Effortful listening in older adults

Older adults show a more sustained pattern of effortful listening than young adults
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Abstract
Listening to speech in adverse conditions can be challenging and effortful, especially for older adults. This study examined age-related differences in effortful listening by recording changes in the task-evoked pupil response (TEPR; a physiological marker of listening effort) both at the level of sentence processing and over the entire course of a listening task. A total of 65 (32 young adults; 33 older adults) participants performed a speech recognition task in the presence of a competing talker, while moment-to-moment changes in pupil size were continuously monitored. Participants were also administered the Vanderbilt Fatigue Scale; a questionnaire assessing daily life listening fatigue within four domains (social, cognitive, emotional, physical). Normalized TEPRs were overall larger and more steeply rising and falling around the peak in the older versus the young adult group during sentence processing. Additionally, mean TEPRs over the course of the listening task were more stable in the older versus the young adult group, consistent with a more sustained recruitment of compensatory attentional resources to maintain task performance. No age-related differences were found in terms of total daily life listening fatigue; however, older adults reported higher scores than young adults within the social domain. Overall, this study provides evidence for qualitatively distinct patterns of physiological arousal between young and older adults consistent with age-related upregulation in resource allocation during listening. A more detailed understanding of age-related changes in the subjective and physiological mechanisms that underlie effortful listening will ultimately help to address complex communication needs in aging listeners.
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Introduction
Speech perception is a fundamental building block of successful communication that relies heavily upon intact sensory and cognitive functions. Our cognitive systems take on increasing importance during speech perception in suboptimal conditions, e.g., in the presence of background noise (Rönnberg et al., 2008). Suboptimal listening conditions are a ubiquitous feature of everyday life and may present in a variety of forms and contexts (Mattys et al., 2012). As a result, the ability to understand speech is a non-trivial challenge for individuals with compromised hearing and/or cognitive ability. The natural process of aging is associated with declines in both auditory and cognitive functioning (Craik & Bialystok, 2006; Peelle & Wingfield, 2016). For example, older adults typically show increased outer hair cell loss in the cochlea and global reductions in grey matter in the auditory cortex (Peelle & Wingfield, 2016). Key cognitive skills, such as the ability to inhibit irrelevant information, also show decrements as a function of age (Borghini & Hazan, 2018; Braver & Barch, 2002; Hasher & Zacks, 1988; Tun et al., 2002). The ability to inhibit concomitant distractors (e.g., noise or a competing talker) while attending to speech is a particularly crucial skill for successful communication. Transient or more sustained difficulty with executing this skill may partly underlie reported difficulties with speech understanding associated with aging (Heinrich et al., 2016).
	The functional consequences of an impoverished sensory and/or cognitive system are not limited to those which can be observed in a speech recognition accuracy test score. Indeed, the cognitive and physiological costs of achieving accurate speech perception are often missing from routine audiological and/or speech test examinations, but may impact one’s quality of life in profound ways (Phillips, 2016; Smith et al., 2011). Interest in quantifying the ‘effort’ associated with listening in adverse conditions led to the formation of the Framework for Understanding Effortful Listening (‘FUEL’); a consensus paper which defines listening effort as ‘the deliberate allocation of resources to overcome obstacles in goal pursuit when carrying out a listening task’ (Pichora-Fuller et al., 2016). The concept of effort has traditionally been linked with fluctuations in autonomic arousal and particularly the ‘intensity’ with which one allocates attentional resources (Kahneman, 1973; Pichora-Fuller et al., 2016; Wingfield, 2016). It is thought that physiological indices may help not only to elucidate the underlying mechanisms of listening effort, but also to shed light on the relationship between listening effort and fatigue (Francis & Love, 2020). Fatigue from listening is a common complaint from individuals with hearing loss, although the precise relationship between transient manifestations of effort and longer-term fatigue remains elusive (Alhanbali et al., 2017; Hornsby et al., 2016; McGarrigle et al., 2014). A physiological measure that may help to elucidate the underlying mechanisms of effortful listening and fatigue is pupillometry (McGarrigle et al., 2017; Wang et al., 2018). Cognitive-evoked changes in pupil size have been shown to mirror activity in the brainstem’s locus coeruleus (Murphy et al., 2014), which is thought to play a central role in governing ongoing states of attention and arousal for goal-directed behavior (Aston-Jones & Cohen, 2005). In particular, the task-evoked pupil response (‘TEPR’) has been shown to be sensitive to changes in both the acoustic and cognitive demands of a listening task (Koelewijn et al., 2012; Kuchinsky et al., 2013; Winn et al., 2015; Zekveld et al., 2010). 
Zekveld et al. (2011) examined TEPRs in a group of older adults with and without hearing loss. Data from a previous study on young adults with normal hearing were also analyzed for comparative purposes (Zekveld et al., 2010). They found that older adults with hearing loss showed a smaller reduction in TEPRs when listening in more favorable signal-to-noise ratios (SNRs) compared to both of the normal-hearing groups (one young adult and one age-matched). The smaller reduction in TEPR for the older adults with hearing loss was interpreted as reflecting less ‘release from effort’ when listening in conditions with increased intelligibility (Zekveld et al., 2011). Piquado et al. (2010) also investigated age differences in TEPR, this time during memory and sentence processing tasks. TEPRs were scaled according to each individual’s pupillary dynamic range to account for age-related differences in pupil reactivity (Bitsios et al., 1996; Tekin et al., 2018). Older adults showed larger normalized TEPRs than young adults when tasked with memorizing a series of digits for recall (regardless of digit list length) and also during the retention window of a sentence recognition task. The authors interpreted these findings as reflecting a global increase in resource allocation for older adults during language processing and the performance of a memory task (Piquado et al., 2010).
Age-related change may not be characterized solely by differences in overall levels of arousal and effort to support listening. Rather, qualitatively distinct patterns of attention and arousal during listening may reflect compensatory strategies in aging listeners (Wingfield & Grossman, 2006). For example, shifts in neural activation patterns from core primary auditory regions to areas associated with top-down cognitive control have been found in older adults when listening in degraded acoustic conditions (Eckert et al., 2016; Erb & Obleser, 2013; Peelle et al., 2010). In a study by Sharp et al. (2006), participants performed listening tasks that engaged both semantic and phonological language processing. Brain activity was monitored within the lateral prefrontal cortex (PFC) which is associated with attention and cognitive control (Shallice, 2002). A differential pattern of change over time in right lateral PFC activity was observed between young and older adult listeners over four blocks of trials. While young adults showed a reduction in PFC activity over time, older adults showed the reverse pattern. The authors suggested that this may reflect a compensatory mechanism used to maintain required levels of performance over time (Sharp et al., 2006). This pattern of data is consistent with the idea that older adults show more widely-distributed sensory and attention-related neural activation during task performance (Cabeza, 2002; Reuter-Lorenz & Cappell, 2008).
The deployment of top-down compensatory strategies to meet the demands of a degraded listening condition may manifest as a more sustained pattern of elevated physiological arousal and attention in older adults. Indeed, larger TEPRs during an effortful listening task have been shown to be associated with more vigilant behavioral response patterns during a continuous monitoring task in a group of older adults (Kuchinsky et al., 2016). Thomson and Hasher (2017) also examined age-related differences in sustained attention during the performance of two semantic vigilance tasks. Participants were asked to rate their subjective levels of arousal and effort following each task. They found no effect of age on task performance accuracy. However, older adults reported higher levels of subjective arousal (Expts 1 & 2) and effort (Expt 2) than the young adult group following task performance. The authors concluded that, while sustained vigilant attention was relatively preserved in older adults, this appeared to come at the cost of increased subjective arousal and effort (Thomson & Hasher, 2017). 
While vigilance and sustained attention abilities are remarkably stable in older adults (Carriere et al., 2010), the physiological mechanisms that underlie such performance maintenance are not yet fully understood. It is possible that the need to sustain levels of attention and arousal during listening may at least partly underlie reports of tiredness from listening in aging listeners, thus providing a potential mechanistic link between transiently-measured effort during listening and more chronic incidences of fatigue. However, the relationship between effort and fatigue can also be thought of as bi-directional. The functional impact of fatigue may present in such a way that individuals who experience elevated fatigue will be unable to exert and sustain effort during a listening task, such that overall levels of effort during task performance will be relatively low (Wang et al., 2018). Indeed, Hess’ (2014) selective engagement theory of cognitive functioning in older adults posits that older adults are more likely to avoid effort expenditure during the performance of a challenging task to conserve their limited resources.
To our knowledge, no study to date has examined lab-based measures of effortful listening and daily life reports of fatigue from listening in healthy older adults. Similarly, few studies have sought to specifically investigate patterns of change over time in physiological arousal that support listening in adverse conditions for older adults. The present study aimed to uncover potentially differential patterns of attention and arousal in young versus older listeners during the performance of a sentence recognition task in the presence of a competing talker in a more positive SNR (‘easy’) condition and a more negative SNR (‘hard’) condition. In particular, we used Growth Curve Analysis (GCA) - a multi-level modelling approach - to more precisely characterize changes in the shape and timing of the TEPR at the individual trial level and across the duration of the listening task (Mirman, 2016). GCA has become widely popular as a way to capture potentially non-linear trajectories in the TEPR (Geller et al., 2019; McLaughlin & Van Engen, 2020). The current study also aimed to examine whether older adults differ from young adults in terms of their overall reports of daily life fatigue from listening as well as in their subjective experience of effort and fatigue during a listening task. Relative to a group of young adults, we predicted that older adults would show:
(1) Larger overall normalized TEPRs (i.e., a main effect of group) (Piquado et al., 2010)
(2) A smaller difference in TEPRs between ‘easy’ and ‘hard’ conditions (i.e., a Group x Condition interaction), consistent with less ‘release from effort’ in more favorable listening conditions (cf. Zekveld et al., 2011)
(3) A less steep decrease over time in TEPRs to reflect a more sustained pattern of arousal, supporting the age-related neural compensation hypothesis (Sharp et al., 2006)
(4) Higher self-report effort and tiredness from listening ratings and/or a more pronounced increase over time in tiredness from listening ratings, reflecting the heightened experience of fatigue due to listening demands
(5) Higher overall daily life listening fatigue scores

Method
Sample size, experimental design, hypotheses, outcome measures, and analysis plan for the experiment were pre-registered on the Open Science Framework (https://osf.io/mjcn9). Raw data and R scripts for analyses and plots can be found at https://osf.io/m42wq/ along with stimuli used for the older adult participants. The stimuli used for young adult participants were the same as those used for a previous study, which can be found here https://osf.io/cdv2r/. Methods overlap considerably with a previous study conducted on young adults in the same lab (McGarrigle et al., 2020).

Participants
Participants were 32 young adults (2 male), aged 18-24 years (mean = 20, SD = 1) and 33 older adults (13 male), aged 62-82 years (mean = 68, SD = 5). We preregistered a target sample size of 28 participants in each group based on the rule of thumb of 1600 data points per condition for mixed model analyses (Brysbaert & Stevens, 2018)[footnoteRef:1]. Data from an additional two older adult participants were excluded due to having cognitive assessment scores below the designated cut-off threshold (details provided below). All participants were native (British) English speakers who reported: (i) normal or corrected-to-normal visual acuity, (ii) no known eye condition, (iii) 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), and (iv) not currently a regular hearing aid user. Pure Tone Audiometry testing was conducted following the British Society of Audiology recommended procedure (2011) at 0.5, 1, 2, and 4 kHz in each ear[footnoteRef:2].  [1: This discrepancy reflects our anticipated attrition rate of approximately 10% due to the pupillometry data exclusion criteria (see details in the ‘Analysis’ section). More details about the power analysis can be found on OSF (https://osf.io/mjcn9).]  [2:  See supplementary file (3) for mean pure tone audiometric thresholds for each group.] 

Older adult participants were screened for mild cognitive impairment using the Montreal Cognitive Assessment (MoCA) scale (Nasreddine et al., 2005). Based on the most recent guidelines for low false positive rate and better diagnostic accuracy (Carson et al., 2018), participants with a score of ≤ 23/30 were excluded from the analyses (n = 2). Young adult participants were recruited either through flyers posted around the University of York campus or as part of a course credit scheme for Psychology undergraduate students. Participants who did not receive course credit were financially compensated for their time. Older adults were recruited via the University of York participant pool, flyers posted in various public spaces around York (e.g., local library), or via an advertisement posted in the local newspaper. These participants were compensated for their time and fully reimbursed for any transport costs. All participants provided 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). 

Equipment
A Kamplex Diagnostic Audiometer AD 25 was used for pure tone audiometry testing. For all subsequent testing, participants were positioned in a sound-treated test booth 65 cm away from a 24” flat screen LCD monitor, which displayed the visual stimuli. The participant’s head was stabilized on a head- and chin-rest which was secured to the end of a table. Stimulus presentation was programmed using the SR Research Experiment Builder software, version 2.2.1 (SR Research, Mississauga, ON, 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 headphones. Responses were also recorded for later verification of speech recognition scores. 
Pupil size was recorded using the Eyelink 1000 Plus, at a sampling rate of 250 Hz. Pupil size was recorded as an integer number corresponding to the number of thresholded pixels 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 .01 mm for a 5 mm pupil diameter. The desktop-mounted eye tracker camera was positioned in between the participant and the computer monitor at a distance of 55 cm from the participant (at 0˚ azimuth angle), following SR research guidelines for accurate and reliable tracking of the eye (SR Research, Mississauga, ON, Canada). 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.

Materials
Target speech stimuli were Harvard 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 Southern British accent, reading an extract from the standard phonetically-balanced ‘Rainbow Passage’ (Fairbanks, 1960). Target and masker stimuli were digitally mixed using a Matlab script (Nike, 2020) to create a series of .wav files at different SNRs. For each target sentence, a random 6-second portion of the masker audio file (total file duration: 74 seconds) was selected for target-masker mixing. Mixed target-and-masker .wav files were subsequently used for the adaptive screening and listening task (described below). For each trial, masker onset began two seconds before target onset and ended two seconds 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 used 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) listening 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 maximum TEPR (Ohlenforst et al., 2017). Twenty Harvard sentences were used for the adaptive screening. 
For older adults, each Harvard sentence was mixed with the masker stimulus to create 15 different SNRs ranging from -10 dB to +4 dB SNR. Based on pilot testing, this SNR range was deemed suitable for capturing the potentially wide variability in the older adult speech recognition performance. This resulted in the creation of a total of 300 mixed target-masker .wav files (20 sentences x 15 SNRs). Older adult participants heard 20 mixed target and masker sentences, which started at +4 dB SNR and could reach a lower limit of -10 dB SNR. If participants responded correctly, the SNR decreased by 1 dB in the subsequent trial. If participants responded incorrectly, the SNR increased by 1dB in the subsequent trial. An incorrect response at the upper limit (i.e., +4 dB) or a correct response at the lower limit (i.e., -10 dB) resulted in no change to the SNR in the subsequent trial (i.e., it remained at +4 dB or -10 dB, respectively). Each participant’s 50% performance threshold was calculated as the mean SNR achieved in trials 15-20 of the adaptive procedure (rounded to the nearest whole number). For example, in cases where a ‘.5’ decimal value was calculated, we rounded down (e.g., -9.5 dB SNR was rounded down to -10 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 risked task disengagement (Borghini & Hazan, 2018).
For young adults, the adaptive screening process was the same as above, with the following exceptions: (1) 10 SNRs, ranging from -15 to -6 dB, were used to reflect superior speech recognition performance thresholds and reduced performance variability in young adult participants (McGarrigle, et al., 2020), resulting in a total of 200 target-masker .wav files (20 sentences x 10 SNRs), and (2) due to the reduced number of possible SNRs (i.e., 10 versus 15), 50% performance thresholds were this time calculated as the mean SNR in trials 10-20 (rather than 15-20). Overall, mean adapted SNR values were significantly different between groups (t(62) = 7.37, p < .001), with the young adult group achieving the 50% performance criterion at a more negative SNR (M = -7.9, SD = 1.20) than the older adult group (M = -3.10, SD = 3.50)[footnoteRef:3]. [3:  SNR values were stored in the same results file as the pupillometry data. As a result, these values were successfully recorded for all but one OA participant (s8), whose pupillometry data was completely lost due to a technical error with the eye tracker (reported also in the ‘Analysis’ section below). ] 


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. The easy condition SNR was calculated as the hard condition SNR plus 10 dB. For example, a hard condition SNR of -6 dB would result in an easy condition SNR of +4 dB. A total of 120 Harvard sentences were used to create two target-masker lists (List 1 and List 2). Harvard sentences presented during the listening task differed from those presented in the adaptive screening. For List 1, 60 Harvard sentences were digitally mixed with the masker stimulus to create target-masker .wav files in all possible SNRs (15 for older adults, 10 for young adults) for the easy condition. Another 60 Harvard sentences were then digitally mixed with the masker stimulus to create a total of 60 target-masker .wav files in all possible SNRs for the hard condition. For List 2, the same 120 Harvard sentences were used, but the condition in which they appeared was swapped. Thus, if the target sentences in List 1 were used in the hard condition, the List 2 sentences were used in the easy condition, and so on. An additional four Harvard sentences were mixed with the masker stimulus to create practice trials at pre-determined easy and hard SNRs for each participant.

Subjective ratings
During the listening task, participants were administered self-report rating scales to assess: (1) tiredness from listening, (2) effort, and (3) performance evaluation. The three questions were as follows:
(1) How tired of listening do you feel? (100-step scale from Not at all – Extremely)
(2) How hard did you have to work to understand what was said for the previous 5 sentences? (100-step scale from Not at all – Extremely)
(3) How would you rate your performance accuracy on the previous 5 sentences? (100-step scale from Poor – Good)
The choice of wording for the tiredness from listening scale was taken from Picou, Moore, and Ricketts (2017) and was chosen to tap tiredness arising specifically from listening demands, as opposed to other unrelated processes (e.g., visual fatigue). This measure has been shown to have high test-retest reliability (r = .84) and excellent internal consistency (α = .91) (Picou & Ricketts, 2018). The subjective effort rating scale was an adapted version of the NASA task load index item assessing mental demand (Hart & Staveland, 1988), to measure of effort (Dimitrijevic et al., 2019; McGarrigle et al., 2017; Strand et al., 2018). Finally, the subjective performance evaluation scale was an adapted version of the performance scales used in Moore and Picou (2018). This was included to help mitigate against the tendency for participants to use perceived performance as a proxy of effort (Moore & Picou, 2018). This measure was included in the analyses for exploratory purposes only.
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 mid-point 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 positioned at the bottom of the screen which participants clicked on to advance to the next scale or trial.

The Vanderbilt Fatigue Scale (VFS)
The Vanderbilt Fatigue Scale (VFS) was administered to measure daily life experiences of listening-related fatigue. The VFS is designed to measure fatigue that is experienced specifically in the context of listening (see Bess et al., 2020 for a brief summary of the scale development process). While validated questionnaires for measuring general fatigue-related constructs do exist (e.g., Profile of Mood States; McNair et al., 1971), the VFS was deemed more suitable for the present study as it focuses specifically on fatigue that arises from communication challenges. The VFS consists of 40 items, each with 5-point Likert-type responses (0 – 4) with verbal anchors ranging from ‘Never/Almost never’ to ‘Always/Almost always’ or ‘Strongly Disagree’ to ‘Strongly Agree’. Examples of test items include; ‘I feel worn out from everyday listening’ and ‘It takes a lot of energy to listen and understand’. One item (‘I need to remove or turn off my hearing device to take a break from listening’) is relevant only for individuals who wear a hearing device and as such was not included in the current study, leaving a total of 39 questionnaire items.

Design and Procedure
The same testing protocol was administered to both young and older adult participants, with one exception: on arrival, older adults were firstly taken to a quiet room for MoCA testing. MoCA testing involved participants completing a series of cognitive tests, including pencil and paper (e.g., copying the illustration of a cube) and verbal (e.g., digit rehearsal) tasks, all of which were supervised and led by the experimenter. The MoCA testing session lasted no longer than 10 minutes in total. MoCA scores were used for screening purposes only, and were therefore not included in the analyses. From this point onwards, the procedure was identical for both young and older adults.
Participants were seated comfortably in the testing booth and were then administered a pure tone audiometry test. After this test, eye tracker setup and calibration began. Soft room lighting was used and the computer screen had a grey background with reduced brightness settings (luminance from chin rest position measured at 100 cd/m2) to minimize any visual discomfort. The seat height and/or chinrest were 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: ‘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 a SNR of +4 dB (or -6 dB for young adults). 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 presentation. For each trial, 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 once the experimenter provided a keyboard response. A sentence was scored as correct only if all five key words were correctly identified and in the correct order. For example, for the sentence ‘The birch canoe slid on the smooth planks’, participants were only scored as correct if they accurately recalled all five key words in the correct order (i.e., birch, canoe, slid, smooth, planks). The adaptive screening lasted approximately 5 minutes. 
After performing the adaptive screening, participants were then exposed to ‘bright’ and ‘dark’ settings to determine each participant’s pupillary dynamic range[footnoteRef:4]. This would later be used to calculate a normalized TEPR that accounts for age-related differences in pupil size and responsivity (details provided in ‘Analysis’ section below). For the bright condition, the screen brightness was adjusted from 30% to 100% and all lights were switched on, including the lights outside and inside the testing booth. Luminance from the chin rest position in the ‘bright’ condition was measured at 335 cd/m2. Participants were asked to look at a fixation cross presented in the middle of the screen for 10 seconds, while their pupil size was recorded continuously. For the dark condition, all lights were switched off and the screen brightness was adjusted from 100% to 0%. Luminance from the chin rest position in the ‘dark’ condition was measured at 0.15 cd/m2. Once again, pupil size was recorded continuously for a period of 10 seconds. Because the screen was completely dark during this time, participants were simply asked to look toward the middle of the screen where the fixation cross had appeared in the previous ‘bright’ condition.  [4:  Statistical analyses of the pupil dynamic range values in each group (OA, YA) and condition (bright, dark) are provided in the supplementary materials (supplementary file 1).] 

At the beginning of the listening task, participants were informed of the approximate task duration and that they would be asked to respond to subjective rating scales at periodic intervals. To familiarize themselves with the subjective rating scales, four practice trials (two in the easy SNR and two in the hard SNR) were performed. Listening task stimuli were presented in a blocked fashion. Easy and hard conditions contained 60 trials each. To avoid order effects, the order of the two SNR conditions was counterbalanced, with half of participants in each group performing the easy condition first (and the remaining half performing the hard condition first). Before each condition, participants provided a tiredness from listening scale response (used as a baseline in the analysis). Effort and performance evaluation rating scales were administered after every 5 trials (totaling 12 responses per participant per condition). The tiredness from listening scale was administered after every 10 trials (totaling 6 responses per participant per condition). At the relevant trial intervals, the effort scale was always administered first, followed by the performance evaluation scale and the tiredness from listening scale (in that order). 
A three-second inter-trial 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, including the experimenter's scoring time (~1 sec), there was at least 4-5 seconds between the participant’s verbal response and the recording of the subsequent trial baseline. This is consistent with Winn et al.’s (2018) recommended ITI of 4-6 seconds for experiments involving verbal responses. Each listening condition block lasted approximately 20 minutes. In between easy and hard conditions, participants were given the opportunity to briefly rest inside the booth or use the bathroom in the adjacent room.
After the listening task, participants were given the opportunity to have a 5-minute break. Once they were ready to continue, participants were provided with the VFS and a demographics questionnaire, which were completed on pen and paper. Written instructions for completing the VFS were provided at the beginning of the printed document, and the experimenter remained present to answer any questions. Figure 1 shows a schematic outline of the study procedure, which in total lasted around one hour and 10 minutes for young adults and one hour and 20 minutes for older adults. 
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Figure 1. Schematic outline of the study procedure with time estimates for each component. MoCA = Montreal Cognitive Assessment; PTA = Pure Tone Audiometry; SNR = Signal-to-noise ratio; VFS = Vanderbilt Fatigue Scale.

Analysis
Speech recognition performance
Speech recognition performance was calculated as the mean percentage of key words correctly identified. Each trial contained five possible key words. The experimenter transcribed the responses online during the task. These scores were later verified offline by the experimenter and an independent rater using audio recordings of each trial. A three-way mixed ANOVA was conducted to examine the effects of group (young adult, YA; older adult, OA) and condition (easy, hard) on overall speech recognition performance and linear change in performance over time, with block (1, 2, 3, 4, 5, 6) modelled as a continuous variable. To rule out order effects, we included condition ‘order’ (easy-hard, hard-easy) as a covariate. 

Pupillometry	
Pre-processing. The R script used for pre-processing pupil data can be located at https://osf.io/m42wq/. Pupil data were pre-processed 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 estimation errors caused by a rotated pupil (e.g., when looking at the corner of the screen), a rectangular area of interest was created in the center of the visual display surrounding the fixation 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 (R Development Core Team, 2011) for pre-processing and analysis.
First, missing values in the data file (e.g., caused by blinks) were coded as ‘NA’. To account for spurious values caused by the eyelid closing and re-opening immediately before and after a blink, sample windows that included missing data were extended by 100 ms either side of the blink, using the GazeR package (Geller et al., 2020). Missing data were then linearly interpolated across using values either side of the extended window. Trials that contained > 50% missing data were removed from the analysis. Data from two older adult participants (s15 & s17) and one young adult participant (s24) were removed altogether due to having less than 20/60 trials with < 50% missing data within a single condition. Due to a technical error with the tracking software, pupil data for an additional two older adult participants (s8 & s9) were lost. Of the remaining participants, a total of 71 trials (1.9% of trials) were removed from the young adult data set and a total of 127 trials (3.6% of trials) were removed from the older adult data set. As a result, the remaining sample entered into the pupillometry analyses included 31 young adults and 29 older adults. 
‘Senile miosis’ refers to the phenomenon whereby our pupils become smaller and less responsive (e.g., to changes in light conditions) as we age (Bitsios et al., 1996). To account for these age-related physiological differences, previous studies comparing young and older adults have calculated TEPRs that are scaled to each individual’s pupillary dynamic range (Ayasse et al., 2017). Therefore, for any between-subject comparisons, analyses were conducted on normalized TEPRs[footnoteRef:5]. Adopting a similar approach to Ayasse et al. (2017), we calculated ‘normalized TEPR’ using the following equation; [5:  Results on non-normalized mean TEPR data are also provided in supplementary materials (supplementary file 2).] 

(dM – dmin) / (dmax – dmin) x 100
where dM is the participant’s pupil size at any single time point, dmin is their mean pupil size during the ‘bright’ condition (i.e., minimum pupil size), and dmax is their mean pupil size during the ‘dark’ condition (i.e., maximum pupil size).
After all pupil traces were normalized, baseline-correction was performed on each trial. The two seconds of masker-only presentation preceding the onset of the target speech was used as the baseline window. The mean pupil size value recorded during this two-second window was then subtracted from every sample recorded after target speech onset to produce a normalized TEPR value. The TEPR typically emerges approximately one second after target onset and peaks approximately one second after target offset (Winn et al., 2018). As a result, TEPR was calculated as the relative change from baseline during the 3-second window following target speech onset. This helped to rule out any pupil size changes elicited by behavioral and/or preparatory motor responses
Growth Curve Analysis. Growth curve analysis (GCA) is a multi-level regression technique for analyzing time series data. GCA can be used to capture changes in the shape and timing of the pupil response over time by fitting orthogonal polynomial time terms to the data. Orthogonal polynomials are transformations of natural polynomials, making each one (e.g., linear and quadratic) independent of one another, with each polynomial term capturing a distinct functional form. The ‘intercept’ refers to the overall mean pupil response (i.e., ‘area under the curve’), the ‘linear’ term refers to the slope of the pupil response (with more positive values indicating a steeper slope), and the ‘quadratic’ term captures the curvature of the inflection point in the time series, with more positive values indicating a flatter shape (Mirman, 2016). GCA was implemented in R Studio using R version 4.0.0 (R Development Core Team, 2019) using the‘lme4’ package (Bates et al., 2015). Plots were also implemented in R Studio, using the ‘ggplot2’ package (Wickham, 2016). Specifically, we used GCA to examine: (1) the mean trial-level TEPR (‘Mean TEPR’), and (2) the trial-by-trial change in the mean TEPR over the course of the experimental session (‘TEPR change over time’).
For both sets of analyses, fixed effects (i.e., group, condition, and polynomial time terms) and random effects (i.e., error terms) were modelled to predict the TEPR (see Tables 1 & 2 for final model formula). We also included condition ‘order’ (easy-hard, hard-easy) as a fixed effect in our GCA models. Condition, group, and order variables were sum coded (-1, 1) to obtain accurate main (rather than simple) fixed effect estimates. The random effects structure was selected as the maximal random effects structure justified by the design (Barr et al., 2013). Parameter estimates were reported using maximum likelihood estimation. An effect was deemed significant if its removal from the model resulted in a significant decrease in the log-likelihood ratio, which is distributed as χ2 with degrees of freedom equal to the number of parameters added. P values were calculated using the z distribution as an approximation of the t distribution (Mirman, 2016).
For the ‘Mean TEPR’ analysis, ‘time’ was modelled as a continuous variable representing time (in ms) from speech onset. The quadratic component of the TEPR was the highest order term of theoretical interest as this functional form can capture potential differences in the overall trajectory and curvature around the peak pupil response during speech processing. We therefore did not attempt to add higher-order terms (cubic, quartic, etc.) to the model. The final random effects structure included both subject and item level variance components. Specifically, participants were allowed to vary for each fixed effect time term overall (i.e., intercept, linear, and quadratic) as well as within each condition. Items were also allowed to vary for each fixed effect time term and for the effect of condition on the intercept and linear time terms. Item-level random effects for the effect of condition on the quadratic term were initially included in the maximal model, but removed due to model convergence issues[footnoteRef:6]. The final model syntax can be found in Table 1.  [6:  Model non-convergence suggests that the model may be over-parameterized and that the random effects structure is too complex (Bates et al., 2018).] 

For the ‘TEPR change over time’ analysis, ‘trial number’ (0 – 60) was modelled as a continuous variable. Based on visual inspection of the data, it was apparent that the pattern of change did not follow a nonlinear trajectory (see Figure 4). As a result, we did not attempt to add any higher-order terms (quadratic, cubic, etc.) to the model. For the random effects structure, participants were allowed to vary on the intercept and linear terms as well as for both Condition x Time term interactions (i.e., the effect of condition on the intercept and linear terms)[footnoteRef:7]. Final model syntax can be found in Table 2. The R script for both of the GCA models including the steps described above can be found at https://osf.io/m42wq/. [7:  Items were not included as random effects as there were an insufficient number of item list levels (i.e., there were only two possible item list: condition variations). ] 


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 recorded at the beginning of each condition. A three-way mixed ANOVA was conducted to examine the effects of group (YA, OA) and condition (easy, hard) on overall subjective ratings and their linear change over time, with block (1, 2, 3, 4, 5, 6) modelled as a continuous variable. Condition ‘order’ was once again added as a covariate to rule out order effects. Mean by-block 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/performance evaluation rating in block 2, and so on.

Daily life fatigue from listening
Daily life fatigue from listening was calculated as the summed total score on all VFS items. Data from one young adult participant was omitted as they did not provide a response on two of the questionnaire items, leaving data for a total of 31 young adults and 33 older adults. Total scores were based on summed scores from 39 items, resulting in a total score that ranged between 0 – 156. As well as providing a total score, the VFS can also be used to generate domain-specific scores for each of the following four categories: (1) Social, (2) Cognitive, (3) Emotional, and (4) Physical. For example, ‘Feeling tired from listening causes strain on my relationships’ pertains to the ‘social’ domain, whereas ‘I get frustrated when I have to put a lot of energy into listening’ pertains to the ‘emotional’ domain. Of the 39 items in total, 10 pertained to social, cognitive, and emotional domains. The VFS item excluded from the questionnaire (‘I need to remove or turn off my hearing device to take a break from listening’) fell within the physical domain, meaning that the physical category scores represented a summed total score of 9 items (ranging from 0 – 36). Social, cognitive, and emotional scores represented a summed total of 10 items (ranging from 0 – 40). Five independent t-tests were conducted to examine mean differences in total fatigue and each of the four individual domain scores (social, cognitive, emotional, physical) as a function of group (YA, OA). Given the exploratory nature of these additional domain-specific analyses, we opted not to apply any correction for familywise error rate.
  
Results
Speech recognition performance
Figure 2 displays mean speech recognition performance for young versus older adults in each condition as a function of block. Overall, there was a main effect of condition (F(1, 63) = 51.81, p < .001, partial η2 = .46), with mean speech recognition performance higher in the easy (M = 94.35, SE = 0.33) than the hard (M = 74.28, SE = 1.03) condition. There was also a significant main effect of group (F(1, 63) = 6.60, p = .01, partial η2 = .10), with overall mean speech recognition performance higher in the older adults (M = 85.82, SE = 0.82) than the young adults (M = 82.81, SE = 0.84) group. There was a significant main effect of block on the linear term, (F(1, 63) = 8.91, p = .004, partial η2 = .13), with mean speech recognition performance showing a general improvement over time. All two- and three-way interactions were non-significant (ps > .05). 
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Figure 2. Mean speech recognition performance (% correct with ± SE lines) for easy and hard conditions as a function of block. YA = young adults; OA = older adults.

Pupillometry
Mean TEPR
Figure 3 illustrates mean TEPR as a function of condition (easy, hard) and group (YA, OA). Table 1 provides the full GCA model summary output for the ‘Mean TEPR’ analysis. There was a significant main effect of condition on the intercept term, (χ2 (1, N = 60) = 21.63, p < .001), and linear term, (χ2 (1, N = 60) = 46.03, p < .001). Overall, participants showed a larger and more steeply sloping TEPR in the hard versus the easy condition. There was a significant main effect of group on both the intercept term, (χ2 (1, N = 60) = 4.06, p = .04), and the quadratic term, (χ2 (1, N = 60) = 17.65, p < .001). TEPRs during speech recognition for older adults were overall larger and showed more of a quadratic shape function (i.e., more steeply rising and falling around the peak) compared to young adults (see Figure 3).
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Figure 3. Normalized mean TEPR (with ± SE lines) overlaid with the final GCA quadratic model fit (solid lines). These data are plotted as a function of time (in milliseconds) from target speech onset. YA = young adults; OA = older adults.

Table 1. Growth curve analysis model code and full summary output for ‘Mean TEPR’ analysis. ‘Lin’ and ‘Quad’ are shorthand for linear and quadratic polynomial time terms, respectively. 
	R Code:
	
	
	
	
	

	TEPR ~ 
	(Lin+Quad)* 
	Condition *
	Group + Order  +
	# Fixed effects

	
	((Lin+Quad)*
	Condition |
	Subject) +
	# Random effects

	
	(Lin+Quad+ 
	Lin:Condition +
	Condition |Item)
	# Random effects

	Term
	Estimate
	SE
	df
	t
	p

	(Intercept)
	4.25
	0.58
	86.08
	7.31
	< .001***

	Linear
	10.62
	1.19
	67.04
	8.94
	< .001***

	Quadratic
	-3.67
	0.43
	66.65
	-8.59
	< .001***

	Condition
	-1.27
	0.26
	84.71
	-4.89
	< .001***

	Group
	0.94
	0.51
	57.07
	1.82
	.07

	Order
	0.52
	0.41
	57.23
	1.27
	.21

	Linear:Condition
	-2.55
	0.46
	74.67
	-5.49
	< .001***

	Quadratic:Condition
	-0.21
	0.23
	58.59
	-0.91
	.36

	Linear:Group
	0.05
	1.15
	58.04
	0.04
	.97

	Quadratic:Group
	-1.74
	0.41
	58.06
	-4.23
	< .001***

	Condition:Group
	0.09
	0.23
	57.72
	0.37
	.71

	Linear:Condition:Group
	-0.04
	0.43
	57.68
	-0.08
	.93

	Quadratic:Condition:Group
	0.09
	0.23
	58.55
	0.38
	.71


*p < .05, ** p < .01, ***p < .001.
Note. P-values shown are calculated based on the Wald test statistic rather than the Likelihood Ratio Test discussed in the text. While both test results are asymptotically equivalent, p-values derived from Wald tests are thought to be less reliable for small-to-moderate sample sizes (Agresti, 2007).

TEPR change over time
Figure 4 illustrates the mean TEPR change over time for each condition and group. Table 2 provides the full GCA model summary output for the ‘TEPR change over time’ analysis. There was a significant effect of group on the linear term, χ2 (1, N = 60) = 10.68, p = .001. Young adults showed a more pronounced negatively sloping mean TEPR over the course of the listening task compared with older adults who showed a more stable (i.e., less negatively sloping) TEPR pattern (see Figure 4).
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Figure 4. Normalized mean TEPR (with ± SE bands) overlaid with the final GCA linear model fit (solid lines). These data are plotted as a function of trial (1-60). YA = young adults; OA = older adults.

Table 2. Growth curve analysis model code and full summary output for ‘TEPR change over time’ analysis.
	R Code:
	
	
	
	
	

	Mean trial TEPR ~ 
	(Linear)*
	Condition *
	Group + Order +
	# Fixed effects

	
	(Linear)*
	Condition |
	Subject) 
	# Random effects

	Term
	Estimate
	SE
	df
	t
	p

	(Intercept)
	4.72
	0.71
	58.76
	6.70
	< .001***

	Linear
	-9.50
	1.32
	58.32
	-7.19
	< .001***

	Condition
	-1.26
	0.24
	58.72
	-5.29
	< .001***

	Group
	-0.92
	0.51
	56.30
	-1.83
	.07

	Order
	-0.49
	0.98
	57.26
	-0.50
	.62

	Linear:Condition
	0.15
	0.85
	164.63
	0.18
	.86

	Linear:Group
	-3.73
	1.32
	58.32
	-2.82
	.005**

	Condition:Group
	-0.11
	0.24
	58.72
	-0.46
	.65

	Linear:Condition:Group
	0.63
	0.85
	164.64
	0.73
	.46


Note. *p < .05, ** p < .01, ***p < .001

Subjective ratings
Figure 5 displays each of the three subjective rating scores (effort, tiredness from listening, performance evaluation) for young versus older adults in each condition and block. There was a significant main effect of condition on mean effort ratings, (F(1, 63) = 43.81, p < .001, partial η2 = .41), with mean ratings higher in the hard (M = 66.61, SE = 1.89) than the easy (M = 32.08, SE = 2.26) condition. There was however no main effect of group, (F(1, 63) = .26, p = .61, partial η2 = .004), with mean effort ratings similar in young adults (M = 50.24, SE = 2.52) versus older adults (M = 48.44, SE = 2.48). There was no significant main effect of block on the linear term, (F(1, 63) = 2.73, p = .10, partial η2 = .04), with mean effort ratings showing no linear change over time. No significant two- or three-way interactions were found (all ps > .05). 
	We found a significant main effect of condition on tiredness from listening ratings, (F(1, 63) = 7.99, p = .006, partial η2 = .11), with mean ratings higher in the hard (M = 14.37, SE = 2.11) than the easy (M = 6.79, SE = 2.04) condition. However, there was no main effect of group, (F(1, 63) = 3.12, p = .08, partial η2 = .05), with mean tiredness from listening ratings not significantly different between young adults (M = 13.23, SE = 2.14) and older adults (M  = 7.93, SE = 2.10). There was a significant main effect of block on the linear term, (F(1, 63) = 14.77, p < .001), partial η2 = .19, with tiredness from listening ratings showing a general increase over time. No significant two- or three-way interactions were found (all ps > .05).
Finally, there was a significant main effect of condition on performance evaluation ratings, (F(1, 63) = 46.53, p < .001, partial η2 = .43), with mean ratings higher in the easy (M = 69.87, SE = 1.94) than the hard (M  = 35.01, SE = 1.90) condition. There was no main effect of group, (F(1, 63) = .93, p = .34, partial η2 = .02), with mean performance evaluation ratings similar in young adults (M  = 50.95, SE = 2.21) and older adults (M = 53.93, SE = 2.17). There was also no main effect of block on the linear term, (F(1, 63) = .25, p = .62, partial η2 = .004), with performance ratings showing little change over time. No significant two- or three-way interactions were found (all ps > .05).
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Figure 5. Mean subjective ratings (0-100 scale, with ± SE lines) for each condition (circles = easy; triangles = hard) 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. YA = young adults; OA = older adults.

Daily life fatigue from listening
Total fatigue scores derived from the VFS showed high reliability (Cronbach’s α = 0.96). All four VFS subscales also showed high reliabilities (emotional and social subscales, Cronbach’s α = 0.87; cognitive and physical subscales, Cronbach’s α = 0.85). Total fatigue scores did not differ significantly between young adults (mean = 32.39, SD = 17.34) and older adults (mean = 37.55, SD = 22.47), t(62) = 1.02, p = .31, d = .26. Similarly, no significant differences were found between young and older adults within the emotional (YA, M = 8.19, SD = 5.44; OA, M = 8.33, SD = 5.72), physical (YA, M = 5, SD = 3.98; OA, M = 6.24, SD = 5.23), or cognitive (YA, M = 12.97, SD = 4.98; OA, M = 13.55, SD = 6.58) domains (all ps > 0.05). However, older adults showed significantly higher scores than young adults in the social domain (YA, M = 6.23, SD = 4.81; OA, M = 9.42, SD = 6.83), t(58[footnoteRef:8]) = 2.18, p = .03, d = .54. See Figure 6 for boxplots displaying total fatigue VFS scores and fatigue scores within the social domain. [8:  Levene’s test indicated unequal variances (F = 4.63, p = .04), so degrees of freedom were adjusted from 62 to 58.] 
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Figure 6. Boxplots showing total VFS scores (left hand side) and social domain VFS scores (right hand side) as a function of group. YA = young adults; OA = older adults. Total fatigue scores range from 0 – 156. Social domain fatigue scores range from 0 – 40. Each data point reflects individual participant test scores, jittered for illustrative purposes.

Discussion
The current study examined the effects of age and SNR on physiological and subjective markers of effortful listening. We also investigated age-related differences in daily life fatigue from listening. Overall, we found an effect of condition on TEPRs in both young and older adult listeners; both groups showed larger and more steeply rising TEPRs in the hard versus the easy SNR condition. We also found age-related differences in the overall amplitude and shape of the TEPR during sentence processing; older adults showed a larger and more steeply rising and falling pupil dilation response compared to the relatively smaller and flatter TEPR in young adults. When examining change over time, mean TEPRs showed a more pronounced negative slope in the young versus the older adult group. This is consistent with the notion that performance was maintained over the course of the listening task at the expense of a relatively more sustained pattern of attention and arousal in older adult listeners. Older adults did not differ from young adults in terms of overall daily life fatigue from listening scores. However, exploratory analyses revealed significant difference between groups in a specific dimension of fatigue, with older adults reporting heightened levels of fatigue within the social domain.

Effects of age and task demand on TEPR
Overall, we found support for hypothesis (1); older adults showed larger normalized TEPRs than young adults during an effortful listening task. As illustrated in Figure 3, the older adult group TEPR was characterized by a larger and more steeply rising and falling peak response compared with the smaller and flatter TEPR shown in the young adult group. The contrasting TEPR amplitude and shape suggests that, on average, older listeners recruited additional resources during speech processing culminating in a larger peak response at verbal stimulus offset. This finding supports the idea that older listeners likely recruit compensatory resources to offset the cost of reduced sensory and/or cognitive acuity during speech recognition (Tun et al., 2010; Wingfield et al., 2005). The effect of group on the quadratic term captures the fact that the increased pupil response was not sustained and instead returned to a pupil size value comparable with the young adult group just before the upcoming sentence recall window. This illustrates the value of capturing not just the mean and peak response, but also the overall shape and timing of the pupil response (Geller et al., 2019; Kuchinsky et al., 2013; Mirman, 2016). 
We did not find support for hypothesis (2); there was no Group x Condition interaction on normalized TEPRs. Both age groups showed a similar effect of SNR on mean normalized TEPR, with larger overall pupil dilation shown in the hard versus the easy condition. This suggests that a 10 dB decrease in SNR modulates listening effort in a manner that is comparable between both groups. However, it should be noted that the current study used a normalization procedure that was not used in Zekveld et al. (2011). Indeed, when we consider the pattern of results for non-normalized TEPRs (see supplementary file 2), the data are more consistent with Zekveld et al. (2011); in other words, the difference in TEPR as a function of acoustic task demand appears to be reduced in the older, versus the younger, adult group[footnoteRef:9]. Further, the sample recruited in Zekveld et al. (2011) were younger on average than the older adult group in the current study (mean age = 61 years) and had presented with a clinical hearing loss (see Figure 1, Zekveld et al., 2011). Relatively poor hearing acuity may have contributed to the reduced impact of SNR on TEPR. [9:  Analysis conducted on the non-normalized data revealed a significant Group x Condition interaction on the intercept term.] 

Finally, we found support for hypothesis (3). The young adult group showed a more steeply decreasing pattern of change in mean TEPRs than the older adult group over the course of the experimental task across both SNR conditions (see Figure 4). This finding is consistent with age-related neural compensation during a sustained cognitively-effortful task (Cabeza, 2002; Reuter-Lorenz & Cappell, 2008; Sharp et al., 2006; Wingfield & Grossman, 2006). We also extended Thomson and Hasher’s (2017) finding with complementary physiological evidence suggesting that relatively stable vigilance and attentional monitoring in older adults comes at the cost of increased autonomic arousal. Although we attempted to equate performance between groups as much as possible by using an adaptive procedure, speech recognition performance was nonetheless overall significantly higher in the older versus the young adult group during the experimental listening task (see Figure 2). In light of the relatively stable performance scores shown in the older adult group, the TEPR data are more consistent with the idea of age-related frontal compensation (i.e., use of attentional strategies to help optimize performance) than with age-related reductions in neural inhibition which may present in a similar fashion (Martins et al., 2015). A reduction in inhibitory brain activity would likely have manifested behaviorally as a decrement in speech recognition performance following distraction and/or lapses in concentration. However, additional correlation analyses revealed no significant association between mean TEPR and mean speech recognition performance in both groups (ps > .05). As a result, support for the age-related neural compensation hypothesis is tentative only.

Effects of age and task demand on subjective ratings of effortful listening
Both young and older adults showed a similar pattern of increased effort and tiredness from listening ratings in the hard versus the easy condition, and overlapping changes over time in tiredness from listening. We therefore did not find support for hypothesis (4) and cannot corroborate Thomson and Hasher’s (2017) findings of increased subjective effort and arousal ratings in older adults versus young adults. Although there was a numerical difference in tiredness from listening ratings between groups (see Figure 5), the main effect of group did not reach significance (p = .08). Therefore, although we found physiological evidence of a difference between groups in the effortful control of attention during listening, this did not translate into differences in perceived effort or tiredness from listening. Effort ratings have been shown to be highly correlated with subjective performance evaluation (Moore & Picou, 2018; McGarrigle, et al., 2020). It is therefore possible that attempting to equate performance between groups served to minimize potential differences in perceived effort and tiredness from listening. Another possibility is that any potential age-related differences in subjective ratings were curtailed by the tendency for older adults to underestimate the level of difficulty experienced during a listening task (Larsby et al., 2005).

Daily life fatigue from listening
We found only partial support for hypothesis (5); older adults did not differ from young adults in terms of overall daily life listening-related fatigue scores. However, exploratory analyses revealed a significant difference between groups in a specific dimension of fatigue, with the older adult group reporting increased levels of fatigue within the social domain. The VFS was designed to measure daily life fatigue from listening across a wide range of ages (Bess et al., 2020)[footnoteRef:10]. Based on the negative impact of sensory and/or cognitive decline, we predicted that older adults would report higher overall levels of daily life fatigue from listening (Alhanbali et al., 2017, 2018). Contrary to our expectations, we found no significant difference in total fatigue scores between groups. There are a number of potential reasons for this. It is possible that the experience of fatigue from listening in the older adult population shows a high degree of between-subject variability. Indeed, the increased variability shown in older adults versus young adults lends some support to this assertion (see Figure 6; left plot). Fatigue from listening might therefore only be considered problematic for certain individuals, irrespective of age and/or hearing acuity. Recent studies investigating fatigue in hearing-impaired populations attest to the inherent variability in fatigue reports (Holman et al., 2019; Hornsby & Kipp, 2016). A second possible interpretation is that the tendency for older adults to underestimate the level of difficulty that they encounter during everyday listening may extend to the subjective experience of fatigue. Larsby et al. (2005) found that, despite markedly different behavioral task scores between young and older adults, older adults reported relatively less listening effort. This may be particularly true of communication-related difficulties which may be perceived as relatively less serious or life-threatening, meaning that older adults feel less inclined to ‘complain’. Further research is warranted to explore this possibility. [10:  Although nearing completion, please note that the VFS is still in the process of extensive scale development and validation.] 

	The VFS also provides scores pertaining to specific dimensions of fatigue, specifically; cognitive, social, emotional, and physical. We conducted a set of exploratory analyses to investigate whether there were any age-related differences within each of these domains. Young and older adults showed similar levels of fatigue within emotional, physical, and cognitive domains. However, the older adult group showed significantly higher levels of fatigue within the social domain (see Figure 6; right plot). It is possible therefore that the aspects of fatigue that are most salient to older adults are those that impact upon their social functioning (e.g., reluctance to attend a social event in suboptimal acoustic conditions). In contrast, this may be of relatively reduced importance for young adults who more regularly engage socially in listening conditions that would be considered suboptimal (e.g., cafes, bars, music gigs). However, given the exploratory nature of these domain-specific analyses, we would encourage due caution in their interpretation. Further research is warranted to verify this association and examine the nature of these potential age-related differences in more detail. 

Limitations and Future Directions
One potential limitation of this study is that we are unable to shed light on the potential influence of time-of-day on performance and arousal patterns. Time of day has been found to influence circadian arousal rhythm and susceptibility to distraction in older adults (Anderson et al., 2014). All participants in the current study were tested in the hours between 11am – 4pm. It is therefore unlikely that there were systematic differences in circadian arousal rhythm between age groups. However, a more targeted examination of the effects of time-of-day is warranted in future research. Also, we interpret differences in arousal patterns between age groups to reflect more sustained effortful listening in older adults. However, we cannot rule out the possibility that this effect may be partly driven by an increase in more general task-related engagement during language processing (Davis et al., 2014). Indeed, the sentence transcription task administered in the current study relies on intact working memory for subsequent retrieval of the sentence which may place differentially greater demands on aging listeners.
 
Conclusions
The current study examined age-related differences in effortful listening and fatigue using a host of complementary subjective measures and a physiological marker of effort (TEPR). We revealed age-related differences in TEPR both at the sentence perception level and also over the course of a period of sustained effortful listening. Patterns of physiological arousal shown are consistent with the notion that listening in the presence of a competing talker comes at the cost of increased (and more sustained) mental effort as we age. A better understanding of the functional consequences of aging on everyday listening will ultimately help researchers and clinicians to tailor interventions that seek to optimize communicative success and well-being in older listeners.
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