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Abstract
Listening effort and fatigue are common experiences when conversing in noisy environments. Much research has investigated

listening effort in relation to listening demand using the speech-in-noise paradigm. Recent conceptualizations of listening effort

postulate that mental fatigue should result in decreased arousal and a reluctance to invest further effort, particularly when the

effort is not worthwhile. The aim of the study was to investigate the influence of fatigue on listening effort, in interaction with

listening demands and motivation. To induce fatigue 30 adults with normal hearing completed a 40-minute long speech-in-

noise task (“load sequence”). Pre- and post-load sequence listening effort was probed in easy and hard listening demands (indi-

vidually adjusted signal-to-noise ratios); with high and low motivation (manipulated with monetary incentives). Subjective

effort, estimated performance, and tendency to quit listening were collected using rating scales. Baseline pupil diameter

and mean pupil dilation were recorded as indices of anticipatory arousal and objective effort. Self-reported effort and

mean pupil dilation were overall larger during hard SNR as compared to easy SNR. Baseline pupil diameter declined from

pre- to post-load sequence, suggesting an overall decrease in arousal. Monetary incentives had no influence on the baseline

pupil diameter for the easy SNR condition, but for the hard SNR condition larger incentives led to larger baseline pupil dia-

meter. These results suggest that anticipatory arousal may be influenced by fatigue and motivation effects. Models of listening

effort should account for the independent influence of motivation and previous load on anticipatory arousal and effort in dis-

tinct parameters.
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Introduction
Listening to speech in the presence of background noise is
known to be effortful. For example, when having a conversa-
tion in a noisy environment, we may struggle to keep the
required level of concentration to understand our conversa-
tion partner. We may even not be willing to invest the
required effort to understand the other. This may be particu-
larly the case if we have been conversing for a long time
already and feeling fatigued. Conversely, if the conversation
is important, for example one that could lead to an increase in
our income, then we may be motivated to keep up listening
carefully despite the fatigue. Much research has been con-
ducted on how listening effort—defined as the deliberate
allocation of mental resources to overcome obstacles in
goal pursuit when carrying out a task that involves listening

(Pichora-Fuller et al., 2016) scales with changes in back-
ground noise (McGarrigle et al., 2014; Ohlenforst et al.,
2018). Although real-life conversations in noise involve
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experiences of listening-related fatigue and motivation to
listen, the influences of fatigue and motivation on listening
effort have rarely been measured.

Mental fatigue is well known to arise after a period of sus-
tained effort, presenting as a subjective struggle to further
mobilize effort (Boksem & Tops, 2008; Pattyn et al.,
2018). In a state of fatigue, habitual, automatic tasks can
still be completed, but tasks that require more effort are
observed to suffer (Persson et al., 2013; van der Linden,
2011; van der Linden et al., 2003). Importantly, in a state
of fatigue, whether an individual continues to invest mental
effort depends on their motivation (Boksem et al., 2006;
Müller & Apps, 2019). Recent physiological research
shows that in a state of fatigue effort mobilization may be
higher when participants are offered incentives for perfor-
mance (Gergelyfi et al., 2015; Herlambang et al., 2019;
Hopstaken et al., 2015). To induce mental fatigue in the
lab, tasks that tap into working memory resources, that are
on average of 30 minutes duration, and that are individually
adjusted to be in challenging difficulty are the most effective
(Bafna & Hansen, 2021; O’Keeffe et al., 2020).

Recent models that explain listening effort and fatigue
acknowledge the role played by motivation and fatigue on
listening effort (Pichora-Fuller et al., 2016; Schneider et al.,
2019). The Framework for Understanding Effortful
Listening (FUEL; Pichora-Fuller et al., 2016) suggests that
effort should depend on arousal (capacity). Mental fatigue
is postulated to decrease arousal and motivation (Schneider
et al., 2019). Low arousal states are postulated to reduce
the capacity to exert effort (Kahneman, 1973;
Pichora-Fuller et al., 2016). Based on theories of motivation,
the FUEL also postulates that larger motivation should
increase listening effort particularly when listening
demands are high (Brehm & Self, 1989). Similarly, the quan-
titative model of listening-related fatigue (Schneider et al.,
2019) postulates that in addition to listening demands
(demanded effort), motivation (base motivation and actual
motivation) should determine listening effort. Together,
these models suggest that particularly in demanding listening
situations, fatigue and motivation should influence arousal
and listening effort.

To date listening effort has been measured using self-
report, behavioral, and physiological methods (McGarrigle
et al., 2014). Whereas self-report measures capture the sub-
jective experience of effort, and thus are high on face valid-
ity, physiological measures assess objective effort and have
larger sensitivity (McGarrigle et al., 2014). Thus, arguably,
the use of multiple measures enables the capture of multiple
dimensions of effort (McGarrigle et al., 2014).

One widely used physiological measure to assess listening
effort is pupillometry (Naylor et al., 2018). The task-evoked
pupil dilation has long been used to index mental effort
(Beatty, 1982; Hess & Polt, 1964; Larsen & Waters, 2018;
van der Wel & van Steenbergen, 2018). Within hearing sci-
ences, pupillometry has commonly been combined with the

speech-in-noise paradigm, where participants listen to sen-
tences in noise and are asked to repeat the sentences (Winn
et al., 2018). Whereas the baseline pupil diameter (BPD),
which is commonly measured during the 1 second before
the presentation of the sentences, is thought to index momen-
tary arousal (Ayasse & Wingfield, 2020), the baseline-
corrected task-evoked pupil dilation that follows the onset
of the sentences is thought to index the effort invested in lis-
tening (Kramer et al., 1997; Winn et al., 2018).

Previous research shows that at the SNRs where sentence
perception performance is around 80%, speech reception is
subjectively reported as easy and elicits relatively small
pupil dilation (Wendt et al., 2018). At the SNR where sen-
tence perception accuracy is around 50% correct, speech
reception is subjectively reported as challenging and elicits
the largest pupil dilation as compared to the SNR where per-
formance is poorer or better (Ohlenforst et al., 2017a; Wendt
et al., 2018). Thus, the influence of fatigue and motivation on
listening effort should be largest when listening in SNRs
where performance is around 50%.

A few studies have investigated the influence of motiva-
tion on listening effort (e.g., Koelewijn et al., 2018, 2021;
Richter, 2016; Zhang et al., 2019). Koelewijn offered
normal hearing (NH) participants high (5 euros) or low
(0.20 euro) rewards on the condition that they repeated
70% or more of the sentences correctly. This was done for
blocks of 20 trials in quiet, and in babble noise at SNRs
that were adapted from trial to trial, targeting 50% and
85% correct sentence recognition. Koelewijn et al. (2018)
reported larger peak pupil dilation (PPD) with larger incen-
tives for the conditions with babble noise, but not for the
quiet condition. In a later investigation with the same
babble noise and reward conditions, Koelewijn et al.
(2021) reported no significant evidence for an effect of
reward. However, they report post hoc analyses that
suggest reward effects on the post-peak interval of the
task-evoked dilation, only for the hard SNR condition. In
both studies, participants reported larger effort during the
50%SNR condition, but the influence of incentives on self-
reported effort did not reach significance. Although inconsis-
tent, together these studies suggest that monetary incentives
may modulate listening effort, particularly in lower SNRs.

One study has investigated the influence of daily-life
fatigue on listening effort using pupillometry (Wang et al.,
2018). In a sample consisting of both NH and HI adults,
Wang et al. (2018) report a negative association between
daily-life fatigue and the PPD. Due to the correlational
nature of this finding, the mechanism driving this association
remains unclear.

To date the influence of task-induced mental fatigue on
listening effort has been investigated in adults in one study
using pupillometry (McGarrigle et al., 2017b). McGarrigle
et al. (2017b) used a sentence-to-picture verification task
where NH participants indicated whether the content of a
sentence that was presented in babble noise (65 dB)
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matched that of a picture presented to them subsequently.
This task consisted of blocks of easy (+15 dB SNR) and
hard (−8 dB SNR) trials. Using a growth curve analysis,
the authors showed that particularly for the hard SNR condi-
tion, at the second 20 minutes half of the task, the decline of
the pupil curve after the peak was steeper as compared to the
first half. This finding, indicative of a reduction in arousal in
the second half of the task, was attributed to mental fatigue.
Self-reported effort was larger in the hard versus the easy lis-
tening, but there was no difference in self-reported fatigue
with any of the conditions. These results suggest that
during a speech-in-noise task, when assessed through pupil-
lometry, mental fatigue should manifest as a reduction in
arousal.

The main aim of the present study was to investigate the
influence of task-induced mental fatigue on listening effort
and arousal. To induce listening-related mental fatigue,
normal hearing participants were asked to complete a
100-trial-long speech-in-noise test (“load sequence”) in indi-
vidually adjusted challenging difficulty. Pre- to post-load
sequence measures of arousal and effort were taken in hard
and easy SNR (listening demand), and for High and Low
incentive (motivation) conditions. Self-report measures of
effort, estimated performance, and tendency to quit listening
were collected using 10-point likert scales. In addition, BPD
and baseline-corrected mean pupil dilation (MPD) were cal-
culated as indices of arousal and listening effort. In light of
the previous research summarized above, the following
were hypothesized. Averaged across the motivation and
SNR conditions, a pre- to post-load sequence decline in
BPD (Hypothesis 1). Averaged across the motivation and
probe time conditions, overall, larger ratings of effort and
MPD in the hard SNR condition (Hypothesis 2). A decline
in ratings of effort and MPD from pre- to post-load sequence
that is largest for the hard SNR -low incentive condition
(Hypothesis 3).

Methods

Participants
The data of 30 volunteers (age between 28 and 72 years,M=
54.67, SD= 10.91) are reported here. Figure 1 shows the age
distribution of participants. A database search was done to
select participants who fulfilled the inclusion criteria.
Participants who had an audiogram with max 6 months old
that indicated normal hearing were invited. All participants
had normal hearing (i.e., hearing thresholds were less than
or equal to 25 dB HL over the frequencies from 0.25 to
4 kHz for both ears). Participants reported normal or
corrected-to normal vision and no neurological or psychiatric
disorders. All participants were native speakers of English.

Participants were naïve to the fatigue-related aim of the
experiment. This was to avoid fatigue-related interoceptive
awareness interfering with the natural motivation to

perform during the experiment. The study was approved by
the ethics committee of the University of Nottingham,
Faculty of Medicine and Health Sciences. All participants
provided written informed consent. After completing their
participation participants were debriefed about the true
aims of the study.

We estimated the sample size based on a power calcula-
tion. To the best of our knowledge, this is the first study to
experimentally investigate the fatigue×motivation× task-
demand interaction effect in a speech-in-noise task. Based
on a small-to-medium effect size of the motivation× listen-
ing demand× fatigue interaction (d= 0.35) on the pupil dila-
tion and large power (1 - β= 0.95) we calculated that a
sample size of 30 would be needed using the G*Power soft-
ware (version 3.1.9.7). During our pilot testing, we noticed
that the quality of our pupillometry recordings differed
widely across participants. Thus, taking into account possible
exclusions of participants based on data quality, an additional
16 participants were recruited. In total 46 participants were
recruited from the database of the Hearing Sciences –
Scottish Section, School of Medicine, University of
Nottingham. Later, the data of 6 participants were excluded
due to errors in the presented SNRs, and the data of 10 par-
ticipants were excluded due to excessive missing samples
(see a detailed description of data exclusion criteria below
in section “pre-processing”).

Experimental Design. A pre-/post-fatigue experiment with a
within-subject design was used to investigate the interactive
effects of listening-related fatigue and motivation on listening
effort. Figure 2 illustrates the experimental design. A challeng-
ing sustained speech reception task (i.e., “load sequence”) was
used to induce fatigue. As previous literature indicates that
tasks that tap into working memory, that are individually
adjusted to be in challenging difficulty, and that are of
30 minutes long are successful in inducing fatigue, we used
a speech-in-noise task of individually adjusted SNR, that
was 30 minutes long to induce fatigue (Bafna & Hansen,
2021; O’Keeffe et al., 2020). We did not opt for a task that
was longer than 40 minutes long due to ethical considerations.
Listening effort was evaluated pre- and post-load sequence
using pupillometry and self-report. Both pre- and post-load
sequence, 4 blocks (i.e., 2×motivation [high vs. low incen-
tive]× listening demand [easy vs. hard SNR] of 20 trials
each were administered. Per participant, the order of the
pre-load sequence blocks was the same as the post-load
sequence blocks. Across participants, the order of the condi-
tions was randomized. After the last pre-load sequence
block, participants took 5 minutes break to recover from the
possibly fatiguing effects of the pre-load sequence blocks.

Stimuli and Trial Sequence
The stimuli in the pre- and post-load sequence blocks con-
sisted of everyday speech sentences from the Bamford–
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Kowal–Bench corpus (Bench et al., 1979) whereas those in
the load sequence block consisted of sentences from the
Institute of Hearing Research corpus (MacLeod &
Summerfield, 1990). The sentences were read by a male
speaker. The male speaker in the stimuli presented during
the load task and the pre- and post-load tasks was the same
speaker. The 4-talker babble masker noise consisted of
speech segments from 2 female and 2 male talkers. The long-
term average frequency spectrum of the masker noise was
identical to that of the target speech signal.

Figure 3 illustrates the trial sequence. Trials started
2.2 seconds after the experimenter pressed a button. A

4-talker babble noise (at 70 dB SPL for all trials) was pre-
sented. The target sentences (length: M= 1.62 seconds,
SD= 0.40 seconds) started 3 seconds after the start of
the babble noise. Due to a technical error that prevented
the babble noise from continuing for longer, the babble
noise continued for 0.5 seconds after the ending of the
target sentences. Thereafter participants were prompted
to repeat the sentences that they heard. The experimenter
scored the sentence as correct when all the keywords were
repeated correctly (sentence-based scoring) by a button-
press. The button-press of the experimenter started the
next trial.

Figure 1. Age and frequency of age in the sample.

Figure 2. Experimental design. In a within participant design, adults with normal hearing completed a speech-in-noise task of 100 trials

(“load sequence”). Pre- and post-load sequence listening effort was measured in blocks of 20 trials in easy and hard SNR (predetermined and

fixed SRT80 and SRT50, respectively) conditions and with low and hard monetary incentives (0.4 and 4 GBP, respectively).
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Subjective Report Scales to Assess Subjective Effort,
Performance, and Tendency to Quit Listening
After each of the of 20-sentence blocks during pre- and post-
load sequence, participants were asked to report how much
effort they mobilized for listening, how well they thought
they performed, and how much they felt an inclination for
quitting listening (cf. Koelewijn et al., 2018). Three visual
10-point scales were printed on an A4 paper with the
words “How much effort did understanding the sentences
in the last block require?” (0= no effort, 10= very much
effort), “How would you estimate the amount of sentences
that you repeated correctly” (0= none of the sentences, 10
= all of the sentences), “How would you rate your tendency
for quitting listening because the sentence was too difficult?”
(0=This happened for none of the sentences, 10= this hap-
pened for all of the sentences). To prevent participants from
switching between the eye-tracker glasses to their reading
glasses, which would be a break and a potential recovery
from fatigue, the experimenter read the instructions aloud
to the participants. Verbal responses from the participants
were noted by the experimenter. Answers in fractional
numbers (e.g., 3.5) were allowed.

Apparatus
The sentences were presented through a software running on
MATLAB (Matlab, 2016a) using the SoundMexPro tool.
The audio output from the software was amplified using
RME Babyface Pro audio interface and presented to the par-
ticipants through circumaural AKG K-702 Harman High End
Reference headphones. The speech reception test software
was integrated with the Tobii Pro 2 Eye Tracker Glasses.
The glasses were set to a sampling frequency of 100 Hz for
the first 15 participants. Intermediate data quality checks
revealed that a lower sampling rate led to more reliable
data, such that the sampling frequency was later set to
50 Hz for the remaining participants. The pupil diameter of
both eyes was recorded. Sessions took place in a
sound-attenuated booth. The experimenter monitored the
experimental stimuli, gaze position, and pupil recordings
through two screens in an adjacent room. The experimenter
listened to and scored the responses of the participants
through a graphical interface created in MATLAB.

Procedure
Prior to the experiment, participants received information
about the study. The information focused on listening
effort and motivation as the main research questions.
Participants were verbally told that the experiment has no
known side effects apart from mild fatigue. Participants
visited our facilities twice within the course of 3 weeks.
The first visit included air-conduction audiometry and ear
examination, the estimation of SRTs to be used in the exper-
iment, and a pilot eye-tracker calibration as a preparation for
the second visit. The pre-/post-fatigue pupil recording was
scheduled at the second visit. The first visit took approxi-
mately 40 minutes whereas the second visit was 2 to
2.5 hours long.

The SNRs corresponding to SRT50 and SRT80 were esti-
mated in two adaptive speech-in-noise procedures. The adap-
tive procedure for both SRT50 and SRT80 was run twice.
The first run was recorded as practice whereas the resulting
SNRs from the second run were noted to be used in the exper-
iment in the second visit. During each adaptive track 30 sen-
tences from the BKB corpus were presented (Bench et al.,
1979). Throughout the whole procedure the intensity of the
background masker was 70 dB (as averaged across
30 seconds). During the estimation of SRT50 the first sen-
tence was presented at 70 dB and increased by 4 dB until
the participants repeated all keywords correctly (sentence
scoring). The intensity of the following three sentences
were decreased or increased by 4 dB, depending on
whether the participants repeated all the keywords in the sen-
tence correctly or not, respectively. The intensity of the fifth
sentence was calculated by taking the average of the intensity
levels of the first four sentences and the intensity level of
what the fifth sentence would have been with a 4 dB stepsize.
For the rest of the sentences, the level of the target sentence
was decreased or increased by 2 dB depending on correct or
incorrect (incomplete) repetition of the keywords, respec-
tively. The estimated SRT50 was calculated as the average
SNR of the last five sentences and what an extra sentence
would have been presented at. The SRT80 was estimated
with a similar procedure to that of SRT50, where the step-
sizes for the first four sentences were −1.6 dB in correct
and +6.4 dB in incorrect recognition. After the 5th sentence,
the stepsizes were −0.8 and +3.2 dB, respectively.

Figure 3. Trial sequence. A 4-talker babble noise started after the experimenter pressed the start button. After 3 seconds of noise, the

target sentence was played. The target sentence was followed by 0.5 seconds of babble noise. Thereafter participants were asked to repeat

the target sentence.
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The second visit started with the eye-tracker calibration.
Participants wore the Tobii Pro glasses and looked at a fixa-
tion cross card that was placed approximately 1 meter away
from them. They were asked to keep their gaze on the card
throughout the experiment and to schedule their blinks
after the end of the target sentences. The illumination in
the booth (LED strip lighting) was adjusted for the
dynamic range of the pupils of each participant (cf.
Zekveld et al., 2010; (cf. Winn et al., 2018)). For this,
pupil size was recorded for 30 seconds in dark and
30 seconds in maximum illumination (750 lux as measured
when the light meter faced the wall). The light was adjusted
with a dimmer switch in 30-second long recordings until the
elicited pupil size was approximately half-way between those
in dark and maximum illumination. After this light adjust-
ment, participants practiced the speech-in-noise task with
10 sentences in the easy SNR and 10 sentences in the hard
SNR. The aim of the practice round was firstly to remind par-
ticipants of the speech-in-noise procedure and, secondly, to
give the participants an understanding of the task demands
in the easy and hard SNR conditions. To this end, during
the practice round participants received feedback on how
many sentences they repeated correctly. Sentences were
scored as correct when all the keywords had been repeated
correctly.

Participants were told that they could earn additional mon-
etary reward by correctly repeating minimum 14 of the sen-
tences out of blocks of 20 sentences. Before each of the
20-trial blocks, written reminders about the task-demand
and monetary reward (e.g., “-Difficult- -£4-” in font-size
35) were placed at the visual periphery of the participants.
Participants were informed beforehand that this session
would take approximately 2 hours, but were not informed
about how many blocks of trials the experiment had in
total. After completing the pre-load sequence blocks, partic-
ipants took a 5-minute long break, where they could take the
eye-tracker glasses off. The breaks were mostly spent con-
versing with the experimenter in quiet. At the beginning of
the load sequence, participants were told that the coming
block did not entail any rewards, and that this block would
be slightly easier than the hard SNR blocks and somewhat
longer than the previous blocks. Immediately after the load
sequence, participants continued with the post-load sequence
blocks. Throughout the experiment, participants could see
the experimenter who sat outside of the booth in the periph-
ery of their vision.

Pre-Processing and Calculation of the Pupil Dilation Indices.
Pupil data were processed using MATLAB R2018b
(MathWorks, Natick, MA). Pupil traces starting 1 second
before the presentation of the target sentence until the end
of the target sentence were selected for analyses. All traces
were re-sampled to 50 Hz to eliminate regular artifacts that
were observed in some of the traces by visual inspection.
The aim of down sampling was to increase the quality of

the data as suggested by technical experts. The 100 Hz was
achieved through sampling through two different cameras
in alternation. We believed that data quality and accuracy
would increase if data was sampled through a single
camera. Traces with more than 30% of missing data were
considered invalid and excluded from the analyses (cf.
Wendt et al., 2018). The data of a given participant was
included in the analyses if 10 or more of the trials per
block of 20 trials of each experimental condition were
valid. For the excluded participants, the number of excluded
blocks was not larger in the post-load block as compared to
the pre-load block.

Pupil diameter values more than 2 standard deviations
away from the median, and consecutively missing samples
in each trial were coded as blinks. Blinks were then interpo-
lated in a linear fashion. The interpolation started for the
samples within 35 ms before and ended for the samples
within 100 ms after the blink to account for blink-related
changes in pupil size. Later a moving average filter with a
window of 15 samples (300 ms) was used to smooth the
de-blinked trials and to remove any high-frequency artifacts
(Winn et al., 2018).

For each trial, the mean value of the pupil trace corre-
sponding to the 1-second period before the onset of the
target sentence was taken as baseline pupil dilation (BPD;
Winn et al., 2018) The average pupil size during the presen-
tation of the target sentence minus the baseline pupil size for
each trial was taken as the MPD. Here we chose to focus on
MPD, and not the PPD. Whereas these metrics are not the
same, they are comparable (Winn et al., 2018). The PPD
requires a longer retention interval (>3 seconds) between
the end of stimulus presentation and beginning of the repeti-
tion of the stimuli by the participant. Our trials included
shorter retention intervals (0.5 seconds; see also procedure
section above) to ensure a faster pace and prevent any recov-
ery from fatigue. Therefore MPD was favored.

Statistical Analyses
The dependent measures of interest (performance accuracy,
self-rated effort, performance, quitting tendency, BPD, and
MPD) were each entered in a 3-way repeated-measures anal-
ysis of variance (ANOVA) in SPSS with probe time (pre- vs.
post-load sequence), SNR (easy vs. hard), and monetary
incentives (high vs. low) as independent variables.

Results

Speech Reception Thresholds
Figure 4 shows the estimated SRT50 and SRT80 values in
dB SNR for each participant. These were later used in the
hard SNR and easy SNR conditions of the experiment,
respectively. The estimated SRT50 (M= 0.03, SD= 0.87)
was statistically significantly lower than that of SRT80 (M
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= 2.76, SD= 0.93) [tpaired (29)= 18.210, p < .001]. The dif-
ference between SRT80 and SRT50 was larger than zero
for all of the participants (M= 2.73, SD= 0.87).

Sentence Recognition Performance
Table 1 shows sentence recognition performance as a func-
tion of probe time (pre- vs. post-load sequence), monetary
incentive (High vs. Low), and SNR (easy vs. hard). The
repeated-measures ANOVA showed a main effect of SNR
on speech recognition performance [F(1, 29)= 101.706; p<
.001; η2p = 0.778]; speech recognition performance was
better in the easy SNR condition. There was no significant
evidence for effects of probe time [F(1, 29)= 0.513; p=
.480; η2p = 0.017] or monetary incentive [F(1, 29)= 1.629;
p= .212; η2p = 0.053]. All terms for interaction effects on
performance were non-significant: probe time×monetary
incentive interaction effect [F(1, 29)= 0.003; p= .956;
η2p < 0.001]; the SNR× probe time interaction [F(1, 29)=
0.719; p= .403; η2p = 0.024]; SNR×monetary incentive
[F(1, 29)= 0.271; p= .607; η2p = 0.009]; probe time× SNR
×monetary incentive [F(1, 29)= 0.115; p= .737;
η2p = 0.004]. In sum, there was only significant evidence
for the effect of SNR on performance.

Self-Rated Effort
The repeated measures ANOVA with self-rated effort as the
dependent variable showed (See Figure 5) a main effect of
SNR [F(1, 28)= 37.384; p< .001; η2p = 0.572], as partici-
pants reported putting more effort in the hard SNR condition.

There was a significant main effect of monetary incentive on
self-rated effort [F(1, 29)= 1.793; p= .191; η2p = 0.060] as
participants reported larger effort after the high monetary
incentive blocks. Although on average participants appeared
to rate greater effort in the post-load sequence blocks as com-
pared to the pre-load sequence blocks, the effect of probe
time on self-rated effort did not reach significance [F(1, 29)
= 1.793; p= .191; η2p = 0.060]. The effect of SNR on self-
rated effort did not depend on monetary incentive [F(1, 29)
= 0.155; p= .697; η2p = 0.005], or on probe time [F(1, 29)
= 0.050; p= .825; η2p = 0.002]. The effect of monetary
incentive on effort did not depend on probe time [F(1, 29)
= 0.602; p= .444; η2p = 0.021]. Nor was there a significant
SNR×monetary incentive× probe time interaction [F(1,
29)= 1.077; p= .308; η2p = 0.037].

Self-Rated Performance
The repeated measures ANOVA with self-rated performance
as the dependent variable showed (see Figure 5) a main effect
of SNR, [F(1, 29)= 27.282; p < .001; η2p = 0.494] as partici-
pants rated their performance as poorer in the hard SNR con-
dition. The main effects of monetary incentive [F(1, 29)=
0.389; p= .538; η2p = 0.014] and probe time [F(1, 29)=
0.055; p= .817; η2p = 0.002] were not significant. The
effect of SNR did not depend on monetary incentive [F(1,
29)= 0.014; p= .907; η2p < 0.001] or probe time [F(1, 29)=
0.541; p= .468; η2p = 0.019]. The monetary incentive×
probe time interaction effect was not significant [F(1, 29)=
0.090; p= 0.766; η2p = 0.003]. Nor was the SNR× probe
time×monetary incentive interaction significant [F(1, 29)=
2.598; p= .118; η2p = 0.085].

Self-Rated Tendency to Quit
The repeated measures ANOVA with self-rated tendency for
quitting as the dependent variable (see Figure 5) showed a
main effect of SNR [F(1, 29)= 12.689; p < .001;
η2p = 0.312], as on average, self-rated quitting was greater
in the hard SNR condition. There was no significant main
effect of monetary incentive [F(1, 29)= 0.646; p= .428;
η2p = 0.023]. Although the average tendency for quitting
appeared to be larger at all post-load sequence blocks as

Figure 4. SRT50 and SRT80 of the participants. These were later

used in the hard and easy conditions of the experiment,

respectively.

Table 1. Sentence Recognition Performance.

Probe time
Pre-load sequence Post-load sequence

Incentives High Low High Low

Easy SNR 87 (9) 89 (2) 88 (10) 88 (15)

Hard SNR 66 (16) 67 (13) 67 (11) 70 (13)

Mean speech-in-noise performance (%) for the SNR, probe time, and

monetary incentive conditions (SD in parentheses). Sentences were scored

as correct when all keywords had been correctly repeated.
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compared to the corresponding pre-load sequence blocks, the
main effect of probe time did not reach significance [F(1, 29)
= 2.358; p= .136; η2p = 0.0789]. The effect of SNR on ten-
dency to quit did not depend on monetary incentive [F(1,
29)= 0.005; p= .945; η2p < 0.001] or on probe time [F(1,
29)= 0.289; p= .595; η2p = 0.010]. There was no monetary
incentive× probe time interaction [F(1, 29)= 0.028; p=
.869; η2p = 0.001]. The average increase in self-reported ten-
dency for quitting from pre- to post-load sequence appeared
largest in the hard SNR – low monetary incentive block, but
the 3-way SNR×monetary incentive× probe time interac-
tion did not reach significance [F(1, 29)= 2.048; p= .163;
η2p = 0.068].

Baseline Pupil Diameter
Figure 6A shows BPD as a function of SNR (easy vs. hard),
monetary incentive (High vs. Low), and probe time (pre- vs.
post-). A repeated-measures ANOVA showed a main effect
of SNR, as BPD was larger in anticipation of hard trials as
compared to that in anticipation of easy trials, [F(1, 29)=
13.790; p< .01; η2p = 0.332]. While there was no main
effect of monetary incentive on the BPD [F(1, 29)= 0.002;
p= .964; η2p < 0.001], there was a main effect of probe time
on BPD, as BPD was larger in the pre-load sequence condi-
tion [F(1, 29)= 25.573; p < .001; η2p = 0.469]. The effect of
probe time on BPD did not depend on monetary incentive

Figure 5. Boxplots of self-rated effort, performance, and tendency for giving up listening for the SNR, monetary incentive, and probe time

conditions. Shapiro–Wilk tests of normality confirmed that all the rating scores were normally distributed (all p’s < .05).
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[F(1, 29)= 0.281; p= .600; η2p = 0.010, or on SNR [F(1, 29)
= 0.645; p= .429; η2p = 0.022]. We observed a monetary
incentive×SNR interaction effect [F(1, 29)= 5.312; p <
.05; η2p = 0.155]. Post hoc analyses showed that there was
no evidence for an effect of SNR on BPD in the low mone-
tary incentive condition [F(1, 29)= 0.865; p= .360;
η2p = 0.029], but in the high monetary incentive condition,
BPD was larger in the hard SNR [F(1, 29)= 14.015; p<
.05; η2p = 0.326] as compared to the easy SNR. The three-
way SNR× probe time×monetary incentive interaction
effect on BPD did not reach significance [F(1, 29)= 1.807;
p= .189; η2p = 0.059].

Mean Pupil Dilation
Figure 6B shows MPD for the SNR, probe time, and mone-
tary incentive conditions. A 2× 2× 2 repeated measures
ANOVA showed a significant main effect of SNR on the
MPD, as the MPD was larger in the hard SNR condition
[F(1, 29)= 10.481; p < .01; η2p = 0.265]. There was no
main effect of monetary incentive [F(1, 29) < 0.001; p=
.992; η2p < 0.001], or probe time [F(1, 29)= 0.581; p=
.452; η2p < 0.020] on the MPD. The effect of SNR on the
MPD did not depend on monetary incentive [F(1, 29)=
1.118; p= .299; η2p < 0.037] or on probe time [F(1, 29)=
0.001; p= .970; η2p < 0.001]. The monetary incentive×
probe time interaction effect on the MPD was not significant

[F(1, 29)= 1.118; p= .229; η2p < 0.037]. Nor was there a sig-
nificant 3-way SNR×monetary incentive× probe time inter-
action effect on MPD [F(1, 29)= 0.597; p= .446;
η2p < 0.020].

Correlations Between Self-Report Measures and Pupil
Indices
To explore the relationships between the subjective and
objective measurements of effort, two repeated measures cor-
relations were computed, where the MPD was the dependent
variable. Self-rated effort, and self-rated tendency for quitting
were independent variables. Participant numbers were added
as random slope. The analyses showed a positive association
between MPD and subjective effort scores [F(12, 222.885)=
2.019; p< .05], and a positive association between MPD and
subjective tendency for quitting [F(12, 186.269)= 1.806; p<
.05].

Age Effects
Given the large age range of the participants, we sought to
investigate whether the SNR×monetary incentive× probe
time interaction on BPD and MPD depended on age, we
added the variable age to the repeated measures analyses
described above. For this, age was coded as a dummy vari-
able, where participants were split into two groups (i.e.,
older and younger adults) depending on whether they were
younger or older than the mean age of the sample. The anal-
yses showed no statistically significant effect of age D [F (1,
28)= 3.232; p= .634; η2p = 0.008], age× probe time interac-
tion [F (1, 28)= 0.58; p= .812; η2p = 0.002], age×SNR
interaction [F (1, 28)= 0.176; p= .678; η2p = 0.006], age×
monetary incentive interaction [F (1, 28)= 0.19; p= .666;
η2p = 0.007], age× probe time× SNR interaction [F (1, 28)
= 1.741; p= .198; η2p = 0.059], age× probe time×monetary
incentive interaction [F (1, 28)= .429; p= .518; η2p = 0.015],
age× SNR×monetary incentive interaction [F (1, 28)= 3.2;
p= .084; η2p = 0.103], or age× probe time× SNR×mone-
tary incentive interaction [F (1, 28)= 0.484; p= .492;
η2p = 0.017] on BPD.

Similarly we observed no statistically significant effect of
age D [F (1, 28)= 0.949; p= .338; η2p = 0.033], age× probe
time interaction [F (1, 28)= 0.51; p= .481; η2p = 0.481], age
× SNR interaction [F (1, 28)= 0.037; p= .849; η2p = 0.001],
age×monetary incentive interaction [F (1, 28)= 0.19; p=
.666; η2p = 0.007], age× probe time× SNR interaction [F
(1, 28)= 2.837; p= .103; η2p = 0.092], age× probe time×
monetary incentive interaction [F (1, 28)= 2.405; p= .132;
η2p = 0.079], age×SNR×monetary incentive interaction [F
(1, 28)= 1.699; p= .203; η2p = 0.103], or age× probe time
× SNR×monetary incentive interaction [F (1, 28)= 1.279;
p= .268; η2p = 0.44] on MPD.

Figure 6. Baseline pupil diameter and baseline-corrected mean

pupil diameter during listening to the target sentences for the

SNR, probe time, and monetary incentive conditions.
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Discussion
The main aim of this study was to investigate the effect of
task-induced fatigue on listening effort in interaction with lis-
tening demands and motivation. A sample of adults with
normal hearing (NH) engaged in a challenging sustained
speech-in-noise-task (SIN; “load sequence”). The load
sequence was assumed to have induced mental fatigue. Pre-
and post-load sequence listening effort was probed during
speech-in-noise (SIN) tasks in 2 SNR (hard and easy) and 2
monetary incentive (Low and High) conditions. Self-report
scales and pupil metrics were used to gauge arousal and listen-
ing effort. Averaged across the SNR and monetary incentive
conditions, we expected a decline in arousal from pre- to post-
load sequence (Hypothesis 1). Furthermore, we expected
larger listening effort in the hard SNR condition as compared
to the easy SNR condition (Hypothesis 2). Lastly, we expected
listening effort to decline from pre- to post-load sequence, and
more so for the hard SNR -Low monetary incentive condition
(Hypothesis 3).

In line with the expected decline in arousal (Hypothesis
1), BPD was smaller post-load sequence as compared to
pre-load sequence. Diminished alertness over time-on-task
(Hopstaken et al., 2015) and reduced preparation for effortful
trials (Ackerman, 2010; Boksem et al., 2006; Lorist, 2008;
Lorist et al., 2000; McGarrigle et al., 2017a, 2017b) have typ-
ically been considered hallmarks of mental fatigue. This
result is in line with previous reports of diminished arousal
over a long listening task (McGarrigle et al., 2017b). It is
also in line with the predictions of models that seek to
explain listening effort and fatigue (Pichora-Fuller et al.,
2016; Schneider et al., 2019).

Arousal has commonly been considered in relation to per-
formance, where average levels of arousal elicit best perfor-
mance (Unsworth & Robison, 2016). In the current
experiment there was no significant evidence for a change
in performance from pre- to post-load sequence. Although
not significant, there was an increase in performance from
pre- to post-load sequence in the hard SNR condition. Thus
the decline in BPD could at least partially be attributed to
habituation (Metalis & Hess, 1981; Verbaten et al., 1986)
or learning effects. Given the difficulty in ruling out any of
these effects, a blending of fatigue, habituation, and learning,
which is common in previous investigations of mental
fatigue (Faber et al., 2012; Hopstaken et al., 2015; van der
Linden et al., 2003), may perhaps be another plausible inter-
pretation for the overall decline in BPD.

No specific hypotheses were constructed regarding the
influence of SNR and monetary incentives on the BPD, but
given that the MPD is a baseline-corrected measure, the influ-
ences of SNR and monetary incentives on the BPD (i.e., our
reference measure) were also investigated. Our analyses
revealed that BPD was influenced by SNR, such that in the
Low monetary incentive condition there was no effect of
SNR on BPD, but in the High monetary incentive condition

BPD was larger for the hard SNR condition. That is, BPD
was larger in anticipation of difficult trials of high value.
This suggests that motivation may affect the pro-active (pre-
emptive) allocation of capacity in anticipation of listening
(Braver, 2012; Jahfari et al., 2012). This result supports the
view that the BPD in the speech-in-noise paradigm may
not reflect a unitary construct (i.e., a one-to-one mapping
between a psychological state and BPD does not seem plau-
sible; Ayasse & Wingfield, 2020).

Supporting the hypothesis of larger listening effort in the
hard SNR condition as compared to easy SNR (Hypothesis
2), we observed on average larger self-reported listening
effort during the hard SNR condition, suggesting larger sub-
jective effort. Furthermore, MPD was larger in the hard SNR
condition as compared to the easy SNR condition. These
result are in line with the previously reported effects of listen-
ing demand on listening effort (Ohlenforst et al., 2017b;
Wendt et al., 2018) and with the predictions of models that
seek to explain listening effort (Pichora-Fuller et al., 2016;
Schneider et al., 2019). In addition to larger self-reported
effort in the hard SNR condition, the self-reported tendency
for quitting was also larger for the hard SNR condition.
This supports the understanding that listening effort involves
a deliberate component for overcoming obstacles as defined
in the FUEL (Pichora-Fuller et al., 2016).

Contrary to the hypothesized mental fatigue× listening
demand×motivation interaction (Hypothesis 3), there was
no significant evidence for an SNR× probe time×monetary
incentive interaction effect on self-reported effort. Nor was
the 3-way interaction on the MPD significant. One factor to
contribute to the lack of the interaction effect may be the
incentives being insufficient to keep participants motivated
in the post-load sequence condition. There was no main
effect of monetary incentives on MPD either. The amount
of monetary incentives was based on those previously
reported by Koelewijn et al. (2018); however, the current par-
ticipant sample was much older than those of Koelewijn et al.
As older age is known to reduce sensitivity to monetary
incentives (Dhingra et al., 2020), future studies with similar
age groups could use larger or more intrinsic incentives.
Previously Koelewijn reported influence of monetary incen-
tives on PPD, but Koelewijn et al., (2021) reported lack of
evidence for the influence of monetary incentives on PPD.
Together these results suggest that the influence of monetary
incentives on the pupil dilation response may not be a robust
finding. In the current study, self-rated effort was signifi-
cantly larger with higher incentives. Note that the wording
of the effort scale tapped more into the demanded effort
rather than the exerted one; thus one interpretation of this
finding may be the thinking in listeners that they were
asked by the experimenter to exert more effort in the high
incentive condition. Also, to note is that average estimated
performance (63%) was much lower than actual perfor-
mance (78%). The level of performance required to obtain
rewards (70%) may have been perceived as unachievable,
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diminishing post-load effort for regardless of the motivation
condition.

Another factor to contribute to the insufficient evidence
for the SNR× probe time×monetary incentive interaction
effect on listening effort may be that the post-load sequence
listening demands in the current study were not as demanding
as planned. Although the SNR in the hard condition was pre-
determined and fixed at SRT50, average performance was
67% (sentence-based) correct. Thus, even after performing
the load sequence, the hard SNR condition may have been
achievable, thus eliciting listening effort. Although partici-
pants practiced with 30 trials before the adaptive SRT estima-
tion track, this practice may have been insufficient, leading to
the (non-significant) improvements that were observed.
Future studies may opt for longer practice periods before
running the adaptive estimation procedure. On the other
hand, although not statistically significant, self-rated effort
showed an increasing trend from pre- to post-fatigue for all
the incentive and SNR conditions, suggesting that partici-
pants may have felt the need for compensatory effort in the
post-load sequence block in order to keep up. Due to time
constraints and ethical considerations the fatigue manipula-
tion was not strong; participants may have been able to
exert effort even after the manipulation. Furthermore, the
short periods in between the trials may have allowed partic-
ipants to rest between the trials (Nobre & Van Ede, 2018;
Shalev & Nobre, 2021) and thereby mobilize enough capac-
ity even after the fatigue manipulation.

Although the SNR×monetary incentive× probe time
interaction on the self-reported tendency to quit did not
reach statistical significance, the size of this effect was
medium; on average participants rated largest tendency to
quit in the post-fatigue-hard SNR-low Incentive block. This
result suggests that in our sample of participants, on
average, previous load sequence and monetary incentives
may have contributed to the willingness to exert listening
effort. In the current study participants may have been reluc-
tant to express the tendency to quit as a result of politeness.
Future studies may look into more indirect ways of gauging
this tendency.

It is important to note that the current study included indi-
vidually adjusted SNR levels throughout the load and probe
blocks. As these SNRs were different for each participant,
they may have resulted in the activation of different percep-
tual mechanisms for comprehension. Although the labels
“hard” and “easy” were chosen to indicate the contrast
between the SRT50 and SRT80 to the participants, and
although previous research (Koelewijn et al., 2018) and the
current study show more self-reported effort during the
hard condition as compared to the easy condition, it should
be noted that the perceptual and cognitive resources used to
achieve the task within one condition may not be homoge-
nous (Baskent et al., 2016; Zekveld et al., 2006).

There are several limitations of the present study to be
reported. The trial sequence in the speech-in-noise task

only included half a second of retention interval (i.e., a
break after the presentation of the sentence and before partic-
ipants repeated what they heard). This short retention interval
did not allow us to observe the full-blown pupil dilation
response and therefore the PPD was not included in our
pupil metrics. Thus, we were unable to observe the influence
of previous load sequence and monetary incentives on the
PPD. The observation of larger MPD in the hard SNR condi-
tion, nevertheless argues in favor of the MPD capturing lis-
tening effort, confirming the validity of our pupillometry
set-up and analyses. In addition, monetary incentives may
have been insufficient to induce motivation in a sample that
was middle aged on average. Future studies could use other
forms of incentives (e.g., intrinsic pleasure), which may be
more effective in manipulating motivation. Importantly, the
current study lacked a control group (or control condition),
limiting our conclusions regarding fatigue effects. Future
studies can use an additional experimental condition where
participants are not fatigued (control condition), or one
where participants are fatigued to a greater amount (heavier
task load condition).

To conclude, in this study the effect of previous mental
load in interaction with motivation and SNR on listening
effort was examined. Although easier SNR predicted
smaller MPD, monetary incentive and previous load
sequence effects on the MPD were not present. Instead, mon-
etary incentives interacted with SNR in influencing BPD, and
previous load sequence was shown to decrease the BPD.
These results suggest that motivation and previous load
may influence the capacity allocated (arousal) in anticipation
of listening.

Acknowledgements
The authors would like to thank all participants who contributed to
the study. This project has received funding from the European
Union’s Horizon 2020 research and innovation programme under
the Marie-Sklodowska-Curie grant agreement No 765329. Author
GN was supported by the Medical Research Council [grant
numbers MC_UU_00010/4, MR/S003576/1]. Data created during
this research are openly available from the University of
Nottingham data repository at https://doi.org/10.17639/nott.7325.

Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding
The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was supported by the Medical Research Council, H2020 Marie
Skłodowska-Curie Actions (grant numbers MC_UU_00010/4,
MR/S003576/1, No 765329).

Alfandari et al. 11



ORCID iDs
Defne Alfandari https://orcid.org/0000-0003-2882-0185
Dorothea Wendt https://orcid.org/0000-0002-3340-1180
Lorenz Fiedler https://orcid.org/0000-0002-7892-6917
Graham Naylor https://orcid.org/0000-0003-1544-1944

References
Ackerman, P. L. (2010). 100 years without resting. In

P. L. Ackerman (Ed.), Decade of behavior/science conference.
Cognitive fatigue: Multidisciplinary perspectives on current
research and future applications (pp. 11–43). American
Psychological Association. https://doi.org/10.1037/12343-001

Ayasse, N. D., & Wingfield, A. (2020). Anticipatory baseline pupil
diameter is sensitive to differences in hearing thresholds.
Frontiers in Psychology, 10(2947), 1–7. https://doi.org/10.
3389/fpsyg.2019.02947

Bafna, T., & Hansen, J. P. (2021). Mental fatigue measurement using
eye metrics: A systematic literature review. Psychophysiology,
58(6), 1–23. https://doi.org/10.1111/psyp.13828

Baskent, D., Clarke, J., Pals, C., Benard, M. R., Bhargava, P., Saija,
J., Sarampalis, A., Wagner, A., & Gaudrain, E. (2016).
Cognitive compensation of speech perception with hearing
impairment, cochlear implants, and aging: How and to what
degree can it be achieved? Trends in Hearing, 20(0), 1–16.
https://doi.org/10.1177/2331216516670279

Beatty, J. (1982). Phasic not tonic pupillary responses vary with
auditory vigilance performance. Psychophysiology, 19(2), 167–
172. https://doi.org/10.1111/psyp.1982.19.issue-2

Bench, J., Kowal, A., & Bamford, J. (1979). The BKB
(Bamford-Kowal-Bench) sentence lists for partially-hearing
children. British Journal of Audiology, 13(3), 108–112. https://
doi.org/10.3109/03005367909078884

Boksem, M. A. S., Meijman, T. F., & Lorist, M. M. (2006). Mental
fatigue, motivation and action monitoring. Biological Psychology,
72(2), 123–132. https://doi.org/10.1016/j.biopsycho.2005.08.007

Boksem, M. A. S., & Tops, M. (2008). Mental fatigue: Costs and
benefits. Brain Research Reviews, 59(1), 125–139. https://doi.
org/10.1016/j.brainresrev.2008.07.001

Braver, T. S. (2012). The variable nature of cognitive control: A
dual-mechanisms framework shifting the emphasis to variability
in cognitive control. Trends in Cognitive Sciences, 16(2), 106–
113. https://doi.org/10.1016/j.tics.2011.12.010.The

Brehm, J. W., & Self, E. A. (1989). The intensity of motivation.
Annual Review of Psychology, 40(1973), 109–131. https://doi.
org/10.1146/annurev.ps.40.020189.000545

Dhingra, I., Zhang, S., Zhornitsky, S., Le, T. M., Wang, W., Chao,
H. H., Levy, I., & Li, C. S. R. (2020). The effects of age on
reward magnitude processing in the monetary incentive delay
task. NeuroImage, 207(November), 116368. https://doi.org/10.
1016/j.neuroimage.2019.116368

Faber, L. G., Maurits, N. M., & Lorist, M. M. (2012). Mental fatigue
affects visual selective attention. PLoS One, 7(10), 1–10. https://
doi.org/10.1371/journal.pone.0048073

Gergelyfi, M., Jacob, B., Olivier, E., & Zénon, A. (2015).
Dissociation between mental fatigue and motivational state
during prolonged mental activity. Frontiers in Behavioral
Neuroscience, 9(176), 1–15. https://doi.org/10.3389/fnbeh.2015.
00176

Herlambang, M. B., Taatgen, N. A., & Cnossen, F. (2019). The
role of motivation as a factor in mental fatigue. Human
Factors, 61(7), 1171–1185. https://doi.org/10.1177/00187
20819828569

Hess, E. H., & Polt, J. M. (1964). Pupil size in relation to mental
activity during simple problem-solving. Science, 143(3611),
1190–1192. https://doi.org/10.1126/science.143.3611.1190

Hopstaken, J. F., van der Linden, D., Bakker, A. B., & Kompier,
M. A. J. (2015). A multifaceted investigation of the link between
mental fatigue and task disengagement. Psychophysiology, 52(3),
305–315. https://doi.org/10.1111/psyp.12339

Jahfari, S., Verbruggen, F., Frank, M. J., Waldorp, L. J., Colzato, L.,
Richard Ridderinkhof, K., & Forstmann, B. U. (2012). How prepara-
tion changes the need for top-down control of the basal ganglia when
inhibiting premature actions. Journal of Neuroscience, 32(32),
10870–10878. https://doi.org/10.1523/JNEUROSCI.0902-12.2012

Kahneman, D. (1973). Attention and effort (Vol. 1063, pp. 218–
226). Prentice-Hall, Inc. https://doi.org/10.2307/1421603

Koelewijn, T., Zekveld, A. A., Lunner, T., & Kramer, S. E. (2018).
The effect of reward on listening effort as reflected by the pupil
dilation response. Hearing Research, 367(2018), 106–112.
https://doi.org/10.1016/j.heares.2018.07.011

Koelewijn, T., Zekveld, A. A., Lunner, T., & Kramer, S. E. (2021).
The effect of monetary reward on listening effort and sentence
recognition. Hearing Research, 406(2021), 108255. https://doi.
org/10.1016/j.heares.2021.108255

Kramer, S. E., Kapteyn, T. S., Festen, J. M., & Kuik, D. J. (1997).
Assessing aspects of auditory handicap by means of pupil dilata-
tion. International Journal of Audiology, 36(3), 155–164. https://
doi.org/10.3109/00206099709071969

Larsen, R. S., & Waters, J. (2018). Neuromodulatory correlates of
pupil dilation. Frontiers in Neural Circuits, 12(2018), 1–9.
https://doi.org/10.3389/fncir.2018.00021

Lorist, M. M. (2008). Impact of top-down control during mental
fatigue. Brain Research, 1232(2008), 113–123. https://doi.org/
10.1016/j.brainres.2008.07.053

Lorist, M. M., Klein, M., Nieuwenhuis, S., De Jong, R., Mulder, G.,
& Meijman, T. F. (2000). Mental fatigue and task control:
Planning and preparation. Psychophysiology, 37(5), 614–625.
https://doi.org/10.1017/S004857720099005X

MacLeod, A., & Summerfield, Q. (1990). A procedure for measur-
ing auditory and audio-visual speech-reception thresholds for
sentences in noise: Rationale, evaluation, and recommendations
for use. British Journal of Audiology, 24(1), 29–43. https://doi.
org/10.3109/03005369009077840

Matlab. (2016). MATLAB 2016a [Computer Software]. The
MathWorks, Inc.

McGarrigle, R., Dawes, P., Stewart, A. J., Kuchinsky, S. E., & Munro,
K. J. (2017a). Measuring listening-related effort and fatigue in school-
aged children using pupillometry. Journal of Experimental Child
Psychology, 161(2017), 95–112. https://doi.org/10.1016/j.jecp.2017.
04.006

McGarrigle, R., Dawes, P., Stewart, A. J., Kuchinsky, S. E., &
Munro, K. J. (2017b). Pupillometry reveals changes in physiolog-
ical arousal during a sustained listening task. Psychophysiology,
54(2), 193–203. https://doi.org/10.1111/psyp.12772

McGarrigle, R., Munro, K. J., Dawes, P., Stewart, A. J., Moore,
D. R., Barry, J. G., & Amitay, S. (2014). Listening effort and
fatigue: What exactly are we measuring? A British Society of
Audiology Cognition in Hearing Special Interest Group “white

12 Trends in Hearing

https://orcid.org/0000-0003-2882-0185
https://orcid.org/0000-0003-2882-0185
https://orcid.org/0000-0002-3340-1180
https://orcid.org/0000-0002-3340-1180
https://orcid.org/0000-0002-7892-6917
https://orcid.org/0000-0002-7892-6917
https://orcid.org/0000-0003-1544-1944
https://orcid.org/0000-0003-1544-1944
https://doi.org/10.1037/12343-001
https://doi.org/10.1037/12343-001
https://doi.org/10.3389/fpsyg.2019.02947
https://doi.org/10.3389/fpsyg.2019.02947
https://doi.org/10.3389/fpsyg.2019.02947
https://doi.org/10.1111/psyp.13828
https://doi.org/10.1111/psyp.13828
https://doi.org/10.1177/2331216516670279
https://doi.org/10.1177/2331216516670279
https://doi.org/10.1111/psyp.1982.19.issue-2
https://doi.org/10.3109/03005367909078884
https://doi.org/10.3109/03005367909078884
https://doi.org/10.3109/03005367909078884
https://doi.org/10.1016/j.biopsycho.2005.08.007
https://doi.org/10.1016/j.biopsycho.2005.08.007
https://doi.org/10.1016/j.brainresrev.2008.07.001
https://doi.org/10.1016/j.brainresrev.2008.07.001
https://doi.org/10.1016/j.brainresrev.2008.07.001
https://doi.org/10.1016/j.tics.2011.12.010.The
https://doi.org/10.1016/j.tics.2011.12.010.The
https://doi.org/10.1146/annurev.ps.40.020189.000545
https://doi.org/10.1146/annurev.ps.40.020189.000545
https://doi.org/10.1146/annurev.ps.40.020189.000545
https://doi.org/10.1016/j.neuroimage.2019.116368
https://doi.org/10.1016/j.neuroimage.2019.116368
https://doi.org/10.1016/j.neuroimage.2019.116368
https://doi.org/10.1371/journal.pone.0048073
https://doi.org/10.1371/journal.pone.0048073
https://doi.org/10.1371/journal.pone.0048073
https://doi.org/10.3389/fnbeh.2015.00176
https://doi.org/10.3389/fnbeh.2015.00176
https://doi.org/10.3389/fnbeh.2015.00176
https://doi.org/10.1177/0018720819828569
https://doi.org/10.1177/0018720819828569
https://doi.org/10.1177/0018720819828569
https://doi.org/10.1126/science.143.3611.1190
https://doi.org/10.1111/psyp.12339
https://doi.org/10.1111/psyp.12339
https://doi.org/10.1523/JNEUROSCI.0902-12.2012
https://doi.org/10.1523/JNEUROSCI.0902-12.2012
https://doi.org/10.1016/j.heares.2018.07.011
https://doi.org/10.1016/j.heares.2018.07.011
https://doi.org/10.1016/j.heares.2021.108255
https://doi.org/10.1016/j.heares.2021.108255
https://doi.org/10.1016/j.heares.2021.108255
https://doi.org/10.3109/00206099709071969
https://doi.org/10.3109/00206099709071969
https://doi.org/10.3109/00206099709071969
https://doi.org/10.3389/fncir.2018.00021
https://doi.org/10.3389/fncir.2018.00021
https://doi.org/10.1016/j.brainres.2008.07.053
https://doi.org/10.1016/j.brainres.2008.07.053
https://doi.org/10.1016/j.brainres.2008.07.053
https://doi.org/10.1017/S004857720099005X
https://doi.org/10.1017/S004857720099005X
https://doi.org/10.3109/03005369009077840
https://doi.org/10.3109/03005369009077840
https://doi.org/10.3109/03005369009077840
https://doi.org/10.1016/j.jecp.2017.04.006
https://doi.org/10.1016/j.jecp.2017.04.006
https://doi.org/10.1016/j.jecp.2017.04.006
https://doi.org/10.1111/psyp.12772
https://doi.org/10.1111/psyp.12772


paper”. International Journal of Audiology, 53(7), 433–445.
https://doi.org/10.3109/14992027.2014.890296

Metalis, S. A., & Hess, E. H. (1981). Psychophysiological index
attenuation to pictures. Physiological Psychology, 9(2), 235–
243. https://doi.org/10.3758/BF03332930

Müller, T., & Apps, M. A. J. (2019). Motivational fatigue: A neuro-
cognitive framework for the impact of effortful exertion on sub-
sequent motivation. Neuropsychologia, 123(October), 141–151.
https://doi.org/10.1016/j.neuropsychologia.2018.04.030

Naylor, G., Koelewijn, T., Zekveld, A. A., & Kramer, S. E. (2018).
The application of pupillometry in hearing science to assess lis-
tening effort. Trends in Hearing, 22(2018), 1–3. https://doi.org/
10.1177/2331216518799437

Nobre, A. C., & Van Ede, F. (2018). Anticipated moments:
Temporal structure in attention. Nature Reviews Neuroscience,
19(1), 34–48. https://doi.org/10.1038/nrn.2017.141

Ohlenforst, B., Wendt, D., Kramer, S. E., Naylor, G., Zekveld, A.
A., & Lunner, T. (2018). Impact of SNR, masker type and
noise reduction processing on sentence recognition performance
and listening effort as indicated by the pupil dilation response.
Hearing Research, 365(2018), 90–99. https://doi.org/10.1016/j.
heares.2018.05.003

Ohlenforst, B., Zekveld, A. A., Jansma, E. P., Wang, Y., Naylor, G.,
Lorens, A., Lunner, T., & Kramer, S. E. (2017a). Effects of
hearing impairment and hearing aid amplification on listening
effort. Ear and Hearing, 38(3), 267–281. https://doi.org/10.
1097/AUD.0000000000000396

Ohlenforst, B., Zekveld, A. A., Lunner, T., Wendt, D., Naylor, G.,
Wang, Y., Versfeld, N. J., & Kramer, S. E. (2017b). Impact of
stimulus-related factors and hearing impairment on listening
effort as indicated by pupil dilation.Hearing Research, 351, 68–79.

O’Keeffe, K., Hodder, S., & Lloyd, A. (2020). A comparison of
methods used for inducing mental fatigue in performance
research: Individualised, dual-task and short duration cognitive
tests are most effective. Ergonomics, 63(1), 1–12. https://doi.
org/10.1080/00140139.2019.1687940

Pattyn, N., Van Cutsem, J., Dessy, E., & Mairesse, O. (2018).
Bridging exercise science, cognitive psychology, and medical
practice: Is “cognitive fatigue” a remake of “the emperor’s
new clothes”? Frontiers in Psychology, 9, 1–13. https://doi.
org/10.3389/fpsyg.2018.01246

Persson, J., Larsson, A., & Reuter-Lorenz, P. A. (2013). Imaging
fatigue of interference control reveals the neural basis of execu-
tive resource depletion. Journal of Cognitive Neuroscience,
25(3), 338–351. https://doi.org/10.1162/jocn_a_00321

Pichora-Fuller, M. K., Kramer, S. E., Eckert, M. A., Edwards, B.,
Hornsby, B. W. Y., Humes, L. E., Lemke, U., Lunner, T.,
Matthen, M., Mackersie, C. L., Naylor, G., Phillips, N. A., Richter,
M., Rudner, M., Sommers, M. S., Tremblay, K. L., & Wingfield,
A. (2016). Hearing impairment and cognitive energy: The framework
for understanding effortful listening (FUEL). Ear and Hearing,
37(2018), 5S–27S. https://doi.org/10.1097/AUD.0000000000000312

Richter, M. (2016). The moderating effect of success importance on
the relationship between listening demand and listening effort.
Ear and Hearing, 37(2016), 111S–117S. https://doi.org/10.
1097/AUD.0000000000000295

Schneider, E. N., Bernarding, C., Francis, A. L., Hornsby, B. W. Y.,
& Strauss, D. J. (2019 March). A quantitative model of listening

related fatigue. International IEEE/EMBS Conference on Neural
Engineering, NER, pp. 619–622. https://doi.org/10.1109/NER.
2019.8717046

Shalev, N., & Nobre, A. C. (2021). Eyes wide open: Regulation of
arousal by temporal expectations. https://doi.org/10.1101/2020.
07.24.219428

Unsworth, N., & Robison, M. K. (2016). Pupillary correlates of
lapses of sustained attention. Cognitive, Affective and
Behavioral Neuroscience, 16(4), 601–615. https://doi.org/10.
3758/s13415-016-0417-4

van der Linden, D. (2011). The urge to stop: The cognitive and bio-
logical nature of acute mental fatigue. In P. L. Ackerman (Ed.),
Cognitive fatigue: Multidisciplinary perspectives on current
research and future applications. American Psychological
Association. https://doi.org/10.1037/12343-007

van der Linden, D., Frese, M., & Meijman, T. F. (2003). Mental
fatigue and the control of cognitive processes: Effects on persev-
eration and planning. Acta Psychologica, 113(1), 45–65. https://
doi.org/10.1016/S0001-6918(02)00150-6

van der Wel, P., & van Steenbergen, H. (2018). Pupil dilation as an
index of effort in cognitive control tasks: A review. Psychonomic
Bulletin and Review, 25(6), 2005–2015. https://doi.org/10.3758/
s13423-018-1432-y

Verbaten, M. N., Roelofs, J. W., Sjouw, W., & Slangen, J. L.
(1986). Habituation of early and late visual ERP components
and the orienting reaction: The effect of stimulus information.
International Journal of Psychophysiology, 3(4), 287–298.
https://doi.org/10.1016/0167-8760(86)90037-1

Wang, Y., Naylor, G., Kramer, S. E., Zekveld, A. A., Wendt, D.,
Ohlenforst, B., & Lunner, T. (2018). Relations between self-
reported daily-life fatigue, hearing status, and pupil dilation
during a speech perception in noise task. Ear and Hearing,
39(3), 573–582. https://doi.org/10.1097/AUD.
0000000000000512
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