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The ability to detect amplitude modulation (AM) is essential to distinguish the spectro-temporal
features of speech from those of a competing masker. Previous work shows that AM sensitivity
improves until 10 years of age. This may relate to the development of sensory factors (tuning of
AM filters, susceptibility to AM masking) or to changes in processing efficiency (reduction in inter-
nal noise, optimization of decision strategies). To disentangle these hypotheses, three groups of
children (5-11 years) and one of young adults completed psychophysical tasks measuring thresh-
olds for detecting sinusoidal AM (with a rate of 4, 8, or 32 Hz) applied to carriers whose inherent
modulations exerted different amounts of AM masking. Results showed that between 5 and 11
years, AM detection thresholds improved and that susceptibility to AM masking slightly increased.
However, the effects of AM rate and carrier were not associated with age, suggesting that sensory
factors are mature by 5 years. Subsequent modelling indicated that reducing internal noise by a fac-
tor 10 accounted for the observed developmental trends. Finally, children’s consonant identification
thresholds in noise related to some extent to AM sensitivity. Increased efficiency in AM detection

may support better use of temporal information in speech during childhood.
© 2019 Acoustical Society of America. https://doi.org/10.1121/1.5128324
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I. INTRODUCTION

Understanding speech in noisy backgrounds can be a
challenge for all listeners and is particularly difficult for
young children. The ability to identify speech in noise is rel-
atively long to develop, as it continues to improve substan-
tially until adolescence (Hall et al., 2002; Johnson, 2000;
Neuman and Hochberg, 1983; Stuart, 2008). This develop-
ment may somewhat relate to the maturation of sensory audi-
tory capacities, such as the ability to detect modulations in
sound amplitude over time, that are essential to track the
spectro-temporal features of speech sounds (Rosen, 1992;
Stuart, 2005, 2008). Recent studies conducted with adults
showed that the temporal modulations belonging to a back-
ground noise (e.g., a competing voice, a babble, a steady or a
fluctuating noise) interfere with the temporal modulations of
speech. The development of this phenomenon, called
“modulation masking” (Houtgast, 1989; Bacon and
Grantham, 1989; Dau et al., 1997a; Biberger and Ewert,
2016, 2017; Jorgensen and Dau, 2011; Jgrgensen et al.,
2013; Stone et al., 2011), and its relationship with speech
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intelligibility in noise has not been explored yet in child-
hood. The goal of the present study is to determine any
changes in perceptual factors affecting modulation masking
during development and clarify this relationship.

A. Perception of speech in noise in childhood

Naturalistic environments are acoustically complex and
rich in multiple sound sources. Young listeners face these
“noisy” backgrounds in their everyday life, especially when
at school. Children must focus and maintain attention to the
speaker (e.g., the teacher) to learn new skills in these chal-
lenging listening conditions. Different types of degradation
can alter speech intelligibility in a classroom, such as rever-
beration, steady or interrupted noise and multi-talker babble
(Van Rietschote et al., 1981). In that respect, it is worrying
to note that the background sounds in classrooms may reach
70-77 dB LAeq (Jamieson et al., 2004; Shield and Dockrell,
2003). When compared to adults, children show poorer word
identification performance in noise at least until 10-11 years
of age and more in some studies (Elliott, 1979; Elliott et al.,
1987; Hall et al., 2002; Jacobi et al., 2017; Johnson, 2000;
Papso and Blood, 1989; Stuart, 2005, 2008). It has been pro-
posed that the robustness of speech coding is late to develop
because of immaturities in lexical processing, phonological
representation of speech, and working memory (e.g., Hazan
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and Barrett, 2000; McCreery et al., 2017; Nittrouer, 2004).
Even when using easy phonetic discrimination tasks, typi-
cally developing 5- to 7-year-olds with normal hearing are
still found to perform more poorly than adults or older chil-
dren (Nishi et al., 2010). Although it is likely that speech-in-
noise performance is influenced by a wide variety of skills
that develop in children, including memory, language and
executive function, here we focus on the relationship
between the development of basic auditory abilities and
speech perception in noise. The present study explored the
capacity to detect slow temporal variations in sounds,
because this ability was found to be significantly correlated
with speech identification in quiet and in noise for elderly
people with normal hearing (Fillgrabe et al., 2015) and
hearing-impaired adults using cochlear implants (Cazals
et al., 1994; Fu, 2002; Gnansia et al., 2014; Won et al.,
2011).

B. Development of temporal auditory processing

Irrespective of language, the intelligibility of speech
sounds relies on the accurate perception of patterns of slow
(<5-10Hz) modulations in amplitude (AM) (Drullman,
1995; Dubbelboer and Houtgast, 2007; Houtgast and
Steeneken, 1985; Shannon et al., 1995; Varnet et al., 2017),
so any development in the processing of such temporal fea-
tures is likely to be important. Previous work shows that
auditory AM sensitivity (as measured by detection thresh-
olds for sinusoidal AM) improves with age between 5 and
10 years (Hall and Grose, 1994). Regarding this long devel-
opment, two hypotheses have been put forward. First, the
difference between children and adults may only relate to
the maturation of sensory coding of AM information per se
(e.g., the progressive tuning of mechanisms responsible for
the extraction of AM information). Second, better thresholds
may relate to the maturation of later stages of processing and
reflect the efficiency with which the available AM informa-
tion is used.

Very few studies have systematically measured AM
detection thresholds in children at different AM rates.
Overall, young listeners show worse auditory thresholds for
AM detection at both slow and fast AM rates compared to
adults. In a pioneering study, Hall and Grose (1994) com-
pared adults’ and children’s AM detection thresholds using a
broadband noise carrier that was modulated at five target
AM rates (5, 20, 100, 150, and 200 Hz). The results indicated
that sensitivity to AM was reduced in young listeners but
reached adult-like levels at around 9 years of age.
Nevertheless, the effect of changing AM rate on AM sensi-
tivity was comparable for children and adults. That is, the
higher the AM rate, the worse the AM detection threshold.
This effect of AM rate on AM sensitivity suggests that fac-
tors constraining the temporal resolution of the human audi-
tory system [the limit in the ability to follow (i.e., resolve)
fast AM fluctuations] are probably mature early on and prob-
ably during infancy (Levi and Werner, 1996; Walker et al.,
2019; Werner, 1996). In a recent study, Buss et al. (2019)
measured AM detection thresholds for 5-to-11-year-old chil-
dren and adults using a 4300 Hz pure tone carrier modulated
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at three different AM rates (16, 64, and 256 Hz). The results
suggest that AM detection thresholds continue to improve
with age at higher AM rates (64 and 256 Hz), but not at the
lower AM rate tested (16 Hz). Altogether, these data indicate
that at least some aspects of AM processing mature during
childhood, but it is still unclear whether these observed
changes reflect the maturation of sensory-processing mecha-
nisms leading to better temporal resolution with age, or to
improvement in auditory efficiency.

C. Sensory factors involved in temporal processing

It has been recently suggested that the intrinsic random
amplitude fluctuations conveyed by concurrent sounds such
as stationary broadband noises may produce substantial per-
ceptual masking of the amplitude modulations of the target
speech signal (Stone et al., 2011; Stone et al., 2012; Stone
and Moore, 2014). This phenomenon has been observed in
adults, but is not yet fully characterized during development
and could be related to worse AM auditory thresholds in
children compared to adults. “AM masking” effects have
been observed in adults using different psychophysical tasks
and usually by using two simultaneous sounds, a target and a
masker, that fluctuate at a similar AM rate (Bacon and
Grantham, 1989; Houtgast, 1989; Dau et al., 1997a; Sek
et al., 2015). AM masking effects can also be investigated
when presenting a single sound such as a narrowband noise
carrying a target sinusoidal AM as shown in Fig. 1. In this
case, the random intrinsic amplitude fluctuations of the noise
carrier may disrupt the detection of the (sinusoidal) target
AM (Dau et al., 1997a; Lorenzi et al., 2001). Specifically,
the amount of AM masking can be manipulated by changing
the bandwidth of the narrowband noise carrier. One charac-
teristic of a narrowband noise is that changes in its band-
width result in changes in its AM spectrum, that is, the
extent of modulation as a function of modulation rate. When
the target sinusoidal AM fluctuates at a rate close to the
modulations of the noise carrier, AM masking is maximal
(Dau et al., 1997a). These effects have been interpreted as
revealing the existence of sensory filters tuned to a specific
AM rate (Bacon and Grantham, 1989; Dau et al., 1997a;
Houtgast, 1989). Subsequent brain-imaging and electrophys-
iological studies conducted in humans revealed that these
modulation filters are implemented at subcortical and corti-
cal stages of the auditory pathway (Giraud et al., 2000;
Liégeois-Chauvel et al., 2004). These studies on AM percep-
tion have provided support for the development of computa-
tional models of AM processing based on the concept of a
modulation filterbank (Dau et al., 1997a). These models are
used to predict the perception of AM cues and have recently
accounted for a wide range of detection, discrimination and
identification data in adults (e.g., Biberger and Ewert, 2017).

The present study explored the development of AM
masking. The AM carriers were either a pure tone or a single
narrowband noise. Furthermore, computational modelling
was used to predict the AM detection data. A recent study
assessed the intelligibility of narrow bands of speech pre-
sented against spectrally overlapping pure tones or narrow-
band noises and showed no evidence of greater susceptibility

Cabrera et al.
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FIG. 1. Waveforms representing amplitude variations over time for a pure tone carrier (on the left) and a narrowband noise carrier (on the right). The top row
shows the carrier without additional modulation applied, and the bottom row shows stimuli with 32-Hz AM.

to AM masking in children than adults (Buss ef al., 2018).
Still, the necessity to interpret AM masking data in light of
computer modelling results motivated the present study in its
aim to tease apart the role of sensory vs efficiency factors
involved in AM processing development.

D. Efficiency in temporal processing

Using a computational model of AM perception will
help to assess whether the increase in AM sensitivity during
childhood reflects changes in the characteristics of AM fil-
ters or changes in the ability to make efficient use of the
available AM cues. The model implements two main compo-
nents constraining processing efficiency in the AM domain:
internal noise, the random component of efficiency, and the
decision strategy, which is the systematic component of effi-
ciency. It is possible that the extraction of AM cues (i.e., the
sensory ability to resolve AM cues and decompose them via
central AM filters) is adultlike in children, but that additional
factors may limit the ability to use them optimally. Internal
noise refers to variability in the decision statistic used by lis-
teners (Green and Swets, 1966). In the case of AM process-
ing, the decision statistic is thought to be related to the time
course of envelope fluctuations, or envelope power, at the
output of modulation filters (Strickland and Viemeister,
1996; Jepsen et al., 2008). Internal noise then corresponds to
the stochastic nature of neural responses to AM cues along
the auditory pathway; however, it may also correspond to
variability in the arousal of the organism and random fluctu-
ations in auditory attention (e.g., Amitay et al., 2013; Faisal
et al., 2008).

The hypothesis of larger internal noise in childhood has
been explored for temporal masking tasks (Hartley and
Moore, 2002; Hartley et al., 2000; Hill et al., 2004). The
study of Hill et al. (2004) suggested that children’s data in a
backward masking task were better modelled when assuming
a mature temporal resolution in children but poorer process-
ing efficiency compared to adults. This result could be
related to greater internal noise in children than adults, con-
sistent with the suggestion made by Werner and Boike
(2001) for infants. Buss et al. (2006) reached the same
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conclusion by showing that the slope of psychometric func-
tions for intensity discrimination (the function relating dis-
crimination performance to stimulus intensity) is shallower
in children compared to adults. Poorer thresholds for tempo-
ral processing may thus relate to a higher level of internal
noise along the AM processing pathway in children com-
pared to adults rather than poorer peripheral encoding.

It may also be the case that children do not use an
optimal decision rule. For instance, children may not appro-
priately weight the AM information available in on- and
off-frequency auditory channels, that is, channels tuned at/or
below and above the frequency region of the AM carrier,
respectively (Jones et al., 2015; Leibold and Buss, 2016).
This would yield poorer detection performance because the
presence of AM is better signaled by changes in neural exci-
tation at the output of off-frequency channels than the chan-
nel centered on the signal frequency region (Moore and Sek,
1994; Zwicker, 1952; Zwicker, 1956). Such an “off-
frequency” listening strategy is optimal, and presumably
used by adult listeners with normal hearing (Moore and Sek,
1994), because cochlear compression applied by the active
mechanism in the cochlea is maximal in the on-frequency
channel and minimal or absent in off-frequency channels
tuned above the carrier. Inconsistent with this hypothesis, a
previous study indicated that children do use off-frequency
cues at least for intensity discrimination (Buss et al., 2013).

E. Goal of the study and main hypotheses

The main goal of the present study was to systematically
assess the development of AM detection—and more specifi-
cally, AM masking—in childhood between 5 and 11 years of
age. Here, the dependence of AM masking on the shape of
the modulation spectrum of the AM masker was evaluated in
a psychophysical task using non-linguistic sounds. To do so,
children’s auditory detection thresholds for sinusoidal AM
were measured when that AM was applied to each of three
different carriers varying in the modulation spectrum and
strength of their inherent AM: tones, narrowband noises with
small inherent AM fluctuations and noises with larger fluctu-
ations. If younger children are more affected by the carrier

Cabrera etal. 2417



fluctuations than the older children, this would suggest that
AM tuning improves with age. Such an outcome would be
consistent with the idea that modulation masking plays a
role in children’s immature speech-in-noise recognition.

To better characterize AM sensitivity during develop-
ment, we also measured AM detection using three target AM
rates (4, 8, and 32 Hz). Younger children were expected to
show worse (higher) AM detection thresholds (AMDTs)
than older children but similar effects of target AM rate and
modulation-masker strength on AMDTs (Hall and Grose,
1994). A computational model of AM processing based on
the modulation filterbank concept and a template-matching
decision strategy (Dau et al., 1997a; Wallaert et al., 2018)
was also developed to test whether AM detection data in
children were better simulated by changes in AM selectivity,
internal noise and/or decision strategy (the appropriate inte-
gration of AM information from on- and off-frequency
cochlear channels).

Finally, the ability of children to identify speech in the
presence of noise was estimated by measuring consonant
identification thresholds in a stationary noise using vowel-
consonant-vowel stimuli. These were used instead of
sentences or words in order to reduce the effect of lexical
knowledge between 5 and 11 years on this task. It was
expected that children would show similar consonant identi-
fication thresholds in noise by 7 years of age as observed in
previous studies (Nishi et al., 2010). The relationship
between consonant perception abilities in noise and auditory
temporal processes was then further explored.

Il. METHODS
A. Participants

Eighty-two children were recruited at three different
schools in London, and 32 adults were recruited through the
university participant pool. For the children, parents and
teachers reported typical language development and no spe-
cial educational needs. Opt-out consent forms were distrib-
uted to the parents, and consent forms were signed by adult
participants as approved by the university ethics committee.
Adult participants filled out a questionnaire about speech
and language history, and they received a monetary compen-
sation for their time. The receptive vocabulary level of the
children was measured using a standardized test [The British
Picture Vocabulary Scale (Dunn and Dunn, 2009)]. For both
children and adults, hearing sensitivity was assessed with
pure tones at 250, 500, 1000, 2000, 4000, and 8000 Hz prior
to testing.

Two participants (one child and one adult) were
excluded because their hearing thresholds were above the
normal range [>20 dB hearing level]. An additional nine
children were tested but not included in the final sample:
three were at floor levels of performance for more than the
half of the conditions (all aged 5-6 years), one withdrew
from the study, four were not at school during testing, and
one was excluded because of experimental error. Four adults
were not included in the final sample because of missing
data due to experimental errors.

2418  J. Acoust. Soc. Am. 146 (4), October 2019

The final sample included: 25 5-6-year-olds (11
females; mean age =5.7 years, SD =0.4), 29 7-8-year-olds
(14 females; mean age=7.8 years, SD=0.4), 28 10-11-
year-olds (13 females; mean age =10.8, SD=0.4) and 32
adults (24 females, mean age=22.4 years, SD=24).
Experience with a second language was documented for all
participants, as listeners learning English as a second lan-
guage may show worse thresholds for English speech identi-
fication in noise (Lecumberri et al., 2010). The proportion of
bilingual participants was 7/25 for 5-6-year-olds, 13/29 for
the 7-8-year-olds, 13/28 for the 10-11-year-olds, and 19/32
adults. This group of bilinguals included both sequential and
simultaneous bilinguals. All but two children were born in
the UK (both 10-11-year-olds). Of the adult bilinguals, only
four were born in an English-speaking country.

B. Stimuli used in the modulation-masking study

A total of nine conditions were used with three different
AM carriers and three target AM rates (f,,): 4, 8, and 32 Hz.
In all the conditions, the stimuli were 500-ms long including
50-ms raised-cosine onset/offset ramps, and the inter-
stimulus interval was 500 ms. Standard sounds were not
modulated in amplitude, and target sounds were modulated
at depths ranging from m = 100% to m = 1%, in 20 steps of
2 dB. The expression describing the target was

T(r) = [1 + msin(2nfut + ¢,,) |c(2), (1)

where 7 is time, m is the modulation depth (0 < m < 1), f,, is
the modulation rate, ¢,, is the starting phase of the modula-
tion, randomized on each trial, and c is the carrier signal.

In the tone conditions (TONE), the carriers were sine
tones centered at 1027 Hz, generated with a random starting
phase at a sampling frequency of 44.1 kHz. In the noise con-
ditions, the carriers were 4-Hz wide narrow frequency bands.
Fluctuations of the noise envelope were either relatively low
in amplitude (NOISE-LOW) or high in amplitude (NOISE-
HIGH). Each narrow-band noise carrier was generated by
adding together five equal-amplitude sine tones with fre-
quencies 1025, 1026, 1027, 1028, and 1029 Hz at a sampling
frequency of 44.1 kHz. Each sine component had a random
starting phase. The onset and offset of each sound was
shaped with a 150-ms raised cosine ramp. There were three
stages for selecting NOISE-LOW and NOISE-HIGH nar-
rowband noise stimuli. In the first stage, noise samples were
passed through a single 1-ERB wide, linear gammatone filter
(Patterson et al., 1995) with a center frequency of 1027 Hz.
In the second stage, the envelope of the filter output was
extracted via half-wave rectification and lowpass filtering
(first order Butterworth; cutoff = 150Hz) as in Strickland
and Viemeister (1996). In the third and final stage, the stan-
dard deviation (SD) of the temporal envelope was computed,
excluding the onset/offset ramps. From there, 200 sounds
with “low” values of envelope SD were selected [SD ranging
between 0.059 and 0.069 a.u. (arbitrary amplitude units),
mean SD=0.066 a.u.]. An additional 200 sounds with
“high” values of envelope SD were selected (SD ranging
between 0.19 and 0.21 a.u., mean SD =0.19 a.u.).

Cabrera et al.



Figure 2 shows the modulation spectra computed for the
noise carriers in the NOISE-LOW and NOISE-HIGH condi-
tions. Amplitude Modulation Index spectra (AMi) display
the modulation index (the ratio between the temporal-
envelope depth and the mean amplitude of the temporal
envelope at the output of a cochlear filterbank) as a function
of AM rate (see Varnet et al., 2017, for details; Houtgast and
Steeneken, 1985). These AM spectra were obtained by com-
puting the long-term Fourier amplitude spectrum of the tem-
poral envelopes across several audio-frequency bands. A
1/3-octave-band representation of AM power is usually used
to emphasize modulation components in the high AM-rate
region where the bandwidths of perceptual modulation filters
is assumed to be larger (e.g., Dau et al., 1997a). As expected,
AM spectra are lowpass in shape, showing greater modula-
tion energy below about 4Hz (see Dau et al., 1997a). It
follows that higher AMDTs, and thus greater AM masking,
should be observed for the lowest target AM rates
(fm=4Hz). Any differences in AM masking across target
AM rates between age groups might reflect differences in
selectivity (i.e., the bandwidth of modulation filters, as esti-
mated by their Q factor; see below). Finally, AM spectra
also show that NOISE-HIGH stimuli show greater modula-
tion energy than NOISE-LOW stimuli especially below
32 Hz. It follows that higher AMDTs, and thus, greater AM
masking, should be observed for narrowband noise carriers
in the NOISE-HIGH condition than in the NOISE-LOW
condition, as observed previously for adults (e.g., Bacon and
Grantham, 1989; Strickland and Viemeister, 1996).

C. Procedure used in the modulation-masking study

For each of the nine conditions, AMDTSs were obtained
using a three-interval, three-alternative forced-choice procedure
(3I-3AFC), implemented on a touch-screen tablet. The sounds
were played diotically through headphones (Sennheiser HD
25-SP 11, Sennheiser electronic GmbH & Co. KG, Wedemark,
Germany) at a level of 65 dB sound pressure level (SPL).

AMi $pectra (1/3 octavg)

06
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—NOISE LOW

05 ]

504)

o

£

[ =

So03}

©
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FIG. 2. (Color online) Amplitude-modulation index (AMi) spectra of the
narrowband noise carriers in the NOISE-LOW (red lines) and NOISE-HIGH
(blue lines) conditions.
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For both children and adults, the experimenter sat next
to the participants and explained that three animal charac-
ters would appear on the screen and produce a sound one
after the other. Only one character would produce a differ-
ent sound, and the task was to find the odd-one out. On
each trial, participants had unlimited time to respond and
received feedback (a tick or a red cross). The next trial
started automatically 600 ms after the participant’s
response.

Children were tested at schools in a quiet room over a
3-week period. They collected stickers on a science certifi-
cate after each run to keep track of their progress and keep
them motivated. After two or three runs, a small break was
given, and each session lasted no more than 20 min. For the
5—-6-year-olds, all the conditions were completed within
five sessions, and for 7-to-11-year-olds only four sessions
were necessary. Adults were tested at the university in a
quiet room in a single 1.5 h session, with breaks following
blocks of 3—4 runs. The picture background differed
between conditions to keep the children interested in the
game.

An initial one-down, one-up rule was used until the
first reversal (Baker and Rosen, 2001), with the caveat that
incorrect responses on the first trial were always ignored.
This was followed by a 2-down 1-up adaptive procedure to
track the 71% correct-point (Levitt, 1971). The first trial
started at m=100%, with an initial step-size of 6 dB in
modulation index, reduced to 4 dB after the first reversal,
and 2 dB after the second reversal. The run stopped after
the eighth reversal or after 32 trials. If participants were not
able to detect the target at m = 100%, this trial was repeated
until correct detection (the limits of m were set to 100%
and 1%). Only one estimate was collected for each condi-
tion. However, after a visual examination of the track, a
second estimate was collected if fewer than five reversals
were obtained, or if the track did not converge. The thresh-
old in dB was the geometric mean of the last four reversals.
Moreover, for the 5-6-year-olds, the first condition was
always presented two times as they usually showed some
difficulties in understanding the task the first time. The
threshold was obtained only from the second run in this first
condition. In addition to threshold, the standard deviation
of the last four reversals was calculated. This measure of
response variability was interpreted as an indicator of
threshold reliability (Moore et al., 2010). The easiest condi-
tion (TONE-carrier with 32-Hz target AM) was always
completed first to make sure that the task was understood
by all participants, followed by a randomized order for the
remaining conditions.

D. Modulation-masking data processing and analysis

The outlier labelling rule was applied to our data to
identify potential outliers in all conditions (Hoaglin and
Iglewicz, 1987). Four outliers were flagged in the 5-6-year-
old group, two in the 7-8-year-olds, four in the 10-11-year-
olds, and two in the adult group (11% of the data). When
those outliers were removed, our data did not differ from
normality (Kolmogorov-Smirnov test ps > 0.05) for all

Cabrera etal. 2419



conditions except in the NOISE-HIGH condition at 4 Hz
(see below) and in the condition NOISE-HIGH at 32 Hz for
the 11-year-olds, for which the data were a little skewed and
kurtotic. However, for this last condition, comparison
between the skewness value and its SD was considered as
reasonable for a normal distribution; that is, the deviation
from normality was not sufficiently large to preclude the
assumption of normality (1.22 comprised between —/+ 2;
see Trochim and Donnelly, 2006). Thus, data were available
from a total of 21 5-6-year-olds, 27 7-8-year-olds, and 24
10—11-year-olds. The analyses included only children’s data
to focus on the developmental trends of AM processing dur-
ing childhood with adult data being shown only for reference
in the figures.

E. Computational modelling of modulation masking

A computational model of AM processing was devel-
oped to test whether AM detection data in children were bet-
ter captured by changes in AM frequency selectivity,
internal noise and/or decision strategy. The general structure
of the model of AM processing is similar to that used by
Wallaert et al. (2018) and is fully described in Appendix A.
Three main levels of processing were represented: peripheral
processing (e.g., cochlear filtering), AM processing (extrac-
tion of AM information via AM filters), and template match-
ing (decision making). Figure 3 represents the stages
implemented at each level. Three parameters were manipu-
lated in the model to fit the empirical data: (1) the quality
factor Q reflecting the AM frequency selectivity at the enve-
lope processing level where AM information is extracted
and represented; (2) the variance of an additive internal noise
affecting processing efficiency; (3) at the decision stage, the
use of either an optimal strategy incorporating information
from off-frequency channels (where cochlear compression is
reduced), or a suboptimal strategy relying entirely on on-
frequency channels, in a template matching procedure.
Ninety thresholds were simulated using the same procedures
implemented with human observers and averaged for each
condition.

F. Stimuli and procedure used in the
speech-perception study

Syllables of the form /aCa/ were recorded by three
native Southern British English speakers: one male (FO
=112Hz) and two females (FO=153 and 160 Hz). Only
fricative consonants, known to be difficult to perceive in
childhood (Ingram et al., 1980; Moeller et al., 2007), were
used, C=/f/, v/, /], I3/, Is/, /z]. Two exemplars of each syl-
lable were selected for each speaker and equalized in inten-
sity. A steady speech-shaped noise masker was designed to
match the long-term spectrum of the female syllables. Two
conditions were designed to assess consonant identification
in noise, one presenting a minimal change in voicing /f/-/v/,
/s/-/z/, [[/-/3/ and the other one a change in place of articula-
tion /t/-/s/, Iv[-Iz], [s/-1]], [2]-/3/.

The syllables were presented in a XAB task, where a
first sound X was always a sample from the male speaker
played in quiet, and the subsequent sounds (A and B) were
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FIG. 3. Schematic representation of the computational model of AM
processing.

sample from each of the two female speakers played in
noise. The inter-stimulus interval was 500-ms. The same
touch-screen and headphones as in the previous task were
used. On each trial, the participant looked at one animated
character on the top of the screen and two other characters
on the bottom, next to each other, representing the three
different speakers. The participants were asked to touch
the character at the bottom who uttered the same sound as
the one on the top. On each trial, participants had unlimited
time to respond and received feedback (the character cho-
sen displayed a “happy” or a “sad” face). The next trial
started automatically ~600 ms following the participant’s
response. The noise level was varied following an adaptive
2-down 1-up procedure. The starting signal-to-noise ratio
(SNR) was 420 dB. The first step size was 5 dB, reduced
to 2 dB after two reversals. The run ended either when a
total of six reversals was reached or after 32 trials. The
stimuli were presented at 65 dB SPL, and the SNR was
adjusted by fixing the masker level and adjusting the target
level. The outcome measure was the averaged SNR level
of the last four reversals corresponding to the consonant
identification thresholds in noise of the participant. The
outlier labelling rule was applied once again, and 4 outliers
were flagged (three in the 10—11 years and one in the 5-6
years). Moreover, one child from the 7-8-year group was
excluded from the following analyses because of experi-
mental error.
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lll. RESULTS
A. Sensitivity to AM in the presence of an AM masker

Figure 4 shows the AMDTs in dB obtained in each age
group for the three carriers at the three modulation rates.
Lower (better) AMDTs are observed with the TONE carrier
and higher (worse) thresholds are observed with the NOISE
HIGH carrier. Overall, each age group showed better thresh-
olds with higher AM rate. The improvement in AMDTs with
AM rate reflects the perceptual integration of AM cycles by
listeners (Viemeister, 1979; Wallaert et al., 2018), as the
number of AM cycles increases when AM rate increases
from 4 to 32 Hz (stimulus duration being constant at 500 ms
in all conditions). A mixed-design analysis of variance
(ANOVA) was run to assess the effect of the within-subject
factors Carrier (TONE vs NOISE-LOW vs NOISE-HIGH)
and Rate (4 vs 8 vs 32Hz) and the between-subject factor
Age Group (5-6 years vs 7-8 years vs 10-11 years) on the
AM detection thresholds. This analysis revealed a main
effect of Carrier [F(2,276)=212.47, p < 0.001, r/ﬁ =0.61],
Rate [F(2,276)=899, p < 0.001, ;7,2, =0.87], and Age
[F(2,69)=10.14, p < 0.001, 17,27:0.23]. Overall, AMDTs
significantly degraded between TONE, NOISE-LOW, and
NOISE-HIGH conditions, and between 32, 8, and 4 Hz.
Moreover, the group of 5-6-year-olds showed significantly
worse thresholds than the 7-8- and 10-11-year-olds (that did
not differ from each other). The analyses of the interactions
revealed a significant interaction between Carrier and Rate
[F(3,276)=37.07, p < 0.001, r]; =0.29], and pairwise com-
parisons with Bonferroni corrections indicated that even
though in all carrier conditions AMDTs significantly
improved with AM rates, they did not differ significantly
between the NOISE-LOW and TONE conditions at the 32 Hz
modulation rate. Finally, the interaction between Carrier and
Age Group was significant but with a small effect size
[F(4,276)=3.6, p=0.01, 11; =0.05], and further pairwise
comparisons with Bonferroni corrections indicated that only
the 5-6-year-old group showed no significant difference
between thresholds in the NOISE-LOW versus TONE con-
ditions. Other effects were not significant [Rate x Age: F(4,
276)=0.64, p=0.63, 17%:0.01; Rate x Age x Carrier:

Carrier: TONE

F(8, 276)=0.90, p=0.52, nﬁ =0.03]. A supplementary
analysis showing that 5-6-year-olds’ thresholds were not
affected by specific attention issues in the TONE condition
is available in Appendix B.

As observed in Fig. 4, thresholds in the NOISE HIGH
condition with 4 Hz AM rates were near O dB for all groups.
We then calculated level of performance for all children in
each condition to check whether in some conditions partici-
pants were at chance when detecting the AM target. The
lowest performance was obtained in the NOISE-HIGH at
4Hz (mean=51% correct), while the performance was
between 64% and 74% correct in the other conditions. As
listeners were at chance in the 4 Hz condition for the NOISE
HIGH, we repeated the analysis described above without the
4Hz conditions. This ANOVA showed the same main
effects of Carrier, Rate, and Age, and a significant interac-
tion between Carrier and Rate (ps < 0.001), but only a trend
for an interaction between Carrier and Age [F(4,138) =2.41,
p=0.052, 1712, =0.07]. The carrier by age interaction seems
mainly driven by floor performance in the 4 Hz rate condi-
tions. Without the 4 Hz condition, the 5-6-year-old group
showed lower thresholds in both the TONE and NOISE-
LOW conditions compared to the other two groups.

In summary, although younger children showed overall
higher (worse) AMDTs, AM rate had the same effect on
AMDTs over age, a pattern of results interpreted as indicat-
ing comparable “temporal resolution” (the ability to resolve
temporal variations and thus, extract AM cues; Viemeister,
1979) and comparable “temporal integration” (the ability to
combine AM cycles to improve AM detection performance;
Viemeister, 1979; Wallaert et al., 2018). Perhaps more inter-
estingly, younger children did not show strong differences
between the TONE and the NOISE-LOW conditions.

B. Modulation-masking effect

To further estimate the modulation-masking effect, dif-
ference scores were computed between NOISE-HIGH and
TONE conditions, and between NOISE-LOW and TONE
conditions. Figure 5 represents the masking effect in each
condition at each modulation rate and for each age group.
A repeated-measures ANOVA was run on the masking
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FIG. 4. AM detection thresholds [20-log;o(m/100); boxplots and individual data] for each age group, carrier condition (TONE, NOISE-LOW, and NOISE-

HIGH) and modulation rate (Hz).
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thresholds to assess the effect of Carrier (NOISE-LOW vs
NOISE-HIGH) and Rate (8 vs 32 Hz, as participants were at
chance at 4Hz in the NOISE-HIGH condition) as within
subject-factors and Age Group (5-6 years vs 7-8 years vs
10-11 years) as a between subject factor. This analysis
revealed a significant effect of Carrier [F(1,69)=266.39, p
< 0.001, ng =0.79], Rate [F(1,69)=59.14, p < 0.001,
n2=046] and Age Group [F(2,69)=3.30, p=0.04,
ng =0.09] as well as a significant interaction between Carrier
and Rate [F(1, 69)=64.82, p < 0.001, ;75 =0.48]. No signifi-
cant interaction between Carrier and Age Group [F(2,69)
=1.18, p=0.31, 11[2, =0.03], nor between Rate and Age Group
[F(2,69) =2.43, p=0.10, nf, =0.07]. Pairwise comparisons
with Bonferroni corrections indicated that for all age groups,
there was significantly more masking in the NOISE-HIGH
condition (all ps < 0.001) and that for both NOISE-LOW and
NOISE-HIGH conditions, less AM masking was observed
with increasing AM rate. Overall, the youngest group showed
relatively /ess masking (for both noise conditions) compared
to the oldest group of children (p=0.045). Increased AM
masking with age result from worse thresholds with tone
carriers at 5 years, as if tone carriers were “noisier,” and espe-
cially in the 8 Hz condition (as observed in Fig. 5).

In summary, these results suggest that 5-6-year-olds
show poorer AM sensitivity (irrespective of carrier) but
lower AM masking than older children. However, they show
the same pattern of AM masking as older children when the
target AM rate increases from 8 to 32 Hz, suggesting that
factors constraining AM masking (i.e., the shape and width
of modulation filters) are mature by the age of 5.

C. Modelling AM processing

A computational model of AM processing using the mod-
ulation filterbank concept and a template-matching decision
strategy was run to explain these effects of age on AM detec-
tion and masking. Figure 6 shows the simulated AMDTs plot-
ted along with the real data for each group and experimental
condition. It is important to keep in mind that this model imple-
mented adult-like modulation frequency selectivity and optimal
listening strategy. The simulated data were obtained by

NOISE LOW-TONE

adjusting the SD of the internal noise of the model, ¢,,,, on the
TONE, 8 Hz condition, for each group. Goodness of fit (the
mean difference in absolute value), averaged across groups and
experimental conditions, was 1.1, 1.1, and 1.5 dB for 4, 8, and
32 Hz, respectively. Overall, the SD of the internal noise yield-
ing the best fits to the AMDTSs was equal to 2 x 10~ a.u. (arbi-
trary units) for adults, 5 x 107 au. for 10—11-year-olds,
1x 107 au. for 7-8-year-olds, and 2 x 10~ a.u. for 5-6-
year-olds. It is noteworthy that the magnitude of the internal
noise was a factor of 10 larger for the youngest children (5-6
years) compared to the oldest children (10-11 years) and
adults. Moreover, the model correctly predicted that the overall
amount of modulation masking is lower for the youngest chil-
dren. For instance, between 5-6 years and 10-11 years, the
amount of masking at 8 Hz increased from 1 to 6 dB for the
NOISE-LOW carrier, and from 7 to 11 dB for the NOISE-
HIGH carrier.

Another series of models was run to determine whether
the worse AMDTs in the 5-6-year-olds could also be
explained by poorer modulation-frequency selectivity or a
sub-optimal listening strategy, whereby children apply more
weight to the on-frequency channel. This suboptimal strategy
could be adopted due to the perceptual salience of cues in this
frequency region. Figure 7 shows three series of simulations
for the data of 5-6-year-olds. Model A used five cochlear fre-
quency channels (which is the optimal listening strategy),
each with modulation filters with a Q value (Quality factor) of
1 (simulating adult-like modulation-frequency selectivity).
Model B used five channels but with modulation filters of
0 =0.5 (poorer modulation-frequency selectivity). Model C
used 1 channel (sub-optimal strategy) with modulation filters
with Q=1. The SD of the internal noise was adjusted for
each model and each group to fit model predictions to real
data in the TONE, 8 Hz condition. With the NOISE-LOW and
NOISE-HIGH carriers, the model best predicting the data of
the 5-6-year-olds was model A, simulating adult-like modula-
tion frequency selectivity and optimal listening strategy, but
with an internal noise 10 times higher than the 10-11-year-
olds’ data (goodness of fit=1.3 dB). The model making the
worst predictions was model B (goodness of fit=2.3 dB).

NOISE HIGH-TONE
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FIG. 5. Average differences in AMDTs (i.e., AM masking) between NOISE-LOW and TONE conditions (left panel) and between NOISE-HIGH and TONE
conditions (right panel) at each modulation rate (Hz). Error bars show one standard deviation around the mean AM masking effect.
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the top to the youngest child group (56 years) at the bottom. In this model, the Q factor for modulation filters is set to 1 (adult-like modulation frequency
selectivity). The decision device (the cross-correlator or “template-matching” process) uses temporal-envelope information at the output of off-frequency
channels (the two simulated cochlear filters tuned below or above the carrier), which is an optimal listening strategy.

Thus, the data of younger children are better modelled assum-
ing adult-like modulation-frequency selectivity (Q = 1), opti-
mal listening strategy (i.e., off-frequency listening) and higher
internal noise than assuming poorer modulation-frequency
selectivity or a sub-optimal listening strategy (on-frequency
listening). However, it is possible that a combination of two
factors determining efficiency (increased internal noise with
sub-optimal listening) explains the worse AMDTs in younger
children. Consistent with this idea, the goodness of fit for
model C was 1.3 dB as for model A. However, predictions of
model C were slightly worse than those of model A at 32 Hz
in the NOISE-HIGH condition as observed in Fig. 7.

D. Speech-in-noise data

Finally, we also measured fricative consonant identifica-
tion thresholds in noise for the same children in order to bet-
ter understand the development of speech perception in
noise and its relationship with temporal processing.

1. Effect of age on consonant identification thresholds
in noise

First, as shown in Fig. 8, consonant perception in noise
appears to be adult-like around 7 years of age (Nishi ez al.,
2010). A repeated-measures ANOVA was run on the thresholds
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in noise to assess the effect of Speech Contrast (Place vs
Voicing) as within subject factor, and Age Group (56 years vs
7-8 years vs 10—11 years) and Bilingualism (Monolinguals vs
Bilinguals) as between subject factors. This analysis showed a
significant main effect of Contrast [F(1,61)=65.91, p < 0.001,
17]27 =0.52], indicating worse (higher) thresholds for voicing con-
trasts than for place of articulation with fricative consonants. A
main effect of Age Group was also observed [F(2, 61) =9.36, p
< 0.001, 11]2, =0.13]. Post hoc analyses showed that the worst
(highest) thresholds were obtained by the 5-6-year-olds. Their
thresholds were significantly different from the two other groups
(ps < 0.001), but the two older groups did not differ from each
other (p =0.71). No main effect of Bilingualism was observed
[F(1,61)=0.32,p=0.57, 171% < 0.01], but there was a significant
interaction Bilingualism x Contrast [F(1,61)=5.03, p=0.03,
17[2, =0.08] with a small effect size. Surprisingly, bilinguals
tended to show lower (better) thresholds for voicing contrasts
(2.5 dB more) compared to monolinguals, but not for place
(1.2 dB less). However, when using Bonferroni corrections,
these differences were not significant (p > 0.12). No interac-
tion was observed between Age and Contrast [F(2,61)=0.21,
p =0.81, 1712, < 0.01], Age and Bilingualism [F(2,61)=0.52,
p=0.60, 11; =0.02], or Age, Contrast, and Bilingualism
[F(2,61)=0.12,p=0.89, 17, < 0.01].
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FIG. 7. Simulated thresholds for three models of AM processing are represented with the empirical data (filled circles with continuous lines) for the 5-6-year-
olds in each carrier condition (TONE in the left, NOISE-LOW in the middle panel, and NOISE-HIGH in the right panel), plotted as a function of modulation
rate. Open diamonds with dashed lines represent simulations of model A, with five channels (i.e., five cochlear filter outputs) and a Q value (i.e., AM-filter
selectivity) of 1. Open squares with dotted lines represent simulations of model B, with five channels and a Q value of 5. Finally, open circles with dashed and
dotted lines represent simulations of model C, with one channel and a Q value of 1. Models A and B allowed the decision device (the cross-correlator or
“template-matching” process) to use temporal-envelope information at the output of all five channels, whereas model C restricted the operation of the decision
device to the on-frequency channel where cochlear compression is maximal. Models A and B differed in terms of the degree of modulation-frequency selectiv-

ity; model B implements broader modulation filters.

2. Data reduction and regression analyses

The present study assessed two characteristics of tempo-
ral auditory processing: AM sensitivity and AM masking. To
determine whether these temporal processing measures and
vocabulary measures were predictive of children’s consonant
identification in noise, backward regression analyses were
conducted.

Before performing these regression analyses the num-
ber of predictors related to temporal processing was
reduced. To explore the variability in AM masking data, a
principal component analysis (PCA) with varimax rotation
and Kaiser normalization was used. The thresholds for AM
masking (i.e., the difference between TONE and NOISE-
LOW at 32 and 8 Hz, and the difference between TONE
and NOISE-HIGH at 32 and 8 Hz) were normalized by age
(z scores) and entered in the PCA. This analysis resulted in
the extraction of two principal components (PC) as shown
in Table I. Together, they explained 78% of the variance in
the AM masking data, with PC1 accounting for 45% and
PC2 for 33%. The first PC was interpreted as an overall
measure of AM masking for AM rate of 32 Hz, while the
second PC reflected a measure of AM masking for AM rate
of 8 Hz.

As the main analyses of AMDTs (see Sec. IIIA)
revealed an interaction between AM rate and Carrier (no dif-
ference between NOISE LOW and TONE carrier at 32 Hz
indicating less masking effect at 32 Hz), and a floor effect at
4 Hz in the NOISE-HIGH condition, we chose to select only
PC2 related to 8 Hz modulation rate for the AM masking
data for the following regression analyses. For the predictor
reflecting more basic AM sensitivity, we computed the
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average AMDTs obtained at 8 Hz with the three carriers, but
age-normalized to make them independent of age.

Thus, in the following backward regression analyses,
one measure reflecting AM masking at 8 Hz, one measure
reflecting AM sensitivity at 8 Hz, and the vocabulary scores
of the children were entered as potential predictors (main
effects only) of consonant identification thresholds in noise.
As the phonetic contrast was a significant factor in the
previous analyses (thresholds for identification of place
being better than those for voicing), regression models were
performed for voicing and for place separately (using age-
normalized z scores as the outcome variables).

For the voicing contrasts, identification thresholds in noise
were not predicted by any of the predictors (see Table II). For
place of articulation, which was easier to identify compared to
voicing in this task, identification thresholds in noise were best
predicted by a model including the average age-normalized
AMDTs at 8 Hz thought to reflect AM sensitivity [R*=9.0%,
adj R* =7.6%, F(1, 66) = 5.77, p = 0.01, see Table II].

IV. DISCUSSION

The main goal of the present study was to systemati-
cally assess the development of temporal auditory process-
ing to better understand the development of auditory
mechanisms involved in speech identification in noise.
More precisely, this study measured AM detection abilities
between 5 and 11 years of age by exploring the develop-
ment of selective processing of AM features as well as the
development of efficiency in using the available AM
information.

Cabrera et al.
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The coding of AM is constrained by sensory factors
such as the temporal resolution of the auditory system (the
ability to detect fast AM changes) and the selectivity of AM
filters (tuning of modulation filters to specific AM rates). We
measured sensitivity to AM cues using three target AM rates
(4, 8, and 32 Hz). As expected based on previous data (Hall
and Grose, 1994), 5-6-year-olds showed worse AMDTs in
all conditions than older children and adults, but all age
groups showed a similar effect of AM rate on AM detection.
For the AM rates under study here (AM rates <32 Hz), this
result may reflect mature temporal resolution and mature
temporal integration of AM cues by 5 years of age, as all the
listeners show better coding of AM cues with higher modu-
lation rates.

The characteristics of AM filters involved in the proc-
essing of temporal-envelope information in sounds were fur-
ther measured by looking at the dependence of AM masking
on the shape of the modulation spectrum of the AM masker.
Results indicated that young children (56 years) showed a
relatively smaller amount of AM masking than older chil-
dren (although that claim may only be fully supported by the
results at 8 Hz). However, those young children clearly
showed the same pattern of AM masking as older children.
Children’s ability to detect AM in the presence of the (low-
pass) modulation masker changed similarly as a function of
AM rate irrespective of age; in addition, their ability to
detect AM decreased irrespective of age when the strength
of the modulation masker increased (from NOISE-LOW to
NOISE HIGH). This indicates that the selective processing
of AM information is mature by 5 years of age. Our results

TABLE I. PCA for AM masking data (i.e., difference between the thresh-
olds in the NOISE conditions and the TONE condition). Factor loadings
>0.4 are highlighted in bold font.

are consistent with previous studies regarding the develop-
ment of temporal resolution (e.g., Hall and Grose, 1994;
Levi and Werner, 1996; Stuart, 2005) and also revealed
mature AM selectivity by 5 years of age. Thus, the overall
worse AMDTs and smaller amount of AM masking in youn-
ger children may not only be related to the development of
sensory mechanisms involved in the extraction of AM infor-
mation. It has been proposed that temporal processing is not
only constrained by sensory coding of AM cues, but also by
the ability to make efficient use of the extracted AM cues.
Higher efficiency in processing AM cues may then result in
better AMDTs.

In order to differentiate effects of sensory processing
and processing efficiency on AM detection capacity in child-
hood, we used a computational model of AM processing to
predict AMDTs. The model confirmed that the worse thresh-
olds of 5—6-year-olds cannot be explained by changes in AM
sensitivity (i.e., sensory processing), but are more likely to
result from higher levels of internal noise (related to process-
ing efficiency) in this youngest group. Furthermore, the
model correctly predicted the more modest AM masking at
this age when higher levels of internal noise were computed
for this group.

We also assessed the role of decision and listening strat-
egies in the children’s data. Modelling indicates that reduced
sensitivity to AM might also result from sub-optimal deci-
sion strategies (i.e., inappropriate weighting of AM informa-
tion across cochlear frequency channels). Nevertheless,
comparisons across models suggest that reducing internal

TABLE II. Summary of the backward regression models. f refers to the
standardized regression coefficient. Bold indicates significant at o < 0.05.
The variance inflation factor (VIF) values for all predictors are <3.5.

Outcome variable Predictors p t P Status

Principal Principal Voicing Vocabulary —-0.02  —0.19 0.85 excluded

Component 1 Component 2 AM sensitivity  —0.14 1.13 026 excluded

Masking NOISE HIGH 32 Hz 0.90 _0.01 AM masking —-0.03 —0.22 0.83 excluded
Masking NOISE LOW 32 Hz 0.89 0.11 Place Vocabulary —0.12  —096 0.34 excluded
Masking NOISE HIGH 8 Hz —0.12 0.87 AM sensitivity 0.44 254 0.01 included
Masking NOISE LOW 8 Hz 0.24 0.83 AM masking —0.10 —-0.78 0.44  excluded
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noise by a factor 10 between 5 and 11 years may better
account for the developmental trends in AM sensitivity and
amount of AM masking than changes in the decision rule or
listening strategy. This result is consistent with previous
modelling studies on backward masking, suggesting that
younger children show greater internal noise than older chil-
dren and adults, resulting in poorer detection thresholds (Hill
et al.,2004).

Higher levels of internal noise in younger children may
result in higher within-individual variability in listeners’
responses. This higher variability may be related to the sto-
chastic nature of neural responses, which may reduce with
neural maturation. This reduction with age might arise
because of progressive increase in neural inhibition and
decrease in spontaneous neural activity in auditory brain
structures over development (Babola et al., 2018; Cai et al.,
2017; Wang and Bergles, 2015). Decrease of internal noise
levels with age could also relate to progressive decrease in
random fluctuations of selective auditory attention capaci-
ties (Jones et al., 2015). This last notion is also consistent
with the present data, where three children were excluded
from the youngest group due to inability to complete the
task (performing at floor for more than the half of the
conditions).

In our study, we also evaluated children’s ability to
identify speech in noise by using a consonant identification
task in a stationary speech-shaped noise masker. Consistent
with previous data on children’s consonant identification
using a stationary white noise masker (Nishi et al., 2010),
our results showed that fricative identification thresholds in
steady speech-shaped noise are mature by 7 years of age.
The population tested in the present study included partici-
pants who were exposed to numerous languages. We
expected bilingual listeners to show worse identification
thresholds for English consonants in noise compared to
monolinguals (Lecumberri et al., 2010). However, no main
effect of language background was observed in the present
speech in noise task, even though bilinguals showed slightly
better thresholds for voicing contrasts compared to monolin-
guals. This interaction between language and speech con-
trasts is congruent with the fact that different cues indicate
voicing between languages, and less so for place of articula-
tion (Lisker and Abramson, 1964). Furthermore, this weak
effect is consistent with previous studies showing that after
entering school (at age 5 in the UK), sequential bilinguals
show similar performance as English monolingual children
when detecting English voicing contrasts (McCarthy et al.,
2014). Future studies using more complex speech sounds,
such as words and sentences, may help to explore the effects
of bilingualism on speech in noise perception.

In the aim to better understand the development of con-
sonant identification in noise, regression models were used
to explore the relationship between temporal auditory proc-
essing, vocabulary level and consonant identification in
noise in children. For the place of articulation contrasts,
which were easier to identify in noise than voicing, differ-
ences in children’s thresholds were predicted by a measure
of AM sensitivity at 8 Hz. Data from our AM tasks suggest
that capacity to extract AM cues via AM filters is mature
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by 5 years, but that the level of internal noise of the AM-
processing pathway reduces markedly with age. According
to our model of AM processing, AM sensitivity at 8 Hz is
determined by three factors: the signal-to-noise ratio in the
AM domain (as controlled by stimulus fluctuation and the
frequency selectivity of AM filters); the variance of internal
noise in the AM domain; and the optimality of the decision
strategy. Thus, it seems that poor speech in noise perfor-
mance for some phonetic contrasts relates to some extent to
factors responsible for the efficient processing of slow AM
cues (the variance of internal noise and the decision strat-
egy). It is possible that higher efficiency in using relatively
slow modulations (<8Hz), corresponding to the most
salient modulation components of speech (Varnet et al.,
2017), relates to some extent to the improvement in speech
intelligibility between 5 and 7 years of age.

The present psychophysical tasks do not allow us to
evaluate specifically and individually the level of internal
noise for each child, to assess directly whether children who
have higher levels of internal noise for AM coding also
show poorer speech intelligibility. Future studies implement-
ing new psychophysical tasks estimating an individual listen-
er’s processing efficiency for AM cues (internal noise and
decision strategies) and using more complex speech sounds
(i.e., words) will help to better understand the relationship
between temporal processing and the development of speech
in noise abilities.

V. CONCLUSIONS

Speech is associated with slow and salient amplitude
modulation (AM) cues. The present study indicated that for
AM rates below 32 Hz, 5-6-year-olds show overall poorer
thresholds for detecting AM and relatively less AM masking
compared to older children (resulting from worse thresholds
with tone carriers at 5 years as if tone carriers were
“noisier”’). However, characteristics of AM sensitivity (the
changes in the ability to detect AM as a function of AM rate)
and AM masking (the changes in the ability to detect a
masked target AM as a function of the separation between
target and masker rates) are comparable between 5-6 and
10-11 years of age for rates of 4-32Hz. Computational
modelling indicated that changes in processing efficiency
(e.g., a reduction in internal noise in the AM domain) better
explain the improvement of AM sensitivity and the increase
in AM masking with age than changes in sensory coding of
AM information. The present study also suggests a relation-
ship between noise-masked consonant identification and AM
sensitivity. Specifically, the ability to discriminate place of
articulation contrasts for English fricatives was correlated
with sensitivity to 8-Hz AM, but not with AM masking. This
suggests that the development of speech intelligibility in
childhood may be related in part to the efficiency with which
children make use of the relatively slow temporal informa-
tion of speech.
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APPENDIX A: DESCRIPTION OF THE MODEL
SIMULATING THE AM DETECTION DATA

The first stage was a set of five linear gammatone filters
(Patterson et al., 1995) that simulated the bandpass filtering
of the basilar membrane in the cochlea. One gammatone fil-
ter (called the on-frequency filter) was centered at 1024 Hz.
The remaining four filters (the off-frequency filters) were
centered one and two Cams (units of the ERBN-number
scale; Glasberg and Moore, 1990) above and below the car-
rier frequency (780.75, 895.82, 1166.79, and 1325.86 Hz). In
the second stage, the outputs of the five gammatone filters
were half-wave rectified. The rectified output of the on-
frequency filter was processed by a broken-stick input-output
function, which applied compression for levels above 40 dB
SPL (see Moore, 2012). Above 40 dB SPL, the compression
was implemented by raising the amplitude to the power 0.3.
The rectified signals at the outputs of the four off-frequency
filters were not compressed. This crudely simulates the phys-
iological finding that compression in the cochlea occurs
mainly for input frequencies close to the characteristic fre-
quency of the place whose response is being measured
(Robles and Ruggero, 2001).

The signals derived from the outputs of the five auditory
filters were highpass filtered (cutoff =2.5Hz; rolloff =20
dB/decade) to simulate the effects of adaptation in the AM
domain (Tchorz and Kollmeier, 1999). The resulting signals
were passed through a set of 10 bandpass (modulation) fil-
ters, one set for each band, to simulate frequency-selective
processing in the AM domain (Dau et al., 1997a,b). The
quality factor (Q) quantifies the degree of selectivity of the
modulation filter, and (@ increasing with frequency
selectivity because Q =center frequency/bandwidth. The
modulation filters had a Q value of 1 and a rolloff of
+20dB/decade (Ewert and Dau, 2000; Ewert et al., 2002;
Lorenzi et al., 2001; Sek and Moore, 2002). The center fre-
quencies of the modulation bandpass filters ranged between
2 and 120 Hz (Moore et al., 2009) and were spaced logarith-
mically. For each modulation filter centered below 10Hz,
the waveform at the output of the filter was passed on for
further processing, while for each filter centered at and
above 10Hz only the Hilbert envelope of the output was
passed on. This was done to simulate the loss of sensitivity
to envelope phase for rates above 10Hz (Dau et al.,
1997a,b). Each envelope of the envelope (the so-called
“venelope”; Ewert et al., 2002) was scaled so that the root-
mean-square value at the output of modulation filters was
the same before and after the Hilbert transformation.
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The outputs of the modulation filters (the envelope for
fm < 10 Hz; the venelope for fm > 10 Hz) were down-sampled
by a factor 10 and then “degraded” by a source of internal
noise, which were introduced to limit the performance of the
model (Dau et al., 1997a,b). This noise, named &,,,, was addi-
tive. It was modeled as a Gaussian noise with zero mean and
with magnitude specified by its SD. Independent noise sam-
ples were added on a sample-by-sample basis to each modula-
tion filter output. For each group of listeners, the SD of ¢,
was initially adjusted to fit AMDTs measured with an 8-Hz
AM rate and a tonal carrier. Goodness of fit was estimated by
computing the difference between the observed and simulated
AMDTs. Goodness of fit was typically below 2 dB in the sim-
ulations presented, except for simulations using modulation
filters with a Q value of 0.5 (cf. Fig. 7).

The decision stage was realized as a simplified version
of the optimal detector described by Dau et al. (1997a,b).
The output of the model was computed for the two stimuli in
each trial. A template was generated at the beginning of each
simulated threshold measurement (that is, for the first trial of
each adaptive staircase) as the difference between the model
output in response to the target and standard stimuli. This
was done with the internal noise source set to zero. Note that
this largely cancelled out the effects of the added AM on the
internal representation, and therefore it represented an ideal-
ized version of what listeners do. For each subsequent trial,
the template was cross-correlated with the model output for
each interval in that trial. The lags used by the cross-
correlation device were restricted to =1 modulation cycle.
The normalized cross-correlation was computed separately
for each band and each modulation filter. The correlation
functions were then summed across all bands to estimate the
lag corresponding to the best match. The interval leading to
the largest cross-correlation was taken as the target interval
identified by the model for that trial. Stimuli were generated
as for the behavioral experiment including the roving of
overall level.

APPENDIX B: SUPPLEMENTARY ANALYSES OF
CHILDREN’S THRESHOLDS

The group of 5-6-year-olds showed a specific pattern of
results compared to other age groups. This pattern of results
could be related to specific attention issues in the TONE con-
dition. Variable attention would lead to wider swings in the
adaptive track and hence increased SDs for threshold esti-
mates. To evaluate whether 5—6-year-olds’ thresholds were
differentially affected by attention compared to the other age
groups, the SD for the last four reversals were analysed using
a 3x3x3 repeated-measures ANOVA (Age Group
x Carrier x Rate). This analysis showed that in each age
group, values of SD were affected by the Carrier
[F(2,276)=33.52, p < 0.001, nﬁ =0.195], and that the
NOISE-HIGH carrier led to higher SDs than the two other
carriers, which did not differ between each other. The SDs
were also significantly affected by the Rate [F(2,
276)=230.31, p < 0.001, n§:0.625], with higher rates
associated with lower SDs. The SDs were also affected by
Age [F(2, 69)=9.6, p <0.001, ;1; =0.218], with 5-6-year-
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olds showing overall higher SDs than the 7-8- and 10-11-
year-olds, which did not differ between each other. This
analysis also revealed a significant interaction between Rate
and Carrier [F(4, 276)=15.67, p < 0.001, nﬁ =0.185], but
no interaction involving the factor Age Group. Thus, it
seems that the thresholds of the 5—6-year-olds were gener-
ally somewhat less reliable than for the older children.
Nevertheless, their SDs were not affected differently by Rate
or Carrier, thus the small difference in thresholds between
TONE and NOISE-LOW carriers at 5-6 years cannot be
explained by specific attentional issues in the TONE condi-
tions at this age.
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