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1 |  INTRODUCTION

Understanding speech in everyday environments is fraught 

with challenges arising from a variety of sources, including 

the level and/or type of interfering acoustic signals pres-

ent as well as the sensory-cognitive profile of the listener 

(Mattys et  al.,  2012). This is because successful speech 

understanding in adverse conditions relies upon both the 

fidelity of the acoustic signal that impinges our senses 

and the “top-down” cognitive mechanisms and linguistic 

knowledge that help to make sense of the incoming sig-

nal (McClelland & Elman, 1986; Pisoni, 1985; Rönnberg 

et  al.,  2008). Speech understanding difficulty is exacer-

bated when to-be-ignored background sounds contain 
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Abstract

Effort during listening is commonly measured using the task-evoked pupil response 

(TEPR); a pupillometric marker of physiological arousal. However, studies to date 

report no association between TEPR and perceived effort. One possible reason 

for this is the way in which self-report effort measures are typically administered, 

namely as a single data point collected at the end of a testing session. Another pos-

sible reason is that TEPR might relate more closely to the experience of tiredness 

from listening than to effort per se. To examine these possibilities, we conducted 

two preregistered experiments that recorded subjective ratings of effort and tiredness 

from listening at multiple time points and examined their covariance with TEPR over 

the course of listening tasks varying in levels of acoustic and attentional demand. 

In both experiments, we showed a within-subject association between TEPR and 

tiredness from listening, but no association between TEPR and effort. The data also 

suggest that the effect of task difficulty on the experience of tiredness from listening 

may go undetected using the traditional approach of collecting a single data point 

at the end of a listening block. Finally, this study demonstrates the utility of a novel 

correlation analysis technique (“rmcorr”), which can be used to overcome statistical 

power constraints commonly found in the literature. Teasing apart the subjective and 

physiological mechanisms that underpin effortful listening is a crucial step toward 

addressing these difficulties in older and/or hearing-impaired individuals.
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meaningful information; a phenomenon often referred to 

as “informational” masking (Kidd et al., 2008). Indeed, the 

presence of a competing talker during listening can lead to 

poorer speech understanding ability (Agus et al., 2009) as 

well as a more negative perception of speech understanding 

performance (Agus et al., 2009).

However, speech understanding in the presence of a com-

peting talker does not only incur costs in terms of intelligibil-

ity. There is growing interest in uncovering ways to measure 

not just an individual's ability to recognize speech, but also the 

cognitive effort required to achieve this goal. This is often re-

ferred to as “listening effort”; defined recently as “the deliber-

ate allocation ofresources to overcome obstacles in goal 

pursuit when carrying out a (listening) task.” (Pichora-Fuller 

et al., 2016). In particular, it is believed that a better under-

standing of mental effort allocation will allow a more compre-

hensive picture of hearing impairment (McGarrigle 

et al., 2014). Effortful listening is also a common experience 

for individuals listening to speech in a second (i.e., nonnative) 

language or in an unfamiliar accent (Borghini & Hazan, 2018; 

McLaughlin & Van Engen, 2020). Repeated or sustained epi-

sodes of effortful listening may lead to an exacerbated sense of 

tiredness or fatigue.1 The types of measures commonly used to 

extract information relating to effortful listening vary from 

subjective measures (e.g., self-report questionnaires) to be-

havioral (e.g., response times) and physiological (e.g., mea-

suring brain activity either directly or indirectly).

Self-report measures of listening effort provide important 

and ecologically valid insights about the subjective experi-

ence of effortful listening. However, they may be prone to 

bias (Moore & Picou, 2018) and provide limited information 

about the underlying physiological mechanisms involved. In 

recent years, there has been a spike in the number of studies 

using physiological measures to monitor listening effort (see 

Francis & Love,  2020 for a summary). A commonly used 

physiological marker of listening effort can be determined 

using pupillometry, an eye-tracking technique. Fluctuations 

in the size of the eye's pupil reflect not just adaptive changes 

to environmental light (e.g., the “light reflex”), but also cog-

nitive-evoked changes that can be traced to changing activity 

patterns in the brain stem's locus coeruleus (Mathôt, 2018). 

The locus coeruleus sends and receives projections to and 

from the cortex, and is thought to govern moment-to-moment 

changes in our states of attention and arousal (Aston-Jones 

& Cohen, 2005). In the context of hearing research, the task-

evoked pupil response (TEPR) has widely been shown to be 

sensitive to the increased demands of listening in suboptimal 

acoustic conditions (see Zekveld et al., 2018 for a review), 

and is therefore, thought to reflect the effort required to 

achieve speech recognition under degraded listening condi-

tions. However, while TEPR has consistently been shown to 

be sensitive to task demand, it has not yet been found to cor-

relate with subjective reports of effort (Koelewijn et al., 2012; 

Strand et al., 2018) or fatigue (McGarrigle et al., 2017; Wang 

et al., 2018) during a listening task.

Koelewijn et al. (2012) examined the effect of speech recep-

tion threshold (SRT; 50%, 84%) and masker type (single-talker, 

stationary noise, and fluctuating noise) on TEPR and subjec-

tive effort in a group of normal-hearing adults. SRTs were cal-

culated for each participant by adjusting the level of the target 

speaker relative to the level of the masker until a prespecified 

performance level was determined. In this case, SRT 50% 

represents the more-challenging listening condition (i.e., per-

formance ~ 50% correct), and SRT 84% represents the less-chal-

lenging condition (i.e., performance ~ 84% correct). Subjective 

effort ratings were administered at the end of each condition 

block on a continuous scale. Overall, TEPRs were larger and 

self-reported effort ratings higher in the single-talker masker 

condition relative to the stationary and fluctuating noise masker 

conditions. Further, TEPRs and effort ratings were also sensi-

tive to listening demand; the SRT50% showed larger TEPRs 

and higher effort ratings compared to the SRT84% condition. 

However, correlation analyses revealed no significant associ-

ations between subjective effort and TEPR; a finding that is 

consistently reported in the literature (McGarrigle et al., 2014; 

Pichora-Fuller et al., 2016; Strand et al., 2018).

While evidence for an association between subjective and 

physiological markers of effort is clearly lacking, there are 

also conflicting views on the extent to which (or the circum-

stances under which) the experience of “effort,” as measured 

in laboratory settings, may lead to the experience of “fatigue” 

from listening (Francis & Love, 2020; Hornsby et al., 2016; 

McGarrigle et al., 2014). Fatigue is a multifaceted construct 

that has been operationalized using subjective, behavioral, 

and physiological markers (Hockey,  2013). However, fre-

quent anecdotal reports of tiredness and fatigue from lis-

tening in individuals with a hearing loss have sparked an 

interest in the subjective manifestation of fatigue (Alhanbali 

et  al.,  2017; Holman et  al.,  2019; Hornsby & Kipp,  2016; 

Hornsby et al., 2016). Importantly, like effort, the experience 

of tiredness from listening is not currently tractable based on 

standard speech understanding assessment procedures alone 

(e.g., speech recognition performance).

The number of studies investigating listening-related 

fatigue using subjective and physiological measures have 

increased in recent years (McGarrigle et al., 2017; Moore 

et al., 2017; Wang et al., 2018). Wang et al. (2018) found a 

significant negative correlation between TEPR and reports 

of daily life fatigue; individuals who reported more daily 

fatigue had smaller peak TEPRs. However, self-report 

measures of effort or fatigue were not administered during 

 1We use the terms “tiredness” and “fatigue” interchangeably. “Fatigue” 

from listening is the terminology most commonly found in the literature, 

but the scale administered in the present study refers specifically to 

“tiredness” from listening.
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or after the experimental task. McGarrigle et al. (2017) ex-

amined the effect of signal-to-noise ratio (SNR) on TEPR 

and subjective reports of effort and fatigue during a sus-

tained listening task. Following the early task-evoked peak 

response, pupil size showed a more pronounced down-

ward linear slope during trials in the latter stages of the 

experiment and in particular for “hard” versus “easy” SNR 

conditions, suggesting a reduction in the ability to sustain 

attention and arousal during the more demanding listening 

condition. Self-reported effort (but not fatigue) varied as 

a function of SNR. However, no associations were found 

between TEPR and subjective reports of either effort or 

fatigue. Likewise, in Moore et al. (2017), participants per-

formed a sustained auditory processing task with a fixed 

task-demand level while their EEG activity was recorded. 

Overall, participants reported increased fatigue following 

the auditory processing task, suggesting that sustained au-

ditory processing can elicit mental fatigue. However, as 

with previous studies, no relationship was found when as-

sessing the association between subjective and physiologi-

cal markers of fatigue.

In the studies described above, single self-report evalua-

tions of effort (Koelewijn et al., 2012) and fatigue (McGarrigle 

et al., 2017; Moore et al., 2017) were collected immediately 

after each condition of interest, an approach that is fairly 

standard in the literature (Alhanbali et al., 2017; Dimitrijevic 

et al., 2019; Rovetti et al., 2019; Strand et al., 2018). However, 

it is possible that the subjective perceptions of effort and tired-

ness from listening may fluctuate over the course of a listening 

experience. While this is often taken into account when record-

ing physiological activity like electroencephalography (EEG) 

and pupillometry by recording at the level of individual trials, 

concomitant changes in subjective experiences are rarely ex-

amined with a similar level of sensitivity. As a result, the lack 

of an association between subjective and physiological mea-

sures may at least partly reflect inherent differences in the pre-

cision with which they are measured. Further, in studies that 

manipulate task difficulty (e.g., SNR), subjective judgments 

of effort or fatigue are likely influenced by the conscious per-

ception of a change in task demand or performance. In other 

words, a listener who becomes subjectively aware of either 

a change in task demand and/or a change in their own task 

performance, will likely use these more intuitive judgments to 

inform their effort or tiredness ratings. Subjective judgments 

of effort, in particular, are shown to be inversely correlated 

with performance evaluation (Moore & Picou, 2018).

Systematic examinations of the relationship between do-

main-general mental fatigue and TEPR can be found in the 

wider literature. Hopstaken et  al.  (2015) examined asso-

ciations between subjective mental fatigue and TEPR over 

the course of a visual working memory (“2-back”) task. 

Subjective fatigue scales were administered on seven consec-

utive occasions over the course of the task. The authors found 

that TEPRs became smaller with higher ratings of mental 

fatigue, suggesting that when subjective and physiological 

measures are recorded and analyzed over more frequent time 

intervals, TEPR appears to be related to the experience of 

fatigue. In a separate study, Gergelyfi et al. (2015) examined 

associations between subjective fatigue and a host of phys-

iological measures (including EEG, skin conductance, and 

pupillometry) while participants performed Sudoku puz-

zles. In contrast to Hopstaken et  al.  (2015), no association 

was found between subjective reports of mental fatigue and 

TEPRs. These conflicting results suggest that the relationship 

between TEPRs and subjective fatigue is more complex than 

initially assumed. Further, as only mental fatigue (and not ef-

fort) was examined, it is difficult to ascertain whether TEPR 

is related more to the experience of effort or to fatigue.

To summarize, despite a rapidly growing literature high-

lighting the use of pupillometry as an objective measure of 

listening effort (cf. Zekveld et al., 2018), no studies to date 

have reported a robust association between TEPR and the 

subjective experience of effort. We speculate that a possi-

ble reason for the lack of an association between subjective 

and physiological measures of effort and/or tiredness from 

listening is that self-report measures are typically collected 

as a single data point “after-the-fact.” Collecting data in 

this manner implicitly assumes that participants can accu-

rately reflect on these subjective experiences, something 

which we know to be especially problematic for retrospec-

tive estimations of effort exertion (Moore & Picou, 2018; 

Picou & Ricketts, 2018). Further, studies in the literature 

have reported a potential link between TEPR and mental 

fatigue, particularly when examined over the course of an 

experimental session (Hopstaken et al., 2015; McGarrigle 

et al., 2017; Wang et al., 2018). It is therefore possible that 

the TEPR may be more closely related to changes in per-

ceived tiredness (than with perceived effort) during an ef-

fortful listening task.

Based on our summary of the literature, we propose two 

potential competing accounts of the relationship between 

TEPR and subjective effort and tiredness from listening. The 

“traditional” hypothesis refers to the assumption that subjective 

tiredness from listening is a consequence of the repeated or sus-

tained application of effortful cognitive processing (e.g., van 

der Linden et al., 2003), and TEPR can be thought of as a phys-

iological manifestation of this effort (McGarrigle et al., 2014; 

Pichora-Fuller et al., 2016). In other words, if TEPR reflects 

transient listening effort, and if demands on capacity increase 

with the onset of fatigue (Hockey,  2013), then, as tiredness 

from listening (and/or effort) ratings increase, so too should 

TEPR. Alternatively, a competing hypothesis can be derived 

from the possibility that reduced TEPRs over time are a physi-

ological manifestation of depleted task-related cognitive re-

sources (Hopstaken et al., 2015; Kuchinsky et al., 2014; Wang 

et  al.,  2018), which coincides with a more pronounced 
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subjective experience of tiredness from listening. We refer to 

this as the “resource depletion” hypothesis. From this perspec-

tive, as tiredness from listening (and/or effort) ratings increase, 

TEPRs should decrease.2

1.1 | Experiment 1

Before examining covariance between subjective meas-

ures and TEPR, we first wanted to ensure that we could 

replicate a TEPR effect that is commonly reported in the 

literature. Therefore, the first aim of Experiment 1 was to 

replicate Koelewijn et al.'s (2012) effect of SNR on TEPR 

during speech recognition in the presence of a competing 

talker. The second aim was to uncover whether analysis 

based on the collection of multiple data points would re-

veal overall differences in tiredness from listening ratings 

as a function of SNR. In other words, would consideration 

of multiple self-report administrations over the course of a 

listening task result in enhanced sensitivity to changes in 

tiredness from listening than would be expected from the 

traditional approach of collecting just one data point at the 

end of a testing condition? Finally, we aimed to examine 

relationships between TEPR and subjective ratings of ef-

fort and tiredness from listening. For Experiment 1, partici-

pants performed a speech recognition task in the presence 

of a competing talker and provided subjective ratings of 

effort and tiredness from listening in two different SNR 

conditions; “easy” and “hard.” The following specific pre-

dictions were made:

1. Larger overall mean TEPRs in the hard versus the easy 

condition, replicating the effect of SNR on TEPR during 

speech recognition in the presence of a competing talker 

(Koelewijn et  al.,  2012).

2. Higher effort ratings in the hard versus the easy condi-

tion, replicating similar findings in the literature (e.g., 

Koelewijn et al., 2012; McGarrigle et al., 2017) and higher 

tiredness from listening ratings in the hard versus the easy 

condition, reflecting the increased sustained perceptual 

demands of the more challenging (hard) condition and the 

improved sensitivity afforded by collecting multiple sub-

jective measurements.

3. Positive correlation between overall mean TEPR and both 

subjective effort and subjective tiredness from listening. 

This is based on the prediction that tiredness from lis-

tening increases as a consequence of effortful listening, 

which is thought to be reflected in both TEPR and subjec-

tive rating scores (Pichora-Fuller et al., 2016).

1.2 | Method

Sample size, experimental design, hypotheses, outcome 

measures, and analysis plan for Experiment 1 were preregis-

tered on the Open Science Framework (https://osf.io/uk32p). 

Raw data, stimuli, and R scripts for analysis and plots can be 

found at https://osf.io/cdv2r/.

1.2.1 | Participants

Twenty-eight young adults (five male) aged 18 to 30 years 

took part in this experiment. This sample size was based on a 

power analysis conducted using G*Power (Faul et al., 2009). 

Koelewijn et  al.  (2012) reported a Cohen's d effect size of 

.5 when comparing TEPRs in the presence of a single-talker 

masker in listening conditions similar to the current experi-

ment. Based on the assumption that within-subject condi-

tions are highly correlated (say r = .70), a sample size of 27 

participants would therefore provide an estimated power of 

.80 to detect a difference between these conditions if one is 

present at the .05 alpha error probability. To ensure that an 

equal number of participants were included in each of our 

four counterbalanced item lists (see below), we rounded the 

sample size to 28.

All participants were native-English speakers who re-

ported: (a) normal or corrected-to-normal visual acuity, (b) 

no known eye condition, and (c) no history of suffering from 

claustrophobia (due to space restrictions in the testing booth) 

or any medical condition that could make them tired (e.g., 

Chronic Fatigue Syndrome, sleep disorder). All participants 

had normal-hearing thresholds, measured as ≤20 dB at 0.5, 

1, 2, and 4 kHz in each ear. Participants were recruited either 

through flyers posted around the University of York campus 

or as part of a course credit scheme for Psychology under-

graduate students. Participants who did not receive course 

credit were financially compensated for their time. They pro-

vided informed written consent before participating in the 

experiment. The study was granted ethical approval by the 

departmental research ethics committee at The University of 

York (ID: 733).

1.2.2 | Equipment

PTA testing was conducted using a Kamplex Diagnostic 

Audiometer AD 25. During the subsequent testing, partici-

pants were positioned 65 cm away from a 24″ flat screen 

LCD monitor, which displayed the visual stimuli. The par-

ticipant's head was stabilized on a head- and chin-rest which 

was secured to the end of a table. Stimulus presentation 

was programed using the SR Research Experiment Builder 

software, version 2.2.1 (SR Research, Mississauga, ON, 

 2We return to (and explicitly test) these theoretical predictions in 

Experiment 2.
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Canada). Auditory stimuli were presented via two speakers 

positioned either side of the computer monitor, at 45°, and 

315° azimuth angle. A microphone was positioned inside 

the test booth so that verbal responses could be heard and 

scored online by the experimenter who listened via head-

phones, and recorded for later inter-rater reliability checks.

Pupil size was recorded using the EyeLink 1000 Plus, at a 

sampling rate of 250 Hz. Pupil size was recorded as an inte-

ger number corresponding to the number of thresholded pix-

els in the camera's pupil image. Typical pupil area can range 

between 100 and 10,000 units, with a precision of 1 unit. This 

corresponds to a resolution of 0.01  mm for a 5  mm pupil 

diameter. The desktop-mounted eye tracker camera was po-

sitioned in between the participant and the computer monitor 

at a distance of 55  cm from the participant (at 0° azimuth 

angle). The eye tracker camera was aligned to the center of 

the computer monitor screen, and was positioned just below 

the bottom of the flat screen to maximize the trackable range 

without obscuring the participant's view of the screen.

1.2.3 | Materials

Target stimuli were IEEE sentences (Rothauser et al., 1969) 

produced by a male talker with a standard Southern British 

accent. Each sentence contained five key words. The 

masker stimulus was a female talker, also with a south-

ern English accent, reading the standard phonetically bal-

anced “Rainbow Passage” (Fairbanks,  1960). Target and 

masker stimuli were digitally mixed using a Matlab script 

(Nike, 2020) to create.wav files at 20 different SNRs rang-

ing from +4 dB to −15 dB for each of the IEEE sentences 

used. These mixed files were subsequently used for the 

adaptive screening and listening task (described below). A 

random 6-s portion of the masker audio file (total file dura-

tion: 74 s) was selected for target-masker mixing. For each 

trial, masker onset began 2 s before target onset and ended 

2  s after target offset. Target stimulus presentation level 

was fixed at 55 dB SPL.

Adaptive screening

The adaptive screening used an approach similar to the one-

up one-down adaptive procedure to estimate 50% speech 

recognition performance accuracy (Kaernback,  1991). 

The purpose of this screening procedure was to calculate 

an SNR that could be used as the more-challenging (hard) 

condition in the subsequent listening task (described in the 

next section). A performance criterion threshold of 50% 

correct was chosen as it has been shown to elicit the maxi-

mum TEPR (Ohlenforst et  al.,  2017). Twenty IEEE sen-

tences were used for the adaptive screening. Each IEEE 

sentence was mixed with the masker stimulus to create 10 

different SNRs ranging from −6 dB to −15 dB SNR, result-

ing in the creation of a total of 200 mixed target-masker.

wav files (20 sentences × 10 SNRs). Participants heard 20 

mixed target and masker sentences, which started at −6 dB 

and could reach a lower limit of −15 dB. If participants re-

sponded correctly, the SNR decreased by 1 dB in the subse-

quent trial. If participants responded incorrectly, the SNR 

increased by 1 dB in the subsequent trial. An incorrect re-

sponse at the upper limit (i.e., −6 dB) or a correct response 

at the lower limit (i.e., −15 dB) resulted in no change to 

the SNR in the subsequent trial (i.e., it remained at −6 dB 

or −15  dB, respectively). Each participant's 50% perfor-

mance threshold was calculated as the mean SNR across 

sentences 10–20 (rounded to the nearest whole number). 

In cases where a “0.5” decimal value was calculated, we 

rounded down (e.g., −12.5 dB SNR was rounded down to 

−13 dB SNR). This adaptive approach was implemented to 

ensure that the hard condition was sufficiently challenging 

to require increased cognitive resource allocation, but not 

so challenging that it would lead to withdrawal from the 

task (Borghini & Hazan, 2018). Overall, the mean adapted 

SNR value for hard condition was −9.5 dB (SD = 1.75).

Listening task

The SNRs used during the listening task were individually 

adapted according to each participant's performance during 

the adaptive screening. Mean SNR in the adaptive screening 

was used as the fixed hard condition SNR in the listening 

task. The easy condition SNR was calculated as the hard con-

dition SNR plus 10 dB. For example, a hard condition SNR 

of −6 dB would result in an easy condition SNR of + 4 dB 

for the listening task. A total of 120 IEEE sentences were 

used to create two target-masker lists (List 1 and List 2). 

IEEE sentences presented during the listening task differed 

from those presented in the adaptive screening. For List 1, 

the first 60 IEEE sentences were digitally mixed with the 

masker stimulus to create target-masker.wav files in the 10 

possible SNRs for the easy condition (from −5 dB to +4 dB). 

The last 60 IEEE sentences were then digitally mixed with 

the masker stimulus to create a total of 60 target-masker.wav 

files in the 10 possible SNRs for the hard condition (from 

−15 dB to −6 dB). For List 2, the same 120 IEEE sentences 

were used, but the easy and hard condition stimuli from List 

1 were swapped. Thus, the target sentences that were used in 

the hard condition in List 1 were used in the easy condition 

in List 2, and vice versa. An additional four IEEE sentences 

were mixed with the masker stimulus to create practice trials.

Subjective ratings

During the listening task, participants were administered 

three self-report rating scales. First, subjective tiredness from 

listening was assessed as follows;
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1. How tired of listening do you feel? (100-step scale 

from Not at all—Extremely)

The choice of wording for this scale was taken from Picou 

et al. (2017) and was chosen to tap tiredness arising specif-

ically from listening demands, as opposed to other unrelated 

processes (e.g., relating to visual fatigue). This measure 

has also been shown to have high test–retest reliability (r = 

.84) and excellent internal consistency (α = .91) (Picou & 

Ricketts,  2018). Second, subjective effort was assessed as 

follows;

2. How hard did you have to work to understand what 

was said for the previous five sentences? (100-step scale 

from Not at all—Extremely)

Subjective effort ratings were an adapted version of the 

NASA task load index item assessing mental demand (Hart 

& Staveland, 1988), a commonly used subjective measure of 

effort (Dimitrijevic et al., 2019; McGarrigle et al., 2017; Pals 

et al., 2019; Peng & Wang, 2019; Strand et al., 2018). Finally, 

we assessed subjective performance evaluation as follows;

3. How would you rate your performance accuracy on the 

previous five sentences? (100-step scale from Poor— 

Good)

Subjective performance evaluation ratings were an adapted 

version of the performance scales used in Moore and Picou 

(2018). This was included in an attempt to mitigate the pos-

sibility that participants used perceived performance evalua-

tion as a proxy of effort (Moore & Picou, 2018).

Participants provided responses using an on-screen slider 

bar with values ranging from 0 to 100 in increments of 1. A 

triangular icon was positioned on the midpoint of the scale 

(50) to begin with and participants adjusted the icon using 

a mouse. Verbal anchors were positioned at each endpoint 

of the slider scale. A “Click here to continue” box was posi-

tioned at the bottom of the screen which participants clicked 

on to advance to the next scale/trial.

1.2.4 | Design and procedure

On arrival, participants were seated comfortably in the sound-

treated test booth and completed Pure Tone Audiometry 

(PTA) testing following the British Society of Audiology 

recommended procedure (2011). After the PTA test, eye 

tracker setup and calibration began. Following the recom-

mendations of Winn et  al.  (2018), soft room lighting was 

used and the computer screen had a grey background with 

reduced brightness settings (screen brightness measured 

at 100 cd/m2) to minimize any visual discomfort. The seat 

height and/or chinrest could be adjusted to ensure that the 

participant was comfortable and their eyes were in line with 

the upper third of the screen. A 5-point calibration procedure 

was performed and subsequently validated. Participants were 

then given the following instructions prior to the adaptive 

screening task: “You will now perform a brief listening task. 

At the beginning of each trial, a black cross will be displayed 

on the screen. You will then hear an audio recording of a 

female talker and a male talker. The female talker will begin 

speaking before the male talker. Please continue to look at 

the black cross while you listen. After listening to the speech, 

text will be displayed on the screen asking you to respond. 

When prompted to do so, please repeat back the speech from 

the male talker only. If you are unsure what he said, please 

feel free to have a guess.”

Participants performed 20 trials during the adaptive 

screening, starting at an SNR of −6 dB. Participants began 

each trial by fixating on a small black cross in the center of 

the screen. The experimenter was seated outside the test booth 

and used a wireless keyboard to control stimulus presenta-

tion. After hearing and scoring the participant's response, the 

experimenter pressed “y” or “n” on the keyboard to indicate 

whether the verbal response was correct or not (“y” = yes, “n” 

= no). Participants could only advance to the next trial after 

the experimenter had provided a keyboard response. A sen-

tence was scored as correct only if all five key words were cor-

rectly identified and in the correct order. For example, for the 

IEEE sentence “The birch canoe slid on the smooth planks,” 

participants were only scored as correct if they accurately re-

called all five key words in the correct order (i.e., birch, canoe, 

slid, smooth, and planks). Even minor deviations from a single 

key word, including inflections or derivations (e.g., “plank” 

instead of “planks”), were deemed to be an incorrect response. 

The adaptive screening lasted approximately 5 min.

At the beginning of the listening task, the participants were 

informed of the approximate task duration and that they would 

be asked to respond to subjective rating scales at periodic inter-

vals during the listening task. To familiarize themselves with 

the subjective rating scales, participants then performed four 

practice trials (two in the easy SNR and two in the hard SNR). 

For the listening task, stimuli were presented in a blocked fash-

ion, easy and hard condition blocks each contained 60 trials. To 

avoid order effects, the order of the two SNR conditions was 

counterbalanced across participants. Before each block, partic-

ipants provided a tiredness from listening scale response (used 

as a baseline in the analysis). Effort and performance evaluation 

rating scales were administered after five trials (totaling 12 re-

sponses each per block). The tiredness from listening subjec-

tive rating scale was administered every 10 trials (totaling six 

responses per block). At the relevant trial intervals, the effort 

scale was always administered first, followed by the “perfor-

mance evaluation” scale, followed by the tiredness from listen-

ing scale.
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In between blocks, participants were given the oppor-

tunity to rest inside the booth. In general, participants 

tended to resume the experiment within one minute. A 3-s 

intertrial interval (ITI) was incorporated in between the 

experimenter's keyboard response to advance to the next 

trial and the onset of the female talker masker. Thus, in-

cluding the experimenter's scoring time (~1 s), there was 

at least 4–5 s between the participant's verbal response and 

the recording of the subsequent trial baseline. This is con-

sistent with Winn et al. (2018) recommended ITI of 4–6 s 

for experiments involving verbal responses. Each condition 

block lasted approximately 18–20 min. Including PTA test-

ing, eye tracker setup and calibration, instruction period, 

adaptive screening, and the listening task, the total session 

lasted approximately 1 hr.

1.2.5 | Analysis

Pupillometry

Following the recommendations of Winn et al.  (2018), pupil 

data were preprocessed to remove noise from the analysis. 

Following data collection, a sample report was generated that 

included the pupil data for each participant and each trial. Gaze 

position is shown to influence pupil size estimation (Brisson 

et al., 2013). Therefore, to limit the influence of pupil size esti-

mation errors caused by a rotated pupil (e.g., caused by looking 

at the corner of the screen), a rectangular area of interest was 

created in the center of the visual display surrounding the fixa-

tion cross (left, top, right, and bottom screen coordinates: 131, 

94, 874, and 675, respectively). Only data from fixations that 

fell inside this perimeter were included in the sample report. 

These data were then output as a text file and read into R Studio 

using R version 4.0.0 (RStudio Team, 2019) for preprocessing 

and analysis.

Any missing values in the data file (e.g., caused by blinks) 

were coded as “NA” and linearly interpolated across using 

values from previous and subsequent data points. Trials that 

contained >25% missing data were removed from the analy-

sis. This resulted in the removal of 46 trials across all partic-

ipants (1.4% of all trials in the data set). Baseline-correction 

was performed on each trial. The 2 s of masker speech pre-

ceding the onset of the target speech was used as the base-

line window. The mean pupil size value recorded during this 

2-s window was then subtracted from every sample recorded 

after target speech onset to provide a TEPR value. Consistent 

with the literature (Winn et al., 2018), we found that TEPR 

started to emerge approximately 1  s after target onset and 

peaked approximately 1 s after target offset (see Figure 2). 

As a result, TEPR was calculated as the relative change 

from baseline during the 3-s window following target speech 

onset. This helped to rule out any pupil size changes elicited 

by behavioral and/or preparatory motor responses.

A repeated-measures ANOVA was conducted to examine 

mean differences in TEPR as a function of condition (easy, 

hard) and block (1, 2, 3, 4, 5, 6). For the “rmcorr” analysis 

(described in more detail below), the preprocessed time se-

ries data were averaged providing a mean TEPR for every 

10 trials of the 60 in each condition. By-block mean TEPR 

values were calculated to assess changes in TEPR over time.

Speech recognition performance

Speech recognition performance was calculated as the mean 

percentage of key words correctly identified. Each trial con-

tained five possible key words. The experimenter transcribed 

the responses online during the task. A second independent 

rater transcribed the responses offline using audio recordings 

of each trial.3 All discrepancies between the independent 

rater scores were subsequently resolved upon discussion. A 

repeated-measures ANOVA was conducted to examine dif-

ferences in mean speech recognition performance as a func-

tion of condition (easy, hard) and the linear trend over time 

using block (1, 2, 3, 4, 5, 6) as a continuous factor. For the 

rmcorr analysis, mean speech recognition performance per-

centage scores were calculated every 10 trials to assess 

changes in performance accuracy over time.

Subjective ratings

Subjective ratings of effort, performance evaluation, and 

tiredness from listening ranged from 0 to 100. Tiredness 

from listening ratings were subtracted from a baseline score 

that was recorded at the beginning of each block. Repeated-

measures ANOVAs were conducted to examine differences 

in effort, performance evaluation, and tiredness from lis-

tening ratings as a function of condition (easy, hard) and 

the linear trend over time using block (1, 2, 3, 4, 5, 6) as a 

continuous factor. For the rmcorr analysis, by-block mean 

scores were calculated by averaging the two scores provided 

within each 10-trial block. For example, the first two ratings 

(after trials 5 and 10) were averaged to reflect overall effort/

performance evaluation rating in block 1. Rating scores on 

trials 15 and 20 were averaged to reflect overall effort/per-

formance evaluation rating in block 2, and so on.

Correlations between measures

Correlations between TEPR, performance evaluation ratings, 

and tiredness from listening ratings were examined using 

standard Pearson's correlation tests. These tests were per-

formed on both the overall data (i.e., collapsed across condi-

tion) and within each individual condition. The standard 

correlation test approach (described above) can be useful in 

 3Due to a programing error, no audio was recorded for the final trial of the 

first block (i.e., trial 60) for every subject in Experiment 1. As a result, 

scores on this particular trial could not be verified by a second independent 

reviewer.
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determining whether there are associations between measures 

in terms of the overall scores that they produce. However, be-

fore conducting these tests, scores must be averaged (e.g., 

across conditions or time points) in order to meet the assump-

tion of independence of error between observations; for exam-

ple, there is likely to be nonindependence when sampling data 

from the same participants across multiple time points (Bakdash 

& Marusich, 2017). Aggregation of scores in this manner can 

disguise potentially informative intraindividual associations 

between these measures. An alternative approach to analyzing 

within-subject associations between variables that harnesses 

the high degree of statistical power inherent in a fully repeated-

measures design is repeated-measures correlation (“rmcorr”) 

(Bakdash & Marusich, 2017).4 Rmcorr analysis estimates the 

common regression slope (i.e., the linear association shared 

among individuals) for two paired repeated measures, and can 

therefore, be a powerful statistical tool for assessing the extent 

to which two measures provide convergent information. All 

rmcorr plots and analyses were conducted in R Studio.

1.3 | Results

1.3.1 | Speech recognition performance

Figure 1 (left panel) shows speech recognition performance 

as a function of condition and block. There was a significant 

main effect of condition on performance accuracy (F(1,27) = 

213.95, p < .001, partial η
2 = 0.89). Overall, performance 

accuracy was higher in the easy (M = 93.20%, SE = 0.59%) 

than the hard (M = 67.64%, SE = 1.93%) condition. There 

was also a significant main effect of block on the linear 

term, (F(1,27) = 29.60, p < .001, partial η2 = 0.52), with mean 

speech recognition performance showing a general improve-

ment over time. No significant difference was found between 

conditions in terms of the linear change over time (F(1,27) = 

2.64, p = .12, partial η2 = 0.09).

1.3.2 | TEPR

Figure  1 (right panel) shows mean TEPR as a function of 

condition and block. Figure  2 shows the mean TEPR time 

series at the level of the individual trial (i.e., sentence rec-

ognition) in each condition. There was a significant main ef-

fect of condition on mean TEPR (F(1,27) = 30.51, p < .001, 

partial η
2 = 0.53). Overall, Mean TEPR was higher in the 

hard (M = 154.94, SE = 25.79) than the easy (M = 77.06, 

SE = 19.98) condition. There was also a significant main ef-

fect of block on the linear term, (F(1,27) = 39.82, p < .001, par-

tial η2 = 0.60), with mean TEPR showing a general decrease 

over time. No significant difference was found between con-

ditions in terms of the linear change over time (F(1,27) = 0.36, 

p = .55, partial η2 = 0.01).

 4The rmcorr analysis method was not preregistered prior to Experiment 1 

data collection and so results therein are treated as exploratory.

F I G U R E  1  Left panel: Mean % correct speech recognition performance for each condition and block. Right panel: Mean TEPR for each 

condition and block. Error bars represent the standard error of the mean, SE
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1.3.3 | Subjective ratings

Figure 3 displays each of the three subjective rating scores 

(effort, tiredness from listening, and performance evaluation) 

in each condition as a function of block. There was a sig-

nificant main effect of condition on effort ratings (F(1,27) = 

196.78, p < .001, partial η2 = 0.88). Overall, effort ratings 

were higher in the hard (M = 66.49, SE = 2.23) than the easy 

(M = 32.28, SE = 2.49) condition. There was no significant 

main effect of block on the linear term, (F(1,27) = 1.22, p = 

.28, partial η2 = 0.04). No significant difference was found 

between conditions in terms of the linear change over time 

(F(1,27) = 0.93, p = .34, partial η2 = 0.03).

There was a significant main effect of condition on tired-

ness from listening ratings (F(1,27) = 5.35, p = .03, partial η2 

= 0.17). Overall, tiredness from listening ratings were higher 

in the hard (M = 16.85, SE = 2.69) than the easy (M = 7.07, 

SE = 2.77) condition. There was a significant main effect of 

block on the linear term, (F(1,27) = 81.09, p < .001, partial η2 

= 0.75), with mean tiredness from listening ratings showing 

a general increase over time. There was also a significant dif-

ference between conditions in terms of the linear change over 

time (F(1,27) = 4.34, p = .05, partial η
2 = 0.14). Tiredness 

from listening ratings showed a more steeply rising increase 

over time in the easy condition than in the hard condition.

Finally, there was a significant main effect of condition on 

performance evaluation ratings (F(1,27) = 147.66, p < .001, 

partial η2 = 0.85). Overall, performance ratings were higher 

in the easy (M = 68.13, SE = 2.40) than the hard (M = 35.95, 

SE = 2.50) condition. There was no significant main effect 

of block on the linear term, (F(1,27) = 3.72, p = .06, partial η2 

= 0.12). No significant difference was found between condi-

tions in terms of the linear change over time (F(1,27) < 0.001, 

p = .99, partial η2 < 0.001).

1.3.4 | Correlations

Standard

Standard Pearson's r (or Spearman's rho) correlation tests were 

conducted to examine relationships between each of the dif-

ferent measures both overall (i.e., collapsed across condition) 

and within each condition. These analyses were conducted on 

data collapsed across blocks. A total of 12 correlation tests were 

conducted to test our hypotheses, resulting in a Bonferroni-

corrected alpha criterion significance level of .004 (.05/12). We 

found no significant correlation between overall mean effort 

ratings and overall mean tiredness from listening ratings, rs = 

.38, p = .05, as well as no significant correlation between ef-

fort ratings and tiredness from listening ratings within the easy 

F I G U R E  2  Mean baseline-corrected task-evoked pupil response (TEPR; in arbitrary units representing number of thresholded pixels) in the 

easy and hard conditions. Error bars represent the standard error of the mean, SE. Vertical dotted lines represent the beginning and end of the TEPR 

interval
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condition only (rs = .05, p = .82) or the hard condition only (rs 

= .27, p = .16). Mean TEPR did not correlate with effort ratings 

overall (rs = −.17, p = .40) or within each condition (easy; rs 

= .02, p = .90, hard; rs = −.16, p = .42). Mean TEPR also did 

not correlate with tiredness from listening ratings overall (r = 

−.25, p = .21) or within each condition (easy; r = −.32, p = .10, 

hard; r = .05, p = .81). Finally, mean TEPR did not correlate 

with speech recognition performance overall (rs = .08, p = .67) 

or within each condition (easy; rs = −.28, p = .15, hard; rs = 

−.13, p = .51).

Rmcorr

Rmcorr analyses were conducted to explore associations be-

tween each of the dependent variables at the intraindividual 

level. Six “block” values were therefore collected for each 

participant and each dependent variable to represent change 

over time. As with the standard correlation tests, we exam-

ined relationships both overall (i.e., collapsed across condi-

tions) and within each condition. We examined all possible 

relationships between each of the five dependent variables 

(effort ratings, tiredness from listening ratings, performance 

evaluation rating, speech recognition performance, and 

TEPR), resulting in a total of 30 correlation tests. We there-

fore applied a Bonferroni-corrected alpha criterion signifi-

cance level of .001 (.05/30).

Table  1 shows rmcorr coefficients for within-subject 

correlation tests between all outcome measures. Rmcorr 

yielded a positive relationship between overall mean effort 

ratings and overall mean tiredness from listening ratings. 

Higher effort ratings were associated with higher tiredness 

from listening ratings. Condition-specific analyses revealed 

that this association was significant in the easy, but not the 

hard, condition. Changes in overall mean TEPR showed a 

negative correlation with changes in overall mean tiredness 

from listening ratings. Smaller TEPRs coincided with in-

creased tiredness from listening ratings. Condition-specific 

analyses revealed that this association was significant in 

the easy, but not the hard, condition. However, changes 

F I G U R E  3  Mean subjective ratings (0–100 scale) for the easy and hard conditions as a function of block. Tiredness from listening ratings 

were calculated as the relative change from a baseline recorded at the beginning of block 1. Error bars represent the standard error of the mean, SE
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in mean TEPR did not correlate with changes in mean ef-

fort ratings overall, nor within each condition. Significant 

negative associations were found between mean tiredness 

from listening ratings and mean performance evaluation 

ratings overall and within each condition. Tiredness from 

listening ratings generally increased as performance eval-

uation ratings decreased. Speech recognition performance 

showed a significant negative association with effort rat-

ings both overall and within each condition. Performance 

improvements were generally associated with reductions in 

perceived effort ratings. And finally, significant negative 

associations were found between effort and performance 

evaluation ratings both overall and within each condition. 

Effort ratings generally increased as performance evalu-

ation ratings decreased. All other correlation test results 

were nonsignificant (ps > .001).

1.4 | Discussion

For Experiment 1, the primary objectives were to: (a) repli-

cate the effect of SNR on TEPR during a competing talker 

task (Koelewijn et al., 2012), (b) examine whether subjec-

tive effort and tiredness from listening ratings also change 

as a function of SNR, and (c) test for associations between 

TEPR and subjective ratings of effort and tiredness from lis-

tening. First, participants showed a larger TEPR in the hard 

than the easy condition, replicating Koelewijn et al. (2012). 

This suggests that a 10 dB reduction in SNR elicits an in-

crease in the allocation of cognitive resources required to 

understand speech in the presence of a competing talker. 

This primarily served as a manipulation check and helped 

to ensure that we were examining a well-established pu-

pillometry effect. Second, we found an effect of SNR on 

both subjective effort and tiredness from listening ratings, 

with higher ratings recorded in the hard versus the easy 

condition across both measures. Higher overall effort rat-

ings in the hard versus the easy corroborates findings in the 

literature, clearly demonstrating an effect of SNR on sub-

jective effort ratings (McGarrigle et  al.,  2017; McMahon 

et  al.,  2016; Rennies et  al.,  2014; Seeman & Sims,  2015; 

Strand et  al.,  2018; Zekveld et  al.,  2010). Higher overall 

tiredness from listening ratings in the more adverse (i.e., 

negative) SNR condition supports Picou et al.  (2017), but 

not McGarrigle et al.  (2017). This discrepancy may relate 

to the methodology used; both the present study and Picou 

et al. (2017) used a scale that specifically assessed tiredness 

from listening, whereas McGarrigle et al.  (2017) adminis-

tered the domain-general Visual Analog Scale for Fatigue 

(VAS-F) to examine differences in listening-related fa-

tigue. It is possible that the tiredness from listening scale is 

more sensitive to the kinds of challenges posed by adverse 

SNRs. However, it is also noteworthy that the effect of SNR 

emerged only when data were aggregated across an entire 

block. In other words, the traditional approach of admin-

istering a questionnaire pre and post manipulation would 

1 2 3 4

Overall

1. TEPR

2. Effort rating .03 [−.14, .19]

3. Tiredness from listening rating −.40 [−.53, −.25] .37 [.21, .50]

4. Performance evaluation rating .09 [−.07, .26] −.70 [−.78, −.61] −.42 [−.55, −.27]

5. Speech recognition performance −.25 [−.40, −.08] −.31 [−.45, −.15] .19 [.03, .35] .24 [.08, .39]

Easy condition only

1. TEPR

2. Effort rating .06 [−.11, .23]

3. Tiredness from listening rating −.29 [−.43, −.13] .39 [.24, .52]

4. Performance evaluation rating .05 [−.22, .12] −.76 [−.83, −.69] −.36 [−.49, −.20]

5. Speech recognition performance −.19 [−.35, −.03] −.42 [−.55, −.28] .01 [−.16, .18] .48 [.34, .60]

Hard condition only

1. TEPR

2. Effort rating .11 [−.06, .27]

3. Tiredness from listening rating −.20 [−.36, −.04] .19 [.03, .35]

4. Performance evaluation rating .04 [−.20, .13] −.68 [−.76, −.58] −.28 [−.42, −.11]

5. Speech recognition performance −.15 [−.31, .02] −.42 [−.55, −.27] .07 [−.10, .23] .41 [.26, .54]

Note: Coefficients in bold are significant at the Bonferroni-corrected alpha criterion of p < .001.

T A B L E  1  Rmcorr correlation coefficients (and 95% confidence intervals) for within-subject correlation tests between all outcome measures
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have likely revealed no such effect of SNR, as only the final 

data point would have been entered into the analysis (cf. 

Figure  3). This suggests that perceived tiredness/fatigue 

may show differences in fluctuation patterns as a function of 

SNR, and highlights the importance of administering self-

report scales on a continuous basis to capture potentially 

subtle differences in perceived tiredness from listening.

The difference in tiredness from listening ratings between 

the easy and hard conditions appeared to reduce over time 

(see Figure  3). This pattern of change is somewhat unex-

pected; although no study to our knowledge has specifically 

investigated this phenomenon, it would be intuitive to pre-

dict that tiredness from listening might show a steeper lin-

ear increase over time, reflecting the heightened demands of 

sustained effort, in more-challenging listening conditions (cf. 

Hornsby, 2013; McGarrigle et al., 2017). One possible inter-

pretation for the observed data could stem from changes over 

time in the relative contributions of perceived duration and 

task demand. In other words, perceived demand (i.e., how ad-

verse the SNR is) and duration (i.e., how long the task feels) 

both likely influence our own subjective tiredness judgments. 

However, the relative contribution of each may change as a 

function of time such that duration becomes more salient as 

the task progresses, thus, mitigating the relative influence of 

task demand. It should also be noted that, even in the hard 

condition, mean tiredness from listening ratings did not ex-

ceed 30/100 (see Figure 3). This suggests that, although the 

hard condition was found to be more tiring than the easy con-

dition overall, individuals did not report particularly high lev-

els of tiredness from listening.

Finally, correlation tests between each of the primary de-

pendent variables yielded no significant associations. On the 

contrary, exploratory “rmcorr” analyses revealed significant 

within-subject associations between several outcome mea-

sures (see Table 1). In particular, a negative within-subject 

association was found between overall TEPR and tiredness 

from listening, but not TEPR and effort; reduced TEPRs were 

associated with increased tiredness from listening ratings, 

but no change in effort ratings. This suggests that changes 

over time in TEPR are more closely related with the percep-

tual experience of tiredness from listening than with effort. 

Further, a positive within-subject association was found 

between overall effort and tiredness from listening ratings, 

lending support to Hockey's (2013) model of fatigue which 

proposes that one's evaluation of demands on capacity (i.e., 

effort rating) changes dynamically with the onset of fatigue. 

The finding of a relationship between subjective effort and 

tiredness also corroborates Alhanbali et  al.  (2017) who re-

ported a significant positive relationship between effort and 

fatigue ratings.

Rmcorr analysis also revealed a significant negative 

within-subject association between performance evaluation 

ratings and both effort and tiredness from listening ratings. 

Generally, effort and tiredness from listening ratings went 

up as performance evaluation ratings went down. The sig-

nificant association between effort and performance evalu-

ation provides further support for Moore and Picou's (2018) 

assertion that effort ratings at least partly reflect the more 

intuitive evaluation of one's own performance. The associ-

ation between performance evaluation ratings and tiredness 

from listening hints at a potentially interesting relationship 

between tiredness and self-efficacy (i.e., belief in one's 

own ability to succeed). The possibility that tiredness from 

listening may have a cascading effect on one's own evalu-

ation of communication success has potential implications 

for hearing rehabilitation strategies. For example, targeting 

a reduction in tiredness from listening during rehabilitation 

could become increasingly important if it is found to in-

fluence an individual's willingness to engage socially and 

“persevere” in an adverse communication setting (Smith 

et al., 2011).

Correlation results demonstrated differences between 

the associations revealed by standard (Pearson's r) correla-

tion tests and rmcorr analyses. There are a number of po-

tential reasons for these discrepancies. Standard correlation 

tests and rmcorr analyses are designed to test fundamen-

tally different types of research question. In the case of the 

standard correlation test, the question is a “between-sub-

ject” one; for example, do people who report high subjec-

tive “effort” also show larger TEPRs? In contrast, the 

question examined with rmcorr analysis is of a “with-

in-subject” nature; for example, when individuals show a 

larger increase in TEPR during a listening task, does this 

also coincide with a larger increase in effort ratings?5 

Another key difference between the two tests which likely 

impacted the results observed relates to statistical power. 

For standard correlation tests, within-subject data are often 

aggregated to meet statistical independence assumption re-

quirements which reduces overall statistical power 

(Bakdash & Marusich, 2017). However, rmcorr retains and 

models this within-subject variance, resulting in increased 

power to detect an association where one exists (discussed 

in more detail in the “General Discussion”).

Given the exploratory nature of the above rmcorr analy-

ses, further examination was required to verify the associa-

tions reported above (Wagenmakers et al., 2018). Although 

tiredness from listening ratings were found to be negatively 

associated with TEPRs, mean change in tiredness from lis-

tening remained relatively low in Experiment 1 (≤20/100; 

see Figure 3), even toward the latter stages of the hard con-

dition. Simulating a more sustained effortful listening task 

could induce more variability in tiredness from listening and 

 5Although rmcorr and standard correlation tests will often show a similar 

pattern, this may not always be the case (cf. “Simpson's paradox” 

discussion in Bakdash & Marusich, 2017).
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effort ratings, and therefore, shed light on the associations 

between TEPR, subjective ratings of effort, tiredness from 

listening, and performance evaluation.

2 |  EXPERIMENT 2

Experiment 2 had two primary aims: (a) to verify the in-

traindividual associations found in Experiment 1, and (b) to 

induce a larger degree of variability in the subjective rating 

scores by simulating a more sustained effortful listening 

task. In doing so, we were able to more directly test the pre-

dictions of the “traditional” versus the “resource depletion” 

accounts of the relationship between TEPR and subjective 

reports of tiredness from listening. Further, changes in 

speech recognition performance have been shown to influ-

ence subjective judgments of effort (Moore & Picou, 2018; 

Picou et al., 2017). Using a single fixed level of task de-

mand (i.e., SNR), therefore, permits a closer inspection of 

possible associations between TEPR and subjective effort 

and tiredness from listening that are less likely to be influ-

enced by changes in speech recognition performance. By 

administering a task that taxes both perceptual capacities 

(i.e., listening) and sustained attention, we were also able 

to test the predictions of Hockey's (2013) motivation con-

trol theory of fatigue which posits that fatigue influences 

the evaluation of demands on capacity. Therefore, the fol-

lowing predictions were made:

1. Changes in TEPR will either be: (a) positively related 

to changes in effort and tiredness from listening rat-

ings (traditional hypothesis) or (b) negatively related to 

changes in tiredness from listening (resource depletion 

hypothesis).

2. Subjective effort ratings will be positively related to 

subjective tiredness from listening ratings, supporting 

Hockey's (2013) motivation control theory of fatigue pre-

diction that fatigue influences one's own evaluation of de-

mands on capacity.

3. Tiredness from listening ratings will be negatively related 

to speech recognition performance, supporting the idea 

that fatigue has a detrimental impact on task performance 

(DeLuca, 2005; Hockey, 2013).

2.1 | Method

Sample size, experimental design, hypotheses, outcome 

measures, and analysis plan for Experiment 2 were all pre-

registered on the Open Science Framework (https://osf.io/

nya2g). Raw data, stimuli, and R scripts for analysis and 

plots can be found at https://osf.io/6mbk7/.

2.1.1 | Participants

Twenty healthy young adults (two male) aged 18 to 30 years 

took part in this study. Only participants who had not taken 

part in Experiment 1 were eligible to take part in Experiment 

2. Hopstaken et al. (2015) reported a Pearson's r correlation 

of −.33 between TEPR and subjective fatigue in their study. 

Based on power estimates for detecting a medium effect size 

when using the repeated-measures correlation (rmcorr) tech-

nique with k = 6 (see Figure 4; Bakdash & Marusich, 2017), 

we calculated that a sample size of 20 participants should 

provide >80% power to detect an association between these 

variables if one is present at the standard .05 alpha error prob-

ability. All participants had hearing thresholds of ≤20 dB at 

0.5–4 kHz in each ear. Otherwise, the same eligibility crite-

ria and recruitment methods were used as in Experiment 1.

2.1.2 | Materials, design, and procedure

The equipment used, eye tracker setup, materials, design, and 

procedure were the same as those of Experiment 1, with the 

following exceptions. Participants performed the task in one 

condition (hard) only. This listening task included a total of 

120 trials and lasted approximately 35–40 min. Participants 

performed the task continuously (i.e., without a break).6 Two 

stimulus lists were created, and participants were randomly as-

signed to one of the two lists. List 1 consisted of the same 120 

IEEE sentences used in Experiment 1. List 2 consisted of 120 

IEEE sentences not used in Experiment 1. Based on pilot test-

ing the new experiment among members of the lab, we de-

cided to reduce screen brightness from 100 to 70  cd/m2 to 

mitigate against the potential for participant discomfort. Two 

practice trials were administered, using the same two IEEE 

sentences as in Experiment 1's hard practice trials. All three 

subjective rating scales were administered after the second 

practice trial to establish baselines. The mean adapted SNR 

value for the main (hard) condition was −8.6 dB (SD = 1.88).

2.1.3 | Analysis

Minor differences in how outcome measures were admin-

istered and/or scored in Experiment 2 were as follows. 

Subjective ratings of effort and performance evaluation were 

administered every five trials, resulting in a total of 24 ratings 

on each scale. Mean effort and performance evaluation rating 

scores were therefore calculated by averaging over every four 

 6However, please note that the competing talker stimulus was not played 

continuously in the background. As in Experiment 1, the masker stimulus 

started at the beginning of each trial and ended just before the speech 

repetition prompt.
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(rather than two) responses. For example, block 1 effort and 

performance evaluation ratings reflected the average effort 

and performance evaluation ratings as indicated after trials 

5, 10, 15, and 20. Mean TEPR scores reflected TEPRs aver-

aged over every 20 trials. Subjective ratings of tiredness from 

listening were administered every 20 trials (six ratings in 

total). A tiredness from listening subjective rating scale was 

administered at the very beginning of the listening task (i.e., 

before trial one), and this score was used as a baseline in the 

analysis. To summarize, each of the six blocks in Experiment 

2 reflected scores averaged over 20 (rather than 10) trials. 

The same pupil data preprocessing techniques were used as 

in Experiment 1. However, on this occasion, data from one 

subject (s17) were removed due to having 72/120 trials with 

>25% missing data. Of the remaining data set, a total of 46 

trials (2% of all trials in the data set) were removed from 

the analysis due to >25% missing sample values. One-way 

repeated-measures ANOVAs were conducted for each of the 

dependent variables to examine linear trend over time.

2.2 | Results

2.2.1 | Speech recognition performance

Figure 4 (left panel) illustrates the general pattern of change 

in speech recognition performance accuracy as a function of 

block. There was no significant main effect of block on the 

linear term, (F(1,19) = 0.004, p = .95, partial η2 < 0.001), with 

mean speech recognition performance showing no linear 

change over time.

2.2.2 | TEPR

Figure 4 (right panel) illustrates the general pattern of change 

in mean TEPR as a function of block. There was a significant 

main effect of block on the linear term, (F(1,18) = 35.54, p < 

.001, partial η2 = 0.66). Mean TEPR showed a general linear 

decrease over time.

2.2.3 | Subjective ratings

Figure 5 displays the general pattern of results in each of the 

three subjective rating scores (effort, tiredness from listen-

ing, and performance evaluation) as a function of block. For 

mean effort ratings, there was no significant main effect of 

block on the linear term, (F(1,19) = 0.65, p = .43, partial η2 

= 0.03), with mean effort ratings showing no linear change 

over time. For mean tiredness from listening ratings, there 

was a significant main effect of block on the linear term, 

(F(1,19) = 77.61, p < .001, partial η2 = 0.80). Mean tiredness 

from listening ratings showed a general linear increase over 

time. For mean performance evaluation ratings, there was 

no significant main effect of block on the linear term, (F(1,19) 

F I G U R E  4  Left panel: Mean % correct speech recognition performance accuracy as a function of block. Right panel: Overall mean task-

evoked pupil response (TEPR; in arbitrary units representing number of thresholded pixels) as a function of block. Error bars represent the standard 

error of the mean, SE
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= 0.41, p = .53, partial η2 = 0.02), with mean performance 

evaluation ratings showing no linear change over time.

2.2.4 | Correlations

Rmcorr

Rmcorr analyses were conducted to examine associations 

between the dependent variables at the intraindividual level. 

We examined all possible pairwise correlations between the 

five dependent variables (effort ratings, tiredness from listen-

ing ratings, performance evaluation rating, speech recogni-

tion performance, and TEPR), resulting in a total of 10 tests. 

A Bonferroni-corrected alpha criterion significance level of 

.005 (.05/10) was applied.

Figure 6 shows the rmcorr scatterplots pertaining to the 

main correlation tests of interest. Table 2 shows rmcorr co-

efficients for within-subject correlation tests between all 

outcome measures. First, changes in mean TEPR showed a 

significant negative correlation with changes in mean tired-

ness from listening ratings. Smaller TEPRs coincided with 

increased tiredness from listening ratings. However, changes 

in mean TEPR did not correlate with changes in mean effort 

ratings. Similarly, no significant relationship was found be-

tween changes in mean effort ratings and changes in mean 

tiredness from listening ratings, nor between mean TEPR and 

speech recognition performance. Finally, changes in tiredness 

from listening were not associated with either mean speech 

recognition performance or mean performance evaluation 

ratings.

2.3 | Discussion

Experiment 2 aimed to more closely examine intraindividual 

associations between TEPR, subjective ratings of effort and 

F I G U R E  5  Mean subjective rating scores as a function of block. Rating scores on the y axis ranged from 0 to 100. Tiredness from listening 

rating scores were calculated as the relative change from a baseline recorded at the beginning of block 1. Error bars represent the standard error of 

the mean, SE
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tiredness from listening, and performance evaluation. First, 

we found evidence in favor of the “resource depletion” ac-

count of the relationship between TEPR and tiredness from 

listening; TEPRs became smaller as individuals reported in-

creased tiredness from listening. Once again, no association 

was found between changes in TEPR and subjective effort. 

Unlike Experiment 1, no significant within-subject associa-

tion was found between subjective ratings of effort and tired-

ness from listening (possible reasons are discussed in the 

General Discussion). We found no significant within-subject 

F I G U R E  6  Rmcorr scatterplots showing within-subject associations between TEPR, effort ratings, tiredness from listening ratings 

(reported as a change from baseline), and performance evaluation ratings. Observations from a given participant are plotted in the same color, 

with corresponding lines showing the rmcorr fit (i.e., the common regression slope) imposed on each participant's raw data. A single data point 

represents the aggregate mean value for each subject on each of the six blocks. Mean data aggregation was performed over the following trials: (1) 

TEPR; 20 trials within each block, (2) Effort and Performance evaluation ratings; four ratings recorded after every five trials within each block, and 

(3) Tiredness from listening rating; a single self-report rating value at the end of each block of 20 trials
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association between tiredness from listening and speech rec-

ognition performance, suggesting that tiredness from listen-

ing did not have a detrimental impact on task performance 

(Hockey, 2013). Finally, evidence for an association between 

tiredness from listening and performance evaluation rat-

ings was weaker (and nonsignificant) in this experiment (r 

= −.21) compared with Experiment 1 (r = −.42). Potential 

reasons for these discrepant results are also discussed in the 

General Discussion.

3 |  GENERAL DISCUSSION

3.1 | TEPR as a marker of tiredness from 
listening, not effort

In both experiments, a negative within-subject association 

was found between TEPR and tiredness from listening rat-

ings; as participants' ratings of tiredness from listening in-

creased, their TEPRs became smaller. This effect was even 

stronger in Experiment 2 (r = −.48) than Experiment 1 (r 

= −.40), suggesting that it is exacerbated by more sustained 

listening demands. On the contrary, neither experiment re-

vealed a significant association between TEPR and subjec-

tive effort ratings. This finding lends weight to the argument 

that TEPR is not an objective correlate of the subjective ex-

perience of listening effort (McGarrigle et al., 2014; Pichora-

Fuller et al., 2016; Strand et al., 2018). Instead, within-subject 

changes in TEPR appear to align more closely with the sub-

jective experience of tiredness from listening. This supports 

the characterization of TEPR as a broad indicator of physi-

ological arousal that is governed by moment-to-moment 

changes in locus coeruleus activity which serves to main-

tain goal-oriented attention (Aston-Jones & Cohen,  2005). 

Importantly, this arousal-mediated activity appears to ex-

hibit signs of disruption as a challenging mental task persists 

and becomes fatiguing (Hopstaken et al., 2015; McGarrigle 

et al., 2017).

The TEPR reflects a physiological response that is time-

locked to a particular stimulus or event; in this case, percep-

tion of a sentence. The current study findings suggest that the 

strength of TEPR declines over time, and shows an association 

with the perception of tiredness from listening. However, as 

a marker of relative change from a baseline, the evoked pupil 

response may be influenced by underlying changes in base-

line pupil size across the duration of the experiment. In other 

words, it is possible that the observed reduction in TEPR 

over time may be driven by, or at least influenced by, more 

low-frequency fluctuations in arousal that are not necessarily 

time-locked to a stimulus or event; characterized as “tonic” 

(as opposed to “phasic”) changes in LC-mediated pupil activ-

ity (Aston-Jones & Cohen, 2005). To explore this possibility, 

we conducted additional exploratory rmcorr analyses testing 

for any associations between baseline pupil size, TEPR, and 

tiredness from listening ratings (plots and rmcorr estimates 

are provided in Supporting Information). These analyses 

yielded no significant associations between changes in base-

line pupil size and either TEPR or tiredness from listening 

ratings (ps > .05). This suggests that both the TEPR pattern 

observed and the association between TEPR and tiredness 

from listening ratings in the current study are not likely to 

have been driven by changes in baseline pupil size.

Results from the current study suggest that changes in TEPR 

over the course of a sustained effortful listening task correspond 

more closely to the subjective experience of tiredness from lis-

tening which show a pattern of change that is inversely related 

to TEPR; as TEPRs decrease in size, tiredness ratings increase. 

On the contrary, within-subject changes in perceived effort ap-

pear to be more closely driven by changes in performance eval-

uation, with both measures showing a more constrained pattern 

of change over time. Figure 7 shows a hypothetical schematic 

illustration of how each of these four measures reflect divergent 

patterns of change over time during a sustained effortful listen-

ing task, based on the results of the current study.

These findings have implications for future experiments 

aiming to assess the impact of a specific manipulation (e.g., 

listening demand or an intervention) on subjective outcome 

measures. Previous research has shown that effort ratings are 

indeed sensitive to subtle (e.g., SNR) manipulations of task 

demand (Krueger et al., 2017). This is perhaps unsurprising 

when we consider the correlation between effort ratings and 

speech recognition performance reported both in the literature 

(r = −.43; Picou & Ricketts, 2018) and in the current study 

(Experiment 1; r = −.31). However, if the goal of a study is to 

1 2 3 4

1. TEPR

2. Effort rating .03 [−.18, .23]

3. Tiredness from listening rating −.48 [−.63, −.31] .17 [−.02, .36]

4. Performance evaluation rating .11 [−.09, .31] −.71 [−.80, −.60] −.21 [−.39, −.01]

5. Speech recognition performance .05 [−.16, .25] −.49 [−.62, −.32] .11 [−.30, .09] .59 [.44, .70]

Note: Coefficients in bold are significant at Bonferroni-corrected alpha criterion of p < .005.

T A B L E  2  Rmcorr correlation coefficients (and 95% confidence intervals) for within-subject correlation tests between all outcome measures
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examine how cognitive processes related to listening change 

over time, data from the current study suggest that subjective 

tiredness from listening ratings may be more sensitive to the 

effects of sustained listening demands than are effort ratings. 

Rather than reflecting moment-to-moment fluctuations in 

cognitive resource allocation, effort ratings appear to be more 

fixed and prone to change only in response to modulations in 

task demand.

It is important to emphasize that, although we found no 

evidence of an association between effort ratings and TEPRs, 

this does not mean that TEPR cannot provide useful informa-

tion pertaining to effortful listening; in fact, we would argue 

the opposite. At the within-subject level, changes over time 

in physiological arousal during a listening task correspond 

more closely with the subjective experience of tiredness. This 

may (at least, partly) be because the experience of “tiredness” 

is simply more tractable (and therefore, easier to self-report) 

than the experience of “effort,” which in some cases may be 

beyond our introspective capacities (Moore & Picou, 2018). 

Ultimately, this study highlights the utility of pupillometry 

as a measure sensitive not just to changes in task demand, 

but also to moment-to-moment fluctuations in tiredness from 

listening.

3.2 | Relations between subjective measures

It is often suggested that the mental fatigue or tiredness from 

listening that is reported anecdotally in hearing-impaired 

populations (Hétu et  al.,  1988; Nachtegaal et  al.,  2009) is 

likely the consequence of repeated and/or sustained episodes 

of effort allocation during listening (Hornsby et  al.,  2016; 

McGarrigle et al., 2014; Pichora-Fuller et al., 2016). Hockey's 

(2013) motivation control theory of fatigue proposed a more 

nuanced conceptualization of fatigue, suggesting that it 

serves as an emotion-like alerting mechanism which forces 

an individual to reevaluate their goals and priorities. In the 

former account, effort would be predicted to increase fatigue 

(Hornsby et al., 2016; McGarrigle et al., 2014; Pichora-Fuller 

et al., 2016). In contrast, according to Hockey's (2013) ac-

count, fatigue would be predicted to influence our effort 

evaluations, such that as fatigue increases, so too do effort 

evaluations. In either case, we would hypothesize a posi-

tive relationship between these variables. Experiment 1 re-

vealed a significant positive association between changes in 

perceived effort ratings and changes in perceived tiredness 

from listening ratings, supporting this prediction. However, 

in Experiment 2, this association was no longer significant.

F I G U R E  7  Hypothetical schematic diagram of within-subject change over time during a sustained effortful listening task for perceived 

effort, performance evaluation, task-evoked pupil response (TEPR), and perceived tiredness from listening. Perceived effort is relatively high (and 

performance evaluation relatively low) on the y axis to reflect the fixed (high) level of listening demand. Both display a similar rate of change over 

time, with perceived effort increases coinciding with reduced performance evaluation ratings. On the contrary, TEPR starts high (and tiredness 

from listening low) on the y axis to reflect early heightened levels of task engagement and arousal and the fact that fatigue has not yet started 

to accumulate. Both TEPR and tiredness then show a similarly steep rate of change over time (albeit in opposite directions), to reflect the more 

pronounced cumulative effect of time-on-task on both TEPR and tiredness from listening



   | 19 of 22MCGARRIGLE ET AL.

Closer inspection of the data from Experiment 1 revealed 

that the relationship (when collapsed across conditions) appears 

to have been driven primarily by the strength of the associa-

tion in the easy condition (r = .39), and not the hard condition 

(r = .19). Indeed, although nonsignificant (p = .08), the effect 

size in Experiment 2 was similar to the effect size for the hard 

condition in Experiment 1 (r = .17). This suggests that the re-

lationship between effort and tiredness from listening ratings 

may be contingent on the level of difficulty of the listening sit-

uation. This may result from an unexpected interaction between 

perceived task demand and task duration; in adverse listening 

scenarios, the most salient driver of effort ratings is likely the 

task demand (i.e., the SNR), and as long this does not change, 

feelings of tiredness will not likely influence effort ratings. On 

the contrary, in less adverse listening scenarios, a more salient 

factor influencing effort ratings may be the duration of the task. 

Increases in perceived task duration may therefore lead to a 

heightened sense of fatigue (Thoenes et al., 2018), thus, facili-

tating a stronger association between effort and tiredness from 

listening ratings. Future research could examine this possibility 

by, for example, asking individuals to provide verbal time esti-

mates during or after the listening task.

Experiment 1 revealed a negative association between 

changes in tiredness from listening and changes in perfor-

mance evaluation; as individuals reported increased tired-

ness from listening, they also tended to rate their own speech 

recognition performance more negatively. Although this was 

an exploratory finding, it hinted at the possibility of an as-

sociation between an individual's subjective experience of 

tiredness from listening and their feelings of self-efficacy 

in a communication setting. While a significant association 

was found in Experiment 1 (r = −.42), a weak (and nonsig-

nificant) association was found in Experiment 2 (r = −.21). 

Analyses of each condition subset in Experiment 1 yielded 

similar effect sizes for easy (r = .36) and hard (r = .28) con-

ditions, suggesting that this effect is unlikely to be contin-

gent on the level of task demand. Taken together, this study 

provides moderate evidence in favor of an association be-

tween tiredness from listening and performance evaluation. 

However, further research is needed to verify and explore this 

potential relationship.

3.3 | On the importance of (multiple) 
subjective ratings

In Experiment 1, we found an effect of SNR on tiredness 

from listening ratings, such that individuals overall re-

ported higher tiredness from listening in the hard versus the 

easy condition. Visual inspection of the data (see Figure 3) 

suggests that this effect would have gone undetected had 

we used the standard approach of collecting a single data 

point after each condition. This highlights the importance 

of monitoring changes in subjective evaluations over the 

course of a listening task and suggests not only that the 

subjective experience of tiredness from listening fluctuates 

over the course of a listening experience, but also that this 

pattern of change interacts with the specific level of task 

demand (in this case, SNR); a steeper increase in tired-

ness from listening was found in the more favorable SNR 

in Experiment 1. However, the highest overall tiredness 

from listening ratings were observed in the more sustained 

Experiment 2 (hard) condition (see Figure 5), suggesting 

that tiredness from listening ratings are influenced by both 

task duration and perceptual demand. Changes in these 

kinds of subjective judgments over the course of a com-

munication scenario will likely influence whether or not 

an individual chooses to withdraw or sustain engagement 

(Pichora-Fuller et  al.,  2016). Therefore, a better under-

standing of how these phenomena change during, and not 

just after (retrospectively), a listening task could poten-

tially inform intervention strategies aimed at overcoming 

barriers to communication.

3.4 | Rmcorr

Many previous studies that have examined associations be-

tween subjective and objective measures suffer from low 

statistical power; a problem that is by no means confined 

to this particular field of inquiry (Clayson et  al.,  2019). 

Rmcorr represents a promising tool for harnessing the in-

herent statistical power of repeated-measures designs to 

examine associations at the within-subject level (Bakdash 

& Marusich, 2017). Studies on listening effort are typically 

designed to have sufficient statistical power to detect dif-

ferences (e.g., in TEPR) between two or more conditions, 

and not necessarily associations between measures. For ex-

ample, we reported an effect size of r = -.4 for the associa-

tion between TEPR and tiredness from listening ratings. A 

statistical power calculation on G*Power (Faul et al., 2009) 

reveals that, using the standard correlation approach (i.e., 

Pearson's r or Spearman's rho), a minimum sample size of 

46 subjects would be needed for the recommended 80% 

power to detect an association. Indeed, the effect size of 

interest in this example (r = -.4) is considerably larger than 

many effect sizes of interest in the literature, which typi-

cally fall within the small-medium range. In these cases, 

an even larger sample size would be required. Recruiting 

sufficiently large samples is not always a viable option, 

especially where specialist populations are concerned 

(e.g., cochlear implant users). As a result, powerful tests of 

within-subject associations like rmcorr that do not require 

extremely large samples can provide a practical alternative 

for testing within-subject associations between subjective 

and physiological measures.
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3.5 | Study limitations and future directions

Of the 48 participants that took part in the experiments, only 

seven were male. We had no a priori reason to suspect that 

there would be sex-related differences in effortful listening 

given the paucity of research on this topic. However, sex 

differences in subjective and physiological responses are 

reported in the wider literature (Bath, 2020), and therefore, 

cannot be ruled out in the current study. To optimize gen-

eralizability, we advocate recruiting a more balanced sex 

ratio for future research in the area. Another limitation of 

the study is that we cannot infer causality from these cor-

relational findings. For example, there are at least two po-

tential causal interpretations for the negative within-subject 

association between TEPR and tiredness from listening rat-

ings: (a) TEPR decreases as tiredness increases because fa-

tigue is eroding the strength of the physiological response 

that underlies the TEPR, or (b) TEPR decreases as tiredness 

increases because fatigue is causing participants to disengage 

more readily, leading to an increasing number of non-peak-

ing TEPR trials (and thus, a reduced mean response). Future 

studies could examine these potential causal mechanisms by 

probing for markers of task disengagement and/or distraction 

more explicitly. For example, this could be achieved by using 

paradigms that require more continuous task monitoring and 

engagement.

3.6 | Conclusions

This is the first study to systematically examine within- 

subject associations between subjective markers of effort and 

tiredness from listening and a commonly used physiological 

marker of effort (TEPR). Contrary to what is often assumed 

in the literature, TEPR showed a systematic within-subject 

association with the experience of tiredness from listening, 

but not effort. This study also demonstrates the importance 

of assessing changes in these subjective experiences over 

time; the effect of SNR on tiredness from listening ratings 

would have gone undetected using the traditional approach of 

collecting a single data point at the end of a listening block. 

Finally, we highlight the utility of assessing correlations at 

the within-subjects level using a highly powerful and novel 

analysis technique (“rmcorr”). A more detailed understand-

ing of the subjective and physiological manifestations of ef-

fortful listening will ultimately help to mitigate this problem 

in various affected populations (e.g., individuals with hearing 

loss).
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