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Abstract 25 

Speech-in-noise perception is consistently reported to be impaired in learning disorders, which 26 

stresses the importance of documenting its developmental course in young children. In this 27 

cross-sectional study, ninety children (41 females, 5.5-11.6 years-old) and nineteen normal-28 

hearing adults (15 females, 20-30 years-old), were tested with a newly-developed closed-set 29 

speech perception in babble-noise test, combining two levels of phonological difficulty and two 30 

noise levels. Results showed that speech-in-babble-noise perception takes a definite maturation 31 

step around 7 years-of-age (d = 1.17, grade effect) and is not mature at 10 years-of-age when 32 

compared to young adults (d = .94, group effect). Developmental trajectories of both accuracy 33 

and response times were evaluated, with influences of psycholinguistic factors, to foster the 34 

development of adequate screening tests.  35 
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The ability to make perceptual sense of a complex sound environment (Auditory scene 36 

analysis, Bregman, 1994) is a key component of auditory cognition and a major element for 37 

harmonious cognitive development in children. Hearing screening has become widely 38 

implemented in numerous countries, beginning at birth and continuing at regular intervals 39 

throughout children's primary school years. Its primary objective is to identify peripheral 40 

hearing loss, which is of paramount importance (Skarżyński & Piotrowska, 2012). However, 41 

these screenings typically do not routinely include the assessment of speech perception in noisy 42 

environments, despite an estimated 7% of children with normal audiograms experiencing 43 

specific difficulties in listening in noise (Bamiou et al., 2001; Wilson & Arnott, 2013). Speech-44 

in-noise perception, along with other key auditory cognition processes (e.g., auditory short-term 45 

memory, STM), are consistently reported to be impaired in learning disorders (Bradlow et al., 46 

2003; Majerus & Cowan, 2016; Plaza et al., 2002; Ziegler et al., 2005, 2009). This fact stresses 47 

the need for systematically screening such listening difficulties specific to noisy environments 48 

(Skarzynski et al., 2015), as they are often associated with learning disorders that will 49 

sometimes be diagnosed years later. Dyslexia often eludes diagnosis until formal reading 50 

instruction begins. For instance, Boets et al. (2011) found a link between speech-in-noise 51 

perception deficits in kindergarten and dyslexia diagnosis in 3rd grade, with frequency 52 

modulation sensitivity and speech-in-noise perception predicting reading ability growth. Guzek 53 

& Iwanicka-Pronicka (2022) emphasized the importance of screening for auditory processing 54 

disorders at age 6, with speech perception in babble noise being the most commonly impaired 55 

among 1012 children tested, with and without auditory processing disorder. 56 

 Children display more difficulties than adults in recognizing speech when faced with 57 

background sounds, and this trend is consistent across various stimuli and listening conditions 58 

(Kidd & Colburn, 2017). Studies on children's speech recognition in noise reveal that these 59 

differences between children and adults persist noticeably until adolescence, with the specific 60 
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age range varying depending on the nature of the noise. Various factors contribute collectively 61 

to the progressive improvement of speech perception in noise as children develop. These 62 

include the ability to leverage spatial separation between the target and masker (D. K. Brown 63 

et al., 2010; Ellen Peng & Litovsky, 2021; Litovsky, 2005), frequency differences between the 64 

target and masker (Flaherty et al., 2019; Leibold et al., 2018; Leibold & Buss, 2019), and the 65 

use of glimpses in the noise masker (Buss et al., 2017). Beyond these low-level factors, 66 

immature allocation of attention is suggested to play a pivotal role in children's pronounced 67 

difficulties with speech in noise (Leibold & Buss, 2019). At the cortical level, it has been 68 

proposed that children's challenges in taking advantage of acoustic cues to discriminate between 69 

target and masker, may correspond to the maturation timeline of the thalamus, thalamo-cortical 70 

radiations, and the primary auditory cortex, with structural maturation concluding around 10 71 

years of age (Devous et al., 2006; Pujol et al., 2006; Werner et al., 2012). Since speech in noise 72 

maturation has been observed to continue until adolescence, it is conceivable that this late 73 

maturation aligns with the delayed development of the secondary auditory cortex and prefrontal 74 

regions, known to underlie attentional processes involved in speech-in-noise perception and 75 

maturing into adulthood (Kolk & Rakic, 2022). 76 

Screening this process throughout development poses a significant challenge, given that 77 

both the nature of the speech perception task and the balance of energetic/informational 78 

masking within the noise masker exert substantial influence on the resulting scores (Buss et al., 79 

2016, 2022; Corbin et al., 2016). Classically, energetic masking refers to noise maskers with 80 

the same spectro-temporal structure as the signal, hence reducing the availability of signal cues 81 

and affecting its neural representation, mostly at a peripheral level (e.g., white noise, speech-82 

shaped noise). In contrast, informational masking refers typically to the situation of attending 83 

to one talker in the midst of another or several talkers (termed speech-on-speech masking, or 84 

babble noise or cocktail party noise), with masking occurring even when the target talker is 85 
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perfectly audible. Most studies in children have used energetic masking (mostly speech-shaped 86 

noise) and showed that differences between children and adults remain noticeable until around 87 

9–10 years of age (for a review on development of speech recognition in steady-state noise, see 88 

Leibold & Buss, 2019). However, in realistic environments, environmental noises and speech 89 

sources from other children within the class add up to form a noise masker closer to a multi-90 

talker babble noise than to speech-shaped broadband noise. In addition, listening to the 91 

teacher’s voice in a classroom poses challenges due to voice reflections on various surfaces, 92 

creating multiple speech signals at the child's ear with different delays. While short 93 

reverberation times (<0.5 s) are not problematic, longer delays can lead to temporal smearing 94 

and partial masking, reducing word recognition (Wróblewski et al., 2012). Moreover, 95 

classroom reverberation times often exceed the recommended 0.6 s, sometimes reaching up to 96 

1.5 s (Anderson, 2004; Crandell & Smaldino, 2000), making the noise close to speech-on-97 

speech. Two-talker babble noise is known to be more challenging than speech-shaped noise in 98 

young adults as well as in children (Corbin et al., 2016; Lewis et al., 1988) and various studies 99 

indicate a more extended maturation of speech in multi-talker noise than speech in speech-100 

shaped noise (Corbin et al., 2016; Elliott, 1979; Hall et al., 2002). Hall et al. (2002) used a 101 

forced-choice, picture-pointing task to measure the recognition of spondee words (words 102 

comprising two equally stressed syllables, e.g., “popcorn”) within the presence of either speech-103 

shaped noise or speech from two talkers. Participants were children aged 5 to 10 years and 104 

adults aged 19 to 48 years. On average, children needed an additional 3 dB to match the 105 

performance level of adults in the noise masker. In contrast, there was an 8-dB difference 106 

between adults and children in the two-talker masker to reach similar performance. Using a 107 

similar task to assess recognition of consonant-vowel stimuli differing only by consonants, 108 

Leibold & Buss (2013) showed that performance was adult-like at 11 years of age for the 109 

speech-shaped noise. However, in a two-talker masker, performance was lower than adults until 110 
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the oldest age group (13 years old). Corbin et al. (2016) measured children's speech reception 111 

thresholds (SRT, thresholds for 50% correct recognition) of monosyllabic words by varying the 112 

masker's intensity with an open-set paradigm. Comparably to the previously described studies, 113 

children reached adult-like performance by 10 years of age when the masker was a speech-114 

shaped noise, while children's performance increased up until 13 years of age in a two-talker 115 

masker. These studies suggest that with a speech masker comprising two talkers, regardless of 116 

the stimuli used for recognition and of the task (open/closed set), children’s performance reach 117 

adult’s performance later than for speech-shaped noise.  118 

Babble noise is considered to be the most challenging noise for speech perception and 119 

the closest to ecological conditions. Assessing speech perception in babble noise might be more 120 

sensitive to listening difficulties associated with learning disorders than using speech shaped 121 

noise. The number of talkers (Freyman et al., 2004; Rosen et al., 2013; Simpson & Cooke, 122 

2005), the distance in fundamental frequency and the difference in language type (native versus 123 

non native, Calandruccio et al., 2016; Calandruccio & Zhou, 2014) between the target talker 124 

and the multi-talker competitive babble, have all shown major influence on the masking 125 

efficiency in adults. As the number of competitive talkers increase from 1 to 6, consonant 126 

identification scores of vowel-consonant-vowel syllables in young normally hearing adults 127 

decrease for up to 6 talkers, and then remain fairly stable (or slightly increase) from 8 to 128 128 

talkers (Simpson & Cooke, 2005). Similarly, Rosen et al. (2013) obtained a sharp decrease in 129 

natural sentence identification scores from 1 to 2 talkers maskers, and a small increase of scores 130 

with 4 to 16 multi-talker babble as in Simpson & Cooke (2005)’s study. This observed increase 131 

in scores with an increasing number of talkers is unexpected as one would anticipate a decrease 132 

in scores due to reduced gaps in noise amplitude, which would decrease glimpsing opportunities 133 

that would help speech perception. These results thus indicate that while energetic masking 134 

increases with more talkers, informational masking decreases because words spoken in babble 135 
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noise become progressively less comprehensible as the number of talkers increases. Despite 136 

this trend, it is important to note that multi-talker babble retains a significant element of 137 

informational masking. Even with a high number of talkers, such as 16 (Rosen et al., 2013) or 138 

128 (Simpson & Cooke, 2005), the babble noise remains more challenging for speech 139 

perception than a speech-shaped noise masker. Research on the developmental trajectory of 140 

speech perception in two-talker babble noise is less common compared to studies on speech-141 

shaped noise. To our knowledge, none have explored this aspect using babble noise involving 142 

more than two talkers, despite the indication that this balance between informational and 143 

energetic masking aligns more closely with children's real-world auditory environments. 144 

Defining the type of masker to use is only part of the story to assess speech-in-noise 145 

development in children. Indeed, most previous studies use open-set response paradigms, which 146 

can limit their application in children. For instance, in the first “babble noise in children study”, 147 

Elliott (1979) used sentences with different predictability of words, and the lower age limit 148 

considered for such test was 9 years of age. McCreery et al.  (2020) showed a significant 149 

influence of vocabulary in sentence recognition in noise for children aged 5 to 6, compared to 150 

children older than 9 years of age. Open-set speech tests, that require verbal responses, need 151 

clear articulation by the child to allow precise scoring (Stiles et al. 2012), which can make them 152 

problematic for hearing-impaired young children, children with disorders of speech sound 153 

production (Cabbage & Hitchcock, 2022), or children whose verbal responses can be difficult 154 

to obtain (for instance in some children with non-speaking autism). By using picture-pointing 155 

response requiring to choose an answer amongst several foils, alternative forced choice tests 156 

(nAFC) alleviate the need for a verbal response and are very valuable in paediatric assessments 157 

(Leibold et al., 2024; Mendel, 2008; Vickers et al., 2018). Another advantage of alternative 158 

forced choice tests for children, in addition to not relying on a verbal response, is the lower 159 

sensitivity of this test format to top-down lexical influences, as shown in adults (Sommers et 160 
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al., 1997), and in young children (S. Jerger et al., 1983). Indeed, alternative forced-choice tests 161 

show better reproducibility than open response tests (Gelfand, 1998, 2003), are not sensitive to 162 

learning and are less sensitive to talker variability and lexical competition (Clopper et al., 2006; 163 

Sommers et al., 1997). By providing the child with a set of possible answers, closed-set tests 164 

restrict the set of potential answers, which can reduce the linguistic bias linked to language 165 

development (J. Jerger et al., 1968). Jerger et al’s Pediatric speech intelligibility test (S. Jerger 166 

et al., 1981), which consists in a five-alternative forced choice test, with monosyllabic words 167 

presented as pictures, has been shown to be independent of receptive language abilities, in 168 

children aged 3 to 6 years. In adults, Clopper et al. (2006) showed that increasing the number 169 

of alternatives (from 6 to 12) increased the test difficulty, and the sensitivity of closed-set tests 170 

to talker variability and lexical competition.  171 

In this study, our aim was to evaluate the developmental trajectory of speech perception 172 

in multiple-talker (n > 2) noise conditions, employing a task designed to address previously 173 

identified challenges. This approach enabled us to investigate the potential impact of crucial 174 

factors such as phonological proximity, fatigability, and various psycholinguistic factors on 175 

speech perception in noise. As this study focused on children, we adhered to the standard format 176 

of a four-alternative forced-choice test commonly employed for children (e.g., Calandruccio et 177 

al., 2014; Vickers et al., 2018) by using a French language adaptation for children of the English 178 

versions of 4AFC tests (Buss et al., 2016; Vickers et al., 2018). We chose a word recognition 179 

closed-set task over an open-response sentence-based test like QuickSINTM (Killion et al., 2004) 180 

to mitigate contextual influences. We used a 16-talker babble noise in order to bring us closer 181 

to real-world situations involving both energetic and informational masking, in contrast to the 182 

conventional speech-shaped noises used in traditional clinical audiometry. In order to evaluate 183 

the influence of the phonological proximity between target word and foils in nAFC tasks, we 184 

manipulated the task demands by modifying the phonological proximity between target word 185 
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and foils: the same target-word was presented with either phonologically close foils (imposing 186 

a more difficult phonological discrimination task), or phonologically distant foils (an easier 187 

discrimination task). Indeed, while closed-set paradigms reduce top-down lexical influences 188 

(Clopper et al., 2006; S. Jerger et al., 1983; Sommers et al., 1997), this type of task involves 189 

directly comparing an auditorily perceived word with the words represented by the pictures in 190 

the response set. The phonological proximity between the target words and foils has been shown 191 

to influence speech perception in noise for both adults and children in forced-choice paradigms 192 

(Clopper et al., 2006, Buss et al., 2016). The ability to discriminate efficiently between 193 

phonologically close and distant words is a phonological skill related to the broader concept of 194 

phonological awareness, defined as the ability to manipulate spoken language sound units 195 

(Anthony & Lonigan, 2004). Phonological awareness undergoes significant and early 196 

developmental changes with age (Snowling & Hulme, 1994; Stekić et al., 2023) and is related 197 

to literacy acquisition, often being impaired in dyslexia (e.g., Gijbels et al., 2024; Stahl & 198 

Murray, 1994; Stekić et al., 2023; Watson & Miller, 1993). Using an adaptive 4AFC in children 199 

from 5 to 13 years old, Buss et al. (2016) showed that phonological similarity had a significant 200 

effect for both speech-shaped noise and two-talker maskers. While phonological proximity 201 

affected children regardless of age for speech-shaped noise, younger children were more 202 

impacted by phonological proximity in the two-talker masker. In the present study, we used a 203 

16-talker masker, a type of masker that has not been tested for such effects to our knowledge. 204 

Therefore, it is important to assess, in our dataset, whether phonological proximity between 205 

foils interacts with the developmental trajectory of speech-in-noise abilities, as it does with two-206 

talker maskers, but not speech-shaped noise (Buss et al., 2016). Additionally, we employed a 207 

non-adaptive method with an equal number of trials for each phonological proximity condition, 208 

allowing for a thorough comparison of its effects. 209 
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To ensure strict comparability between the two phonological conditions, identical 210 

targets were randomly presented in both conditions, with fixed Signal-to-Noise Ratios (SNRs) 211 

in separate blocks. This approach was preferred over an adaptive method, involving trial-by-212 

trial SNR modifications, which is considered more susceptible to fatigue and inattention 213 

(Wightman & Allen, 1992) and would not allow us a balanced design between the different 214 

levels of phonological proximity. Additionally, using this fixed SNR paradigm enabled the 215 

examination of potential training effects with task repetition and the assessment of 216 

psycholinguistic factors. Lastly, the use of a touch tablet allowed us to take advantage of the 217 

greater motivational aspect of such computerized tests in children, and gave us easy access to 218 

response time, in addition to accuracy data. This allowed us to investigate, in a systematic 219 

manner, developmental aspects of speech perception in babble noise, in 5 to 10 years old 220 

children, relative to a group of young normal-hearing adults. 221 

Our expectations are as follows: Firstly, we anticipate a steep maturation trajectory in 222 

children's speech in babble noise abilities, with younger children demonstrating lower 223 

performance compared to older counterparts. Furthermore, we expect that children will not 224 

reach adult-level performance even at 10 years of age, given our use of babble noise instead of 225 

the typical speech-shaped noise. Secondly, we hypothesize a significant performance difference 226 

between phonological proximity conditions, highlighting the importance of this factor in 227 

alternative-forced choice tests. Lastly, as we used a forced-choice paradigm with carefully 228 

selected pictures and words specifically designed for young children, we do not anticipate 229 

observing any effects of learning, vocabulary or psycholinguistic factors throughout the task. 230 

Due to the clear and well-founded hypotheses, as well as the straightforward expectations 231 

regarding the direction of effects based on existing literature, this study qualifies as 232 

confirmatory in nature. 233 

Methods  234 
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Participants 235 

One hundred children (mean age = 7.6 years; min = 4.5 years, max = 10.6 years, 6 left-236 

handed) attending a public primary school participated in this study in June 2019, . The children 237 

were tested in June 2019 during school hours. Participation in the study was proposed to a total 238 

of 114 children and they were included in the study only if both parents or legal guardians 239 

provided a written informed consent. In addition, prior to each test, verbal assent from each 240 

child was sought by the experimenters. The study was approved by the relevant services of the 241 

French public education services (Inspection de l’Education Nationale [IEN] and Direction 242 

Académique des Services de l’Education Nationale [DASEN] of the Isere department). 243 

Children from Kindergarten (KG) grade to 5th grade performed the experiment. Before testing, 244 

parents filled out a questionnaire about their child’s level of education and their own level of 245 

education, the child’s laterality (e.g., dominant hand), possible vision or auditory impairments, 246 

musical activities, bilingualism, learning disabilities, and 11 questions adapted from adults’ 247 

musical listening questionnaires (Lévêque et al., 2018; Tillmann et al., 2014). Among the 100 248 

children, parents’ responses to questionnaires revealed that 5 children had a diagnosed learning 249 

disability and their data were excluded from the current analysis. Thirty children had seen at 250 

least once a speech-therapist, six had already worn ear tubes, eight had a few years of musical 251 

education, and three were bilingual. As we aimed here to explore the cognitive abilities of 252 

children among a representative set of the population, we present the results including data from 253 

all these children. Data from five children were excluded because of technical difficulties during 254 

recordings. Overall, data from 10 children were thus excluded from the analysis, the sample 255 

sizes per grade of the remaining 90 children are reported in Table 1. Data on participant 256 

ethnicity were not collected because the collection of such data is illegal in France and would 257 

require an exceptional waiver from government agencies that we did not seek. Proportion of 258 

parental level of education did not significantly differ by grade (see Figure 1 in Ginzburg et al., 259 
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2022). Due to the limited number of children with musical education, a history of ear tubes, and 260 

bilingualism, these variables could not be included in the main analysis. However, for each of 261 

these factors, we separately conducted the main developmental trajectory analysis by excluding 262 

data from children with musical education, a history of ear tubes, or bilingualism. We found 263 

that none of these exclusions altered the main result, aside from a small decrease in statistical 264 

power. 265 

Nineteen adults (four men), with a mean age of 24.11 years (SD = 3 years) were also 266 

included in the study. None of them presented any visual or auditory impairment, nor 267 

neurological or psychiatric troubles, and none of them had any musical background.  268 

 269 

Table 1: Number of participants and mean age (SD in parentheses) for each grade 
and matching English and French labels for educational level. 

English label Kindergarten 
(KG) 1st Grade 2nd Grade 3rd Grade 4th Grade 5th Grade 

French label 

Grande 
Section de 
Maternelle 
(GS) 

Cours 
Préparatoire 
(CP) 

Cours 
Elémentaire 1 
(CE1) 

Cours 
Elémentaire 2 
(CE2) 

Cours Moyen 
1 (CM1) 

Cours 
Moyen 2 
(CM2) 

N (n 
females) 11 (5) 16 (9) 17 (8) 16 (6) 15 (5) 15 (8) 

Mean age in 
years (SD) 5.01 (0.31) 6.03 (0.29) 6.93 (0.30) 8.01 (0.34) 8.92 (0.26) 9.94 (0.29) 

 270 

Stimulus construction and task design   271 

Each trial of the speech-in-babble task consisted in matching an aurally-presented word 272 

with its corresponding image among four images. The material consisted of 20 monosyllabic 273 

and 4 disyllabic words, easily representable by a drawing, selected as a function of their 274 

concreteness, their frequency of occurrence in the French language, their age of acquisition, 275 

and their phonological similarity. The 24 selected words were recorded by a French native 276 
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female talker, in a sound proof booth, using a Rode NT1 microphone. Sound files had an 277 

average duration of 540 ms (SD=171 ms) and their amplitudes were equated in root mean 278 

square (RMS) level. Each word had a corresponding hand-drawn image. From this list of 24 279 

words, six sets of four phonologically close words were created, e.g., /ku/, /kul/, /ru/, /ruʒ/ (cou, 280 

coule, roue, rouge in French, corresponding to neck, flow, wheel, red in English). Within each 281 

phonologically close set, only consonants could change and up to three phonemes were 282 

modified. With the same 24 words, six sets of four phonologically distant words were created, 283 

e.g., /bɑ̃/, /flœʀ/, /mɛ/̃, /trwa/ (banc, fleur, main, trois in French, corresponding to bench, flower, 284 

hand, three in English), where several phonemes, including the vowels, were different. For the 285 

sake of clarity throughout the remainder of the article, we will refer to the phonologically distant 286 

condition as the "easy condition" (easy to discriminate) and to the phonologically close 287 

condition as the "difficult condition" (difficult to discriminate). The average of pairwise 288 

Levenshtein distance (i.e., the minimal possible number of insertions, deletions, and 289 

substitutions needed to transform one chain of phonemes into another) was 3.03 phonemes (SD 290 

= 0.4) for the easy condition and 1.39 phonemes (SD = 0.29) for the difficult condition. Using 291 

the French database ‘Lexique’ (New et al., 2004), we calculated the number of phonological 292 

neighbors (i.e., number of existing words by changing one phoneme without changing the 293 

others) for each of the 24 words used, and then extracted the number of unique phonological 294 

neighbors for each 4-word set. In the easy condition, the four words of each set were 295 

phonologically distant (each word having phonological neighbors different from the other 296 

three) thus the number of unique phonological neighbors within a set was relatively high (mean 297 

= 83, sd = 6.7). Conversely, in the difficult condition, the four words were quasi-phonological 298 

neighbors (each word in a set having several common phonological neighbors with the other 299 

three) thus having a relatively small number of unique phonological neighbors within a set 300 

(mean = 59.7, sd = 14.8). Lastly, we derived for each of the target words their frequency of 301 
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occurrence (per million occurrences) in the French language (mean = 85.9, SD=119) calculated 302 

from a movie subtitles corpus (New et al., 2007) (for details about the stimuli, see supplemental 303 

Tables S1 and S2).  304 

Procedure 305 

Children were tested by groups of five or six in the sport room of their school. Before 306 

testing, children sat in front of their tables, listening to the experimenter’s instructions. The 307 

experimenter explained the speech-in-babble noise task with cardboard signs:  children would 308 

see 4 images appear on the touchpad and at the same time, they would hear a word through their 309 

headphones. They had to find the spoken word in one of the four images and tap on it as quickly 310 

as possible. They had to ignore the people talking in the background (babble noise). The task 311 

was implemented on a touch-tablet and auditory stimuli were displayed binaurally through 312 

Sennheiser HD-250-Pro circum-aural headphones. Children underwent a training block 313 

comprising eight trials with a SNR of +3 dB. Then they underwent two 48-trial blocks with a 314 

SNR of +3 dB for the first block and a SNR of -3 dB for the second block. In the subsequent 315 

sections of the article, we will refer to the +3 dB SNR condition as the "favorable noise 316 

condition" and to the -3 dB SNR condition as the "unfavorable noise condition". The target-317 

word was systematically presented at 66 dB SPL (A-weighted). During each trial, one of the 318 

four-image sets was presented, and 800 ms later, the target word was aurally presented. The 319 

subject had to tap with a finger on the matching image as quickly as possible but without any 320 

time limit. The next trial began immediately after the response. In both blocks, twelve four-321 

image sets were used: six consisting of phonologically distant words (easy condition) and six 322 

consisting of phonologically close words (difficult condition, see above). Within a block, each 323 

set was presented four times, each time with a different target word (since the same words were 324 

used to create the easy and the difficult condition, each word was used twice as the target: once 325 

in each of the two phonological difficulty conditions). A block was thus divided in four series 326 
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of 12 trials with each of the four-image set presented once per series. The order of presentation 327 

of the 12 sets was randomized for each subject and each block, and the same randomized order 328 

was then used for the four series. This was done to avoid, as much as possible, the potential 329 

advantage linked to the limitation of the number of remaining response alternatives once items 330 

have been eliminated from the list of possibilities during the first series. The position of the 331 

images presented on the screen was randomized.  Lastly, no feedback was given on a trial per 332 

trial basis. During the task, a babble noise made of 16 unintelligible French native male and 333 

female voices (Moulin et al., 2013) was presented in a continuous manner. The use of 16 talkers 334 

enabled us to achieve a balanced representation of both masculine and feminine voices, 335 

reducing the risk of any single voice standing out or being disproportionately closer or further 336 

from the signal voice. In contrast, with only a few talkers, the pitch (fundamental frequency) 337 

differences between the maskers and the signal can become especially relevant. The subjects 338 

could listen to several seconds of the babble noise before triggering the start of the block. 339 

The duration of each block was around 2 minutes, so that the total hearing-in-noise test 340 

was performed in about 10 minutes briefing and training included. The unfavorable noise 341 

condition was always given last, as it was anticipated that the children listening behavior might 342 

be modified by the challenge represented by this difficult SNR (i.e., inducing discouragement 343 

before the next block). 344 

Adults underwent the task individually in an experimental room in the lab with the same 345 

equipment as children. They performed the same eight-trial training block as the children and 346 

then eight 48-trial blocks with babble noise ranging from -12 dB SNR to +9 dB SNR by steps 347 

of 3 dB SNR in order to calculate their individual detection thresholds. As for children, each 348 

block was performed at a constant SNR with a constant-stimulus procedure. The order of the 349 

blocks was counterbalanced.  350 
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Data analyses 351 

All data analysis were performed on R (R Core Team, 2019). For each participant, 352 

accuracy (percentage of correct responses) and response times (RT) from sound onset were 353 

extracted for each phonological difficulty and for each noise condition. Trials with RTs above 354 

8 seconds and when the participant answered before the onset of the sound were excluded (i.e. 355 

below 800 ms), representing 1.4% of children’s data and 0.1% of adult’s data. For all analysis 356 

on RTs, we used response times on correct trials only and on trials with common words between 357 

the phonological easy and difficult condition (to avoid imbalance due to the fact that more trials 358 

were successful in easy than in difficult condition), which represented 75.4% of the data for 359 

children and 93.5% for adults. 360 

Adult data: psychometric parameters 361 

To evaluate if detection thresholds differed according to the phonological difficulty of 362 

the task, psychometric curves were fitted to responses as a function of the signal-to-noise ratio 363 

using a logistic function with a guess rate λ set to .25 (because of the 4AFC task’s nature) for 364 

each difficulty condition and for each participant by using the quickpsy package in R (Linares 365 

& López-Moliner, 2016). It allowed the estimation of detection thresholds (i.e., SNR for which 366 

each participant obtains λ + (1 − λ) ∗ 0.5 = 62.5% of correct responses thus half-way 367 

between chance level (25%) and perfect performance (100%)). Easy and difficult phonological 368 

conditions were compared for each subject with the thresholdcomparisons function from the 369 

quickpsy package in R which performs a bootstrap comparison between conditions to determine 370 

if the difference between them falls outside a 95% confidence interval. Comparison between 371 

conditions at the group level was tested by comparing the average detection thresholds across 372 

all subjects for both phonological difficulties with a pairwise t-test after checking for normality 373 

with a Shapiro-Wilk test. 374 
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Development of hearing in babble noise 375 

Developmental aspects of children’s performance were tested as a function of children’s 376 

school grade, allowing for homogeneous groups composed of children being equally scholarly 377 

educated regarding reading and other abilities. In order to assess the effects of grade, 378 

phonological difficulty, and noise condition on children’s performance, we used general linear 379 

models (GLM) for accuracy and general linear mixed models (GLMM) for response times 380 

(Bates et al., 2014). We thus analyzed the influence of three main effects on percent correct 381 

scores and RTs: 382 

- Between-subject factor Grade: six levels (KG, 1st, 2nd, 3rd, 4th and 5th grade) 383 

- Within-subject factor Phonological Difficulty: two levels (easy/difficult 384 

phonological condition) 385 

- Within-subject factor Noise condition: two levels (unfavorable/favorable) 386 

GLM(M) were fitted using the lme4 package in R (Bates et al., 2014, p. 4).  Statistical 387 

tests were performed using type II Wald chi-square analysis of variance using the car package 388 

in R (Fox & Weisberg, 2018), all effect-sizes were calculated for each fixed effect with the esc 389 

package in R (Lüdecke, 2019). 390 

When a significant main effect or interaction was found, estimated marginal means post-391 

hoc tests were performed using the emmeans package in R (Lenth, 2021) and corrected for 392 

multiple comparisons using the False Discovery Rate (FDR) method (Benjamini & Hochberg, 393 

1995).  394 

Two measures were considered to investigate children’s performance:  395 

- Accuracy: percent correct scores were fitted with a binomial distribution as 396 

GLMs can handle non-normally distributed data and, in particular, count data (Bates et 397 

al., 2014). Data were thus fitted with a binomial distribution with a logit link function 398 
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using the glm function from the core stats package in R. We did not use mixed models 399 

for the accuracy because one proportion of correct response was obtained for each 400 

condition and each subject, thus rendering the intra-subject variability null.  401 

- Response times: As recommended by Lo and Andrews (2015), RTs were not log-402 

transformed to fit a gaussian distribution which can produce additive effects. Since raw 403 

RTs distribution can be fitted either with an inverse gaussian or a gamma distribution, 404 

we compared four models, fitted with either a gamma or an inverse gaussian distribution 405 

and with either an identity link function or a log-link function. The model with the 406 

lowest AIC was then chosen. The random-effects structure was built according to Bates 407 

et al. (2015)’s specifications: we used the subject variable as an intercept and we started 408 

by including all within-subject fixed-effects as random slopes (i.e., all effects were 409 

allowed to vary across subjects) and dropped slopes factors one by one. After rejecting 410 

the non-converging models, we chose the model with the lowest AIC. 411 

We also compared measures between the oldest children (5th grade) and adults. We 412 

extracted adults’ performance for the two noise conditions that children underwent (-3 and +3 413 

dB SNR) and we performed similar GLM(M)s than the previously described ones (on accuracy 414 

and RTs), replacing the Grade factor by a Group factor with two levels: 5th grade and adults. 415 

We kept the phonological difficulty and noise condition factors.  416 

Impact of parameters potentially influencing performance 417 

- Repetition and learning: Influence of trials repetition within a block 418 

The effect of trials repetition within a block was assessed by analyzing children’s 419 

accuracy (percentage of correct responses) as a function of the series of 4-image sets presented 420 

during a block (as each block consisted of four consecutive 12-trial series). Accuracies were 421 

calculated per subject, per block, and per series and were fitted using the glm function from the 422 
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core stats package in R with a binomial distribution and a logit link function with grade (KG to 423 

5th grade), phonological difficulty (easy/difficult), noise condition (unfavorable/favorable) and 424 

series (1 to 4) as factors. In addition, the reproducibility within a block was assessed by a two-425 

way random effect interclass correlation. 426 

- Word/picture familiarity 427 

To assess potential variations in word/picture familiarity across different grades and to 428 

rule out the influence of differences in picture familiarity on potential group variations in speech 429 

perception, we ranked the 24 target words based on average accuracy (percentage of correct 430 

responses) within each age group. The ranking ranged from the highest score (rank=1) to the 431 

lowest score (rank=24) for both easy and difficult phonological conditions, using the same 432 

method as Fallon et al. (2000). We then performed ranked correlations (Spearman method) 433 

between the ranks for the different age groups, and between the rank of each age group and the 434 

overall average ranking. 435 

- Psycholinguistic parameters 436 

The effect of two psycholinguistic factors (word frequency of occurrence and number 437 

of phonological neighbors, see above) calculated from the Lexique database (New et al., 2004), 438 

was assessed on children’s accuracy. For frequency of occurrence, mean accuracy was 439 

calculated for each target-word (24 in total), each phonological difficulty (easy/difficult) and 440 

each noise condition (unfavorable/favorable). A GLMM was fitted on proportion data (number 441 

of correct responses over number of trials) and fitted with a binomial distribution, a logit link 442 

function and target-word as random factor. In each GLMM, the effect of the frequency of 443 

occurrence factor was tested in addition with the grade factor (six levels: kindergarten to 5th 444 

grade), the phonological difficulty factor (easy/difficult) and the noise condition factor 445 

(unfavorable/favorable). 446 
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For phonological neighbors, mean accuracy was calculated for each four-image set (six 447 

sets of the easy difficulty, six sets for the difficult difficulty). One GLMM was fitted for each 448 

difficulty level, as by construction, the number of unique phonological neighbors for a set is 449 

smaller for easy sets than difficult sets. These two GLMMs were performed on accuracy and 450 

fitted with a binomial distribution, a logit link function, and four-image set as random factor. 451 

In each GLMM, the effect of the phonological neighbors factor was tested in addition with the 452 

grade factor (six levels: kindergarten to 5th grade) and the noise condition factor 453 

(unfavorable/favorable).  Statistical tests were performed using type II Wald chi-square analysis 454 

of variance using the car package in R (Fox & Weisberg, 2018). 455 

All effect sizes are reported as Cohen's d (Cohen, 1992). 456 

Results 457 

Adults data: psychometric parameters 458 

Detection thresholds were computed for each participant and for each phonological 459 

condition. At the individual level, 74% of the adult participants displayed significantly different 460 

detection thresholds between the easy and the difficult conditions (fourteen out of the nineteen 461 

participants, Figure 1a). At the group level, detection thresholds averaged across participants 462 

were significantly different between the easy and the difficult condition (mean threshold for the 463 

easy condition = -10.6 dB; mean threshold for the difficult condition = -6.3 dB; t(18) = 10.57, 464 

p < .001, Figure 1b). Thus, in adults, to achieve similar performance in easy and difficult 465 

phonological conditions, an increase of ~4.3 dB of SNR is necessary in the difficult condition 466 

relative to the easy one. The average scores achieved by adults at the SNR levels used with 467 

children were as follows: in the favorable noise condition (+3 dB SNR), 97% (SD = 16%) for 468 

the easy condition and 95% (SD = 22%) for the difficult condition. In the unfavorable noise 469 

condition (-3 dB SNR), the scores were 96% (SD = 19%) for the easy condition and 86% (SD 470 

= 35%) for the difficult condition. As the adults' data were collected across multiple SNRs to 471 
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specifically obtain psychometric parameters using accuracy, no RT analysis was performed for 472 

all SNRs in the adults' data. However, adults' RTs were analyzed in comparison to children's 473 

RTs for the same fixed SNR levels (see the Comparison between children and adults' 474 

performance section).  475 

 476 

Fig.1: subject-level and group-level effect of the phonological difficulty on psychometric 477 
thresholds in adults. a: fitted psychometric functions on the proportion of correct response for 478 
each subject (numbered panels) and each phonological difficulty (blue lines: easy/orange lines: 479 
difficult) as a function of the SNR during the task. Dotted lines represent the projection of the 480 
estimated SNR threshold needed to achieve 62.5% correct response for each condition. 481 
Asterisks above the participant number indicate significantly different thresholds for the two 482 
conditions at the individual level. b: average detection thresholds across participants as a 483 
function of the phonological difficulty. Individual data are represented by black lines. Asterisk 484 
indicate a significant difference between the two conditions. 485 

Development of hearing-in-babble noise   486 

GLM(M) were performed on accuracy data and response times with Grade 487 

(kindergarten to 5th grade), Phonological Difficulty (easy/difficult), and Noise Condition 488 

(unfavorable/favorable) as factors. Mean accuracy and response times are shown in Figure 2a 489 

and 2b. Complete statistical results are shown in Table 2 and we present significant effects, 490 

interactions, and their follow-up post-hoc tests below. 491 

 492 

Table 2: Type II Wald chi-square analysis of deviance results on the GLM with binomial modeling 
for the accuracy measure and on the GLMM with inverse gaussian modeling for the correct 
response time measure for children data. All main effects were tested for each measure: Grade (six 
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levels: KG to 5th grade), Phonological Difficulty (two levels: easy/difficult), Noise condition (two 
levels: unfavorable/favorable) and their interactions (see text for details). Significant effects are 
depicted in bold font (p-values < .05).  df: degrees of freedom. χ²: chi-square test. p: p-value. Cohen’s 
d: standardized mean difference. 

Measure Factor Df χ² p Cohen’s d 

Accuracy Grade 5 22.90 3.5e - 04 1.17 

 Phonological Difficulty 1 61.90 3.6e - 15 2.97 

 Noise condition 1 32.02 1.5e - 08 1.49 

 Grade:Difficulty 5 0.50 .99 0.15 

 Grade:Noise 5 1.30 .94 0.24 

 Difficulty:Noise 1 2.43 .12 0.33 

 Grade:Difficulty:Noise 5 0.83 .98 0.20 

      

Response times Grade 5 12.90 .024 0.49 

 Phonological Difficulty 1 9.49 .0021 0.69 

 Noise Condition 1 0.0080 .93 0.02 

 Grade:Difficulty 5 3.43 .63 0.10 

 Grade:Noise 5 3.52 .62 0.10 

 Difficulty:Noise 1 0.40 .53 0.13 

 Grade:Difficulty:Noise 5 0.39 .99 0.0012 

Accuracy. The following model was used for accuracy: correct responses/number of 493 

trials ~ grade* noise * difficulty, family = binomial(link=logit). The main effect of Grade was 494 

significant (χ²(5) = 22.90, p < .001, d = 1.17) revealing better performance for older children. 495 

Post-hoc tests revealed a significantly lower performance for KG children compared to 3rd, 4th, 496 

and 5th graders (p < .0029), significantly lower performance for 1st graders compared to 5th 497 

graders (p < .030), marginally significant lower performance for 2nd graders compared to 5th 498 

graders (p = .060). The main effect of Phonological Difficulty was significant (χ²(1) = 61.90, p 499 

< .001, d = 2.97) with lower performance in the difficult condition. The main effect of Noise 500 
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Condition was also significant (χ²(1) = 32.02, p < .001, d = 1.49) with lower performance for 501 

the unfavorable SNR (-3 dB). No interaction effect was significant (p > .12). 502 

Response times. The model that best fitted our data was the one using an inverse 503 

gaussian distribution with a log-link function, with random effect structure including Difficulty 504 

and SNR as slopes (response times ~ grade*difficulty*noise (noise + difficulty | subject), 505 

family=inverse.gaussian(link=log)). The main effect of grade was significant (χ²(5) = 12.90, p 506 

= .024, d = .49). Post-hoc tests only revealed a marginally significantly faster response time for 507 

5th graders compared to KG (p = .050) and for 5th graders compared to 2nd graders (p = .050). 508 

Interestingly, longer response times were obtained for the easy phonological condition 509 

compared to the difficult one (main effect of Phonological Difficulty (χ²(1) = 9.49, p = .0020, 510 

d = .69)). No effect of Noise Condition or interaction effects were found (p > .53). 511 

 512 

Fig.2: (a) mean performance (% of correct response) and (b) mean correct response 513 
times after onset of the sound (in seconds) as a function of Noise Condition and Phonological 514 
Difficulty for all grades and for adults. Response times are for words correctly recognized in 515 
both easy and difficult conditions (per participant). Error bars represent standard deviations 516 
around the mean. Blue color represents the easy condition; orange color represents the difficult 517 
condition. Solid lines represent the favorable noise condition, dashed lines the unfavorable 518 
noise condition. KG: Kindergarten. Adult’s average response times for the easy and difficult 519 
condition in the favorable noise condition were similar, so that in the figure (b), the triangle 520 
for the easy condition hides the one for the difficult condition. 521 

 522 

Comparison between children and adults’ performance 523 

Comparison of children’s performance and adult’s psychometric parameters 524 
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In order to obtain a representative adult psychometric curve, we fitted a psychometric 525 

curve to accuracy averaged across adult data separately for the easy and the difficult 526 

phonological conditions (respectively left and right panels in Figure 3). We then projected 527 

children’s performance on the overall adult psychometric curve as a function of their grade and 528 

of the SNR used (-3 dB and +3 dB, respectively top and bottom panels in Figure 3). We thus 529 

obtained the value of the SNR at which an adult would have to be tested to obtain the same 530 

performance as children. This representation allows to highlight the relative deficit of speech 531 

in noise of children in comparison to adults, using the same task and stimuli. Furthermore, it 532 

allows a better comparison across studies that use different languages and parameters, where 533 

the young normally-hearing adult group acts as a reference. Indeed, the « SNR gap » (i.e., the 534 

difference between the SNR used to test children and the SNR corresponding to the same 535 

performance in adult data) goes up to 10 dB for the youngest children and the minimal one is 1 536 

dB for the oldest children in the easy condition and for a testing SNR of -3 dB. 537 

 538 

Fig.3: projection of children’s performance by grade on the adult’s psychometric function 539 
(derived from the average data of the 19 adult participants). Left panels and blue lines for the 540 
easy condition; right panels and orange lines for the difficult condition. Top panels: the 541 
projected performance of children when they underwent the -3 dB SNR condition. Bottom 542 
panels: the projected performance of children when they underwent the +3 dB SNR condition. 543 
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Filled circles represent the average performance for adults in the corresponding SNR 544 
condition. 545 

Comparison between performance of oldest children and performance of adults 546 

To compare performance of the oldest children (5th grade) with performance of adults, 547 

we performed GLM(M)s on the same measures as for children (accuracy and response times) 548 

with Group (adults (n = 19) and children (5th graders, n = 15)), Phonological Difficulty 549 

(easy/difficult), and Noise Condition (unfavorable/favorable) as factors. Mean accuracy and 550 

response times are shown in Figure 2a and 2b. Complete statistical results are shown in Table 551 

3 and we present significant effects, interactions, and their follow-up post-hoc tests below. 552 

 553 

Table 3: Type II Wald chi-square analysis of deviance results on the GLM with binomial modeling 
for the accuracy measure and on the GLMM with inverse gaussian modeling for the correct 
response times measure, to compare data in the oldest children with adult data. All main effects 
were tested for each measure: Group (two levels: 5th grade vs. adults), Phonological Difficulty (two 
levels: easy/difficult), Noise Condition (two levels: unfavorable/favorable) and their interactions 
(see text for details). Significant effects are depicted in bold font (p-values < .05).  df: degrees of 
freedom. Χ²: chi-square test. P: p-value. Cohen’s d: standardized mean difference. 

Measure Factor Df χ² p Cohen’s d 

Accuracy Group 1 6.16 .013 0.94 

 Phonological Difficulty 1 9.55 .0020 1.25 

 Noise Condition 1 4.04 .044 0.74 

 Group:Difficulty 1 4.08 .043 0.74 

 Group:Noise 1 1.19 .28 0.38 

 Difficulty: Noise 1 1.93 .17 0.49 

 Group:Difficulty: Noise 1 0.32 .57 0.20 

      

Response times Group 1 26.92 2.1e– 07 3.9 

 Phonological Difficulty 1 3.20 .074 0.53 

 Noise Condition 1 2.24 .13 0.65 
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 Group:Difficulty 1 2.31 .13 0.54 

 Group:Noise 1 12.63 3.8 -04 1.54 

 Difficulty:Noise 1 1.13 .29 0.37 

 Group:Difficulty:Noise 1 0.0020 .97 0.015 

 554 

Accuracy. The following model was used for accuracy: correct responses/number of 555 

trials ~ group*difficulty*noise, family = binomial(link=logit)). All main effects were 556 

significant: Group (χ²(1) =6.16, p = .013, d = 0.94 with adults having better performance than 557 

5th graders, Phonological Difficulty (χ²(1) =9.55, p = .0020; d = 1.25) with better performance 558 

in the easy condition, and Noise Condition (χ²(1) =4.04, p = .044, d = .74) with better 559 

performance for the favorable noise condition. In addition, a significant Group-by-Difficulty 560 

interaction was found (χ²(1) =4.08, p = .043, d = 0.74) with significantly better performance 561 

in the easy condition compared to the difficult one for 5th graders (p < .001) but not for adults 562 

(p = .29). Note that the absence of difficulty effect in the adult group was expected as in the 563 

present analysis, we are comparing children and adults’ data recorded at exactly the same 564 

SNR levels, and therefore, there is a ceiling effect for the adult’s data. 565 

Response times. The model that best fitted our data was the one using an inverse 566 

gaussian distribution with a log-link function, and a random effect structure including Difficulty 567 

and SNR as slopes (response times ~ group*difficulty*noise + (noise + difficulty | subject), 568 

family = inverse.gaussian(link=log)). There was a marginally significant effect of Phonological 569 

Difficulty (χ²(1) = 3.20, p = .074, d = 0.65) for which longer response times were found for the 570 

easy condition compared to the difficult condition. Critically, the main effect of Group was 571 

significant (χ²(1) = 26.92, p < .001, d = 3.90) as well as the Group-by-Noise interaction (χ²(1) 572 

= 12.63, p < .001, d = 1.54), that revealed longer response times for the unfavorable noise 573 

condition (-3 dB) for children (p = .018) but not for adults (p = .66).  574 
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Impact of learning, familiarity, and psycholinguistic parameters 575 

Learning in the course of a block: Influence of the repetition of the trials 576 

The model used in this analysis of accuracy is the following: correct responses/number 577 

of trials ~ grade*difficulty*noise*series, family = binomial(link=logit)). As expected from the 578 

developmental trajectory analysis above, effects of Grade (χ²(5) = 22.90, p < .001, d = 1.17), 579 

Phonological Difficulty (χ²(5) = 62.19, p < .001, d = 2.99) and Noise Condition (χ²(5) = 32.18, 580 

p < .001, d = 1.49) were found. No effect of series was observed (χ²(3) = 0.32, p = .96, d = 0.12) 581 

indicating an absence of significant increase or decrease of performance within a block. No 582 

interaction effect was found (all p > .45). Reproducibility was good with an interclass 583 

correlation coefficient of .60 (F = 2.57, p < .001) for the unfavorable noise condition and of .68 584 

(F = 3.14, p < .001) for the favorable noise condition. 585 

Word picture familiarity 586 

Ranking of performance per word were correlated between groups, and all pairwise 587 

correlations were significant (p < .001, r ranging from .69 to .87). Correlations between the 588 

ranking of each group with the overall ranking were also significant (p < .001, r ranging from 589 

.83 (KG) to .92 (2nd grade)). 590 

Influence of psycholinguistic parameters 591 

Frequency of occurrence 592 

The effect of the Frequency of occurrence of target words, Grade (kindergarten to 5th 593 

grade), Phonological Difficulty (easy/difficult), and Noise Condition (unfavorable/favorable) 594 

factors was tested on accuracy. Except for the expected Grade (χ²(5) = 24.30, p < .001, d = 595 

0.86), Phonological Difficulty (χ²(1)  = 66.74, p < .001, d = 3.39), and Noise Condition (χ²(1)  596 

= 34.61, p < .001, d = 1.58) effects (already found in the previous analysis), no other significant 597 
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effect or interaction was found (all p > .11), with, in particular, no significant effect of the 598 

frequency of occurrence.  599 

Phonological neighbors 600 

The effect of the Number of unique phonological neighbors within each 4-images set, 601 

Grade (kindergarten to 5th grade), and Noise Condition (unfavorable/favorable) factors were 602 

tested on accuracy. One model was fitted for each Phonological Difficulty (easy/difficult). The 603 

expected effect of Grade was found for the easy (χ²(5) =11.16, p = .048, d = 0.43) and the 604 

difficult conditions (χ²(5) =12.49, p = .029, d = 0.47), as well as the Noise Condition effect for 605 

the easy (χ²(1) =9.55, p = .0020, d = 0.69)  and the difficult (χ²(1) = 26,  p < .001, d = 1.27) 606 

conditions. All other effects or interactions were non-significant (p > .11). 607 

Discussion 608 

The present study depicts the developmental aspects of speech perception in multi-talker 609 

babble noise, in French language, in primary school children, using a newly developed French 610 

closed-set test with a 4AFC paradigm. Additionally, the exploration of children’s response 611 

times allowed to unveil an effect of competition between phonologically similar words within 612 

the lexicon. Finally, we explored the impact on performance of several factors that have 613 

implications for the design of central hearing screening test: reproducibility, word familiarity, 614 

and psycholinguistic factors. 615 

Developmental trajectory of speech-in-babble-noise perception 616 

The main results show definite steps into the development, with significant differences 617 

in accuracy between 5-year-olds (KG) and 7-, 9-, and 10-year-olds (3rd, 4th and 5th grade), 618 

between 6-year-olds (1st grade) and 9-10-year-olds (4th and 5th grade), and between 7- and 10-619 

year-olds (2nd and 5th grade), revealing a major maturation step around 7 years of age (2nd 620 

grade). The accuracy obtained by the oldest children (10-year-olds, 5th grade) were equivalent 621 
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to a difference of more than 3 dB SNR on average with normally hearing young adults, showing 622 

that speech perception in one of the most common, but challenging situation (i.e., speech-in-623 

babble noise), is far from mature during nearly the entirety of primary and secondary school 624 

attendance years. Those results are in agreement with Wilson et al. (2010)’s large normative 625 

study, using an open set task in babble noise (Word in Noise test). Indeed, the authors showed 626 

that the largest improvement in recognition performance occurred between 6- and 7-year-olds, 627 

then a slight improvement between 7 and 9-year-olds, and performance remained fairly constant 628 

between 9- and 12-year-olds, with a significant difference between 12-year-olds and young 629 

adults.  630 

It could be argued that phonological awareness maturation could account for the lower 631 

scores of the youngest children, especially for Kindergarten children. For instance, using an 632 

oddity non-sense syllable recognition task (presented with 3 auditory non-sense syllables - two 633 

identical and one odd), Hnath-Chisolm et al. (1998) obtained significantly lower accuracy for 634 

5- to 7-year-olds compared to 7- to-9-, or 9-to-11-year-olds. Those differences could possibly 635 

be attributed to cognitive and phonological development for children under 7 years (Hnath-636 

Chisolm et al., 1998). In the present study, even though we obtained the expected greater 637 

accuracy for phonologically distant words than for close words, we did not observe any 638 

interaction between grade and difficulty in the children’s data analysis. This fairly parallel 639 

evolution of accuracy in easy versus difficult phonological conditions with age (see also Figure 640 

4) argues against an important influence of phonological awareness maturation in the evolution 641 

of accuracy as a function of age, at least between 5 and 10 years of age. However, we observed 642 

a weakly significant interaction between difficulty and group when comparing children’s data 643 

with adults’ data (with a difference between difficult and easy conditions in children only). 644 

Therefore, we cannot dismiss the potential impact of later maturation of phonological 645 

awareness on the current test. However, the lack of a difficulty effect in adults could 646 
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alternatively be attributed to a ceiling effect, particularly influenced by the favorable SNR 647 

condition (+3 dB SNR). Additionally, there might be a potential ceiling effect on response times 648 

for older children, as indicated by the statistical weakness of the interaction. 649 

 650 

Fig.4: comparison between the current study and Buss et al. (2016). For the current 651 
study a SNR threshold was derived for each child and each condition from the 2 points obtained 652 
along the psychometric curve and adding 2 other points: one at 100% correct score for a 15 653 
dB SNR and one at 25% chance level for a -15 dB SNR. We then fitted a linear regression as a 654 
function of the decimal logarithm of age in years, as in Buss et al. (2022). For the Buss et al. 655 
(2016)’s figures, data were recovered from their Figure 2 using  the Engauge Digitizer software 656 
(https://markummitchell.github.io/engauge-digitizer/). For the current study, the effect of age 657 
was significant (p < .001) and slopes were -0.53 and -0.75 for easy and difficult conditions 658 
respectively. For Buss et al.’s speech-shaped noise, the effect of age was significant (p < .014) 659 
and slopes were -0.64 and -0.47 for the easy and difficulty conditions respectively. For the two-660 
talker noise, the effect of age was significant only for the easy condition (p < .001) but not for 661 
the difficult condition (p = .14). Slopes were -1.43 and -0.03. The objective of this comparison 662 
with the existing literature is to evaluate the contribution of the informational/energetic 663 
masking component within our 16-talker babble noise. This is in contrast to the study we are 664 
comparing with (Buss et al., 2016), which employed a two-talker masker with a pronounced 665 
informational masking component and speech-shaped noise with a strong energetic masking 666 
component. 667 

The difference between phonologically similar and dissimilar words obtained here (as 668 

measured with the procedure described in Figure 4, e.g., a threshold difference of 3.8 dB SNR 669 

in children and 4.3 dB in adults) appears to be lower than the one obtained by Buss et al. (2016) 670 

in a 4AFC task, in a speech shaped noise (about 5 dB in children and 7 dB in adults). Differences 671 

in language (French versus English), in the degree of similarity between the target words and 672 

the foils, and in the type of noise used, could account for that. In addition, Buss et al. (2016) 673 

used the 2 conditions in 2 different blocks, determining the SNR threshold using an adaptative 674 
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method, whereas we used a fixed SNR method, where easy target words and difficult trials were 675 

randomly intermixed. Both in the present study and in Buss et al.’s data (Figure 4), performance 676 

improved with age for both easy and difficult phonological conditions. It is interesting to note 677 

though, that our results match better with Buss et al. (2016)’s results in speech shaped noise 678 

than with their results in 2-talker masker. Indeed, in the 2-talker masker, they obtained a 679 

significantly sharper improvement of accuracy with age in the easy condition than in the 680 

difficult condition, with a difference of almost 10 dB SNR between both conditions in adults.  681 

This similarity between Buss et al. (2016)’s results in speech shaped noise and ours can be 682 

easily attributed to the 16-talker babble noise we used, that involves both energetic and 683 

informational masking, and is closer, in performance, to speech shaped noise than the strong 684 

informational masking of a 2 talker noise (Rosen et al., 2013). The 16-talker babble noise thus 685 

offers a good mix between energetic and informational masking. The definite existence of an 686 

informational masking component, involving central auditory processing, in this 16-talker 687 

babble noise, has been shown in a case of venous cerebral infarct in an adult patient (Bourgeois-688 

Vionnet et al., 2020). Indeed, this patient showed a specific deficit in the 16-talker babble noise 689 

speech perception in the ear contralateral to the infarct, without any deficit in a speech shaped 690 

noise of the same spectrum, using the same test as in the present study.  691 

The informational masking component could explain the absence of mature 692 

performance at 10 years of age, as already pointed out by Elliott (1979), who observed 693 

significant differences between 13-year-olds and 17-year-olds in speech-in-babble-noise 694 

perception. Indeed, speech-in-babble-noise perception depends on a wide range of cognitive 695 

abilities, whose development extend well beyond 11 years of age, such as sustained attention 696 

(Betts et al., 2006; Hoyer et al., 2021; Thillay et al., 2015), distractibility (Hoyer et al., 2021; 697 

Wetzel et al., 2009), impulsivity and motor control (Booth et al., 2003; Wright et al., 2003), 698 

verbal short-term memory (Alloway et al., 2006; Gathercole et al., 2004), and the ability to use 699 
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pitch cues to focus on the target, including pitch short-term memory (Ginzburg et al., 2022). 700 

This explains the great difference in the amount of noise that children and young adults can 701 

sustain to achieve the same performance, with more than 3 dB of difference in SNR between 702 

10-year-olds and young adults, and more than 9 dB between 5-year-olds and adults in the 703 

difficult condition (see Figure 3). The latter result is very close to the 10 dB threshold difference 704 

reported between 5-year-olds and young adults, in a 2-talker masker, in Buss et al. (2019). This 705 

emphasizes the relevance of using a babble-noise in a speech perception screening test as speech 706 

in babble noise is often associated with several deficits, such as attention or short-term memory 707 

impairments, and would be more sensitive to all those deficits than perception in speech-shaped 708 

noise. 709 

Response times reveals competition processes within the lexicon 710 

Response times reflected the expected slower speed of processing from the youngest to 711 

the eldest children (with about 500 ms of difference in response times observed here), due to 712 

processing speed maturation (Kail, 1991), in addition with slower response times for the oldest 713 

children as compared to adults. In a similar 4AFC task, Rigler et al. (2015) obtained a 400 ms 714 

difference between 16-year-olds and 9-year-olds having to click on the picture of a target word 715 

amongst 4 pictures, revealing that processing speed, as in the present study, undergoes 716 

maturation well beyond 10 years of age. Unexpectedly, we observed longer response times for 717 

the easy condition compared to the difficult condition, whereas for accuracy, the expected 718 

higher accuracy for the easy condition over the difficult one was observed in both children and 719 

adults. 720 

One mechanism that could explain these counterintuitive results is the organisation of 721 

mental lexicon with distant words engendering a greater lexical competition within the mental 722 

lexicon than phonologically close words. Using eye tracking with the visual world paradigm 723 

(introduced by Huettig et al., 2011), Rigler et al. (2015) showed more activation for competition 724 
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words for 9-year-olds than for 16-year-olds. Indeed, according to most models for spoken word 725 

recognition (e.g., Frauenfelder & Floccia, 1999, for a review), words are organised within the 726 

mental lexicon as clusters of phonologically similar words (e.g., the neighbourhood activation 727 

model, Luce & Pisoni, 1998) and words sharing the same onset sounds (e.g. the Cohort model 728 

Marslen-Wilson, 1987; Marslen-Wilson & Zwitserlood, 1989). As a word begins to be heard, 729 

several potential candidates are activated within the mental lexicon and the process of selecting 730 

the correct target involves competition within the several activated candidates (e.g., the trace 731 

model, Dahan et al., 2001; McClelland & Elman, 1986). Several studies, using open response 732 

tests, have shown that words with numerous phonological neighbours are more difficult to 733 

recognize and take a longer time to process, especially when those phonological neighbours are 734 

of higher occurrence frequency than the target word, than words with a low number of 735 

phonological neighbours (Dirks et al., 2001; Kirk et al., 1995; Krull et al., 2010). We would 736 

thus expect a greater response time when more numerous candidates are activated. In the 737 

present task, candidates are not only activated by the word heard, but, as well, by the three other 738 

words displayed in the pictures (i.e., the target and the three foils). Here, in the difficult 739 

condition, the words are phonologically close, so the phonological patterns that are activated 740 

by the target words and the foils are similar, and are less numerous than the phonological 741 

patterns activated in the easy condition. Indeed, because the words, in the easy condition, are 742 

phonologically dissimilar, they would activate four different clusters of phonological patterns, 743 

demanding a greater number of comparisons between the target word and all the phonological 744 

similar words to the foils. In other words, a difficult set (e.g., /ku/, /kul/, /ru/, /ruʒ/) would 745 

activate fewer candidates in the participant's lexicon because all of these words share common 746 

phonological neighbors. Conversely, an easy set (e.g., /bɑ̃/, /flœʀ/, /mɛ/̃, /trwa/) would activate 747 

a larger number of candidates due to the dissimilarity between each word in the set. Thus, the 748 
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greater number of activated candidates could account for the longer response times in the ‘easy’ 749 

condition, even if this condition shows a higher accuracy.  750 

Central hearing screening test design: impact of reproducibility, word familiarity, and 751 

psycholinguistic factors 752 

Another major result obtained here is the absence of short-term practice effects. Indeed, 753 

by using a fixed SNR ratio method, rather than an adaptative one, we were able to assess the 754 

potential changes from the beginning of a block (12 first sets) and the end (12 last sets). Indeed, 755 

although we avoided the major source of practice effect by not using trial per trial visual 756 

feedback (Munro & Lutman, 2005), there are still a wide range of reasons why substantial 757 

modifications could occur. Firstly, the same sets of 4 pictures are used throughout, so more 758 

familiarity with the specific phonetic contrasts to listen to would be expected as the sets repeat 759 

themselves, especially in the difficult condition. Secondly, as the same feminine voice for the 760 

target words is used throughout, better identification and separation of the talker’s voice from 761 

the babble background could be expected with practice. Those factors could account for a 762 

significant improvement of the accuracy with time. Conversely, a deterioration of accuracy 763 

could account for lack of maintenance of the necessary listening effort, involving a strong 764 

focused attention component, during the entire 2-minute-long blocks, for such a challenging 765 

task. We did not observe any significant difference in accuracy between series, whether the 766 

whole population was considered, or only the youngest ones (i.e., first quartile, < 7.3 years old). 767 

This shows the absence of learning during the course of one block with the task used here, and, 768 

as well, the absence of loss of motivation during the course of a block, which is particularly 769 

important when addressing young children. Indeed, to maintain motivation, Fallon et al., (2000) 770 

used a “game-like” automated visual feedback for correct and incorrect responses in a 4AFC 771 

task in babble noise. The authors obtained a significant improvement between the first 20 trials 772 

(82%) and the last 20 trials (86%) of a 40-word block at constant SNR in their children and 773 
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adult groups. In order to be able to use the test later in an adaptative manner, a stability of 774 

scores, at least within one block, is recommended. 775 

Performance is likely to be influenced by familiarity with the target words depending 776 

on children’s age (G. D. Brown & Watson, 1987), as contextual influences on those words 777 

develop. To assess this possibility, Wilson et al. (2010) checked the performance of their 778 

youngest groups in quiet, and obtained significant lower performance in the 6-year-olds versus 779 

the older children. They concluded that part of the 6-year-olds increased threshold was probably 780 

due to less familiarity for the target words.  Although the pictures we used were designed so 781 

that 5-year-olds could recognize them easily, a growing familiarity as age increases is difficult 782 

to rule out. To address this question, we ranked each target word according to its score and 783 

correlated the ranking in each age group with the overall ranking, as in Fallon et al. (2000), who 784 

used a 4AFC task as well. We obtained quite similar results (r ranging from .83 to .92) as in 785 

their study (r > .90), showing that the relative difficulty of each target word didn’t depend on 786 

age, and that the improvement of accuracy observed with age was not likely due to an increase 787 

in familiarity of the target words with age. 788 

Although the experimental design was not aimed at testing specifically the influence of 789 

psycholinguistic factors on the test accuracy, it is important to ascertain whether they have 790 

substantial influence on the accuracy at a test aimed at screening for speech in babble noise 791 

perception deficits. Indeed, the influence of such psycholinguistic parameters is rarely 792 

considered when developing auditory perception tests. Yet, those parameters can introduce 793 

unwanted variability in audiological speech perception accuracy (Moulin et al., 2017), 794 

especially in interaction with cognitive status and lexical knowledge (Braza et al., 2022; Moulin 795 

& Richard, 2015). Elliot et al. (1983) specifically designed a 4AFC task to test the potential 796 

influence of occurrence frequency. By comparing scores for the same target words presented 797 

with foils of high and low occurrence frequencies, the authors observed a word frequency effect 798 
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that was significantly greater in adults than in 3- to 7-year-olds. Furthermore, this frequency 799 

effect, in children, increased significantly with receptive vocabulary knowledge, which argues 800 

for the need to control for that effect when developing audiological tests of speech perception 801 

(Elliott et al., 1983). In the present test, no effect of target-word occurrence frequency was 802 

found, nor any effect of phonological neighbourhood density. To ensure that scores reflect more 803 

auditory perception (Kosky & Boothroyd, 2003; Mendel, 2008) than mental lexicon 804 

development, it is important, for audiological assessment, to ensure that there is no significant 805 

influence of lexical factors (such as occurrence frequencies and/or phonological density) of the 806 

stimuli chosen on the scores.  807 

The limitations of this study lie in the relatively moderate sample size in each grade, the 808 

limited age range (focusing on primary school years) and the absence of other thorough clinical 809 

investigations (e.g., pure-tone audiometry, including high frequencies audiometry, lexical 810 

knowledge and other cognitive investigations). However, these investigations would go beyond 811 

the aims of the present study. Indeed, to establish normative data with the aim of a screening 812 

test, we would need at least 40 children per age group. Several refinements in the words used 813 

could be made as well, in order to further decrease the duration of the test, and being able to 814 

use it in children younger than 5 years of age.  815 

Be that as it may, this study represents a stepping stone towards a screening test. Indeed, 816 

this study showed the developmental course of speech perception in a babble noise that 817 

combines both energetic and informational masking, in primary school children, and confirms 818 

that processes involved in speech perception in babble noise (in particular informational 819 

masking) show a definite maturation step around 7 years of age and that they are far from mature 820 

at 10 years of age. We also unveiled the effect of lexicon competition processes on speed 821 

processing and checked for crucial factors that can influence such central hearing screening 822 

tests, such as word occurrence frequency and phonological neighborhood density. This resulted 823 
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in a preliminary version of a screening test, that is quick (around 2 minutes for one block), 824 

reproducible, engaging for children, devoid of short-term learning effect and that has therefore 825 

good potential for screening speech perception in babble noise deficits.  826 
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