitation in individuals with hearing impairment.
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