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 24 

Abstract 25 

Hearing loss is associated with anecdotal reports of fatigue during periods of sustained listening. However, few 26 

studies have attempted to measure changes in arousal, as a potential marker of fatigue, over the course of a 27 

sustained listening task. The present study aimed to examine subjective, behavioural, and physiological indices 28 

of listening-related fatigue. Twenty-four normal-hearing young adults performed a speech-picture verification 29 

task in different signal-to-noise ratios (SNRs) while their pupil size was monitored and response times (RTs) 30 

recorded. Growth curve analysis (GCA) revealed a significantly steeper linear decrease in pupil size in the more 31 

challenging SNR, but only in the second half of the trial block. Changes in pupil dynamics over the course of 32 

the more challenging listening condition block suggest a reduction in physiological arousal. Behavioural and 33 

self-report measures did not reveal any differences between listening conditions. This is the first study to show 34 

reduced physiological arousal during a sustained listening task, with changes over time consistent with the onset 35 

of fatigue. 36 

 37 

 38 

 39 

 40 

 41 

Descriptors: Listening-related fatigue, Mental fatigue, Pupillometry, Narrative speech processing, Growth curve 42 

analysis.  43 
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 44 

Fatigue is a multi-faceted construct that has many different causes (e.g., mental stress, overstimulation, 45 

boredom) and domains (e.g., mental and physical). In healthy individuals, fatigue is predictable and transient 46 

and typically occurs as a physiological reaction to prolonged and/or intense activity (Finsterer & Mahjoub, 47 

2014). However, in certain chronic illnesses (e.g., Crohn’s disease, chronic fatigue syndrome, multiple 48 

sclerosis), fatigue can also cause emotional distress and negatively impact quality of life (Bower, 2012; Finsterer 49 

& Mahjoub, 2014). Few studies have investigated fatigue as a consequence of hearing loss. A common 50 

complaint reported by individuals with hearing loss is the mental fatigue resulting from sustained effortful 51 

listening in challenging environments (Bess & Hornsby, 2014). Listening-related fatigue can generally be 52 

considered as a feeling of extreme tiredness resulting from effortful listening (McGarrigle et al., 2014). The 53 

fatigue experienced in everyday situations for individuals with hearing impairment may contribute to higher 54 

rates of sick leave than workers without hearing impairment (Kramer, Kapteyn, & Houtgast, 2006). Individuals 55 

who are fatigued are also more likely to experience increased levels of psychological distress (Missen, 56 

Hollingworth, Eaton, & Crawley, 2012) resulting in a potential recurring cycle of stress and anxiety for 57 

individuals with hearing loss (Hétu, Riverin, Lalande, Getty, & St-Cyr, 1988). In order to gain a more 58 

comprehensive understanding of the disability associated with hearing loss, many studies have sought to identify 59 

reliable markers of listening effort. ‘Listening effort’ refers to the mental exertion required to attend to, and 60 

understand, an auditory message (McGarrigle et al., 2014). It is often assumed that repeated incidences of 61 

effortful listening in everyday situations (for individuals with hearing loss) result in the oft-reported experience 62 

of mental fatigue (Bess & Hornsby, 2014).  63 

Measures of fatigue can be grouped into three categories: (i) self-report, (ii) behavioural, and (iii) 64 

physiological (Anderson Gosselin & Gagne, 2011; McGarrigle et al., 2014). The nature of the relationship 65 

between each measure is complex, with physiological and/or behavioural markers of fatigue not always 66 

corroborated by self-report measures (Hockey, 2013). Self-report measures (e.g., rating scales and 67 

questionnaires) reflect the individual’s subjective experience of fatigue. Self-report measures are easy to 68 

administer and require little expertise to interpret. However, using self-report measures alone assumes that 69 

listeners can reliably perceive (and later, recall) any moment-to-moment changes in fatigue during listening. 70 

Further, self-report measures do not provide insight into the underlying physiological mechanisms that underpin 71 

the perceptual experience of fatigue (Bess & Hornsby, 2014). Objective markers of fatigue in the form of 72 
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behavioural or physiological measures may help in situations where accurate verbal or written responses are not 73 

viable (e.g., in individuals with communication disorders), or when fatigue may be underestimated (e.g., in older 74 

adults) (Larsby, Hällgren, Lyxell, & Arlinger, 2005).  75 

Longer response times (RTs) over the course of an experiment are believed to represent a behavioural 76 

index of fatigue (or ‘vigilance’) (DeLuca, 2005). During cognitive-motor tasks, RTs have been shown to 77 

increase as a function of time on task (Kato, Endo, & Kizuka, 2009; Lorist, Boksem, & Ridderinkhof, 2005; 78 

Lorist et al., 2000). These studies suggest that a change in RT reflects a reduction in the allocation of attentional 79 

resources following sustained mental processing. The availability of cognitive resources is thought to be 80 

essential for maintaining optimal task performance, and the onset of fatigue may give rise to a depletion of such 81 

resources (Kato et al., 2009). Only one study to date has investigated fatigue during a listening task. Hornsby 82 

(2013) used the dual-task paradigm (see Gosselin and Gagné (2010) for a discussion of this approach) to 83 

examine effort and fatigue in hearing-impaired adults listening to speech while wearing hearing aids (‘aided’) 84 

and without hearing aids (‘unaided’). Word recognition served as the primary task with both visual RT (i.e., RTs 85 

to a visual stimulus) and percentage of words correctly recalled as secondary tasks. Fatigue was indexed 86 

behaviourally as the relative increase in visual task RTs over the duration of a one-hour aided and a one-hour 87 

unaided trial block. Self-report fatigue was also assessed at the end of the experimental block by asking 88 

participants; “how mentally/physically drained are you right now?” Relatively less fatigue was exhibited (i.e., 89 

visual task RTs showed less of an increase across the one-hour trial block) in the aided versus unaided listening 90 

conditions. However, despite a general increase in pre-to-post-task fatigue ratings for all participants, the mean 91 

relative change in self-report fatigue ratings did not differ significantly between the aided and unaided 92 

conditions (Hornsby, 2013). Therefore, it remains unclear to what extent changes in RT during a listening task 93 

are associated with fatigue. 94 

RT can be used as a behavioural marker of fatigue, which may be useful in a clinical setting given its 95 

cost-effectiveness and ease of interpretation. However, it does not provide information about the nature of the 96 

physiological changes that underpin listening-related effort and fatigue. A better understanding of these 97 

physiological changes could provide some insight into the experience of listening-related effort and fatigue (e.g., 98 

when does fatigue emerge, and how is it manifested physiologically?). Pupillometry refers to the method of 99 

measuring changes in the size of the eye’s pupil, and has been used in the experimental psychology literature to 100 

measure attention- and memory-related processes (Beatty, 1982; Kahneman, 1973; Laeng, Sirois, & Gredeback, 101 
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2012). The underlying physiological process that governs fluctuations in pupil size is known as the locus 102 

coeruleus norepinephrine (LC-NE) system, and has been studied extensively in relation to task performance 103 

dynamics and changes in autonomic arousal and alertness (Aston-Jones & Cohen, 2005; Gilzenrat, 104 

Nieuwenhuis, Jepma, & Cohen, 2010; Hopstaken, van der Linden, Bakker, & Kompier, 2015; Jepma & 105 

Nieuwenhuis, 2011). Changes in pupil size have been found to co-vary with changes in the blood oxygen level-106 

dependent (BOLD) response in the locus coeruleus (Murphy, O'Connell, O'Sullivan, Robertson, & Balsters, 107 

2014). Additionally, researchers have observed in animal models that declines in neural function via locus 108 

coeruleus projections to prefrontal cortex are thought to underlie cognitive declines associated with neural 109 

fatigue (Bellesi, Tononi, Cirelli, & Serra, 2015). 110 

Pupillometry has been used in hearing research to characterise the heightened arousal state associated 111 

with increases in listening effort (Kuchinsky et al., 2013; Winn, Edwards, & Litovsky, 2015; Zekveld, Kramer, 112 

& Festen, 2010, 2011; Zekveld & Kramer, 2014). On the other hand, mental fatigue may be characterised as a 113 

low-arousal state, which is indexed objectively by decreasing pupil size over time. Hopstaken et al. (2015) 114 

investigated this hypothesis by tracking changes in both baseline and task-evoked pupil size while participants 115 

performed the ‘2-back’ task (i.e., participants indicate whether a letter presented on the screen is the same as the 116 

letter presented two letters before). Self-report fatigue ratings were also administered following each of the 117 

seven trial blocks. Task-evoked pupil size decreased systematically as the experiment progressed, but no 118 

differences were found in baseline pupil size. Further, a significant negative correlation (r = -0.33) was found 119 

between task-evoked pupil size and self-report fatigue. The authors suggest that LC-NE system-evoked changes 120 

in pupil size likely play a role in the effects of mental fatigue. Although the precise neural pathways that connect 121 

the locus coeruleus to changes in pupil size are still under debate (Nieuwenhuis, De Geus, & Aston‐Jones, 122 

2011), the LC-NE system provides a well-studied psychophysiological framework for understanding mental 123 

fatigue (Hopstaken et al., 2015). However, no research studies to date have attempted to examine potential 124 

changes in listening-related fatigue using pupillometry.  125 

Pupil size can be monitored continuously during a listening task and can therefore provide useful 126 

insight into the onset and extent of mental fatigue, which is likely to change over time. Analysing changes in 127 

pupil size over the course of a speech processing task provides a way of measuring listening-related fatigue 128 

independently of performance in the behavioural task itself. In hearing research, previous research studies have 129 

used pupillometry primarily to assess task-evoked listening effort and have therefore typically adopted 130 
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recognition tasks with short duration (word or sentence) stimuli. Little is known about changes in the pupil 131 

response over longer timescales (e.g., while listening to longer speech extracts). Neuroimaging studies have 132 

demonstrated that sustaining attention engages prefrontal neural systems, which may re-set with the onset of 133 

each trial cuing participants’ attention to the task (Dosenbach et al., 2006). Previous attempts have been made to 134 

characterise the physiological demands of sustained mental processing (Esterman, Noonan, Rosenberg, & 135 

DeGutis, 2012; Walter & Porges, 1976). However, to the best of our knowledge no research studies to date have 136 

sought to monitor within-trial changes in physiological arousal that occur while listening to speech as it unfolds 137 

in the presence of noise. Based on the theory that pupil size reflects dynamic changes in alertness and arousal 138 

(Aston-Jones & Cohen, 2005) and the assumption that a reduced state of arousal is a component of fatigue 139 

(Hockey, 2013), monitoring within-trial changes in pupil size may reveal fatigue-related changes as a result of 140 

sustained listening in noise. 141 

The aim of the present study was to investigate RT and pupillometry as potential markers of listening-142 

related fatigue. A Speech-Picture Verification (SPV) task, used widely in the experimental psychology literature 143 

(Zwaan, Stanfield, & Yaxley, 2002), was adapted to include short passages. Two listening conditions were 144 

created (‘easy’ and ‘hard’) with contrasting SNRs (+15 dB SNR and -8 dB SNR, respectively). For each trial, 145 

participants were presented with a narrative speech passage and were then asked to respond to an image 146 

indicating (by pressing ‘yes’ or ‘no’ on a remote control) whether it corresponded to an object mentioned in the 147 

preceding passage. RTs for correctly-responded items were automatically recorded and analysed as a 148 

behavioural marker of fatigue. Pupil size was also recorded (while listening to the passage) as a physiological 149 

marker of listening-related fatigue. Finally, self-report effort and fatigue scales were administered to assess their 150 

sensitivity to changes in listening task demand. We hypothesised: 151 

i. A steeper within-trial decrease in pupil size in the ‘hard’ versus the ‘easy’ condition, which is 152 

more pronounced in the 2nd versus the 1st half of the listening condition block (i.e., a 153 

Condition x block ‘Half’ interaction); reflecting increased listening-related fatigue during 154 

sustained listening. 155 

ii. A steeper RT increase across trials in the ‘hard’ versus the ‘easy’ listening condition; 156 

reflecting the behavioural marker of listening-related fatigue, as in Hornsby (2013). 157 
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iii. Higher self-report effort and fatigue ratings in the ‘hard’ versus the ‘easy’ listening condition, 158 

reflecting the increased subjective experiences of effort and fatigue in the more challenging 159 

SNR, as in Zekveld et al. (2010).  160 

 161 

Method 162 

Participants 163 

Twenty-four healthy young adults aged 18 to 30 years took part in this study. This sample size of 24 was 164 

calculated based on Zekveld et al. (2010) (d = 0.83), providing a statistical power of 0.8, for a 2-tailed prediction 165 

and an alpha level of 0.05. All participants were native English-language speakers who reported: (i) normal or 166 

corrected-to-normal visual acuity, and (ii) no language or hearing impairments. Participants were recruited 167 

either through flyers posted around the University of Manchester campus or as part of a course credit scheme for 168 

Psychology undergraduate students. Participants who did not receive course credit were financially reimbursed 169 

for their time. Participants provided informed written consent before participating in the University of 170 

Manchester Research Ethics Committee approved study.  171 

 172 

Equipment 173 

Participants sat 60 cm away from a 19” flat screen computer monitor, which displayed the visual stimuli. The 174 

participant’s head was stabilised on a chin-rest secured onto the end of the table. Stimulus presentation was 175 

programmed using the SR Research Experiment Builder software (SR Research, Mississauga, ON, Canada). 176 

Auditory stimuli were presented through two speakers placed on either side of the computer monitor, at 45° and 177 

315° azimuth. 178 

Pupil size was recorded using an Eyelink 1000, with a sampling rate of 1000 Hz. Pupil size was 179 

recorded as an integer number, in arbitrary units, and is related to the number of pixels in the pupil image (i.e., 180 

the number of pixels contained within the camera’s pupil image). Typical pupil area can range between 100 to 181 

10000 units, with a precision of 1 unit. This corresponds to a resolution of 0.01 mm for a 5 mm pupil diameter. 182 

Participants responded to picture targets via a button box interfaced with the Eyelink software.  The desktop-183 

mounted eye-tracker was placed on the table in between the participant and the computer monitor (50 cm away 184 
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from the participant) at 0° azimuth. The eye-tracker was aligned to the centre of the computer monitor and was 185 

as close to the lower edge of the computer monitor as possible to maximise the eye tracking range. 186 

 187 

Materials 188 

 Pure-tone audiometry. Pure-tone hearing thresholds were measured at the beginning of the 189 

experiment to ensure that all participants had hearing thresholds of ≤ 20 dB HL in each ear at 500, 1000, 2000, 190 

and 4000 Hz. 191 

 192 

Speech-Picture Verification (SPV) task. Each passage contained three sentences and was 45 – 50 193 

words long, with a passage duration of between 13 – 18 seconds. The first sentence of the passage introduced 194 

the scene (e.g., ‘Bob lives near a beautiful park and loves going for long walks there during Spring’), the second 195 

sentence mentions the target object (e.g., ‘This time he decided to bring binoculars to see if he could spot any 196 

pigeons in the trees’), and the final sentence refers back to the target noun using a pronoun referent (e.g., 197 

‘Fortunately, he managed to catch a glimpse of one perching in its nest’). All speech stimuli were recorded by a 198 

native British English female speaker. Comprehension difficulty was assessed using the Flesch reading ease 199 

scale, a commonly used metric that analyses the statistical properties of a speech extract in contemporary 200 

English. The speech material had a mean Flesch reading ease score of 75.9, and a Flesch-Kincaid Grade level of 201 

6.6 (i.e., suitable for individuals aged 10 years or older) (Kincaid, Fishburne Jr, Rogers, & Chissom, 1975). 202 

Two lists of speech-picture pairs (List A and List B) were compiled, using a Latin-squares 203 

experimental design (i.e., the same speech materials used in the ‘easy’ condition in List A were used in the 204 

‘hard’ condition in List B, etc.). Using a Latin-squares design makes it unlikely that certain experimental details 205 

(e.g., lexical frequency, audibility of target object name) can have any systematic effect on the results with 206 

respect to the comparisons of interest between easy and hard listening conditions. Participants were randomly 207 

allocated to one of the two item lists. Each list contained 46 ‘yes’ responses (i.e., the object depicted in the 208 

picture was mentioned in the passage) and 46 ‘no’ responses (i.e., the object depicted in the picture was not 209 

mentioned in the passage). Of the 46 ‘yes’ response speech-picture pairs, 40 included the target object (i.e., the 210 

object depicted in the image) in the second sentence. For the other six items, the target object was mentioned in 211 

either the first or last sentence. These six items were included to encourage participants to attend to the whole 212 
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passage rather than just the second sentence. The images used in this experiment were full colour photographs - 213 

as used by Engelen, Bouwmeester, de Bruin, and Zwaan (2011). This visual angle subtended by the image 214 

extended 20 degrees vertically and 14 degrees horizontally. All images were centred on the screen, with a screen 215 

resolution of 1680 x 1050 pixels.   216 

A background noise file consisting of multi-talker babble, taken from the International Collegium of 217 

Rehabilitative Audiology (ICRA) CD (Dreschler, Verschuure, Ludvigsen, & Westermann, 2001), was digitally 218 

mixed with the speech stimuli to create two listening conditions (‘easy’ and ‘hard’). The SNR for the ‘easy’ 219 

listening condition was + 15 dB. The SNR for the ‘hard’ listening condition was – 8 dB. These SNRs were 220 

chosen based on the performance of normal hearing participants in a pilot study, which revealed that ≥ 90% 221 

accuracy was achieved across both conditions, but with participants reporting greater subjective difficulty in the 222 

‘hard’ condition. Root-mean-square (rms) values were adjusted for each speech and noise file to set the desired 223 

SNR, while equalising the overall power between conditions. Overall output level for both listening conditions 224 

was fixed at 65 dB (A). Four practice trials were created; two in each listening condition. 225 

 226 

Self-report ratings. Participants completed self-report ‘effort’ and ‘fatigue’ ratings after each listening 227 

condition block. To assess ‘effort’, we used the following item from the NASA task load index; ‘How hard did 228 

you have to work to accomplish your level of performance?’ (Hart & Staveland, 1988). This particular scale has 229 

previously been used in the literature to assess perceived listening effort (Bologna, Chatterjee, & Dubno, 2013; 230 

Mackersie & Cones, 2011). Underneath this instruction was a Likert scale with 21 increments (1 = ‘very low’, 231 

20 = ‘very high’). To assess mental fatigue, we used a subscale of the fatigue Visual Analog Scale (VAS) (Lee, 232 

Hicks, & Nino-Murcia, 1991) to include fatigue-related items only (13 in total). For each item, individuals 233 

indicated on a scale of 0 – 10 how ‘tired’, ‘drowsy’, ‘fatigued’, etc. they felt (0 = not at all, 10 = extremely). 234 

Fatigue scores were calculated as the mean of all 13 items in the questionnaire. This Likert-style version of the 235 

scale was chosen as it is easier to administer and score than the original VAS.  236 

 237 

Design and Procedure 238 

In order to assess the onset of mental fatigue over time, this experiment implemented a blocked design, i.e., 239 

participants completed a block of trials in one condition (e.g., ‘easy’) followed by a block of trials in the other 240 
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condition (e.g., ‘hard’). The order of ‘easy’ and ‘hard’ trial blocks was counterbalanced so that half of the 241 

participants completed the ‘easy’ block first, while the other half completed the ‘hard’ block first.   242 

Upon arrival, participants were seated comfortably in a sound-treated booth. Consistent with luminance 243 

adjustment procedures reported previously in the literature (Winn et al., 2015; Zekveld et al., 2010), the 244 

luminance of the visual field was controlled by adjusting room lighting and screen brightness levels. To avoid 245 

floor/ceiling effects in absolute pupil size, each participant’s pupil size was recorded in the ‘bright’ setting 246 

(room brightness at 263 lux and screen brightness at 123 cd/m2), and ‘dark’ setting (room brightness at 0.28 lux 247 

and screen brightness at 0.0019 cd/m2). Room lighting and screen brightness were then adjusted for each 248 

individual to approximate the middle of the ‘bright’ and ‘dark’ setting pupil extremes. The corresponding 249 

settings were then used for the rest of the experiment.  250 

Eye-tracker calibration was then performed to ensure that eye data could be accurately mapped onto 251 

gaze position. Participants were seated in the sound-treated booth and given the following instructions by the 252 

experimenter; ‘For each trial, you will hear the same female speaker reading a short passage of text in the 253 

presence of background noise. Please look straight ahead at the fixation cross while you listen. Shortly after 254 

each passage, an image will be presented on the screen. Please indicate by pressing ‘yes’ or ‘no’ on the remote 255 

control whether or not the object presented was mentioned in the preceding passage. The object can be 256 

mentioned anywhere in the passage so it’s important that you pay attention to the whole passage. Please 257 

respond as quickly and accurately as possible’. In the event that no response is given after a period of ten 258 

seconds, the subsequent trial begins automatically (i.e., participants are given the prompt ‘Press any key to 259 

continue’).  260 

Participants performed four practice trials (two in each condition) before beginning the recorded 261 

experiment to familiarise themselves with the task. Participants began each trial by fixating on an asterisk shown 262 

in the centre of the screen. Each trial began with the presentation of background noise (multi-talker babble) to 263 

prime the listener. After one second of noise-alone presentation, the speech passage began. Each speech passage 264 

was also followed by one second of noise-alone presentation to ensure that the listener could anticipate the 265 

visual presentation. Immediately following the end of the noise, an image appeared on the screen and the 266 

participants responded ‘yes’ or ‘no’. An inter-trial interval of 10 seconds was programmed to ensure that the 267 

pupil had returned to a resting (i.e., stable) size following the behavioural response in the preceding trial. Each 268 

listening condition block lasted approximately 20 minutes. Following the first and second blocks, participants 269 
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were given ‘effort’ and ‘fatigue’ self-report scales to complete. Including the instruction period and completion 270 

of the practice trials, the experiment lasted approximately 50 minutes in total. 271 

 272 

Analyses 273 

Pupillometry. 274 

Preprocessing. Consistent with the previous literature (Kuchinsky et al., 2013; Piquado, Isaacowitz, & 275 

Wingfield, 2010; Winn et al., 2015; Zekveld & Kramer, 2014), pupil data were pre-processed to remove noise 276 

from the analysis. Any pupil data beyond the first 13 seconds (post speech-onset) were excluded from the 277 

analysis. As the shortest duration speech passage was 13-seconds long, this helped to ensure that only speech 278 

processing-related changes (and not motor planning or behavioural response artefacts) were included in the 279 

analysis. Correct behavioural responses only were included in the analysis given the uncertainty over potential 280 

sources of response errors (e.g., lapses in concentration or misperceptions of key words) (Kuchinsky et al., 281 

2014). Behavioural performance accuracy was at ceiling level (95% correct) across both conditions. In total, 282 

incorrect responses accounted for only 5.7% of all trials.  283 

Gaze position can influence pupil size recording, causing estimation errors when the pupil is in a 284 

rotated position (i.e., looking at the corner of the screen) (Brisson et al., 2013). However, correlation tests 285 

revealed no significant relationships between pupil size and gaze location (x, y co-ordinates) in each listening 286 

condition (all p-values > 0.05). A rectangular ‘interest area’ (left, top, right, bottom, and centre screen co-287 

ordinates: 332, 168, 1347, 881, 839) was created in the centre of the visual display, and any erratic fixations 288 

(i.e., fixations that fell outside of this perimeter) were removed from the analysis. This limited the potential for 289 

any pupil size estimation errors caused by changes in gaze position.  290 

Missing value samples (e.g., due to blinking) were removed from the analysis, and these points were 291 

linearly interpolated across using data from previous and subsequent samples. A paired t-test revealed no 292 

significant difference in blink rates between listening conditions (p > 0.05). Any trials that included > 50% 293 

missing data points were removed from the analysis. This resulted in the removal of 125 trials across all 294 

participants (5.6% of all trials in the dataset). Like Kuchinsky et al (2013), a within-trial scaling method was 295 

used in order to ensure consistent normalisation across both trials and participants. Each data point was divided 296 

by the mean of the entire trial for each participant. This method controls for any scaling variability in the data. 297 
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Mean pupil size during the one second of noise-alone presentation preceding speech-onset was used as the 298 

baseline for each trial. All data were then baseline-corrected (i.e., each trial’s baseline value was subtracted from 299 

every data point in that trial). Pupil size fluctuations seen in the data therefore reflect relative changes from 300 

baseline for each participant and each individual trial. The pre-processed time series data were then averaged 301 

providing a mean pupil size sample for every 500 ms of the analysis for each participant in each condition 302 

(‘easy’ and ‘hard’) and each half of the listening condition block (‘1st’ and ‘2nd’). This time window was chosen 303 

based on the predicted slow latency change in the pupil slope over time (in the order of 1-2 seconds) (Beatty, 304 

1982). 305 

 306 

Growth curve analysis. Growth curve analysis (GCA) is a statistical technique that is considered to be 307 

more appropriate for analysing time series data than other traditional approaches, for example time-binned 308 

analyses of variance (ANOVAs) (Kuchinsky et al., 2013; Mirman, 2014; Winn et al., 2015). Unlike time-binned 309 

ANOVA approaches, GCA: (i) does not require a trade-off between statistical power and temporal resolution by 310 

using ‘binned’ samples, (ii) eliminates potential experimenter bias (e.g., allocating time windows in an arbitrary 311 

fashion for analysis), and (iii) provides a method for quantifying individual differences (Mirman, 2014).  312 

The pupil response over time does not always take a linear form (Kuchinsky et al., 2014; Winn et al., 313 

2015). Further, the precise onset and time course of mental fatigue is not yet known (DeLuca, 2005). GCA 314 

provides a robust statistical approach for capturing changes in the shape and timing of the pupil response over 315 

time by fitting orthogonal polynomial time terms to the data. Orthogonal polynomials are transformations of 316 

natural polynomials, which make each individual polynomial time term (e.g., linear, quadratic, cubic, etc.) 317 

independent of one another (Kalénine, Mirman, Middleton, & Buxbaum, 2012). As a result, each polynomial 318 

term time captures a distinct functional form. The ‘intercept’ refers to the overall mean of the pupil response 319 

(i.e., ‘area under the curve’); the ‘linear’ term refers to the slope of the pupil response (larger values indicating a 320 

steeper slope); the ‘quadratic’ term refers to the shape of the primary curve inflection point (more positive 321 

values indicate a flatter, more linear, shape); and finally the ‘cubic’ term generally reflects the extent to which 322 

there is a secondary inflection point in the pupil curvature (more positive values indicate a more transient, 323 

steeply rising and falling, peak pupil response) (Kuchinsky et al., 2014). 324 

GCA was implemented using R (R Development Core Team, 2013). The ‘lme4’ package was used for 325 

mixed-effects modelling (Bates, Maechler, & Bolker, 2013). Fixed effects (i.e., experimental manipulations and 326 
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polynomial time terms) and random effects (i.e., error terms) were modelled to predict the pupil response over 327 

the course of speech processing. The fixed effect of Condition was a categorical variable with Easy as the 328 

reference level. As advised in Barr et al (2013), the initial model included a maximal random effects structure. 329 

However, this model did not converge due to over-parameterization. Following the recommendations of Barr 330 

(2013) and Mirman (2014), we set out to systematically remove random effects terms that either: (i) did not 331 

contribute significantly to model fit based on Likelihood Ratio tests and/or (ii) were of little or no theoretical 332 

importance for interpreting the fixed effects. This process continued until the model finally converged. The final 333 

(optimal) random effects structure included the highest order interaction term of interest across both subjects 334 

and items. Specifically, both subjects and items were allowed to vary in the highest order interaction effect of 335 

interest (i.e., Subject x Condition x Half) for each of the polynomial time terms (e.g., intercept, linear, quadratic, 336 

and cubic). Subjects were also allowed to vary for each fixed effect polynomial time term (i.e., the overall 337 

curvature of their pupil response, across Condition and Half, was allowed to vary)1. The inclusion of random 338 

effect terms that correspond to the effects of interest results in a more conservative estimate of the fixed effects 339 

(Barr, 2013; Mirman, 2014). Parameter estimates are reported using maximum likelihood estimation. 340 

In order to assess the impact of our experimental manipulations (Condition and Half) on the fixed 341 

effect polynomial time terms, a best-fitting model was determined using backwards elimination model testing. 342 

The ultimate analysis used a third-order (i.e., cubic) polynomial model. The intercept through cubic components 343 

captures the extent and timing of the primary inflection (i.e., peak response) as well as the steepness of the 344 

subsequent slope. As these were the components of the pupil response of theoretical interest, we did not attempt 345 

to add higher-order terms (quartic, quintic, etc.) to the model. Like Kuchinsky et al. (2014), our full mixed 346 

model included the highest-order polynomial interaction of interest (Cubic x Condition x Half) along with the 347 

lower-order polynomials that make up this effect (e.g., Condition x Half, Condition x Cubic, Half x Cubic, 348 

Condition, Half, and Cubic). A significant effect was found if removal of the variable of interest only from the 349 

model resulted in a significant decrease in the -2 times the change in log likelihood, which is distributed as χ² 350 

with degrees of freedom equal to the number of parameters added (Mirman, 2014). A lower-order main effect 351 

and/or interaction was always included in the model as a fixed effect term if it was subsumed by a higher-order 352 

main effect or interaction that significantly improved model fit (Kuchinsky et al., 2014). P values were 353 

                                                           
1 The R code used for the final (optimal) model was: m.fullCubic <- lmer(PupilSize ~ (ot1+ot2+ot3) * 
Condition * Half + (ot1+ot2+ot3|Subject) + (ot1+ot2+ot3|Item:Condition:Half) + 
(ot1+ot2+ot3|Subject:Condition:Half), data=BlockStudyGCA, control=lmerControl(optimizer="bobyqa"), 
REML=FALSE). 

Page 13 of 1726 Psychophysiology

Psychophysiology



Physiological changes during sustained listening 

14 
 

calculated using the z distribution as an approximation of the t distribution. As degrees of freedom are poorly 354 

defined in a hierarchical mixed-effects model, this approach can be used to estimate statistical significance 355 

(Mirman, 2014). To clarify significant interactions, submodels were tested in which the effect of Condition on 356 

each of the polynomial terms was evaluated separately for the first and the second half of each block.    357 

  358 

Response times. RTs were recorded as the time taken between image presentation and correct button 359 

press response. Shapiro-Wilk tests revealed that data were not normally distributed (p < .05). All RT data were 360 

log-transformed to approximate a normal distribution before statistical analysis. A Shapiro-Wilk test revealed 361 

that the log-transformed data were normally-distributed (p > 0.05). To examine behavioural markers of mental 362 

fatigue, the same GCA approach was applied to the log-transformed RT data across experimental trials. 363 

Incorrect trial responses were coded as missing values in the analysis. Changes in RT over the course of trials 1 364 

– 46 within each listening condition block were analysed. The same random effects optimisation and model 365 

testing procedures were used as is described above. The ultimate analysis used a second-order polynomial, 366 

including linear and quadratic components. The linear component was included to capture the predicted steeper 367 

increase in RTs over time in the ‘hard’ versus the ‘easy’ listening condition. The quadratic component was 368 

included to capture a potential U-shaped response curve reflecting an initial improvement in RTs (i.e., practice 369 

effect) followed by a rising slope in the latter stages of the block (i.e., fatigue effect). Participant means (i.e., 370 

intercepts) were allowed to vary as well the Subject x Condition interaction for intercept, linear, and quadratic 371 

components. 372 

 373 

Self-report. Given the rank-based nature of self-report ratings, a Wilcoxon signed ranks test was 374 

conducted to test whether subjective effort and fatigue ratings differed significantly between listening 375 

conditions. 376 

    377 

Results 378 

Pupillometry 379 

Table 1 presents the impact of removing each polynomial interaction term on the overall best-fitting 380 

cubic model (depicted in Figure 1). There was a significant Condition x Half interaction on the linear term (β = -381 

Page 14 of 1726Psychophysiology

Psychophysiology



  R. McGarrigle et al. 

15 
 

0.61, t = -1.97, p = 0.05). In other words, participants showed a steeper negative sloping pupil response for 382 

‘hard’ versus ‘easy’ in the 2nd versus the 1st half of the block. Separate submodels (1st and 2nd half of each block) 383 

were tested to clarify these interaction effects. In the second half of the block only, there was a significant effect 384 

of Condition on the linear term (β = -0.81, t = -3.32, p < 0.001). All other model tests were non-significant (all 385 

p-values > 0.05). 386 

 387 

Insert Figure 1 here 388 

Insert Table 1 here 389 

 390 

Response times 391 

Figure 2 illustrates the observed RT data. Table 2 presents the impact of removing each polynomial term on 392 

overall model fit. Overall, model fit improved significantly when adding the effect of ‘condition’ on the 393 

intercept term (χ² [1, N = 24] = 6.42, p = 0.01). In other words, there was a significant difference between 394 

listening conditions in overall mean RT. Specifically, participants were slower to respond correctly in the ‘hard’ 395 

versus the ‘easy’ listening condition (β = 0.05, t = 3.72, p < 0.001). However, RTs between listening conditions 396 

did not differ in their rate of change (i.e., the linear term) (χ² [1, N = 24] = 1.09, p = 0.30), or in terms of the 397 

shape of the primary (U-shaped) inflection curve (i.e., the quadratic term) (χ² [1, N = 24] = 1.35, p = 0.25). 398 

 399 

Insert Figure 2 here 400 

Insert Table 2 here 401 

 402 

Self-report 403 

Figure 3 illustrates the observed self-report ratings data. Self-report effort ratings were higher in the ‘hard’ 404 

(median = 14, IQR = 4) versus ‘easy’ (median = 7, IQR = 9) listening condition. A Wilcoxon signed ranks test 405 

revealed that this difference was statistically significant (z = 3.49, p < 0.001, r = 0.71). Though self-report 406 
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fatigue ratings were numerically higher in the ‘easy’ (median = 5, IQR = 2.81) versus the ‘hard’ (median = 4.89, 407 

IQR = 2.98) listening condition, a Wilcoxon signed ranks test revealed that this difference was not statistically 408 

significant (z = 1.12, p = 0.27, r = 0.23). 409 

 410 

Insert Figure 3 here 411 

 412 

Individual differences 413 

Random effect estimates indicate how much an individual’s value in each condition differs from the group mean 414 

(in that same condition). We were therefore able to use random effect estimates to compute effect sizes for each 415 

subject. For example, we subtracted the random effect estimate of how much an individual’s pupil size 416 

decreased over time (i.e., the linear term) in the ‘easy’ condition from the ‘hard’ condition in the 2nd half of each 417 

block only (reflecting the ‘fatigue’ effect). The same method was used for computing pupillometric ‘effort’ 418 

effect size estimates (i.e., subtracting ‘easy’ from ‘hard’ on the intercept term for the shorter 2500 ms model), 419 

and RT intercept effect sizes (i.e., subtracting ‘easy’ from ‘hard’ on the intercept term in the RT random 420 

effects). This method provides a way to quantify how individuals vary from the overall group (i.e., fixed effect) 421 

pattern (Mirman, 2014), and permits the analysis of how the strength of these effects co-vary and relate to other 422 

outcome measures (Kuchinsky et al., 2014). Effect size estimates for self-report effort ratings were computed by 423 

subtracting each subject’s ‘easy’ condition effort rating from their ‘hard’ condition effort rating. 424 

Individuals who showed the largest RT intercept effect size, i.e., individuals who showed a larger effect 425 

of listening condition on RTs (relative to the group mean difference), tended to show a smaller difference in 426 

self-report effort ratings between listening conditions (r = -0.60, p = 0.002). No other relationships were found 427 

between self-report, RT, and pupillometric fatigue (linear) effects (all p-values > 0.05).    428 

     429 

Discussion 430 

The present study used a novel listening paradigm to examine whether physiological (pupil size), behavioural 431 

(RTs) and self-report changes over time could provide information regarding the fatiguing effect of listening in 432 

challenging SNRs. We hypothesised that, in the ‘hard’ versus the ‘easy’ listening condition, RTs would show a 433 
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steeper increase across trials, while pupil size would show a steeper within-trial decrease in the second versus 434 

the first half of the trial block, reflecting the more pronounced onset of listening-related fatigue. While there was 435 

an overall difference in RTs between listening conditions, changes in RT over time did not reflect the 436 

hypothesised onset of fatigue in this particular task. Self-report effort ratings were higher in the ‘hard’ versus the 437 

‘easy’ listening, but there was no difference in self-report fatigue. Changes in pupil size over time reflected the 438 

predicted increase in mental fatigue in the ‘hard’ versus the ‘easy’ listening condition. The present study extends 439 

previous research by using self-report, behavioural, and physiological measures to examine potential changes in 440 

listening-related fatigue. Background noise is ubiquitous in everyday environments and individuals are often 441 

required to follow continuous dialogue. The current study is the first empirical evidence of a within-trial change 442 

in physiological arousal while listening to a speech passage as it unfolds; with a predicted steeper decrease 443 

across the experimental block that is consistent with the onset of fatigue. 444 

 445 

Pupil size as a sensitive physiological marker of listening-related fatigue 446 

The present study shows physiological changes with: (i) young normal-hearing adults, (ii) a very high level of 447 

performance accuracy, (iii) a task duration of < 1 hour, and (iv) no sleep deprivation. Pupillometry may 448 

therefore represent a promising tool for the detection of fatigue in more chronic sufferers, such as individuals 449 

with hearing loss. Recent evidence in hearing research suggests that pupillometry is sensitive to task-evoked 450 

arousal or ‘listening effort’ (Kuchinsky et al., 2013; Winn et al., 2015; Zekveld et al., 2010, 2011; Zekveld & 451 

Kramer, 2014). It is intuitive (and therefore often assumed) that repeated or sustained effortful listening over 452 

time will give rise to mental fatigue. Indeed, anecdotal reports of fatigue in hearing-impaired individuals are, at 453 

least in part, what motivates our interest in listening effort (Hornsby, 2013; McGarrigle et al., 2014). The 454 

present findings provide novel insight into the underlying physiological changes that occur over time during 455 

sustained listening. Specifically, the linear interaction term (see Table 1) suggests that pupil size may reflect 456 

changes across the duration of an experiment relating to the onset of mental fatigue. Using a listening task with 457 

extended speech material permits the analysis of mental fatigue, and may better capture the fatigue associated 458 

with everyday listening for individuals with hearing loss compared to more commonly-used speech recognition 459 

tasks. In the second half of each trial block, a reduction in pupil size below baseline occurs to some extent in 460 

both listening conditions. This is consistent with the idea that, in both conditions, participants experience 461 

reduced arousal in the second versus the first half of each trial block. However, the more pronounced pattern of 462 
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reduced arousal in the ‘hard’ listening condition suggests that pupil size is modulated by the acoustic demands 463 

imposed on the listener. 464 

The present findings represent a preliminary step towards a better understanding of the demands 465 

experienced by individuals with (and without) hearing loss in challenging listening environments, which 466 

frequently require sustained mental processing. However, the extent to which the findings in the current study 467 

reflect the everyday experience of fatigue in the clinical population remains unclear. Ultimately, a reliable 468 

objective measure of listening-related fatigue could be of value in discriminating relative benefit from different 469 

interventions in the clinical population. For example, in cases where two different hearing aids improve speech 470 

perception in noise equally well, one hearing aid signal processing strategy may cause relatively less fatigue 471 

than the other. Monitoring physiological changes during listening may be a useful tool for assessing the 472 

disability associated with listening, especially in individuals who are unable to provide a reliable verbal or 473 

behavioural response (e.g., individuals with motor/verbal disabilities). As already discussed, fatigue can have a 474 

serious negative impact on an individual’s mental health (Bower, 2012; Finsterer & Mahjoub, 2014; Missen et 475 

al., 2012). A better understanding of the prevalence of fatigue in hearing loss (a relatively underexplored clinical 476 

population) will help to identify and ultimately mitigate this problem. For example, physical exercise and better 477 

sleep quality have been shown to decrease levels of fatigue (Rook & Zijlstra, 2006). Targeted interventions such 478 

as increasing regular exercise and improving sleep quality may help to reduce the disability associated with 479 

hearing loss at the individual level.  480 

 481 

Response time as a behavioural marker of listening-related fatigue 482 

Based on the findings from Hornsby (2013), we predicted that RTs would show a steeper increase over time in 483 

the hard versus the easy listening condition. We found no significant differences in RT change over time 484 

between listening conditions. Upon visual inspection of the data (see Figure 2), there does appear to be a 485 

decrease (i.e., speeding) of RTs in the middle of the ‘hard’ listening condition block (between trials 17 – 36). 486 

However, GCA did not reveal a significant difference between listening conditions on the quadratic (i.e., U-487 

shaped curve) term. We suggest that this trend in the data may reflect an initial practice effect (i.e., participants 488 

become faster at providing responses as they get used to the task) followed by a more delayed effect of mental 489 

fatigue (i.e., participants can no longer sustain this level of performance due to fatigue, and therefore RTs 490 

increase). However, this interpretation remains speculative given the lack of statistical significance. There was a 491 
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significant difference between listening conditions in overall mean RT (intercept). Overall, participants 492 

responded faster in the ‘easy’ versus the ‘hard’ listening condition. This supports previous findings in the 493 

literature of slower RTs in more challenging listening conditions during single task listening paradigms 494 

(Gatehouse & Gordon, 1990; Houben, van Doorn-Bierman, & Dreschler, 2013). This RT difference likely 495 

reflects differences in the effort required when listening under more/less challenging SNRs. 496 

 497 

Self-report measures of listening effort and listening-related fatigue 498 

Self-report effort and fatigue rating scales were administered to participants following each listening condition 499 

block. Although Hornsby (2013) reported behavioural evidence of fatigue in his study, no differences were 500 

detected in self-report fatigue using a 1-item scale. We opted to use a more comprehensive 13-item mental 501 

fatigue rating scale to detect differences in self-report fatigue following each listening condition block. 502 

Participants reported significantly greater ‘effort’ in the hard versus the easy listening condition. However, no 503 

significant difference was detected in self-report fatigue. In other words, although participants found the hard 504 

condition more effortful than the easy condition, they reported no differences in fatigue. One possibility is that 505 

participants simply did not experience subjective fatigue during this particular task. It is possible that the 506 

physiological changes measured using pupillometry did not reach participants’ conscious awareness. Indeed, it 507 

has been shown that executive processes and awareness of such processes (i.e., the perception of ‘effort’) during 508 

difficult task conditions may have their bases in different neural regions (Naccache et al., 2005). The fatigue 509 

(VAS) scale used in this study may therefore not sensitively detect listening-related fatigue reported in 510 

individuals with hearing loss. Although a more comprehensive (13-item) fatigue assessment scale was used, it 511 

may be the case that these questions (e.g., ‘please indicate how tired/sleepy/drowsy/fatigued you are right now’) 512 

do not capture the kind of communication-related fatigue experienced following effortful listening. Another 513 

potential limitation of these subjective reports relate to their timing. Administering one fatigue scale at the end 514 

of an entire trial block limits our ability to track potential changes in subjective fatigue over time. Perhaps 515 

fatigue assessment scales at more regular intervals, as in Hopstaken et al. (2015) would enable a more sensitive 516 

recording of change over time (as revealed in the pupillometry data). 517 

 518 

Individual differences 519 
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Analysis of individual differences revealed that participants who showed a larger mean RT difference between 520 

‘hard’ and ‘easy’ listening conditions (relative to the overall group effect) tended to report a smaller difference 521 

in subjective effort between these listening conditions. This finding appears counter-intuitive as it is not 522 

consistent with findings in the literature that slower RTs are indicative of increased mental effort (Anderson 523 

Gosselin & Gagne, 2011; Fraser, Gagne, Alepins, & Dubois, 2010; Gatehouse & Gordon, 1990; Hornsby, 2013; 524 

Houben et al., 2013; Sarampalis, Kalluri, Edwards, & Hafter, 2009). In fact, the opposite pattern is found in the 525 

present study; individuals who found the ‘hard’ condition subjectively more effortful than the ‘easy’ condition, 526 

generally showed a smaller RT difference between conditions. There may therefore be variation between 527 

individuals in the extent to which ‘effort’ is allocated to maintain performance in a behavioural task. Indeed, 528 

these data suggests that the increased perceived allocation of ‘effort’ may not always be accompanied by an 529 

increase in behavioural RTs. One potential reason for this unexpected finding may relate to the nature of the 530 

self-report effort question posed; “How hard did you have to work to accomplish your level of performance?” It 531 

is possible that some participants interpreted ‘level of performance’ as pertaining to the speed of their responses 532 

(as opposed to their performance accuracy). In other words, participants who showed less of a RT discrepancy 533 

between conditions (i.e., RTs were maintained at a relatively fast speed in the ‘hard’ condition) did so at the 534 

expense of increased levels of perceived effort. Another potential explanation is that some individuals may 535 

simply have tried harder (resulting in higher effort ratings), and consequently had faster reaction times in the 536 

hard condition (i.e., they were less different from the easy condition). This unexpected relationship highlights 537 

the importance of: (i) using an independent (in this case, physiological) measure in research studies, and (ii) 538 

being careful to ensure that self-report questions directly address the construct of interest (i.e., the ‘effort’ 539 

required to maintain accurate performance). 540 

 541 

Limitations and Future research 542 

The high levels of performance accuracy observed in the current study may lead one to question whether the 543 

physiological changes observed are a reflection of participant boredom, which may present itself in a similar 544 

manner to fatigue (e.g., reduced arousal). However, if participants were experiencing boredom, one would 545 

expect to observe either of the following two effects: (i) a similar pattern of decreased physiological arousal 546 

across both listening conditions (i.e., not specific to the ‘hard’ condition), or (ii) a more pronounced reduction in 547 

physiological arousal in the less challenging (and consequently more ‘boring’) condition. The observed decrease 548 
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in physiological arousal specifically in the more challenging (‘hard’) condition makes this interpretation 549 

unlikely and lends support to the idea that participants are experiencing a reduction in physiological arousal as a 550 

result of sustained listening demands.  551 

 Given the high level of performance accuracy in both listening conditions during both pilot testing and 552 

the actual experimental data, we did not test the hypothesis that there would be a difference in the change in 553 

performance accuracy across trials. However, it is known that decrements in performance accuracy may occur 554 

as a result of fatigue during a cognitive task (Hockey, 2013). We found no significant main effect of block half 555 

(F = 1.255, p = 0.27), and no interaction between listening condition and block half (F = 0.489, p = 0.49). In 556 

other words, we found no decline in performance accuracy as a function of listening condition. It therefore 557 

appears that the physiological change observed in the more challenging listening condition occurred at the 558 

expense of maintaining correct performance accuracy. 559 

 The one second of noise-alone presentation preceding speech onset was used as a baseline in this study 560 

in order to delineate the pupil response during listening to speech in noise from any physiological response to 561 

the presence of noise alone. However, it is possible that the contrasting pupil response slopes observed in the 562 

data may have been influenced by differences between conditions in pupil size in response to the noise-alone 563 

presentation used as a baseline. In order to address this concern, we analysed the impact of listening condition 564 

and block half on pupil size during the one second of noise-alone presentation. We found no significant main 565 

effect of listening condition, F (1, 23) = 0.582, p = 0.45, nor any interaction between listening condition and 566 

block half, F (1, 23) = 1.994, p = 0.17. This suggests that the choice of baseline did not influence the pupil 567 

response difference that we found between listening conditions. 568 

 Given the large SNR difference between listening conditions used in the present study (23 dB), future 569 

research could explore the extent to which pupillometric markers of mental fatigue are sensitive to more subtle 570 

differences in SNR as well as other factors (e.g., reverberation, accented speech). Certain cognitive factors (e.g., 571 

working memory span) are believed to predict hearing aid success and successful speech understanding in noise 572 

(Akeroyd, 2008; Rönnberg, Rudner, Lunner, & Zekveld, 2010). Further research into the cognitive predictors of 573 

listening-related fatigue may also shed light on possible underlying cognitive factors that influence the extent to 574 

which an individual becomes mentally fatigued due to listening demands. Hearing loss is a predictor of stress-575 

related absence from occupational work (Kramer et al., 2006). However, it is unclear to what extent mental 576 
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fatigue in chronic hearing loss may impact everyday functioning. More research is needed to investigate the 577 

consequences of increased listening-related fatigue in individuals with hearing loss.  578 

 The current study set out to measure within-trial physiological changes while listening to a speech 579 

passage as it unfolds. Previous research has identified a reduction in the task-evoked pupil response during a 580 

visual working-memory task as a potential marker of fatigue (Hopstaken, et al., 2015). The extent to which 581 

changes across trials in the task-evoked pupil response during a listening task reveal information about fatigue 582 

remains an important question for future research. The listening task used in the present study involved speech 583 

passages between 13 – 18 seconds duration. Although the location of the target word within a passage was 584 

periodically varied, it was most frequently mentioned around the middle of the passage (i.e., the second 585 

sentence). The question over whether or not there is a change over time in processing load (i.e., the task-evoked 586 

pupil response) could be empirically tested by using shorter duration auditory stimuli (e.g., word or sentence) 587 

that are time-locked to the canonical task-evoked pupil response. This response typically occurs within two 588 

seconds of stimulus onset. 589 

 590 

Conclusions 591 

The present study provides evidence of a potential physiological marker of mental fatigue during a listening 592 

task. An objective measure of listening-related fatigue could help to provide a more comprehensive 593 

understanding of the disability associated with hearing loss. Physiological measures may serve an important role 594 

in detecting the potentially damaging effects of fatigue. A sensitive and reliable measure of listening-related 595 

fatigue may also be used in the audiology clinic as a measure of benefit from hearing devices and other types of 596 

intervention (e.g., auditory training). A better understanding of the prevalence of fatigue associated with hearing 597 

loss will ultimately help to remediate this problem by identifying appropriate intervention treatments for 598 

individuals. 599 
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Figure 1. Normalised mean pupil size data (dotted lines, with 95% CI band) overlaid with the GCA cubic model 

fit (solid lines). These data are plotted as a function of time (second) from speech onset. Left panel, across-

subject mean pupil response in 1st half of each block; right panel, across-subject mean pupil response in 2nd half 

of each block. The plot represents the pupil response during listening only, as the shortest speech passage was 

13-seconds long.  
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Figure 2. Across-subject mean RTs (for correct responses only) as a function of trial number across each 

listening condition block (circles with ± SE vertical lines). 
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Figure 3. Boxplots for self-report effort and fatigue ratings administered immediately after each listening 

condition block. 
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Table 1. Model comparisons to examine changes in the pupil response over time between listening conditions 

 Model testing 

Condition x Half x Polynomial χ² p 

Intercept 0.61 0.44 

Linear 4.23 0.04 

Quadratic 0.26 0.61 

Cubic 1.36 0.24 

Note. Each row presents the extent to which model fit is significantly worse after the removal of a specific 

polynomial interaction term from the full (cubic) model. Significant effects (p < 0.05) are in bold. 
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Table 2. Model comparisons to examine changes in RT over time between listening conditions 

 Model testing 

Condition x Polynomial χ² p 

Intercept 6.42 0.01 

Linear 1.09 0.30 

Quadratic 1.35 0.25 

Note. Each row presents the extent to which model fit is significantly worse after the removal of a specific 

polynomial interaction term from the full (quadratic) model. Significant effects (p < 0.05) are in bold. 
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