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 24 

ABSTRACT 25 

Objectives: Increased listening effort in school-age children with hearing loss (CHL) could 26 

compromise learning and academic achievement. Identifying a sensitive behavioral measure 27 

of listening effort for this group could have both clinical and research value. This study 28 

examined the effects of signal-to-noise ratio (SNR), hearing loss, and personal amplification 29 

on two commonly-used behavioral measures of listening effort: dual-task visual response 30 

times (visual RTs) and verbal response times (verbal RTs).   31 

Design: A total of 82 children (aged 6 – 13 years) took part in this study; 37 children with 32 

normal hearing (CNH) and 45 CHL. All children performed a dual-task paradigm from which 33 

both measures of listening effort (dual-task visual RT and verbal RT) were derived. The 34 

primary task was word recognition in multi-talker babble in three individually selected SNR 35 

conditions: Easy, Moderate, and Hard. The secondary task was a visual monitoring task. 36 

Listening effort during the dual-task was quantified as the change in secondary task RT from 37 

baseline (single-task visual RT) to the dual-task condition. Listening effort based on verbal 38 

RT was quantified as the time elapsed from the onset of the auditory stimulus to the onset of 39 

the verbal response when performing the primary (word recognition) task in isolation. CHL 40 

completed the task aided and/or unaided to examine the effect of amplification on listening 41 

effort. 42 

Results: Verbal RTs were generally slower in the more challenging SNR conditions. 43 

However, there was no effect of SNR on dual-task visual RT. Overall, verbal RTs were 44 

significantly slower in CHL versus CNH. No group difference in dual-task visual RTs was 45 

found between CNH and CHL. No effect of amplification was found on either dual-task 46 

visual RTs or verbal RTs. 47 
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Conclusions: This study compared dual-task visual RT and verbal RT measures of listening 48 

effort in the child population. Overall, verbal RTs appears more sensitive than dual-task 49 

visual RTs to the negative effects of SNR and hearing loss. The current findings extend the 50 

literature on listening effort in the pediatric population by demonstrating that, even for speech 51 

that is accurately recognized, school-age CHL show a greater processing speed decrement 52 

than their normal-hearing counterparts; a decrement that could have a negative impact on 53 

learning and academic achievement in the classroom.  54 

 55 

 56 

Keywords: Listening effort, Dual-task Paradigm, Response times, Hearing loss, Children, 57 

Cognition, Speech recognition  58 

 59 
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INTRODUCTION 73 

For children with hearing loss (CHL), assessment of auditory function in the clinic typically 74 

consists of pure-tone and speech audiometry testing in controlled settings. However, 75 

everyday listening occurs in complex (often noisy) acoustic environments. Children develop 76 

key cognitive, linguistic, and academic skills in the classroom – an acoustically adverse 77 

environment with reported signal-to-noise ratios (SNRs) ranging from +1 to +11 dB (Larsen 78 

& Blair, 2008; Sato & Bradley, 2008). Speech understanding in noise relies on cognitive 79 

skills such as working-memory and attention, which are still undergoing a process of 80 

maturation in school-age children (Gomes et al., 2000; Luna et al., 2004). The increased 81 

mental demands of listening in adverse conditions will likely interfere with a child’s ability to 82 

perform important cognitive functions, like memorizing and comprehending information 83 

(Howard et al., 2010; Klatte et al., 2010). Owing to the importance of higher-level cognitive 84 

abilities for communicative success in CHL, an increasing number of studies have sought to 85 

measure the allocation of mental resources during listening (i.e., ‘listening effort’) using 86 

behavioral and/or physiological methods (Amlani & Russo, 2016; Grieco-Calub et al., 2017; 87 

Gustafson et al., 2014; Hicks & Tharpe, 2002; Howard et al., 2010; Hsu et al., 2017; Hughes 88 

& Galvin, 2013; McFadden & Pittman, 2008; McGarrigle et al., 2017; Steel et al., 2015; 89 

Stelmachowicz et al., 2007). A sensitive and reliable measure of listening effort could help to 90 

provide a more comprehensive assessment of the disability associated with listening in 91 

challenging environments for CHL. 92 

 93 

One behavioral method commonly used to measure listening effort is the ‘dual-task’ 94 

paradigm, which has been used in the field of cognitive psychology to measure attention 95 

allocation (Broadbent, 1958; Kahneman, 1973; Styles, 2006). During the dual-task paradigm, 96 

participants are asked to perform two tasks (a ‘primary’ task and a ‘secondary’ task), each 97 
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completed in isolation and concurrently. In the case of measuring listening effort, the primary 98 

task typically involves listening (e.g., speech recognition) in different acoustic conditions, 99 

while the secondary task varies substantially across studies, but usually involves performance 100 

on either a memory or non-auditory (e.g., visual, motor or tactile) response task. Secondary 101 

task performance can be quantified in terms of accuracy or response speed and is generally 102 

measured in isolation (single-task performance) and in conjunction with the primary task 103 

(dual-task performance). Any performance decrement (accuracy or response speed) on the 104 

secondary task when multi-tasking is interpreted as reflecting the allocation of resources 105 

shifted from the secondary task to the primary (listening) task. This decrement is therefore 106 

interpreted as the effort required to listen (Gagné et al., 2017). 107 

 108 

Hicks and Tharpe (2002) assessed dual-task performance in a small group of children with 109 

normal-hearing (CNH; n = 10) and in children with mild-to-moderate hearing loss (n = 10), 110 

all between 5 and 11 years old. All but one of the CHL wore their hearing aids during testing. 111 

The primary task was word recognition in multi-talker babble at varying SNRs (+ 20 dB, + 112 

15 dB, and + 10 dB). The secondary task required participants to press a button every time a 113 

light probe was displayed. Overall, secondary task response times (RTs) were slower in the 114 

CHL compared to the CNH, suggesting increased listening effort. Given the relatively 115 

favorable SNRs used in this study, the authors suggested that these findings might 116 

underestimate the difficulty faced by CHL in noisy classrooms. Howard et al (2010) 117 

investigated listening effort in CNH using the dual-task paradigm at SNRs more 118 

representative of a typical classroom (-4, 0, and +4 dB), and found evidence of a systematic 119 

increase in listening effort as SNRs became more challenging. Given that CHL generally 120 

show greater difficulty understanding speech in noise than CNH (Leibold et al., 2013; 121 
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Ruscetta et al., 2005), it is likely they will also experience greater listening effort in more 122 

adverse SNRs. 123 

 124 

The dual-task method has high ecological validity; individuals are often tasked with 125 

performing multiple cognitive operations simultaneously, particularly in a learning 126 

environment (e.g., following a teacher’s instructions while taking notes). However, 127 

interpretation of dual-task results relies on the assumption that specific tasks can be 128 

prioritized and/or cognitive resources can be distributed among multiple concurrent tasks 129 

(Gagné et al. 2017). While this executive control ability is thought to be intact in most adult 130 

populations, previous research indicates that this ability is not yet fully developed in school-131 

age children. For example, Choi et al. (2008) examined top-down control of attention in 132 

children (ages 7-14 years) using the dual-task method. In their study, participants were asked 133 

to prioritize either the word recognition or digit-recall task. Participants performed 134 

consistently well on word-recognition and consistently poor on digit recall in the dual-task 135 

condition, despite receiving instructions to prioritize one task over the other. These findings 136 

suggest that school-age children have some difficulty allocating their attention in a 137 

preferential way during multi-tasking situations. 138 

 139 

As an alternative to recording secondary-task RTs in a dual-task paradigm, verbal RTs are 140 

also believed to reflect listening effort (Houben et al., 2013). To assess verbal RTs, 141 

participants are typically asked to respond to an auditory stimulus, e.g., verbally repeating a 142 

word/sentence. The interval between the stimulus offset and the verbal response is used as a 143 

measure of the effort required to achieve accurate performance. That is, slower verbal RTs 144 

are taken to reflect increased effort. Research in the adult population suggests that verbal RTs 145 

could provide supplementary information to accuracy measures alone (Houben et al., 2013; 146 
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Pals et al., 2015). In particular, RTs have been shown to reveal benefit from amplification in 147 

listeners with hearing loss (Gatehouse & Gordon, 1990) and increased listening effort in more 148 

challenging SNRs (Houben et al., 2013; Pals et al., 2015). The use of the verbal RTs as a 149 

measure of listening effort may have some advantages compared to dual-task measures in 150 

that, if automated, RT information can be relatively simple to obtain alongside a routine 151 

speech recognition assessment (Houben et al., 2013; Pals et al., 2015).  152 

 153 

Lewis et al. (2016) examined the effects of stimulus type (consonant, word, and sentence 154 

recognition) and SNR (-5, 0, and +5 dB) on verbal RTs in three groups of school-age children 155 

(aged 5-12 years): (i) CNH, (ii) children with mild bilateral hearing loss (MBHL), and (iii) 156 

children with unilateral hearing loss (UHL). Both groups of CHL performed the task without 157 

the use of a hearing aid. Unlike Hicks and Tharpe (2002), analyses showed a main effect of 158 

SNR, but not group (i.e., hearing status). Verbal RTs were generally slower in more 159 

challenging SNRs across all groups, but there was no overall difference between CNH, UHL, 160 

or MBHL. The lack of group difference is in line with a dual-task study investigating top-161 

down control of attention in a comparable sample of children with UHL and MBHL, which 162 

also showed no difference in performance accuracy between groups when using a dot-to-dot 163 

game as the secondary task (McFadden & Pittman, 2008). Noting that CHL in Hicks and 164 

Tharpe (2002) had poorer hearing sensitivity (mild-to-moderate high-frequency hearing loss), 165 

Lewis et al. (2016) suggested that the effects of listening effort in children may be related to 166 

hearing loss severity. It remains to be seen whether verbal RTs or dual-task measures are 167 

sensitive to differences in listening effort between CNH and school-age children with greater 168 

degrees of hearing loss.  169 

 170 
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With regard to ameliorating the increased listening effort experienced by children with 171 

hearing loss, previous studies have investigated the effects of digital noise reduction 172 

technology (Gustafson et al., 2014) and auditory stimulus bandwidth (Stelmachowicz et al., 173 

2007). However, the more general effect of personal amplification (unaided versus aided) on 174 

listening effort has not yet been examined in school-age CHL. In Gustafson et al. (2014), 175 

CNH listened to speech processed through a hearing aid with and without digital noise 176 

reduction and were presented with consonant-vowel-consonant non-words in broadband 177 

background noise. Verbal RTs were slower when digital noise reduction was switched off 178 

versus when it was switched on, suggesting a reduction in listening effort associated with the 179 

use of digital noise reduction technology. Stelmachowicz et al. (2007) investigated the effect 180 

of stimulus bandwidth (5 versus 10 kHz) on dual-task performance in a group of CNH and 181 

CHL (aged 7-14 years). Word recognition and digit recall were used as primary and 182 

secondary tasks, respectively. No difference in listening effort was found between CNH and 183 

CHL or between stimulus bandwidth conditions. Clearly, further research is needed to better 184 

understand the effects of personal amplification on dual-task and verbal RT measures of 185 

listening effort in CHL.  186 

 187 

The current study examined the effects of hearing status, SNR, and amplification on listening 188 

effort in a group of school-age children. Specifically, we were interested in comparing the 189 

sensitivity of two commonly-used behavioral measures of listening effort: (1) dual-task visual 190 

RTs, and (2) verbal RTs. We hypothesized: 191 

1. slower dual-task visual RTs and verbal RTs (i.e., increased listening effort) in more 192 

challenging SNRs across both CNH and CHL, consistent with Howard et al (2010) 193 

and Lewis et al. (2016); 194 
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2. slower dual-task visual RTs and verbal RTs (i.e., increased listening effort) in CHL 195 

versus CNH, based on the findings from Hicks and Tharpe (2002) and the 196 

prediction of Lewis et al. (2016); 197 

3. slower dual-task visual RTs and verbal RTs (i.e., increased listening effort) in 198 

unaided versus aided conditions, supporting previous research showing reduced 199 

listening effort in school-age CNH using digital noise reduction technology 200 

(Gustafson et al., 2014). 201 

 202 

MATERIAL AND METHODS 203 

This study was a part of a broader research program designed to examine the effects of 204 

listening effort and fatigue on school-age CHL - see Bess et al. (2014) for an overview of that 205 

program.  206 

 207 

Participants 208 

A total of 82 children between the ages of 6.0 and 12.9 years were included in this study. 209 

Within this sample, 37 children had normal hearing sensitivity and 45 children had hearing 210 

loss. Data for 11 additional CHL and two additional CNH were not included in the analyses 211 

for the following reasons: (1) word recognition performance was less than 20% in all test 212 

conditions (n = 7), (2) they could not master the dual-task paradigm (n = 2), (3) they elected 213 

to stop participation prior to completing the task (n = 3), or (4) a computer error resulted in a 214 

completely missing data set (n = 1). Children had no diagnosis of learning disability or 215 

cognitive impairment as reported by parents. The parent of one child only (in the CHL Aided 216 

group) reported that their child had vision problems not fully corrected by glasses. For the 217 

purposes of the larger study, children were also excluded based on factors known to affect 218 

fatigue. This criterion resulted in the exclusion of (a) children who were bilingual or whose 219 
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primary language in the home was not listening and spoken language; (b) children with 220 

Autism Spectrum Disorder, (c) children with linear metabolic or endocrine disorders (e.g., 221 

diabetes or hypothyroidism), (d) children with a chronic medical condition, and (e) children 222 

who utilized stimulant medications. Children with cochlear implants and children with UHL 223 

were not included in the study.   224 

 225 

Participants were recruited from Vanderbilt’s pediatric audiology clinics, school systems 226 

throughout the middle Tennessee area, advertisements in a local parenting magazine, and 227 

through the Vanderbilt Kennedy Center’s Study Finder website. This study was reviewed and 228 

approved by the Institutional Review Board of Vanderbilt University. All children provided 229 

their assent and parents/caregivers provided written informed consent prior to the initiation of 230 

any research procedures. Children were compensated for their participation.   231 

 232 

Upon entry into the larger study, each child received an audiological assessment and a series 233 

of standardized tests to assess language and nonverbal intelligence. Language ability was 234 

measured using the core language index of the Clinical Evaluation of Language 235 

Fundamentals – Fourth Edition (CELF-4; Wiig, Secord, & Semel, 2004), providing a reliable, 236 

norm-referenced measure of language performance by age. Children also received the Test of 237 

Nonverbal Intelligence - Fourth Edition (TONI-4; Brown et al., 2010). Demographic, 238 

nonverbal intelligence, and language information obtained at study entry is shown in Table 1 239 

for each group.  240 

 241 

INSERT TABLE 1 HERE 242 

 243 
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All participants had normal middle ear function verified by tympanometry as well as 244 

unremarkable otoscopic examinations. CNH received a standard hearing screening at 15 dB 245 

HL for octave frequencies ranging from 0.25 to 8.0 kHz, bilaterally. CHL received an 246 

audiological examination including bilateral air and bone conduction threshold testing. CHL 247 

had permanent, bilateral, sensorineural hearing loss. Losses were in the mild-to-moderate 248 

range in at least the better-hearing ear. We defined mild hearing loss using the following 249 

criteria as measured in the better hearing ear: a pure tone average (PTA; thresholds at 0.5, 1.0 250 

and 2.0 kHz) between 20 and 40 dB or thresholds greater than 25 dB HL at two or more 251 

frequencies above 2.0 kHz. Moderate hearing loss was defined as a PTA of >40 to 70 dB HL 252 

in the better ear. During aided testing all CHL wore two hearing aids. Figure 1 shows a 253 

composite audiogram for the CHL included in this data set.  254 

 255 

Materials 256 

Twenty isophonemic lists, each containing 10 consonant-vowel-consonant words, 257 

were used as test stimuli (Mackersie et al., 2001). Of the 20 word lists, the same two lists 258 

(lists 13 and 20) were used for screening, practice, and for secondary-task alone trials. The 259 

remaining 18 word lists were split into two groups for testing in the primary or dual-task 260 

conditions (Primary task: lists 1-6, 14-16; Dual-task: lists 7-12, 17-19). There were two 261 

versions of these groups (Word List A and Word List B), in which the words were presented 262 

in a different order. In general, Word List A was used for unaided testing and Word List B for 263 

aided testing. Thus there was no replication of word lists during a single unaided or aided 264 

visit. For those CHL tested in both unaided and aided conditions all word lists were replicated 265 

on the second visit, although the order of words within lists varied between visits. The 266 

background noise consisted of uncorrelated segments of multi-talker babble sampled from the 267 

‘Connected Speech Test’ (Cox et al., 1987) and presented from four loudspeakers located 268 
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around the listener (3.5 meters from the listener at 45°, 135°, 225°, & 315° azimuths). The 269 

level of each background-noise loudspeaker was equated and adjusted to produce an overall 270 

noise level of 56 dB(A) when all four loudspeakers were played simultaneously. The 271 

background noise was presented continuously throughout testing. We opted to present our 272 

noise at a fixed level of 56 dB (A), rather than fixing the speech level, to reduce the 273 

likelihood of children becoming uncomfortable while listening to the continuous noise in a 274 

reverberant setting. The speech level was adjusted by the examiner during testing to create 275 

three SNRs. These levels were chosen to systematically vary task difficulty while limiting 276 

floor and ceiling effects. For the CNH this goal could be achieved using three, fixed, SNRs (-277 

4, 0, +4 dB). However, research suggests that CHL may require more favorable SNRs than 278 

CNH to achieve comparable performance (Leibold et al., 2013; Ruscetta et al., 2005). 279 

Therefore, to limit floor and ceiling effects, we used three potential SNR combinations (-4, 0, 280 

+4 dB; 0, +4, +8 dB; and +4, +8, +12 dB) for the CHL. Screening procedures used to 281 

determine each child’s SNR combination are described below. To illustrate the systematic 282 

variation in task difficulty in each SNR combination, we will refer to SNRs within each 283 

combination as Hard, Moderate, and Easy. 284 

 285 

INSERT FIGURES 1 & 2 HERE 286 

 287 

Procedures 288 

Hearing aid measurement. During aided testing, CHL wore personal hearing aids 289 

using their “as-worn” settings (i.e., no programming adjustments were made by research staff 290 

prior to testing). Real-ear aided responses were measured by a trained research assistant for 291 

each hearing aid using probe-microphone methods on the Audioscan Verifit Real Ear System 292 

(Audioscan, Dorchester, Ontario) prior to the start of a child’s aided appointment.  Hearing 293 
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aid output in the child’s ear, at octave frequencies, was compared to Desired Sensation Level 294 

(DSL; Scollie et al., 2005) v5.0 targets using the Verifit’s “standard speech signal” (the carrot 295 

passage) presented at 65 dB SPL. Figure 2 shows DSL v5.0 targets and measured real-ear 296 

aided response values, at octave frequencies from 250-4000 Hz, averaged across participants 297 

who completed the listening effort task in the aided condition (n = 41). To assess whether a 298 

poor match to DSL targets affected listening effort, we used this data to calculate a better-ear 299 

average RMS error for each fitting. We also quantified audibility for each participant using 300 

the speech intelligibility index (SII; ANSI S3.5). SII’s were calculated using the Verifit in 301 

unaided and aided conditions for average-level speech in quiet (65 dB SPL).  302 

 303 

Experimental testing. Listening effort testing was conducted in a 5.9 x 5.1 x 2.5 m 304 

reverberation chamber modified with acoustic blankets to create a moderately reverberant 305 

condition (average reverberation time; RT60 ~ 450 ms). Children were seated in the center of 306 

the chamber at a desk that had colored handprints on the surface showing where to place their 307 

hands. They were instructed to rest their hands on the handprints during all tasks unless they 308 

were pressing the button during the secondary or dual-task conditions. A trained examiner 309 

was seated in the test room during testing to provide verbal instruction and ensure that 310 

children remained on-task. 311 

 312 

Screening test. The SNR combination used for each child was determined using a 313 

screening test completed upon entry to the larger study. For CHL, this screening was 314 

completed first without hearing aids. Children were asked to repeat two 10-word lists (lists 13 315 

and 20) at two of the following three SNRs: 0, -4, or +8 dB SNR. The goal of this screening 316 

was to determine a range of SNRs that would minimize floor and ceiling effects for CHL. To 317 

this end we chose the lowest (hardest) SNR at which each child could score at least 20% 318 
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correct in the “hard” condition. Thus, children were tested first at 0 dB SNR. If they scored 319 

better than 20% correct at 0 dB SNR, they were re-tested at -4 dB SNR. However, if they 320 

scored worse than 20% correct at 0 dB SNR, they were re-tested at +8 dB SNR. Children 321 

who scored at least 20% correct in the -4 dB SNR condition were tested with the -4, 0, +4 dB 322 

SNR combination. Children who scored poorer than 20% at a -4 dB SNR but scored at least 323 

20% correct at 0 dB SNR were tested with the 0, +4, +8 dB SNR combination. Children who 324 

scored poorer than 20% in the 0 dB SNR but scored at least 20% correct at +8 dB SNR were 325 

tested using the +4, +8, +12 dB SNR combination. Table 2 shows the number of children 326 

tested in each SNR combination.  327 

For CHL who completed aided and unaided testing, the same SNR combination was 328 

used in both conditions. If a child scored less than 20% in the +8 dB SNR condition, he/she 329 

did not complete listening effort testing in the unaided condition. In this case, the child wore 330 

their hearing aids and repeated the screening test to determine the lowest (hardest) SNR (from 331 

-4 dB to +8 dB) at which they could score at least 20% correct. During this screening, the 332 

same two word lists used in the unaided testing were used for screening in the aided 333 

condition. A total of eighteen children were unable to complete the testing unaided. Of these 334 

children, twelve had a ‘moderate’ hearing loss (PTA > 40 dB), while six had a ‘mild’ hearing 335 

loss (PTA < 40 dB).  336 

 337 

INSERT TABLE 2 HERE 338 

 339 

Dual-task paradigm. The dual-task paradigm consisted of three conditions: primary 340 

task alone, secondary task alone, and dual-task. The primary task required children to listen 341 

to and repeat monosyllabic words presented in noise. Speech stimuli were presented using a 342 

custom MATLAB program and routed to an audiometer (GSI 61) to adjust speech levels. The 343 
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amplified speech was presented from a single loudspeaker at 0° azimuth, at a distance of 1.5 344 

meters from the child.  345 

Primary task conditions. Nine word lists (three, 10-word lists x 3 SNRs; 90 words 346 

total) were administered in the primary task conditions. Word-list order was held constant 347 

and SNR condition was counterbalanced across participants to avoid order effects. Prior to 348 

the presentation of the auditory stimuli, a green circle with a cartoon ear was shown on the 349 

computer screen to prompt the child to listen for the upcoming word. Children were 350 

encouraged to guess if they were unsure of the word presented. Children’s verbal responses 351 

were recorded using a head-worn microphone and saved for later analysis.  352 

Secondary task conditions. The secondary task was a measure of visual response time. 353 

Children were instructed to monitor a computer screen located directly below the front 354 

loudspeaker for the presence of a brief (125 ms), randomly presented, visual target (a 24 x 18 355 

cm white rectangle against a grey background), and to press a button as quickly as possible 356 

when it appeared. Prior research has shown that auditory background noise can influence 357 

response times on visual tasks and that this influence can vary depending on the 358 

characteristics of the background noise (Bendixen et al., 2010; Fischer, Plessow, & Kiesel, 359 

2010; Stoffels & van der Molen, 1988). Therefore, to obtain a reliable estimate of the 360 

baseline cognitive resources required for secondary task performance in our test conditions, 361 

primary task auditory stimuli were also presented during the secondary task assessment. 362 

Secondary task testing was conducted at the same SNRs used during the primary and dual-363 

tasks, but the child was instructed to ignore the words and respond as quickly as possible to 364 

the visual target. Six, 10-word lists (two lists x three SNRs) were used to obtain baseline 365 

performance on the secondary task. Eight trials in each 10-word list, contained one (four 366 

trials) or two (four trials) visual target(s). Two trials did not contain a visual target resulting 367 

in a total of 12 visual targets in each 10-word block. When two visual stimuli were presented 368 
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during a single word trial they were separated in time by 1-2 seconds. The eight trials 369 

containing visual flashes, as well as the number of flashes (one or two) during a trial, were 370 

randomly selected. When present, a visual target could occur before, during, or after the 371 

presentation of the word – with no more than two targets presented within a single trial. Thus, 372 

a total of 72 visual targets (24 in each SNR) were randomly presented during the six, 10-word 373 

lists for the secondary task. Responses to these stimuli were used to determine baseline 374 

secondary task RTs (single-task visual RT). RTs to visual stimuli were recorded using 375 

MATLAB. Due to a programming error, we were unable to obtain reliable data regarding 376 

response accuracy to visual targets. 377 

Dual-task conditions. For the dual-task, children were asked to repeat back the words 378 

in noise (primary task) while remaining vigilant for the visual target (secondary task). Nine 379 

additional 10-word lists and 108 visual targets (36 in each SNR) were presented in the dual-380 

task condition. Children were not asked to prioritize one task over the other, given that this 381 

strategy has been shown to be ineffective for this particular age-group (Choi et al., 2008). 382 

Children were given at least one practice session consisting of a 10-word list 383 

presented at the Easy SNR in each of the three conditions (primary, secondary, and dual-384 

task). This practice list was not repeated during experimental testing. During the secondary 385 

and dual-task practice conditions, children were required to correctly respond to at least 80% 386 

of the secondary task trials. For the primary and dual-task practice, children were required to 387 

attempt to repeat at least 8 of the 10 words.  388 

 389 

Word recognition. Responses from the primary and dual-task conditions were 390 

recorded using a head-worn microphone and were transcribed offline by trained graduate 391 

students. Responses were scored as correct or incorrect at the word level. Responses were 392 

deemed correct if all phonemes were correctly recalled, and no additional phonemes uttered 393 
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(e.g., a response of ‘cats’ would be incorrect if the stimulus was ‘cat’). Two independent 394 

reviewers transcribed responses, with discrepant scores resolved by a third trained reviewer.   395 

 396 

Measures of Listening Effort 397 

Dual-task visual RTs. The time elapsed from the visual target flash to the child’s 398 

button press in the secondary task was calculated automatically using MATLAB. Based on 399 

recommendations in Gagné et al. (2017), a proportional dual-task visual RT was calculated 400 

using the following formula: baseline RT – dual RT / baseline RT * 100. ‘Baseline RT’ refers 401 

to secondary task RT when the visual monitoring task was performed in isolation. ‘Dual RT’ 402 

refers to secondary task RT in the dual-task condition. Dual-task visual RTs therefore 403 

represent the proportional RT change in secondary task performance. This method of 404 

quantifying listening effort helps to account for the influence of potential baseline differences 405 

in secondary task performance across participants. For ease of interpretation, scores were 406 

subtracted from zero (i.e., inverted) so that higher scores indicate increased listening effort. 407 

 408 

Verbal RTs. Using audio recordings of the children’s responses in the primary task 409 

condition, we calculated the time elapsed from the onset of the stimulus to the onset of the 410 

response. Trained research assistants used a custom-made MATLAB program to manually 411 

select the onset of each child’s response in each trial via visual examination of the time 412 

waveform and auditory confirmation of the recording. Incidental sounds (mouth noises, room 413 

noise, etc.) unrelated to speech production were not included as part of the participant’s 414 

response when determining the response onset time. In situations where the participant’s 415 

response was halted or self-corrected, the response onset time analyzed was the onset of the 416 

self-corrected, second utterance. Coders had the opportunity to identify trials in which they 417 

felt further review from a second coder was needed. In the event that the second coder’s 418 
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selected time showed a discrepancy of >25 ms from the initial coder’s value, the two coders 419 

met in-person for consensus coding. Of the 247 flagged trials, only 4.86% required consensus 420 

coding (i.e., a discrepancy of >25 ms was present between coders). Periodic reliability checks 421 

were conducted to compare different coders’ analyses of a subset of trials. For every 422 

condition analyzed by one coder, a separate coder randomly selected and analyzed 10% of 423 

responses from that same condition. Reliability between coders was calculated monthly to 424 

monitor for coder drift. Inter-rater reliability remained high (r >.95) for the duration of the 425 

data collection process. 426 

 427 

Statistical Analyses 428 

Results of analyses conducted over the entire data set are reported. Some previous listening 429 

effort studies report listening effort measures derived using data from correct word 430 

recognition responses only, as well as the entire data set (e.g., Lewis et al. 2016). Analysis of 431 

reaction times based on only correct response data revealed the same main effects and/or 432 

interaction effects as analysis over the entire data set in the current study. Thus, for simplicity 433 

we report only data from the full data set (i.e., results based on both correct and incorrect 434 

responses). Listening effort (dual-task visual RTs and verbal RTs) data were analyzed using a 435 

Linear Mixed-effects Model (LMM). Analyses were conducted with SNR (Easy, Moderate, 436 

Hard) as a within-subjects factor and hearing status (CNH versus CHL Unaided; CNH versus 437 

CHL Aided) as a between-subjects factor. A separate within-subjects analysis was then 438 

conducted to assess the effect of amplification on the subset of CHL (n = 23) who completed 439 

the experiment in both aided and unaided conditions. Because our groups differed 440 

significantly in age, language, and nonverbal intelligence (see Table 1), all three were added 441 

as co-variates for any between-subjects analyses. Random effects were included to account 442 

for individual variance in intercepts and slopes for any within-subject factors (SNR and 443 
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amplification). All analyses were conducted in R (R Development Core Team, 2011). The 444 

‘afex’ package was used for all mixed-effects modelling analyses (Singmann et al., 2015). 445 

 446 

It is well documented that raw RT and binary response data are often skewed and therefore 447 

not normally distributed, rendering parametric statistical analyses inappropriate (Lo & 448 

Andrews, 2015; Ratcliff, 1979; Whelan, 2008). Generalized Linear Mixed-effects Models 449 

(GLMMs) were therefore used for the statistical analysis of verbal RTs and primary task 450 

word recognition data. A GLMM is a form of LMM that allows the researcher to specify the 451 

response distribution of the dependent variable. For verbal RTs analysis, a ‘gamma’ 452 

distribution was specified in the model, as this distribution more closely approximates the 453 

surface characteristics of raw RT data; a unimodal skew with all responses greater than 0 (Lo 454 

& Andrews, 2015). For primary task performance data, a ‘binomial’ distribution was 455 

specified to capture the binary nature of the response data (i.e., ‘0’ for incorrect, and ‘1’ for 456 

correct verbal responses). This approach to analyzing non-normal data is advocated in 457 

Baayen et al. (2008) and was also used in the analysis of verbal RTs and speech recognition 458 

performance data in Lewis et al. (2016). P-values for both LMM and GLMM analyses were 459 

obtained using likelihood ratio tests, as recommended in Barr et al. (2013) for data with a 460 

large number of observations and subjects. Post-hoc pairwise comparisons were conducted 461 

using least-squares means testing from the ‘lsmeans’ package in R (Lenth & Hervé, 2014). 462 

The ‘Tukey HSD’ method for p-value adjustment of multiple-comparison testing was 463 

applied.  464 

 465 

RESULTS 466 

CNH versus CHL Unaided 467 
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Word recognition. Figure 3 displays word recognition performance as a function of 468 

SNR and hearing status. Analysis revealed a significant main effect of hearing status (χ² [1] = 469 

36.56, p < 0.001), with word recognition scores significantly higher for the CNH (M = 62%, 470 

SD = 7%) compared to CHL Unaided (M = 37%, SD = 9%). The analysis also revealed a 471 

main effect of SNR (χ² [2] = 110.87, p < 0.001) but no interaction (χ² [2] = 2.73, p = .26). 472 

Post-hoc tests comparing SNR conditions collapsed across hearing status revealed a 473 

systematic increase in word recognition as the SNR improved (Easy > Moderate, β = 0.51, z 474 

= 6.87, p < 0.001; Moderate > Hard, β = 0.74, z = 9.94, p < 0.001). Mean word recognition 475 

performance improved in Easy versus Moderate by 11%, and an additional 15% in Moderate 476 

versus Hard. Overall, word recognition was significantly better in the single (M = 52%, SD = 477 

9%) versus dual-task (M = 47%, SD = 9%) condition (χ² [1] = 6.33, p = .01). However, there 478 

was no interaction between task (single versus dual) and hearing status (χ² [1] = 1.54, p = .22) 479 

or between task and SNR (χ² [2] = 2.10, p = .35). There was also no significant three-way 480 

interaction between task, hearing status, and SNR (χ² [2] = 1.27, p = .53).3  481 

 482 

Dual-task visual RTs. Figure 4 (left panel) displays dual-task visual RTs (i.e., the 483 

percentage change in dual RT versus baseline RT performance) as a function of SNR and 484 

hearing status (CNH versus CHL Unaided). Analysis of dual-task visual RTs revealed no 485 

main effect of hearing status (χ² [1] = 0.67, p = .41) or SNR (χ² [2] = 2.35, p = .31) and no 486 

interaction (χ² [2] = 1.27, p = .53). Analyses on baseline RTs revealed no significant main 487 

effects of hearing status or SNR, and no interaction (all ps > 0.05).  488 

 489 

                                                           
3 In situations where there is a significant change in primary task performance between single- and dual-task 

conditions, Gagné et al. (2017) suggest analysing the proportional change in primary task performance from 

single- to dual-conditions also as a potential marker of listening effort. Analysis on proportional change data 

yielded similar findings to the dual-task visual RT data (all ps > 0.05). 
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Verbal RTs. Figure 4 (right panel) displays verbal RTs as a function of SNR and 490 

hearing status (CNH versus CHL Unaided). Analysis revealed a significant main effect of 491 

hearing status (χ² [1] = 16.58, p < 0.001), with verbal RTs significantly slower in CHL 492 

Unaided compared to CNH. The analysis also revealed a main effect of SNR (χ² [2] = 26.22, 493 

p < 0.001) but no interaction (χ² [2] = 0.10, p = .95). Post-hoc tests comparing SNR 494 

conditions collapsed across hearing status revealed that verbal RTs became faster as the SNR 495 

improved. However, while the difference between Hard and Moderate was significant (β = 496 

0.03, z = 4.25, p < 0.001), the difference between Moderate and Easy did not reach 497 

significance (β = 0.01, z = 1.88, p = .15).  498 

 499 

INSERT FIGURE 3 HERE 500 

 501 

INSERT FIGURE 4 HERE 502 

 503 

CNH versus CHL Aided 504 

Word recognition. Figure 5 displays word recognition performance accuracy scores as 505 

a function of SNR and hearing status. Analysis revealed a significant main effect of hearing 506 

status (χ² [1] = 60.31, p < 0.001), with word recognition scores significantly higher in CNH 507 

(M = 62%, SD = 7%) compared to CHL Aided (M = 33%, SD = 8%). The analysis also 508 

revealed a main effect of SNR (χ² [2] = 126.33, p < 0.001) but no interaction (χ² [2] = 4.30, p 509 

= .12). Post-hoc tests comparing SNR conditions collapsed across hearing status revealed a 510 

systematic increase in word recognition as the SNR improved (Easy > Moderate, β = 0.48, z 511 

= 7.23, p < 0.001; Moderate > Hard, β = 0.82, z = 11.17, p < 0.001). Mean word recognition 512 

improved in Easy versus Moderate by 11 percentage points, and an additional 16 percentage 513 

points in Moderate versus Hard. Overall, word recognition was significantly better in the 514 
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single- (M = 47%) versus dual-task (M = 44%) condition (χ² [1] = 6.71, p = .01). However, 515 

there was no interaction between task (single versus dual) and hearing status (χ² [1] = 1.31, p 516 

= .25) or between task and SNR (χ² [2] = 3.33, p = .19). There was also no significant three-517 

way interaction between task, hearing status, and SNR (χ² [2] = 1.35, p = .51).  518 

 519 

Dual-task visual RTs. Figure 6 (left panel) displays dual-task visual RTs as a function 520 

of SNR and hearing status (CNH versus CHL Aided). Analysis of dual-task visual RTs 521 

revealed no main effect of hearing status (χ² [1] = 2.01, p = .16) or SNR (χ² [2] = 0.46, p = 522 

.79) and no interaction (χ² [2] = 4.93, p = .09). Analyses on baseline RTs revealed no 523 

significant main effects of hearing status or SNR, and no interaction (all ps > 0.05).  524 

 525 

Verbal RTs. Figure 6 (right panel) displays verbal RTs as a function of SNR and 526 

hearing status (CNH versus CHL Aided). Analysis revealed a significant main effect of 527 

hearing status (χ² [1] = 18.33, p < 0.001), with verbal RTs significantly slower in CHL Aided 528 

compared to CNH. The analysis also revealed a main effect of SNR (χ² [2] = 29.84, p < 529 

0.001) but no interaction (χ² [2] = 2.28, p = .32). Post-hoc tests comparing SNR conditions 530 

collapsed across hearing status revealed that verbal RTs became significantly faster as the 531 

SNR improved (Easy > Moderate, β = 0.02, z = 3.16, p = .004; Moderate > Hard, β = 0.03, z 532 

= 4.06, p < 0.001).  533 

 534 

INSERT FIGURE 5 HERE 535 

 536 

INSERT FIGURE 6 HERE 537 

 538 

CHL Unaided versus CHL Aided 539 
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Word recognition. Figure 7 displays unaided and aided word recognition scores as a 540 

function of SNR for the CHL. Analysis revealed no significant main effect of amplification 541 

(χ² [1] = 0.47, p = .49). A significant main effect of SNR was found (χ² [2] = 50.56, p < 542 

0.001), but no interaction (χ² [2] = 1.78, p = .41). Post-hoc tests comparing SNR conditions 543 

collapsed across amplification revealed a systematic increase in word recognition as the SNR 544 

improved (Easy > Moderate, β = 0.60, z = 6.36, p < 0.001; Moderate > Hard, β = 0.78, z = 545 

8.19, p < 0.001). Mean word recognition performance improved in Easy versus Moderate by 546 

14 percentage points, and an additional 14 percentage points in Moderate versus Hard. 547 

Overall, word recognition was significantly better in the single- (M = 36%) versus dual-task 548 

(M = 32%) condition (χ² [1] = 4.18, p = .04). However, there was no interaction between task 549 

(single versus dual) and amplification (χ² [1] = 0.29, p = .59) or between task and SNR (χ² [2] 550 

= 1.16, p = .56). There was also no significant three-way interaction between task, 551 

amplification, and SNR (χ² [2] = 1.18, p = .55).  552 

 553 

Dual-task visual RTs. Figure 8 (left panel) displays dual-task visual RTs as a function 554 

of SNR and amplification (CHL Unaided versus CHL Aided). Analysis of dual-task visual 555 

RTs revealed a larger increase in listening effort when unaided, however the main effect of 556 

amplification was not significant (χ² [1] = 3.04, p = .08). Likewise the main effect of SNR (χ² 557 

[2] = 2.51, p = .28) and the interaction effect (χ² [2] = 5.33, p = .07) were not significant. 558 

Analyses of unaided and aided baseline RTs as a function of SNR revealed no significant 559 

main effects or interactions (all ps > 0.05). 560 

 561 

Verbal RTs. Figure 8 (right panel) displays verbal RTs as a function of SNR and 562 

amplification (CHL Unaided versus CHL Aided). Analysis revealed a significant main effect 563 

of SNR (χ² [1] = 11.86, p = .003), but no main effect of amplification (χ² [2] = 0.96, p = .33), 564 
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and no interaction (χ² [2] = 0.72, p = .70). Post-hoc tests comparing SNR conditions 565 

collapsed across amplification revealed that verbal RTs became faster as the SNR improved. 566 

However, while the difference between Hard and Moderate was significant (β = 0.02, z = 567 

3.39, p = .002), the difference between Moderate and Easy did not reach significance (β = 568 

0.01, z = 2.04, p = .10). 569 

 570 

INSERT FIGURE 7 HERE 571 

 572 

INSERT FIGURE 8 HERE 573 

 574 

DISCUSSION 575 

The goal of this study was to examine the effects of SNR, hearing loss, and amplification on 576 

listening effort in school-age CNH and CHL. We quantified listening effort using two 577 

behavioral measures: verbal RTs and dual-task visual RTs.  We predicted slower verbal RTs 578 

and visual RTs in more challenging SNRs across both CNH and CHL (hypothesis 1). Verbal 579 

RTs were found to be slower in more challenging SNRs for both CNH and CHL, but there 580 

was no effect of SNR on dual-task visual RTs for CNH or CHL (see Figures 4, 6, & 8). We 581 

also predicted slower dual-task visual RTs (i.e., greater dual-task cost) and verbal RTs in 582 

CHL versus CNH (hypothesis 2). Overall, verbal RTs were significantly slower in CHL 583 

versus CNH. However, no effect of hearing status (CNH versus CHL) was found on dual-task 584 

visual RTs. Finally, we predicted slower dual-task visual RTs and verbal RTs in unaided 585 

versus aided conditions (hypothesis 3); however, we found no effect of amplification (CHL 586 

Aided versus CHL Unaided) on either dual-task visual RTs or verbal RTs. This is the first 587 

study to compare verbal RTs and dual-task measures of listening effort in the child 588 
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population. The current findings extend the literature by demonstrating an effect of hearing 589 

loss on verbal RTs in school-age children. 590 

 591 

Effect of SNR on listening effort 592 

Previous research demonstrates that verbal RTs are sensitive to the effects of SNR (Gustafson 593 

et al., 2014; Lewis et al., 2016) in school-age children. Consistent with this previous work, 594 

we found that verbal RTs were generally slower in more challenging SNRs for both CNH and 595 

CHL. Previous studies using the dual-task paradigm, however, have shown mixed results 596 

when determining the effects of SNR on listening effort in children (Howard et al., 2010; 597 

Hicks and Tharpe, 2002). Findings from the current study corroborate Hicks and Tharpe 598 

(2002) by showing no significant main effect of SNR on dual-task visual RTs across both 599 

CNH and CHL.  600 

 601 

Discrepant results using the dual-task paradigm could reflect the substantial differences in 602 

task methodologies across studies. For instance, a variety of different secondary tasks have 603 

been used in previous studies using the dual-task paradigm to investigate listening effort 604 

(Gagne, et al., 2017). Digit recall was used as the secondary task by Howard et al. (2010), 605 

who found increased listening effort in more negative SNRs. Conversely, the secondary task 606 

used in the current study and by Hicks and Tharpe (2002) was a simple button press in 607 

response to a visual probe. Two recent studies have examined the effect of secondary task 608 

complexity (deep versus surface-level processing) on sensitivity to listening effort in children 609 

using the dual-task paradigm (Picou et al., 2017; Hsu et al., 2017). Neither study investigated 610 

digit recall as a secondary task, as in Howard et al. (2010). However, their findings suggest 611 

that secondary tasks requiring deeper levels of semantic processing (e.g., extracting word 612 

meaning) are no more sensitive to the effects of noise than simple (e.g., response to visual 613 
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probe) secondary tasks. In contrast, relatively few studies have opted to use verbal RTs as a 614 

measure of listening effort in children (Lewis et al., 2016; Gustafson et al., 2014). Our 615 

finding of increased listening effort with worsening SNR is consistent with these previous 616 

studies.   617 

 618 

Another potential source of discrepancy amongst studies examining the effect of SNR on 619 

listening effort using dual-task paradigms is the performance level in the primary task. It has 620 

been proposed that an effort ‘threshold’ exists whereby effort generally increases until a task 621 

becomes too difficult, at which point effort will likely decrease (Pichora-Fuller et al., 2016). 622 

Consistent with this notion, research investigating listening effort using pupillometry in 623 

adults with hearing loss shows that listening effort plateaus, and even decreases, when a task 624 

starts to exceed an individual’s cognitive capacity due to increasing acoustic demands 625 

(Ohlenforst, Zekveld, Lunner, et al., 2017; Zekveld et al., 2011). A recent study by Wu et al. 626 

(2016) investigating the psychometric functions of dual-task paradigms in adult listeners 627 

suggests that listening effort is likely to be maximal at SNRs corresponding to a word 628 

recognition score of 30% to 50% correct. That is, secondary task performance decreased 629 

(indicating more listening effort) until speech recognition scores reached 30-50% accuracy. 630 

When primary task performance was better, or poorer, than 30-50%, secondary task 631 

performance increased (indicating a reduction in listening effort). The results of our study are 632 

consistent with this pattern. Specifically, the favorable SNRs used by Hicks and Tharpe 633 

(2002), who found no effect of SNR on listening effort, yielded average word recognition 634 

performance >85%. Conversely, speech recognition in the study by Howard et al. (2010), 635 

where significant effects of SNR on listening effort were found, averaged between 50-80% 636 

correct. The poor word recognition scores in our study suggest that the SNRs and reverberant 637 

conditions were so difficult that some participants might have experienced cognitive overload 638 
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and/or disengaged from the primary task – resulting in no effect of SNR on listening effort. 639 

This is especially apparent in our finding that dual-task visual RTs did not differ significantly 640 

(and in some cases even appeared to improve numerically) between Moderate and Hard SNR 641 

conditions. 642 

 643 

Effect of hearing loss on listening effort 644 

Previous studies that have examined listening effort in CHL versus CNH show discrepant 645 

results (Hicks & Tharpe, 2002; Lewis et al., 2016; McFadden & Pittman, 2008; Steel et al., 646 

2015). Some studies report overall increased listening effort in CHL versus CNH as revealed 647 

using the dual-task paradigm (Hicks & Tharpe, 2002) as well as behavioural and 648 

physiological measures (Steel et al., 2015). On the other hand, both verbal RTs (Lewis et al., 649 

2016) and dual-task paradigms (McFadden & Pittman, 2008) have also shown no overall 650 

effect of hearing loss on listening effort. Findings from the current study broadly support 651 

Hicks and Tharpe (2002) and Steel et al. (2015) by showing an effect of hearing loss on 652 

listening effort. However, verbal RTs (and not dual-task visual RTs) appear to be more 653 

sensitive to the detrimental effect of hearing loss.  654 

 655 

The lack of an effect of hearing loss on dual-task visual RTs is consistent with McFadden and 656 

Pittman (2008) but not Hicks and Tharpe (2002). Potential reasons for these discrepant results 657 

are discussed in the previous sub-section (e.g., the possibility of an effort ‘threshold’ and/or 658 

differences in task methodology). Verbal RT findings from the current study are not 659 

consistent with Lewis et al. (2016) who used a similar verbal RT paradigm to assess the 660 

effect of hearing loss on listening effort in school-age children. This could relate to 661 

differences in the range of hearing loss severity included across studies. That is, CHL in 662 

Lewis et al. (2016) had relatively less severe (unilateral or mild bilateral) hearing loss than 663 
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the CHL included in the current study, who had mild-to-moderate bilateral hearing 664 

impairments, as well as those studied by Steel et al. (2015), who were cochlear implant users. 665 

It has been suggested that listening effort could be increased in children with greater degrees 666 

of hearing loss but not in those with minimal or mild hearing loss (Lewis et al., 2016). To 667 

determine whether degree of hearing loss was related to listening effort in our sample of CHL 668 

ranging from mild to moderate, we conducted further correlation analyses. Specifically, we 669 

investigated the relationship between degree of hearing loss (PTA) and both measures of 670 

listening effort (dual-task visual RTs and verbal RTs). No significant correlations were found 671 

between PTA and measures of listening effort in CHL Unaided or CHL Aided (all ps > .05). 672 

These findings suggest that degree of hearing loss (PTA) does not have a strong effect on 673 

listening effort as measured using either verbal RTs or dual-task visual RTs. It is possible, 674 

however, that the current study sample (children with mild-to-moderate hearing loss) was not 675 

sufficiently heterogeneous to uncover systematic variance as a function of PTA. Furthermore, 676 

it is also possible that our decision to use different SNR combinations across children (to 677 

reduce floor/ceiling effects) may have reduced our ability to detect differences associated 678 

with degree of hearing loss. 679 

 680 

Another potential reason for the discrepant verbal RT findings between this study and Lewis 681 

et al. (2016) relates to the choice of background noise and/or listening conditions. CHL are 682 

known to be more adversely affected by reverberation than CNH (Finitzo-Hieber & Tillman, 683 

1978). It is possible that the combination of multi-talker babble and a reverberant test 684 

environment (RT60 ~ 450 ms) in the current study resulted in listening conditions that were 685 

more adverse, and thus required more effort, than those used in Lewis et al. (2016) which 686 

included testing in double-walled and sound-treated test booths. As such, mean word 687 

recognition was ~80% for CHL in Lewis et al. (2016) and ~50% in the current study for the 688 
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CHL Unaided group in the Easy SNR condition. While adult studies have shown that the 689 

addition of reverberation to background noise causes increases in listening effort that are 690 

minimal (Rennies & Schepker, 2014; Picou et al., 2016), further research is needed to 691 

determine if the combination of background noise and reverberation has a greater impact on 692 

listening effort in children than adults, particularly those with hearing loss.  693 

 694 

Effect of amplification on listening effort 695 

Although research investigating the impact of amplification on listening effort in the adult 696 

population has increased rapidly in recent years (see Ohlenforst et al. 2017, for a review), 697 

studies investigating the effect of assistive hearing technology on listening effort in children 698 

are relatively sparse (Gustafson et al., 2014; Stelmachowicz et al., 2007). Gustafson et al. 699 

(2014) found that verbal RTs were slower when digital noise reduction was switched off 700 

versus when it was switched on, suggesting reduced listening effort associated with the use of 701 

digital noise reduction technology. In the current study, no difference in dual-task visual RTs 702 

or verbal RTs were found when CHL were aided versus unaided. The current findings show a 703 

trend towards a larger dual-task visual RTs (i.e., increased listening effort) in unaided versus 704 

aided conditions (see Figure 8); however, the effect of amplification failed to reach statistical 705 

significance (p = .08). Although dual-task visual RTs were relatively more sensitive than 706 

verbal RTs in demonstrating some aided benefit in CHL, overall the use of hearing aids did 707 

not reduce listening effort as hypothesized.  708 

 709 

There are several possible reasons for the lack of any statistical differences between aided 710 

and unaided listening in terms of word recognition and/or listening effort. First, any potential 711 
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benefit from amplification in terms of increased audibility4 was minimized in the noisy and 712 

reverberant test conditions, particularly in the more challenging SNR conditions. Because 713 

children’s hearing aid fittings were ‘as worn’ and not set to match prescriptive targets, it is 714 

feasible that aided benefit for some children was not optimal. That is, the quality of each 715 

child’s hearing aid fitting may have influenced listening effort findings. To examine the 716 

relationship between adequacy of the hearing aid fitting and listening effort, we conducted 717 

further correlation analyses between better-ear average RMS error (i.e., match to DSL 718 

targets) and each measure of listening effort. Overall, we found no significant correlations 719 

between fit-to-target RMS error and dual-task visual RTs (r = -.11, p = .50) or verbal RTs (r 720 

= -.01, p = .97). This suggests that any variations in match to DSL targets in our participants’ 721 

“as worn” hearing aid fittings had a minimal effect on listening effort in the aided condition.  722 

 723 

We also explored the impact of unaided/aided audibility on listening effort using SII values 724 

obtained from the Verifit. Correlation analyses revealed no significant association between 725 

unaided or aided SIIs and any measure of listening effort (all ps >.05). Likewise, 726 

unaided/aided changes in SII were not significantly correlated with changes in listening effort 727 

across both measures (all ps >.05). While we were able to investigate the relationship 728 

between audibility in quiet conditions (at 65 dB SPL) and listening effort, we were unable to 729 

examine the extent to which audibility in noise (i.e., the test conditions used in the study) 730 

impacted listening effort when CHL were aided versus unaided. It is plausible that the noisy 731 

and reverberant test conditions served to reduce aided/unaided differences in audibility in 732 

some CHL (i.e., the background noise elevated hearing thresholds to a similar level in aided 733 

and unaided conditions). 734 

 735 

                                                           
4 A paired t-test was conducted based on data from CHL for whom we had both aided and unaided SII estimates 

of audibility (n = 20). As expected, SII estimates of audibility were significantly higher (i.e., better) in the aided 

versus the unaided condition, t(19) = 5.38, p < 0.001. 
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Dual-task visual RTs versus verbal RTs? 736 

Results from the current study suggest that verbal RTs are more sensitive to the effects of 737 

SNR and hearing loss than dual-task visual RTs in school-age children. This finding is 738 

consistent with a study investigating the sensitivity of dual-task visual RTs versus verbal RTs 739 

in the adult population, which showed that verbal RTs were more sensitive to the effect of 740 

speech intelligibility than dual-task visual RTs (Pals et al., 2015). In the current study, dual-741 

task visual RTs showed relatively greater sensitivity to the effect of amplification than verbal 742 

RTs. However, the effect did not reach statistical significance and should therefore be 743 

interpreted with caution. Dual-task visual RTs also showed more variability around the mean 744 

than verbal RTs (see CIs in Figures 4, 6 & 8). This increased variability may be at least partly 745 

attributed to the use of a relative change value that includes pooled variance from both 746 

baseline and dual-task conditions. It may also be the case that extraneous factors (e.g., 747 

cognitive ability) contribute to overall performance variability during the dual-task 748 

experiment, which requires higher-level attentional and cognitive processing compared to 749 

speech recognition alone.  750 

 751 

Verbal RT measures have shown promise in both the adult (Gatehouse & Gordon, 1990; Pals 752 

et al. 2015) and pediatric (Gustafson et al., 2014; Lewis et al., 2016, Steele et al., 2015) 753 

populations as a potential marker of listening effort. The dual-task paradigm has been used to 754 

demonstrate effects of SNR, hearing loss, and amplification in the adult population; see 755 

Gagné et al. (2017) for an extensive review. However, the interpretation of dual-task data is 756 

considered more problematic in pediatric populations (Choi et al., 2008; McFadden & 757 

Pittman, 2008). The ability to multi-task is clearly an important skill to master in classroom 758 

learning environments (e.g., listening to the teacher's instructions while taking notes; Howard 759 

et al. 2010). However, given the unpredictable nature of attention allocation in children and 760 
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the dual-task method's reliance on assumptions regarding cognitive resource allocation, this 761 

approach may not be an ideal technique for objectively measuring listening effort in children. 762 

On the other hand, interpretation of verbal RT data is relatively straight-forward as it reflects 763 

a behavioral response to a single task without additional sources of distraction and reflects 764 

mental processing limited to the auditory modality. Verbal RTs may also represent a more 765 

viable alternative to dual-task and/or physiological measures of listening effort that can be 766 

more readily used as part of a test battery in the audiology clinic. For example, verbal RT 767 

information can be obtained based on simple speech recognition tests already routinely 768 

performed in the clinic, thus removing the need for additional testing (e.g., incorporating 769 

multiple tasks) and/or costly equipment (e.g., for physiological recordings). A reliable and 770 

sensitive measure of listening effort could help to identify CHL who are candidates for 771 

different types of rehabilitation (e.g., assistive devices or cognitive training) and could also be 772 

used to help optimize hearing aid settings.  773 

 774 

Study limitations and Future Directions 775 

Several aspects of this study may limit the generalizability of results. Due to a programming 776 

error, we were unable to collect reliable accuracy data for responses to visual targets. In a 777 

recent study, Grieco-Calub et al. (2017) used the dual-task paradigm to assess multi-tasking 778 

abilities in a group of school-age CNH. The primary task was a speech recognition task. 779 

Speech was noise-band vocoded with 4, 6, or 8 spectral channels. The secondary task was a 780 

visual monitoring task. A decrement in secondary task (visual monitoring) accuracy, but not 781 

RTs, was found in the more challenging (4 and 6 spectral channel) listening conditions. It is 782 

therefore possible that a dual-task decrement in secondary task performance accuracy may 783 

have been present in the current study. While this may be the case, other dual-task studies in 784 

the literature show that secondary task accuracy and secondary task RTs often show a similar 785 
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pattern of results (Anderson Gosselin & Gagne, 2011; Fraser et al., 2010). Because dual-task 786 

visual RTs (and not accuracy) are more commonly used in the literature to assess listening 787 

effort, an examination of their sensitivity was warranted.  788 

 789 

Given the limited experimental control over hearing aid settings in the current study, we are 790 

unable to draw firm conclusions regarding the effect of well-fitted amplification on listening 791 

effort in children. Although the main effect of SNR on listening effort shown here suggests 792 

that better audibility yields less listening effort, we found limited evidence that SII estimates 793 

of audibility (in quiet) or hearing aid fitting accuracy (fit-to-target RMS error) influence 794 

listening effort in CHL. This suggests that there are likely additional factors (independent of 795 

audibility and hearing aid fitting) that contribute to increased listening effort in CHL versus 796 

CNH. Future research should examine if currently available methods of SNR improvement 797 

(e.g., directional microphones, remote microphone systems) reduce listening effort in 798 

children with hearing loss. The effect of different types of background noise (e.g., single- 799 

versus multi-talker masker) on verbal RTs should also be explored in school-age children. 800 

Previous research suggests that CHL may be especially susceptible to the negative effects of 801 

speech maskers (Leibold et al., 2013). In recent years, listening-related effort and fatigue 802 

have also been measured in pediatric populations using physiological techniques, such as 803 

pupillometry (McGarrigle et al., 2017) and event-related potentials (Key et al., 2017; 804 

Gustafson et al., in press). Inclusion of physiological markers of listening effort may help to 805 

elucidate factors independent of audibility that influence listening effort. Future research 806 

should also consider the impact of the duration of hearing loss and/or the age at which a child 807 

is fitted with a hearing device on subsequent listening effort. 808 

 809 

CONCLUSIONS 810 
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This is the first study to compare two behavioral measures of listening effort in children. 811 

Verbal RTs appear more sensitive than dual-task visual RTs to the effects of SNR and 812 

hearing loss in school-age children. These findings suggest that inhibiting distracting noise 813 

requires more cognitive resources when the background noise level is increased, and this 814 

processing speed decrement is generally more pronounced in CHL versus CNH. Given the 815 

fast-paced nature of typical classroom exchanges, any slowing in mental processing will 816 

likely have a detrimental impact on learning and language development; both of which rely 817 

heavily on accurate speech comprehension. 818 

 819 
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 970 

FIGURE CAPTIONS 971 

Figure 1. Composite audiogram for children with hearing loss enrolled in the study. 972 

 973 

Figure 2. DSL v5.0 targets and measured real-ear aided response values at octave frequencies 974 

from 250-4000 Hz averaged across participants included in the aided testing condition 975 

 976 

Figure 3. Across-group mean performance accuracy (%) scores (± 95% CIs) as a function of 977 

hearing status (CNH, filled black circles; CHL Unaided, open triangles) and SNR (Easy, 978 

Moderate, Hard). 979 

 980 

Figure 4. Across-group means (± 95% CIs) for dual-task visual RTs (left panel) and verbal 981 

RTs (right panel; in seconds) as a function of hearing status (CNH, filled black circles; CHL 982 

Unaided, open triangles) and SNR (Easy, Moderate, Hard). 983 
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 984 

Figure 5. Across-group mean performance accuracy (%) scores (± 95% CIs) as a function of 985 

hearing status (CNH, filled black circles; CHL Aided, filled triangles) and SNR (Easy, 986 

Moderate, Hard). 987 

 988 

Figure 6. Across-group means (± 95% CIs) for dual-task visual RTs (left panel) and verbal 989 

RTs (right panel; in seconds) as a function of hearing status (CNH, filled black circles; CHL 990 

Aided, filled triangles) and SNR (Easy, Moderate, Hard). 991 

 992 

Figure 7. Across-group mean performance accuracy (%) scores (± 95% CIs) as a function of 993 

amplification (CHL Unaided, open triangles; CHL Aided, filled triangles) and SNR (Easy, 994 

Moderate, Hard). 995 

 996 

Figure 8. Across-group means (± 95% CIs) for dual-task visual RTs (left panel) and verbal 997 

RTs (right panel; in seconds) as a function of amplification (CHL Unaided, open triangles; 998 

CHL Aided, filled triangles) and SNR (Easy, Moderate, Hard). 999 
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 24 

ABSTRACT 25 

Objectives: Increased listening effort in school-age children with hearing loss (CHL) could 26 

compromise learning and academic achievement. Identifying a sensitive behavioral measure 27 

of listening effort for this group could have both clinical and research value. This study 28 

examined the effects of signal-to-noise ratio (SNR), hearing loss, and personal amplification 29 

on two commonly-used behavioral measures of listening effort: dual-task visual response 30 

times (visual RTs) and verbal response times (verbal RTs).   31 

Design: A total of 82 children (aged 6 – 13 years) took part in this study; 37 children with 32 

normal hearing (CNH) and 45 CHL. All children performed a dual-task paradigm from which 33 

both measures of listening effort (dual-task visual RT and verbal RT) were derived. The 34 

primary task was word recognition in multi-talker babble in three individually selected SNR 35 

conditions: Easy, Moderate, and Hard. The secondary task was a visual monitoring task. 36 

Listening effort during the dual-task was quantified as the change in secondary task RT from 37 

baseline (single-task visual RT) to the dual-task condition. Listening effort based on verbal 38 

RT was quantified as the time elapsed from the onset of the auditory stimulus to the onset of 39 

the verbal response when performing the primary (word recognition) task in isolation. CHL 40 

completed the task aided and/or unaided to examine the effect of amplification on listening 41 

effort. 42 

Results: Verbal RTs were generally slower in the more challenging SNR conditions. 43 

However, there was no effect of SNR on dual-task visual RT. Overall, verbal RTs were 44 

significantly slower in CHL versus CNH. No group difference in dual-task visual RTs was 45 

found between CNH and CHL. No effect of amplification was found on either dual-task 46 

visual RTs or verbal RTs. 47 
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Conclusions: This study compared dual-task visual RT and verbal RT measures of listening 48 

effort in the child population. Overall, verbal RTs appears more sensitive than dual-task 49 

visual RTs to the negative effects of SNR and hearing loss. The current findings extend the 50 

literature on listening effort in the pediatric population by demonstrating that, even for speech 51 

that is accurately recognized, school-age CHL show a greater processing speed decrement 52 

than their normal-hearing counterparts; a decrement that could have a negative impact on 53 

learning and academic achievement in the classroom.  54 

 55 

 56 

Keywords: Listening effort, Dual-task Paradigm, Response times, Hearing loss, Children, 57 

Cognition, Speech recognition  58 
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INTRODUCTION 73 

For children with hearing loss (CHL), assessment of auditory function in the clinic typically 74 

consists of pure-tone and speech audiometry testing in controlled settings. However, 75 

everyday listening occurs in complex (often noisy) acoustic environments. Children develop 76 

key cognitive, linguistic, and academic skills in the classroom – an acoustically adverse 77 

environment with reported signal-to-noise ratios (SNRs) ranging from +1 to +11 dB (Larsen 78 

& Blair, 2008; Sato & Bradley, 2008). Speech understanding in noise relies on cognitive 79 

skills such as working-memory and attention, which are still undergoing a process of 80 

maturation in school-age children (Gomes et al., 2000; Luna et al., 2004). The increased 81 

mental demands of listening in adverse conditions will likely interfere with a child’s ability to 82 

perform important cognitive functions, like memorizing and comprehending information 83 

(Howard et al., 2010; Klatte et al., 2010). Owing to the importance of higher-level cognitive 84 

abilities for communicative success in CHL, an increasing number of studies have sought to 85 

measure the allocation of mental resources during listening (i.e., ‘listening effort’) using 86 

behavioral and/or physiological methods (Amlani & Russo, 2016; Grieco-Calub et al., 2017; 87 

Gustafson et al., 2014; Hicks & Tharpe, 2002; Howard et al., 2010; Hsu et al., 2017; Hughes 88 

& Galvin, 2013; McFadden & Pittman, 2008; McGarrigle et al., 2017; Steel et al., 2015; 89 

Stelmachowicz et al., 2007). A sensitive and reliable measure of listening effort could help to 90 

provide a more comprehensive assessment of the disability associated with listening in 91 

challenging environments for CHL. 92 

 93 

One behavioral method commonly used to measure listening effort is the ‘dual-task’ 94 

paradigm, which has been used in the field of cognitive psychology to measure attention 95 

allocation (Broadbent, 1958; Kahneman, 1973; Styles, 2006). During the dual-task paradigm, 96 

participants are asked to perform two tasks (a ‘primary’ task and a ‘secondary’ task), each 97 
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completed in isolation and concurrently. In the case of measuring listening effort, the primary 98 

task typically involves listening (e.g., speech recognition) in different acoustic conditions, 99 

while the secondary task varies substantially across studies, but usually involves performance 100 

on either a memory or non-auditory (e.g., visual, motor or tactile) response task. Secondary 101 

task performance can be quantified in terms of accuracy or response speed and is generally 102 

measured in isolation (single-task performance) and in conjunction with the primary task 103 

(dual-task performance). Any performance decrement (accuracy or response speed) on the 104 

secondary task when multi-tasking is interpreted as reflecting the allocation of resources 105 

shifted from the secondary task to the primary (listening) task. This decrement is therefore 106 

interpreted as the effort required to listen (Gagné et al., 2017). 107 

 108 

Hicks and Tharpe (2002) assessed dual-task performance in a small group of children with 109 

normal-hearing (CNH; n = 10) and in children with mild-to-moderate hearing loss (n = 10), 110 

all between 5 and 11 years old. All but one of the CHL wore their hearing aids during testing. 111 

The primary task was word recognition in multi-talker babble at varying SNRs (+ 20 dB, + 112 

15 dB, and + 10 dB). The secondary task required participants to press a button every time a 113 

light probe was displayed. Overall, secondary task response times (RTs) were slower in the 114 

CHL compared to the CNH, suggesting increased listening effort. Given the relatively 115 

favorable SNRs used in this study, the authors suggested that these findings might 116 

underestimate the difficulty faced by CHL in noisy classrooms. Howard et al (2010) 117 

investigated listening effort in CNH using the dual-task paradigm at SNRs more 118 

representative of a typical classroom (-4, 0, and +4 dB), and found evidence of a systematic 119 

increase in listening effort as SNRs became more challenging. Given that CHL generally 120 

show greater difficulty understanding speech in noise than CNH (Leibold et al., 2013; 121 
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Ruscetta et al., 2005), it is likely they will also experience greater listening effort in more 122 

adverse SNRs. 123 

 124 

The dual-task method has high ecological validity; individuals are often tasked with 125 

performing multiple cognitive operations simultaneously, particularly in a learning 126 

environment (e.g., following a teacher’s instructions while taking notes). However, 127 

interpretation of dual-task results relies on the assumption that specific tasks can be 128 

prioritized and/or cognitive resources can be distributed among multiple concurrent tasks 129 

(Gagné et al. 2017). While this executive control ability is thought to be intact in most adult 130 

populations, previous research indicates that this ability is not yet fully developed in school-131 

age children. For example, Choi et al. (2008) examined top-down control of attention in 132 

children (ages 7-14 years) using the dual-task method. In their study, participants were asked 133 

to prioritize either the word recognition or digit-recall task. Participants performed 134 

consistently well on word-recognition and consistently poor on digit recall in the dual-task 135 

condition, despite receiving instructions to prioritize one task over the other. These findings 136 

suggest that school-age children have some difficulty allocating their attention in a 137 

preferential way during multi-tasking situations. 138 

 139 

As an alternative to recording secondary-task RTs in a dual-task paradigm, verbal RTs are 140 

also believed to reflect listening effort (Houben et al., 2013). To assess verbal RTs, 141 

participants are typically asked to respond to an auditory stimulus, e.g., verbally repeating a 142 

word/sentence. The interval between the stimulus offset and the verbal response is used as a 143 

measure of the effort required to achieve accurate performance. That is, slower verbal RTs 144 

are taken to reflect increased effort. Research in the adult population suggests that verbal RTs 145 

could provide supplementary information to accuracy measures alone (Houben et al., 2013; 146 
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Pals et al., 2015). In particular, RTs have been shown to reveal benefit from amplification in 147 

listeners with hearing loss (Gatehouse & Gordon, 1990) and increased listening effort in more 148 

challenging SNRs (Houben et al., 2013; Pals et al., 2015). The use of the verbal RTs as a 149 

measure of listening effort may have some advantages compared to dual-task measures in 150 

that, if automated, RT information can be relatively simple to obtain alongside a routine 151 

speech recognition assessment (Houben et al., 2013; Pals et al., 2015).  152 

 153 

Lewis et al. (2016) examined the effects of stimulus type (consonant, word, and sentence 154 

recognition) and SNR (-5, 0, and +5 dB) on verbal RTs in three groups of school-age children 155 

(aged 5-12 years): (i) CNH, (ii) children with mild bilateral hearing loss (MBHL), and (iii) 156 

children with unilateral hearing loss (UHL). Both groups of CHL performed the task without 157 

the use of a hearing aid. Unlike Hicks and Tharpe (2002), analyses showed a main effect of 158 

SNR, but not group (i.e., hearing status). Verbal RTs were generally slower in more 159 

challenging SNRs across all groups, but there was no overall difference between CNH, UHL, 160 

or MBHL. The lack of group difference is in line with a dual-task study investigating top-161 

down control of attention in a comparable sample of children with UHL and MBHL, which 162 

also showed no difference in performance accuracy between groups when using a dot-to-dot 163 

game as the secondary task (McFadden & Pittman, 2008). Noting that CHL in Hicks and 164 

Tharpe (2002) had poorer hearing sensitivity (mild-to-moderate high-frequency hearing loss), 165 

Lewis et al. (2016) suggested that the effects of listening effort in children may be related to 166 

hearing loss severity. It remains to be seen whether verbal RTs or dual-task measures are 167 

sensitive to differences in listening effort between CNH and school-age children with greater 168 

degrees of hearing loss.  169 

 170 
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With regard to ameliorating the increased listening effort experienced by children with 171 

hearing loss, previous studies have investigated the effects of digital noise reduction 172 

technology (Gustafson et al., 2014) and auditory stimulus bandwidth (Stelmachowicz et al., 173 

2007). However, the more general effect of personal amplification (unaided versus aided) on 174 

listening effort has not yet been examined in school-age CHL. In Gustafson et al. (2014), 175 

CNH listened to speech processed through a hearing aid with and without digital noise 176 

reduction and were presented with consonant-vowel-consonant non-words in broadband 177 

background noise. Verbal RTs were slower when digital noise reduction was switched off 178 

versus when it was switched on, suggesting a reduction in listening effort associated with the 179 

use of digital noise reduction technology. Stelmachowicz et al. (2007) investigated the effect 180 

of stimulus bandwidth (5 versus 10 kHz) on dual-task performance in a group of CNH and 181 

CHL (aged 7-14 years). Word recognition and digit recall were used as primary and 182 

secondary tasks, respectively. No difference in listening effort was found between CNH and 183 

CHL or between stimulus bandwidth conditions. Clearly, further research is needed to better 184 

understand the effects of personal amplification on dual-task and verbal RT measures of 185 

listening effort in CHL.  186 

 187 

The current study examined the effects of hearing status, SNR, and amplification on listening 188 

effort in a group of school-age children. Specifically, we were interested in comparing the 189 

sensitivity of two commonly-used behavioral measures of listening effort: (1) dual-task visual 190 

RTs, and (2) verbal RTs. We hypothesized: 191 

1. slower dual-task visual RTs and verbal RTs (i.e., increased listening effort) in more 192 

challenging SNRs across both CNH and CHL, consistent with Howard et al (2010) 193 

and Lewis et al. (2016); 194 
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2. slower dual-task visual RTs and verbal RTs (i.e., increased listening effort) in CHL 195 

versus CNH, based on the findings from Hicks and Tharpe (2002) and the 196 

prediction of Lewis et al. (2016); 197 

3. slower dual-task visual RTs and verbal RTs (i.e., increased listening effort) in 198 

unaided versus aided conditions, supporting previous research showing reduced 199 

listening effort in school-age CNH using digital noise reduction technology 200 

(Gustafson et al., 2014). 201 

 202 

MATERIAL AND METHODS 203 

This study was a part of a broader research program designed to examine the effects of 204 

listening effort and fatigue on school-age CHL - see Bess et al. (2014) for an overview of that 205 

program.  206 

 207 

Participants 208 

A total of 82 children between the ages of 6.0 and 12.9 years were included in this study. 209 

Within this sample, 37 children had normal hearing sensitivity and 45 children had hearing 210 

loss. Data for 11 additional CHL and two additional CNH were not included in the analyses 211 

for the following reasons: (1) word recognition performance was less than 20% in all test 212 

conditions (n = 7), (2) they could not master the dual-task paradigm (n = 2), (3) they elected 213 

to stop participation prior to completing the task (n = 3), or (4) a computer error resulted in a 214 

completely missing data set (n = 1). Children had no diagnosis of learning disability or 215 

cognitive impairment as reported by parents. The parent of one child only (in the CHL Aided 216 

group) reported that their child had vision problems not fully corrected by glasses. For the 217 

purposes of the larger study, children were also excluded based on factors known to affect 218 

fatigue. This criterion resulted in the exclusion of (a) children who were bilingual or whose 219 
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primary language in the home was not listening and spoken language; (b) children with 220 

Autism Spectrum Disorder, (c) children with linear metabolic or endocrine disorders (e.g., 221 

diabetes or hypothyroidism), (d) children with a chronic medical condition, and (e) children 222 

who utilized stimulant medications. Children with cochlear implants and children with UHL 223 

were not included in the study.   224 

 225 

Participants were recruited from Vanderbilt’s pediatric audiology clinics, school systems 226 

throughout the middle Tennessee area, advertisements in a local parenting magazine, and 227 

through the Vanderbilt Kennedy Center’s Study Finder website. This study was reviewed and 228 

approved by the Institutional Review Board of Vanderbilt University. All children provided 229 

their assent and parents/caregivers provided written informed consent prior to the initiation of 230 

any research procedures. Children were compensated for their participation.   231 

 232 

Upon entry into the larger study, each child received an audiological assessment and a series 233 

of standardized tests to assess language and nonverbal intelligence. Language ability was 234 

measured using the core language index of the Clinical Evaluation of Language 235 

Fundamentals – Fourth Edition (CELF-4; Wiig, Secord, & Semel, 2004), providing a reliable, 236 

norm-referenced measure of language performance by age. Children also received the Test of 237 

Nonverbal Intelligence - Fourth Edition (TONI-4; Brown et al., 2010). Demographic, 238 

nonverbal intelligence, and language information obtained at study entry is shown in Table 1 239 

for each group.  240 

 241 

INSERT TABLE 1 HERE 242 

 243 
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All participants had normal middle ear function verified by tympanometry as well as 244 

unremarkable otoscopic examinations. CNH received a standard hearing screening at 15 dB 245 

HL for octave frequencies ranging from 0.25 to 8.0 kHz, bilaterally. CHL received an 246 

audiological examination including bilateral air and bone conduction threshold testing. CHL 247 

had permanent, bilateral, sensorineural hearing loss. Losses were in the mild-to-moderate 248 

range in at least the better-hearing ear. We defined mild hearing loss using the following 249 

criteria as measured in the better hearing ear: a pure tone average (PTA; thresholds at 0.5, 1.0 250 

and 2.0 kHz) between 20 and 40 dB or thresholds greater than 25 dB HL at two or more 251 

frequencies above 2.0 kHz. Moderate hearing loss was defined as a PTA of >40 to 70 dB HL 252 

in the better ear. During aided testing all CHL wore two hearing aids. Figure 1 shows a 253 

composite audiogram for the CHL included in this data set.  254 

 255 

Materials 256 

Twenty isophonemic lists, each containing 10 consonant-vowel-consonant words, 257 

were used as test stimuli (Mackersie et al., 2001). Of the 20 word lists, the same two lists 258 

(lists 13 and 20) were used for screening, practice, and for secondary-task alone trials. The 259 

remaining 18 word lists were split into two groups for testing in the primary or dual-task 260 

conditions (Primary task: lists 1-6, 14-16; Dual-task: lists 7-12, 17-19). There were two 261 

versions of these groups (Word List A and Word List B), in which the words were presented 262 

in a different order. In general, Word List A was used for unaided testing and Word List B for 263 

aided testing. Thus there was no replication of word lists during a single unaided or aided 264 

visit. For those CHL tested in both unaided and aided conditions all word lists were replicated 265 

on the second visit, although the order of words within lists varied between visits. The 266 

background noise consisted of uncorrelated segments of multi-talker babble sampled from the 267 

‘Connected Speech Test’ (Cox et al., 1987) and presented from four loudspeakers located 268 
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around the listener (3.5 meters from the listener at 45°, 135°, 225°, & 315° azimuths). The 269 

level of each background-noise loudspeaker was equated and adjusted to produce an overall 270 

noise level of 56 dB(A) when all four loudspeakers were played simultaneously. The 271 

background noise was presented continuously throughout testing. We opted to present our 272 

noise at a fixed level of 56 dB (A), rather than fixing the speech level, to reduce the 273 

likelihood of children becoming uncomfortable while listening to the continuous noise in a 274 

reverberant setting. The speech level was adjusted by the examiner during testing to create 275 

three SNRs. These levels were chosen to systematically vary task difficulty while limiting 276 

floor and ceiling effects. For the CNH this goal could be achieved using three, fixed, SNRs (-277 

4, 0, +4 dB). However, research suggests that CHL may require more favorable SNRs than 278 

CNH to achieve comparable performance (Leibold et al., 2013; Ruscetta et al., 2005). 279 

Therefore, to limit floor and ceiling effects, we used three potential SNR combinations (-4, 0, 280 

+4 dB; 0, +4, +8 dB; and +4, +8, +12 dB) for the CHL. Screening procedures used to 281 

determine each child’s SNR combination are described below. To illustrate the systematic 282 

variation in task difficulty in each SNR combination, we will refer to SNRs within each 283 

combination as Hard, Moderate, and Easy. 284 

 285 

INSERT FIGURES 1 & 2 HERE 286 

 287 

Procedures 288 

Hearing aid measurement. During aided testing, CHL wore personal hearing aids 289 

using their “as-worn” settings (i.e., no programming adjustments were made by research staff 290 

prior to testing). Real-ear aided responses were measured by a trained research assistant for 291 

each hearing aid using probe-microphone methods on the Audioscan Verifit Real Ear System 292 

(Audioscan, Dorchester, Ontario) prior to the start of a child’s aided appointment.  Hearing 293 
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aid output in the child’s ear, at octave frequencies, was compared to Desired Sensation Level 294 

(DSL; Scollie et al., 2005) v5.0 targets using the Verifit’s “standard speech signal” (the carrot 295 

passage) presented at 65 dB SPL. Figure 2 shows DSL v5.0 targets and measured real-ear 296 

aided response values, at octave frequencies from 250-4000 Hz, averaged across participants 297 

who completed the listening effort task in the aided condition (n = 41). To assess whether a 298 

poor match to DSL targets affected listening effort, we used this data to calculate a better-ear 299 

average RMS error for each fitting. We also quantified audibility for each participant using 300 

the speech intelligibility index (SII; ANSI S3.5). SII’s were calculated using the Verifit in 301 

unaided and aided conditions for average-level speech in quiet (65 dB SPL).  302 

 303 

Experimental testing. Listening effort testing was conducted in a 5.9 x 5.1 x 2.5 m 304 

reverberation chamber modified with acoustic blankets to create a moderately reverberant 305 

condition (average reverberation time; RT60 ~ 450 ms). Children were seated in the center of 306 

the chamber at a desk that had colored handprints on the surface showing where to place their 307 

hands. They were instructed to rest their hands on the handprints during all tasks unless they 308 

were pressing the button during the secondary or dual-task conditions. A trained examiner 309 

was seated in the test room during testing to provide verbal instruction and ensure that 310 

children remained on-task. 311 

 312 

Screening test. The SNR combination used for each child was determined using a 313 

screening test completed upon entry to the larger study. For CHL, this screening was 314 

completed first without hearing aids. Children were asked to repeat two 10-word lists (lists 13 315 

and 20) at two of the following three SNRs: 0, -4, or +8 dB SNR. The goal of this screening 316 

was to determine a range of SNRs that would minimize floor and ceiling effects for CHL. To 317 

this end we chose the lowest (hardest) SNR at which each child could score at least 20% 318 
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correct in the “hard” condition. Thus, children were tested first at 0 dB SNR. If they scored 319 

better than 20% correct at 0 dB SNR, they were re-tested at -4 dB SNR. However, if they 320 

scored worse than 20% correct at 0 dB SNR, they were re-tested at +8 dB SNR. Children 321 

who scored at least 20% correct in the -4 dB SNR condition were tested with the -4, 0, +4 dB 322 

SNR combination. Children who scored poorer than 20% at a -4 dB SNR but scored at least 323 

20% correct at 0 dB SNR were tested with the 0, +4, +8 dB SNR combination. Children who 324 

scored poorer than 20% in the 0 dB SNR but scored at least 20% correct at +8 dB SNR were 325 

tested using the +4, +8, +12 dB SNR combination. Table 2 shows the number of children 326 

tested in each SNR combination.  327 

For CHL who completed aided and unaided testing, the same SNR combination was 328 

used in both conditions. If a child scored less than 20% in the +8 dB SNR condition, he/she 329 

did not complete listening effort testing in the unaided condition. In this case, the child wore 330 

their hearing aids and repeated the screening test to determine the lowest (hardest) SNR (from 331 

-4 dB to +8 dB) at which they could score at least 20% correct. During this screening, the 332 

same two word lists used in the unaided testing were used for screening in the aided 333 

condition. A total of eighteen children were unable to complete the testing unaided. Of these 334 

children, twelve had a ‘moderate’ hearing loss (PTA > 40 dB), while six had a ‘mild’ hearing 335 

loss (PTA < 40 dB).  336 

 337 

INSERT TABLE 2 HERE 338 

 339 

Dual-task paradigm. The dual-task paradigm consisted of three conditions: primary 340 

task alone, secondary task alone, and dual-task. The primary task required children to listen 341 

to and repeat monosyllabic words presented in noise. Speech stimuli were presented using a 342 

custom MATLAB program and routed to an audiometer (GSI 61) to adjust speech levels. The 343 
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amplified speech was presented from a single loudspeaker at 0° azimuth, at a distance of 1.5 344 

meters from the child.  345 

Primary task conditions. Nine word lists (three, 10-word lists x 3 SNRs; 90 words 346 

total) were administered in the primary task conditions. Word-list order was held constant 347 

and SNR condition was counterbalanced across participants to avoid order effects. Prior to 348 

the presentation of the auditory stimuli, a green circle with a cartoon ear was shown on the 349 

computer screen to prompt the child to listen for the upcoming word. Children were 350 

encouraged to guess if they were unsure of the word presented. Children’s verbal responses 351 

were recorded using a head-worn microphone and saved for later analysis.  352 

Secondary task conditions. The secondary task was a measure of visual response time. 353 

Children were instructed to monitor a computer screen located directly below the front 354 

loudspeaker for the presence of a brief (125 ms), randomly presented, visual target (a 24 x 18 355 

cm white rectangle against a grey background), and to press a button as quickly as possible 356 

when it appeared. Prior research has shown that auditory background noise can influence 357 

response times on visual tasks and that this influence can vary depending on the 358 

characteristics of the background noise (Bendixen et al., 2010; Fischer, Plessow, & Kiesel, 359 

2010; Stoffels & van der Molen, 1988). Therefore, to obtain a reliable estimate of the 360 

baseline cognitive resources required for secondary task performance in our test conditions, 361 

primary task auditory stimuli were also presented during the secondary task assessment. 362 

Secondary task testing was conducted at the same SNRs used during the primary and dual-363 

tasks, but the child was instructed to ignore the words and respond as quickly as possible to 364 

the visual target. Six, 10-word lists (two lists x three SNRs) were used to obtain baseline 365 

performance on the secondary task. Eight trials in each 10-word list, contained one (four 366 

trials) or two (four trials) visual target(s). Two trials did not contain a visual target resulting 367 

in a total of 12 visual targets in each 10-word block. When two visual stimuli were presented 368 
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during a single word trial they were separated in time by 1-2 seconds. The eight trials 369 

containing visual flashes, as well as the number of flashes (one or two) during a trial, were 370 

randomly selected. When present, a visual target could occur before, during, or after the 371 

presentation of the word – with no more than two targets presented within a single trial. Thus, 372 

a total of 72 visual targets (24 in each SNR) were randomly presented during the six, 10-word 373 

lists for the secondary task. Responses to these stimuli were used to determine baseline 374 

secondary task RTs (single-task visual RT). RTs to visual stimuli were recorded using 375 

MATLAB. Due to a programming error, we were unable to obtain reliable data regarding 376 

response accuracy to visual targets. 377 

Dual-task conditions. For the dual-task, children were asked to repeat back the words 378 

in noise (primary task) while remaining vigilant for the visual target (secondary task). Nine 379 

additional 10-word lists and 108 visual targets (36 in each SNR) were presented in the dual-380 

task condition. Children were not asked to prioritize one task over the other, given that this 381 

strategy has been shown to be ineffective for this particular age-group (Choi et al., 2008). 382 

Children were given at least one practice session consisting of a 10-word list 383 

presented at the Easy SNR in each of the three conditions (primary, secondary, and dual-384 

task). This practice list was not repeated during experimental testing. During the secondary 385 

and dual-task practice conditions, children were required to correctly respond to at least 80% 386 

of the secondary task trials. For the primary and dual-task practice, children were required to 387 

attempt to repeat at least 8 of the 10 words.  388 

 389 

Word recognition. Responses from the primary and dual-task conditions were 390 

recorded using a head-worn microphone and were transcribed offline by trained graduate 391 

students. Responses were scored as correct or incorrect at the word level. Responses were 392 

deemed correct if all phonemes were correctly recalled, and no additional phonemes uttered 393 
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(e.g., a response of ‘cats’ would be incorrect if the stimulus was ‘cat’). Two independent 394 

reviewers transcribed responses, with discrepant scores resolved by a third trained reviewer.   395 

 396 

Measures of Listening Effort 397 

Dual-task visual RTs. The time elapsed from the visual target flash to the child’s 398 

button press in the secondary task was calculated automatically using MATLAB. Based on 399 

recommendations in Gagné et al. (2017), a proportional dual-task visual RT was calculated 400 

using the following formula: baseline RT – dual RT / baseline RT * 100. ‘Baseline RT’ refers 401 

to secondary task RT when the visual monitoring task was performed in isolation. ‘Dual RT’ 402 

refers to secondary task RT in the dual-task condition. Dual-task visual RTs therefore 403 

represent the proportional RT change in secondary task performance. This method of 404 

quantifying listening effort helps to account for the influence of potential baseline differences 405 

in secondary task performance across participants. For ease of interpretation, scores were 406 

subtracted from zero (i.e., inverted) so that higher scores indicate increased listening effort. 407 

 408 

Verbal RTs. Using audio recordings of the children’s responses in the primary task 409 

condition, we calculated the time elapsed from the onset of the stimulus to the onset of the 410 

response. Trained research assistants used a custom-made MATLAB program to manually 411 

select the onset of each child’s response in each trial via visual examination of the time 412 

waveform and auditory confirmation of the recording. Incidental sounds (mouth noises, room 413 

noise, etc.) unrelated to speech production were not included as part of the participant’s 414 

response when determining the response onset time. In situations where the participant’s 415 

response was halted or self-corrected, the response onset time analyzed was the onset of the 416 

self-corrected, second utterance. Coders had the opportunity to identify trials in which they 417 

felt further review from a second coder was needed. In the event that the second coder’s 418 
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selected time showed a discrepancy of >25 ms from the initial coder’s value, the two coders 419 

met in-person for consensus coding. Of the 247 flagged trials, only 4.86% required consensus 420 

coding (i.e., a discrepancy of >25 ms was present between coders). Periodic reliability checks 421 

were conducted to compare different coders’ analyses of a subset of trials. For every 422 

condition analyzed by one coder, a separate coder randomly selected and analyzed 10% of 423 

responses from that same condition. Reliability between coders was calculated monthly to 424 

monitor for coder drift. Inter-rater reliability remained high (r >.95) for the duration of the 425 

data collection process. 426 

 427 

Statistical Analyses 428 

Results of analyses conducted over the entire data set are reported. Some previous listening 429 

effort studies report listening effort measures derived using data from correct word 430 

recognition responses only, as well as the entire data set (e.g., Lewis et al. 2016). Analysis of 431 

reaction times based on only correct response data revealed the same main effects and/or 432 

interaction effects as analysis over the entire data set in the current study. Thus, for simplicity 433 

we report only data from the full data set (i.e., results based on both correct and incorrect 434 

responses). Listening effort (dual-task visual RTs and verbal RTs) data were analyzed using a 435 

Linear Mixed-effects Model (LMM). Analyses were conducted with SNR (Easy, Moderate, 436 

Hard) as a within-subjects factor and hearing status (CNH versus CHL Unaided; CNH versus 437 

CHL Aided) as a between-subjects factor. A separate within-subjects analysis was then 438 

conducted to assess the effect of amplification on the subset of CHL (n = 23) who completed 439 

the experiment in both aided and unaided conditions. Because our groups differed 440 

significantly in age, language, and nonverbal intelligence (see Table 1), all three were added 441 

as co-variates for any between-subjects analyses. Random effects were included to account 442 

for individual variance in intercepts and slopes for any within-subject factors (SNR and 443 
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amplification). All analyses were conducted in R (R Development Core Team, 2011). The 444 

‘afex’ package was used for all mixed-effects modelling analyses (Singmann et al., 2015). 445 

 446 

It is well documented that raw RT and binary response data are often skewed and therefore 447 

not normally distributed, rendering parametric statistical analyses inappropriate (Lo & 448 

Andrews, 2015; Ratcliff, 1979; Whelan, 2008). Generalized Linear Mixed-effects Models 449 

(GLMMs) were therefore used for the statistical analysis of verbal RTs and primary task 450 

word recognition data. A GLMM is a form of LMM that allows the researcher to specify the 451 

response distribution of the dependent variable. For verbal RTs analysis, a ‘gamma’ 452 

distribution was specified in the model, as this distribution more closely approximates the 453 

surface characteristics of raw RT data; a unimodal skew with all responses greater than 0 (Lo 454 

& Andrews, 2015). For primary task performance data, a ‘binomial’ distribution was 455 

specified to capture the binary nature of the response data (i.e., ‘0’ for incorrect, and ‘1’ for 456 

correct verbal responses). This approach to analyzing non-normal data is advocated in 457 

Baayen et al. (2008) and was also used in the analysis of verbal RTs and speech recognition 458 

performance data in Lewis et al. (2016). P-values for both LMM and GLMM analyses were 459 

obtained using likelihood ratio tests, as recommended in Barr et al. (2013) for data with a 460 

large number of observations and subjects. Post-hoc pairwise comparisons were conducted 461 

using least-squares means testing from the ‘lsmeans’ package in R (Lenth & Hervé, 2014). 462 

The ‘Tukey HSD’ method for p-value adjustment of multiple-comparison testing was 463 

applied.  464 

 465 

RESULTS 466 

CNH versus CHL Unaided 467 
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Word recognition. Figure 3 displays word recognition performance as a function of 468 

SNR and hearing status. Analysis revealed a significant main effect of hearing status (χ² [1] = 469 

36.56, p < 0.001), with word recognition scores significantly higher for the CNH (M = 62%, 470 

SD = 7%) compared to CHL Unaided (M = 37%, SD = 9%). The analysis also revealed a 471 

main effect of SNR (χ² [2] = 110.87, p < 0.001) but no interaction (χ² [2] = 2.73, p = .26). 472 

Post-hoc tests comparing SNR conditions collapsed across hearing status revealed a 473 

systematic increase in word recognition as the SNR improved (Easy > Moderate, β = 0.51, z 474 

= 6.87, p < 0.001; Moderate > Hard, β = 0.74, z = 9.94, p < 0.001). Mean word recognition 475 

performance improved in Easy versus Moderate by 11%, and an additional 15% in Moderate 476 

versus Hard. Overall, word recognition was significantly better in the single (M = 52%, SD = 477 

9%) versus dual-task (M = 47%, SD = 9%) condition (χ² [1] = 6.33, p = .01). However, there 478 

was no interaction between task (single versus dual) and hearing status (χ² [1] = 1.54, p = .22) 479 

or between task and SNR (χ² [2] = 2.10, p = .35). There was also no significant three-way 480 

interaction between task, hearing status, and SNR (χ² [2] = 1.27, p = .53).3  481 

 482 

Dual-task visual RTs. Figure 4 (left panel) displays dual-task visual RTs (i.e., the 483 

percentage change in dual RT versus baseline RT performance) as a function of SNR and 484 

hearing status (CNH versus CHL Unaided). Analysis of dual-task visual RTs revealed no 485 

main effect of hearing status (χ² [1] = 0.67, p = .41) or SNR (χ² [2] = 2.35, p = .31) and no 486 

interaction (χ² [2] = 1.27, p = .53). Analyses on baseline RTs revealed no significant main 487 

effects of hearing status or SNR, and no interaction (all ps > 0.05).  488 

 489 

                                                           
3 In situations where there is a significant change in primary task performance between single- and dual-task 

conditions, Gagné et al. (2017) suggest analysing the proportional change in primary task performance from 

single- to dual-conditions also as a potential marker of listening effort. Analysis on proportional change data 

yielded similar findings to the dual-task visual RT data (all ps > 0.05). 
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Verbal RTs. Figure 4 (right panel) displays verbal RTs as a function of SNR and 490 

hearing status (CNH versus CHL Unaided). Analysis revealed a significant main effect of 491 

hearing status (χ² [1] = 16.58, p < 0.001), with verbal RTs significantly slower in CHL 492 

Unaided compared to CNH. The analysis also revealed a main effect of SNR (χ² [2] = 26.22, 493 

p < 0.001) but no interaction (χ² [2] = 0.10, p = .95). Post-hoc tests comparing SNR 494 

conditions collapsed across hearing status revealed that verbal RTs became faster as the SNR 495 

improved. However, while the difference between Hard and Moderate was significant (β = 496 

0.03, z = 4.25, p < 0.001), the difference between Moderate and Easy did not reach 497 

significance (β = 0.01, z = 1.88, p = .15).  498 

 499 

INSERT FIGURE 3 HERE 500 

 501 

INSERT FIGURE 4 HERE 502 

 503 

CNH versus CHL Aided 504 

Word recognition. Figure 5 displays word recognition performance accuracy scores as 505 

a function of SNR and hearing status. Analysis revealed a significant main effect of hearing 506 

status (χ² [1] = 60.31, p < 0.001), with word recognition scores significantly higher in CNH 507 

(M = 62%, SD = 7%) compared to CHL Aided (M = 33%, SD = 8%). The analysis also 508 

revealed a main effect of SNR (χ² [2] = 126.33, p < 0.001) but no interaction (χ² [2] = 4.30, p 509 

= .12). Post-hoc tests comparing SNR conditions collapsed across hearing status revealed a 510 

systematic increase in word recognition as the SNR improved (Easy > Moderate, β = 0.48, z 511 

= 7.23, p < 0.001; Moderate > Hard, β = 0.82, z = 11.17, p < 0.001). Mean word recognition 512 

improved in Easy versus Moderate by 11 percentage points, and an additional 16 percentage 513 

points in Moderate versus Hard. Overall, word recognition was significantly better in the 514 
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single- (M = 47%) versus dual-task (M = 44%) condition (χ² [1] = 6.71, p = .01). However, 515 

there was no interaction between task (single versus dual) and hearing status (χ² [1] = 1.31, p 516 

= .25) or between task and SNR (χ² [2] = 3.33, p = .19). There was also no significant three-517 

way interaction between task, hearing status, and SNR (χ² [2] = 1.35, p = .51).  518 

 519 

Dual-task visual RTs. Figure 6 (left panel) displays dual-task visual RTs as a function 520 

of SNR and hearing status (CNH versus CHL Aided). Analysis of dual-task visual RTs 521 

revealed no main effect of hearing status (χ² [1] = 2.01, p = .16) or SNR (χ² [2] = 0.46, p = 522 

.79) and no interaction (χ² [2] = 4.93, p = .09). Analyses on baseline RTs revealed no 523 

significant main effects of hearing status or SNR, and no interaction (all ps > 0.05).  524 

 525 

Verbal RTs. Figure 6 (right panel) displays verbal RTs as a function of SNR and 526 

hearing status (CNH versus CHL Aided). Analysis revealed a significant main effect of 527 

hearing status (χ² [1] = 18.33, p < 0.001), with verbal RTs significantly slower in CHL Aided 528 

compared to CNH. The analysis also revealed a main effect of SNR (χ² [2] = 29.84, p < 529 

0.001) but no interaction (χ² [2] = 2.28, p = .32). Post-hoc tests comparing SNR conditions 530 

collapsed across hearing status revealed that verbal RTs became significantly faster as the 531 

SNR improved (Easy > Moderate, β = 0.02, z = 3.16, p = .004; Moderate > Hard, β = 0.03, z 532 

= 4.06, p < 0.001).  533 

 534 

INSERT FIGURE 5 HERE 535 

 536 

INSERT FIGURE 6 HERE 537 

 538 

CHL Unaided versus CHL Aided 539 
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Word recognition. Figure 7 displays unaided and aided word recognition scores as a 540 

function of SNR for the CHL. Analysis revealed no significant main effect of amplification 541 

(χ² [1] = 0.47, p = .49). A significant main effect of SNR was found (χ² [2] = 50.56, p < 542 

0.001), but no interaction (χ² [2] = 1.78, p = .41). Post-hoc tests comparing SNR conditions 543 

collapsed across amplification revealed a systematic increase in word recognition as the SNR 544 

improved (Easy > Moderate, β = 0.60, z = 6.36, p < 0.001; Moderate > Hard, β = 0.78, z = 545 

8.19, p < 0.001). Mean word recognition performance improved in Easy versus Moderate by 546 

14 percentage points, and an additional 14 percentage points in Moderate versus Hard. 547 

Overall, word recognition was significantly better in the single- (M = 36%) versus dual-task 548 

(M = 32%) condition (χ² [1] = 4.18, p = .04). However, there was no interaction between task 549 

(single versus dual) and amplification (χ² [1] = 0.29, p = .59) or between task and SNR (χ² [2] 550 

= 1.16, p = .56). There was also no significant three-way interaction between task, 551 

amplification, and SNR (χ² [2] = 1.18, p = .55).  552 

 553 

Dual-task visual RTs. Figure 8 (left panel) displays dual-task visual RTs as a function 554 

of SNR and amplification (CHL Unaided versus CHL Aided). Analysis of dual-task visual 555 

RTs revealed a larger increase in listening effort when unaided, however the main effect of 556 

amplification was not significant (χ² [1] = 3.04, p = .08). Likewise the main effect of SNR (χ² 557 

[2] = 2.51, p = .28) and the interaction effect (χ² [2] = 5.33, p = .07) were not significant. 558 

Analyses of unaided and aided baseline RTs as a function of SNR revealed no significant 559 

main effects or interactions (all ps > 0.05). 560 

 561 

Verbal RTs. Figure 8 (right panel) displays verbal RTs as a function of SNR and 562 

amplification (CHL Unaided versus CHL Aided). Analysis revealed a significant main effect 563 

of SNR (χ² [1] = 11.86, p = .003), but no main effect of amplification (χ² [2] = 0.96, p = .33), 564 
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and no interaction (χ² [2] = 0.72, p = .70). Post-hoc tests comparing SNR conditions 565 

collapsed across amplification revealed that verbal RTs became faster as the SNR improved. 566 

However, while the difference between Hard and Moderate was significant (β = 0.02, z = 567 

3.39, p = .002), the difference between Moderate and Easy did not reach significance (β = 568 

0.01, z = 2.04, p = .10). 569 

 570 

INSERT FIGURE 7 HERE 571 

 572 

INSERT FIGURE 8 HERE 573 

 574 

DISCUSSION 575 

The goal of this study was to examine the effects of SNR, hearing loss, and amplification on 576 

listening effort in school-age CNH and CHL. We quantified listening effort using two 577 

behavioral measures: verbal RTs and dual-task visual RTs.  We predicted slower verbal RTs 578 

and visual RTs in more challenging SNRs across both CNH and CHL (hypothesis 1). Verbal 579 

RTs were found to be slower in more challenging SNRs for both CNH and CHL, but there 580 

was no effect of SNR on dual-task visual RTs for CNH or CHL (see Figures 4, 6, & 8). We 581 

also predicted slower dual-task visual RTs (i.e., greater dual-task cost) and verbal RTs in 582 

CHL versus CNH (hypothesis 2). Overall, verbal RTs were significantly slower in CHL 583 

versus CNH. However, no effect of hearing status (CNH versus CHL) was found on dual-task 584 

visual RTs. Finally, we predicted slower dual-task visual RTs and verbal RTs in unaided 585 

versus aided conditions (hypothesis 3); however, we found no effect of amplification (CHL 586 

Aided versus CHL Unaided) on either dual-task visual RTs or verbal RTs. This is the first 587 

study to compare verbal RTs and dual-task measures of listening effort in the child 588 
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population. The current findings extend the literature by demonstrating an effect of hearing 589 

loss on verbal RTs in school-age children. 590 

 591 

Effect of SNR on listening effort 592 

Previous research demonstrates that verbal RTs are sensitive to the effects of SNR (Gustafson 593 

et al., 2014; Lewis et al., 2016) in school-age children. Consistent with this previous work, 594 

we found that verbal RTs were generally slower in more challenging SNRs for both CNH and 595 

CHL. Previous studies using the dual-task paradigm, however, have shown mixed results 596 

when determining the effects of SNR on listening effort in children (Howard et al., 2010; 597 

Hicks and Tharpe, 2002). Findings from the current study corroborate Hicks and Tharpe 598 

(2002) by showing no significant main effect of SNR on dual-task visual RTs across both 599 

CNH and CHL.  600 

 601 

Discrepant results using the dual-task paradigm could reflect the substantial differences in 602 

task methodologies across studies. For instance, a variety of different secondary tasks have 603 

been used in previous studies using the dual-task paradigm to investigate listening effort 604 

(Gagne, et al., 2017). Digit recall was used as the secondary task by Howard et al. (2010), 605 

who found increased listening effort in more negative SNRs. Conversely, the secondary task 606 

used in the current study and by Hicks and Tharpe (2002) was a simple button press in 607 

response to a visual probe. Two recent studies have examined the effect of secondary task 608 

complexity (deep versus surface-level processing) on sensitivity to listening effort in children 609 

using the dual-task paradigm (Picou et al., 2017; Hsu et al., 2017). Neither study investigated 610 

digit recall as a secondary task, as in Howard et al. (2010). However, their findings suggest 611 

that secondary tasks requiring deeper levels of semantic processing (e.g., extracting word 612 

meaning) are no more sensitive to the effects of noise than simple (e.g., response to visual 613 



R.McGarrigle et al. Listening effort in children 

26 

probe) secondary tasks. In contrast, relatively few studies have opted to use verbal RTs as a 614 

measure of listening effort in children (Lewis et al., 2016; Gustafson et al., 2014). Our 615 

finding of increased listening effort with worsening SNR is consistent with these previous 616 

studies.   617 

 618 

Another potential source of discrepancy amongst studies examining the effect of SNR on 619 

listening effort using dual-task paradigms is the performance level in the primary task. It has 620 

been proposed that an effort ‘threshold’ exists whereby effort generally increases until a task 621 

becomes too difficult, at which point effort will likely decrease (Pichora-Fuller et al., 2016). 622 

Consistent with this notion, research investigating listening effort using pupillometry in 623 

adults with hearing loss shows that listening effort plateaus, and even decreases, when a task 624 

starts to exceed an individual’s cognitive capacity due to increasing acoustic demands 625 

(Ohlenforst, Zekveld, Lunner, et al., 2017; Zekveld et al., 2011). A recent study by Wu et al. 626 

(2016) investigating the psychometric functions of dual-task paradigms in adult listeners 627 

suggests that listening effort is likely to be maximal at SNRs corresponding to a word 628 

recognition score of 30% to 50% correct. That is, secondary task performance decreased 629 

(indicating more listening effort) until speech recognition scores reached 30-50% accuracy. 630 

When primary task performance was better, or poorer, than 30-50%, secondary task 631 

performance increased (indicating a reduction in listening effort). The results of our study are 632 

consistent with this pattern. Specifically, the favorable SNRs used by Hicks and Tharpe 633 

(2002), who found no effect of SNR on listening effort, yielded average word recognition 634 

performance >85%. Conversely, speech recognition in the study by Howard et al. (2010), 635 

where significant effects of SNR on listening effort were found, averaged between 50-80% 636 

correct. The poor word recognition scores in our study suggest that the SNRs and reverberant 637 

conditions were so difficult that some participants might have experienced cognitive overload 638 
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and/or disengaged from the primary task – resulting in no effect of SNR on listening effort. 639 

This is especially apparent in our finding that dual-task visual RTs did not differ significantly 640 

(and in some cases even appeared to improve numerically) between Moderate and Hard SNR 641 

conditions. 642 

 643 

Effect of hearing loss on listening effort 644 

Previous studies that have examined listening effort in CHL versus CNH show discrepant 645 

results (Hicks & Tharpe, 2002; Lewis et al., 2016; McFadden & Pittman, 2008; Steel et al., 646 

2015). Some studies report overall increased listening effort in CHL versus CNH as revealed 647 

using the dual-task paradigm (Hicks & Tharpe, 2002) as well as behavioural and 648 

physiological measures (Steel et al., 2015). On the other hand, both verbal RTs (Lewis et al., 649 

2016) and dual-task paradigms (McFadden & Pittman, 2008) have also shown no overall 650 

effect of hearing loss on listening effort. Findings from the current study broadly support 651 

Hicks and Tharpe (2002) and Steel et al. (2015) by showing an effect of hearing loss on 652 

listening effort. However, verbal RTs (and not dual-task visual RTs) appear to be more 653 

sensitive to the detrimental effect of hearing loss.  654 

 655 

The lack of an effect of hearing loss on dual-task visual RTs is consistent with McFadden and 656 

Pittman (2008) but not Hicks and Tharpe (2002). Potential reasons for these discrepant results 657 

are discussed in the previous sub-section (e.g., the possibility of an effort ‘threshold’ and/or 658 

differences in task methodology). Verbal RT findings from the current study are not 659 

consistent with Lewis et al. (2016) who used a similar verbal RT paradigm to assess the 660 

effect of hearing loss on listening effort in school-age children. This could relate to 661 

differences in the range of hearing loss severity included across studies. That is, CHL in 662 

Lewis et al. (2016) had relatively less severe (unilateral or mild bilateral) hearing loss than 663 
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the CHL included in the current study, who had mild-to-moderate bilateral hearing 664 

impairments, as well as those studied by Steel et al. (2015), who were cochlear implant users. 665 

It has been suggested that listening effort could be increased in children with greater degrees 666 

of hearing loss but not in those with minimal or mild hearing loss (Lewis et al., 2016). To 667 

determine whether degree of hearing loss was related to listening effort in our sample of CHL 668 

ranging from mild to moderate, we conducted further correlation analyses. Specifically, we 669 

investigated the relationship between degree of hearing loss (PTA) and both measures of 670 

listening effort (dual-task visual RTs and verbal RTs). No significant correlations were found 671 

between PTA and measures of listening effort in CHL Unaided or CHL Aided (all ps > .05). 672 

These findings suggest that degree of hearing loss (PTA) does not have a strong effect on 673 

listening effort as measured using either verbal RTs or dual-task visual RTs. It is possible, 674 

however, that the current study sample (children with mild-to-moderate hearing loss) was not 675 

sufficiently heterogeneous to uncover systematic variance as a function of PTA. Furthermore, 676 

it is also possible that our decision to use different SNR combinations across children (to 677 

reduce floor/ceiling effects) may have reduced our ability to detect differences associated 678 

with degree of hearing loss. 679 

 680 

Another potential reason for the discrepant verbal RT findings between this study and Lewis 681 

et al. (2016) relates to the choice of background noise and/or listening conditions. CHL are 682 

known to be more adversely affected by reverberation than CNH (Finitzo-Hieber & Tillman, 683 

1978). It is possible that the combination of multi-talker babble and a reverberant test 684 

environment (RT60 ~ 450 ms) in the current study resulted in listening conditions that were 685 

more adverse, and thus required more effort, than those used in Lewis et al. (2016) which 686 

included testing in double-walled and sound-treated test booths. As such, mean word 687 

recognition was ~80% for CHL in Lewis et al. (2016) and ~50% in the current study for the 688 
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CHL Unaided group in the Easy SNR condition. While adult studies have shown that the 689 

addition of reverberation to background noise causes increases in listening effort that are 690 

minimal (Rennies & Schepker, 2014; Picou et al., 2016), further research is needed to 691 

determine if the combination of background noise and reverberation has a greater impact on 692 

listening effort in children than adults, particularly those with hearing loss.  693 

 694 

Effect of amplification on listening effort 695 

Although research investigating the impact of amplification on listening effort in the adult 696 

population has increased rapidly in recent years (see Ohlenforst et al. 2017, for a review), 697 

studies investigating the effect of assistive hearing technology on listening effort in children 698 

are relatively sparse (Gustafson et al., 2014; Stelmachowicz et al., 2007). Gustafson et al. 699 

(2014) found that verbal RTs were slower when digital noise reduction was switched off 700 

versus when it was switched on, suggesting reduced listening effort associated with the use of 701 

digital noise reduction technology. In the current study, no difference in dual-task visual RTs 702 

or verbal RTs were found when CHL were aided versus unaided. The current findings show a 703 

trend towards a larger dual-task visual RTs (i.e., increased listening effort) in unaided versus 704 

aided conditions (see Figure 8); however, the effect of amplification failed to reach statistical 705 

significance (p = .08). Although dual-task visual RTs were relatively more sensitive than 706 

verbal RTs in demonstrating some aided benefit in CHL, overall the use of hearing aids did 707 

not reduce listening effort as hypothesized.  708 

 709 

There are several possible reasons for the lack of any statistical differences between aided 710 

and unaided listening in terms of word recognition and/or listening effort. First, any potential 711 
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benefit from amplification in terms of increased audibility4 was minimized in the noisy and 712 

reverberant test conditions, particularly in the more challenging SNR conditions. Because 713 

children’s hearing aid fittings were ‘as worn’ and not set to match prescriptive targets, it is 714 

feasible that aided benefit for some children was not optimal. That is, the quality of each 715 

child’s hearing aid fitting may have influenced listening effort findings. To examine the 716 

relationship between adequacy of the hearing aid fitting and listening effort, we conducted 717 

further correlation analyses between better-ear average RMS error (i.e., match to DSL 718 

targets) and each measure of listening effort. Overall, we found no significant correlations 719 

between fit-to-target RMS error and dual-task visual RTs (r = -.11, p = .50) or verbal RTs (r 720 

= -.01, p = .97). This suggests that any variations in match to DSL targets in our participants’ 721 

“as worn” hearing aid fittings had a minimal effect on listening effort in the aided condition.  722 

 723 

We also explored the impact of unaided/aided audibility on listening effort using SII values 724 

obtained from the Verifit. Correlation analyses revealed no significant association between 725 

unaided or aided SIIs and any measure of listening effort (all ps >.05). Likewise, 726 

unaided/aided changes in SII were not significantly correlated with changes in listening effort 727 

across both measures (all ps >.05). While we were able to investigate the relationship 728 

between audibility in quiet conditions (at 65 dB SPL) and listening effort, we were unable to 729 

examine the extent to which audibility in noise (i.e., the test conditions used in the study) 730 

impacted listening effort when CHL were aided versus unaided. It is plausible that the noisy 731 

and reverberant test conditions served to reduce aided/unaided differences in audibility in 732 

some CHL (i.e., the background noise elevated hearing thresholds to a similar level in aided 733 

and unaided conditions). 734 

 735 

                                                           
4 A paired t-test was conducted based on data from CHL for whom we had both aided and unaided SII estimates 

of audibility (n = 20). As expected, SII estimates of audibility were significantly higher (i.e., better) in the aided 

versus the unaided condition, t(19) = 5.38, p < 0.001. 
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Dual-task visual RTs versus verbal RTs? 736 

Results from the current study suggest that verbal RTs are more sensitive to the effects of 737 

SNR and hearing loss than dual-task visual RTs in school-age children. This finding is 738 

consistent with a study investigating the sensitivity of dual-task visual RTs versus verbal RTs 739 

in the adult population, which showed that verbal RTs were more sensitive to the effect of 740 

speech intelligibility than dual-task visual RTs (Pals et al., 2015). In the current study, dual-741 

task visual RTs showed relatively greater sensitivity to the effect of amplification than verbal 742 

RTs. However, the effect did not reach statistical significance and should therefore be 743 

interpreted with caution. Dual-task visual RTs also showed more variability around the mean 744 

than verbal RTs (see CIs in Figures 4, 6 & 8). This increased variability may be at least partly 745 

attributed to the use of a relative change value that includes pooled variance from both 746 

baseline and dual-task conditions. It may also be the case that extraneous factors (e.g., 747 

cognitive ability) contribute to overall performance variability during the dual-task 748 

experiment, which requires higher-level attentional and cognitive processing compared to 749 

speech recognition alone.  750 

 751 

Verbal RT measures have shown promise in both the adult (Gatehouse & Gordon, 1990; Pals 752 

et al. 2015) and pediatric (Gustafson et al., 2014; Lewis et al., 2016, Steele et al., 2015) 753 

populations as a potential marker of listening effort. The dual-task paradigm has been used to 754 

demonstrate effects of SNR, hearing loss, and amplification in the adult population; see 755 

Gagné et al. (2017) for an extensive review. However, the interpretation of dual-task data is 756 

considered more problematic in pediatric populations (Choi et al., 2008; McFadden & 757 

Pittman, 2008). The ability to multi-task is clearly an important skill to master in classroom 758 

learning environments (e.g., listening to the teacher's instructions while taking notes; Howard 759 

et al. 2010). However, given the unpredictable nature of attention allocation in children and 760 
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the dual-task method's reliance on assumptions regarding cognitive resource allocation, this 761 

approach may not be an ideal technique for objectively measuring listening effort in children. 762 

On the other hand, interpretation of verbal RT data is relatively straight-forward as it reflects 763 

a behavioral response to a single task without additional sources of distraction and reflects 764 

mental processing limited to the auditory modality. Verbal RTs may also represent a more 765 

viable alternative to dual-task and/or physiological measures of listening effort that can be 766 

more readily used as part of a test battery in the audiology clinic. For example, verbal RT 767 

information can be obtained based on simple speech recognition tests already routinely 768 

performed in the clinic, thus removing the need for additional testing (e.g., incorporating 769 

multiple tasks) and/or costly equipment (e.g., for physiological recordings). A reliable and 770 

sensitive measure of listening effort could help to identify CHL who are candidates for 771 

different types of rehabilitation (e.g., assistive devices or cognitive training) and could also be 772 

used to help optimize hearing aid settings.  773 

 774 

Study limitations and Future Directions 775 

Several aspects of this study may limit the generalizability of results. Due to a programming 776 

error, we were unable to collect reliable accuracy data for responses to visual targets. In a 777 

recent study, Grieco-Calub et al. (2017) used the dual-task paradigm to assess multi-tasking 778 

abilities in a group of school-age CNH. The primary task was a speech recognition task. 779 

Speech was noise-band vocoded with 4, 6, or 8 spectral channels. The secondary task was a 780 

visual monitoring task. A decrement in secondary task (visual monitoring) accuracy, but not 781 

RTs, was found in the more challenging (4 and 6 spectral channel) listening conditions. It is 782 

therefore possible that a dual-task decrement in secondary task performance accuracy may 783 

have been present in the current study. While this may be the case, other dual-task studies in 784 

the literature show that secondary task accuracy and secondary task RTs often show a similar 785 



R.McGarrigle et al. Listening effort in children 

33 

pattern of results (Anderson Gosselin & Gagne, 2011; Fraser et al., 2010). Because dual-task 786 

visual RTs (and not accuracy) are more commonly used in the literature to assess listening 787 

effort, an examination of their sensitivity was warranted.  788 

 789 

Given the limited experimental control over hearing aid settings in the current study, we are 790 

unable to draw firm conclusions regarding the effect of well-fitted amplification on listening 791 

effort in children. Although the main effect of SNR on listening effort shown here suggests 792 

that better audibility yields less listening effort, we found limited evidence that SII estimates 793 

of audibility (in quiet) or hearing aid fitting accuracy (fit-to-target RMS error) influence 794 

listening effort in CHL. This suggests that there are likely additional factors (independent of 795 

audibility and hearing aid fitting) that contribute to increased listening effort in CHL versus 796 

CNH. Future research should examine if currently available methods of SNR improvement 797 

(e.g., directional microphones, remote microphone systems) reduce listening effort in 798 

children with hearing loss. The effect of different types of background noise (e.g., single- 799 

versus multi-talker masker) on verbal RTs should also be explored in school-age children. 800 

Previous research suggests that CHL may be especially susceptible to the negative effects of 801 

speech maskers (Leibold et al., 2013). In recent years, listening-related effort and fatigue 802 

have also been measured in pediatric populations using physiological techniques, such as 803 

pupillometry (McGarrigle et al., 2017) and event-related potentials (Key et al., 2017; 804 

Gustafson et al., in press). Inclusion of physiological markers of listening effort may help to 805 

elucidate factors independent of audibility that influence listening effort. Future research 806 

should also consider the impact of the duration of hearing loss and/or the age at which a child 807 

is fitted with a hearing device on subsequent listening effort. 808 

 809 

CONCLUSIONS 810 
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This is the first study to compare two behavioral measures of listening effort in children. 811 

Verbal RTs appear more sensitive than dual-task visual RTs to the effects of SNR and 812 

hearing loss in school-age children. These findings suggest that inhibiting distracting noise 813 

requires more cognitive resources when the background noise level is increased, and this 814 

processing speed decrement is generally more pronounced in CHL versus CNH. Given the 815 

fast-paced nature of typical classroom exchanges, any slowing in mental processing will 816 

likely have a detrimental impact on learning and language development; both of which rely 817 

heavily on accurate speech comprehension. 818 

 819 
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 970 

FIGURE CAPTIONS 971 

Figure 1. Composite audiogram for children with hearing loss enrolled in the study. 972 

 973 

Figure 2. DSL v5.0 targets and measured real-ear aided response values at octave frequencies 974 

from 250-4000 Hz averaged across participants included in the aided testing condition 975 

 976 

Figure 3. Across-group mean performance accuracy (%) scores (± 95% CIs) as a function of 977 

hearing status (CNH, filled black circles; CHL Unaided, open triangles) and SNR (Easy, 978 

Moderate, Hard). 979 

 980 

Figure 4. Across-group means (± 95% CIs) for dual-task visual RTs (left panel) and verbal 981 

RTs (right panel; in seconds) as a function of hearing status (CNH, filled black circles; CHL 982 

Unaided, open triangles) and SNR (Easy, Moderate, Hard). 983 
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 984 

Figure 5. Across-group mean performance accuracy (%) scores (± 95% CIs) as a function of 985 

hearing status (CNH, filled black circles; CHL Aided, filled triangles) and SNR (Easy, 986 

Moderate, Hard). 987 

 988 

Figure 6. Across-group means (± 95% CIs) for dual-task visual RTs (left panel) and verbal 989 

RTs (right panel; in seconds) as a function of hearing status (CNH, filled black circles; CHL 990 

Aided, filled triangles) and SNR (Easy, Moderate, Hard). 991 

 992 

Figure 7. Across-group mean performance accuracy (%) scores (± 95% CIs) as a function of 993 

amplification (CHL Unaided, open triangles; CHL Aided, filled triangles) and SNR (Easy, 994 

Moderate, Hard). 995 

 996 

Figure 8. Across-group means (± 95% CIs) for dual-task visual RTs (left panel) and verbal 997 

RTs (right panel; in seconds) as a function of amplification (CHL Unaided, open triangles; 998 

CHL Aided, filled triangles) and SNR (Easy, Moderate, Hard). 999 

 1000 
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Table 1. Participant characteristics. Mean (and SD) age, language, nonverbal IQ, and number of 

children with mild versus moderate hearing losses for both groups of children enrolled in the 

study. 

 

 CNH CHL Significance 

Participants 

Males/Females 

37 

24/13 

45 

24/21  

Age (years) 8.92 (2.22) 10.09 (1.87) p = .011 

Language* 110.19 (10.15) 97.02 (20.97) p = .001 

Nonverbal IQ** 110.11 (9.15) 104.44 (12.58) p = .025 

Mild/Moderate HL              0/0                      29/16 

*Standard score on the core language index of the Comprehensive 

Evaluation of Language Fundamentals-Fourth Edition (CELF-4) 

**Standard score on Test of Nonverbal Intelligence-Fourth Edition (TONI-4)  
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Table 2. Total number of participants who completed testing in each of the three SNR combinations. 

 

Test SNRs 

(in dB) CNH 

CHL 

Unaided 

Only 

CHL 

Aided 

Only 

CHL Unaided 

& Aided Total 

-4, 0, +4 37 16 7 13 73 

0, +4, +8 0 3 3 3 9 

+4, +8, +12 0 8 8 7 23 
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