Developmental Changes in Speech Frequency Weighting
in Children
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Objectives: Estimates of speech intelligibility depend on the audibility of
spectral bands in speech and the importance weight of each spectral band
for speech recognition. In children, the transfer function that links estimates
of speech intelligibility to recognition accuracy changes with age, indicating
the need to incorporate developmental changes into clinical use of speech
intelligibility metrics for children. Previous research has shown develop-
mental shifts in how children use spectral cues to support speech recogni-
tion, but individual differences in band importance that form the basis for
models of speech recognition have not been directly validated in children.
The goal of the present study was to determine if children differ in band
importance weights with age and, if such differences exist, determine how
they relate to developmental changes in vocabulary and cognitive ability.

Design: Children (ages 6 to 13 years) with normal hearing (N = 42) com-
pleted a filtered word recognition task and a battery of vocabulary and
cognitive assessments. Monosyllabic words and nonword auditory stim-
uli were filtered into six frequency bands that were centered on octave fre-
quencies between 250 and 8000 Hz, each one octave wide. Each stimulus
contained a pseudorandom combination of three out of six frequency
bands, which children listened to and verbally repeated. Recognition
accuracy was regressed against the presence or absence of each band
across trials in a generalized linear mixed effects model to measure the
contribution of each frequency band to speech recognition on an indi-
vidual basis. Children also completed the Peabody Picture Vocabulary
Test, the Wechsler Abbreviated Scale of Intelligence vocabulary task, the
Psychology Experiment Building Language flanker and switcher tasks,
and the Wechsler Abbreviated Scale of Intelligence matrix reasoning task.

Results: Changes in frequency importance weights with age were
observed for bands centered on 2000 and 4000 Hz, with increasing
weights for these bands in older participants. Frequency bands centered
on 500, 1000, and 2000 Hz had higher weights for words than for non-
words. Interactions between age and stimulus type were not evident.
None of the vocabulary and cognitive tasks predicted frequency impor-
tance weights after controlling for age. Flanker task performance was a
significant predictor of recognition accuracy.

Conclusions: Frequency band importance weights undergo develop-
mental changes in children. Models used to predict speech recognition
in children may need to be updated to account for these developmental
changes; otherwise, speech intelligibility estimates will likely overesti-
mate speech recognition accuracy. Additional work is needed to deter-
mine whether the developmental trajectory of frequency importance
weights is affected by hearing loss in children who are hard of hearing.
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INTRODUCTION

The ability to understand speech in degraded condi-
tions undergoes substantial developmental changes in chil-
dren through adolescence. Children require higher levels of
audibility to reach speech recognition accuracy comparable
to that of adults (Stelmachowicz et al. 2000; Scollie 2008;
McCreery & Stelmachowicz 2011). These developmental dif-
ferences also manifest in how children weight different fre-
quency bands during recognition tasks involving acoustically
degraded speech (Nittrouer & Miller 1997; Eisenberg et al.
2000; Mlot et al. 2010; McCreery & Stelmachowicz 2011).
Developmental differences in frequency weighting can be
used to make predictions about speech recognition in noise
(McCreery et al. 2017), hearing aid candidacy (McCreery
et al. 2020), and hearing aid prescription for children with
hearing loss (Scollie 2008). Current audibility-based models
of speech perception used with children do not reflect age-
based variability in frequency band importance weighting.
In addition, the specific cognitive and linguistic mechanisms
underlying frequency-specific changes in degraded speech
recognition in children remain unclear. The goal of the pres-
ent study was to determine if individual differences in the
frequency band importance change with age, and if those age-
related changes are related to individual differences in cogni-
tive and linguistic abilities.

Much of the previous literature examining the development
of degraded speech recognition has focused on age-related dif-
ferences in recognition for the same level of audibility (Scollie
2008) or the same SNR (Leibold & Buss 2013; Corbin et al.
2016; Goldsworthy & Markle 2019). A more fundamental
question is whether there are frequency-specific differences
that underlie the maturation of speech recognition in children.
During early childhood, infants attend to auditory signals across
a broad frequency range in a nonselective manner that increases
their susceptibility to masking compared with adults (Leibold
& Werner 2006). As children develop and their experience with
language increases, they learn to selectively attend to frequency
regions that are informative for understanding speech. Nittrouer
described the Developmental Weighting Shift (Nittrouer &
Studdert-Kennedy 1987; Nittrouer 1996), where the acoustic
cues that listeners use for speech recognition change throughout
childhood based on increasing experience and proficiency with
language. In these studies, the acoustic characteristics of specific
speech cues are manipulated to examine how listeners of differ-
ent ages use these cues to support speech recognition. Similarly,
5-year-old children show greater susceptibility to a masker sig-
nal during speech recognition that is spectrally remote from the
target speech than 7-year-old children (Youngdahl et al. 2018),
showing that the ability to selectively attend to frequency
regions that are important for speech understanding continues
to develop through school-age. Experiments such as these have
been informative for understanding developmental changes in
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masked speech perception. However, these experiments have
focused on manipulating specific acoustic cues to phonemic
identity that were not constrained to a specific frequency range
or masking signals that do not overlap with the target talker.
Thus, observed differences in cue weighting between children
and adults for specific speech sounds may not directly translate
into more general audibility-based models for predicting speech
recognition, such as the Speech Intelligibility Index (SII; ANSI
S3.5 1997a). Rather than using specific speech contrasts, the
SII predicts speech recognition based on the level of audibility
and band importance for different frequency bands within the
speech signal.

Early speech perception research showed that the distribution
of acoustic cues needed for speech recognition is not uniform
across the range of the speech spectrum (French & Steinberg
1947). Frequency band importance is most often estimated by
measuring the change in speech recognition accuracy when a
specific band has been removed from the stimulus using filtering
(Studebaker & Sherbecoe 1991; McCreery & Stelmachowicz
2011; Healy et al. 2013) or by correlating speech recogni-
tion accuracy in noise with the signal to noise ratio (SNR) in
each frequency band across a large number of trials where the
SNR by band is varied (Calandruccio & Doherty 2007; Buss
& Bosen 2021). Although differences in band importance have
been observed across studies, frequencies around 2000 Hz typi-
cally have the highest importance for monosyllabic words or
sentence stimuli. Band importance decreases for bands above or
below 2000 Hz. Using the SII, band importance weights are used
with measures of speech audibility to predict speech recogni-
tion. Speech audibility is calculated by measuring the intensity
level of speech within each frequency band relative to the lis-
tener’s threshold or hearing level to estimate band-specific audi-
bility. Audibility in each frequency band is multiplied by each
band’s importance and then summed across bands to produce
a metric of intelligibility (ANSI S3.5 1997a). Intelligibility is
then transformed to a prediction of speech recognition accuracy
via a nonlinear transfer function. Frequency importance weights
and transfer functions must be experimentally measured, and
predicting speech recognition depends on band importance and
transfer functions that can be generalized across individuals.
Such generalization can be problematic because frequency band
importance and transfer functions vary across stimuli (Pavlovic
1994; Apoux & Healy 2012; Healy et al. 2013), listening con-
dition (Buss & Bosen 2021; Shen & Langley 2023; Bosen et
al. 2024), and between children and adults (Stelmachowicz et
al. 2000; Scollie 2008; McCreery & Stelmachowicz 2011).
These differences may be particularly important because the SII
plays a fundamental role in audibility-based hearing aid candi-
dacy (McCreery et al. 2020), pediatric hearing aid prescription
(Scollie et al. 2005), and as a method of quantifying auditory
experience (Tomblin et al. 2015; Wiseman et al. 2023) in chil-
dren with hearing loss who use hearing aids. Current applica-
tions of the SII do not incorporate age-related differences in the
frequency-band importance functions that form the basis of the
mathematical calculations of audibility.

Quantifying developmental changes in frequency band
importance could improve predictions of degraded speech rec-
ognition for children, but methodological limitations related to
measuring band importance with children have introduced con-
founds that could obscure developmental differences in weights.
For example, McCreery and Stelmachowicz (2011) measured

band importance functions for a group of young adults and a
group of 5 to 12-year-old children using nonword consonant-
vowel-consonant stimuli. Nonword recognition was measured
at four SNRs and seven filter conditions with all octave bands
present or progressive amounts of high- and low-pass filtering to
remove specific octave bands. Due to the large number of con-
ditions, each child completed two SNRs for each of the seven
filter conditions. The data were then combined with those of an
age-matched child who completed the other two SNRs at the
same filter conditions. Overall, nonword recognition increased
as age increased, as predicted, but individual differences in band
importance weighting were not observed between children and
adults. However, children with higher expressive language abil-
ities had better nonword recognition after controlling for age.
It is possible that the methodological decision to combine data
across children could have obscured individual differences in
band importance weights across age groups.

Despite some preliminary evidence that band importance
weights do not systematically vary by age, some evidence
from the developmental speech perception literature supports
the notion that frequency importance weights could shift with
development. As noted earlier, the developmental changes in
speech cue weighting (Nittrouer & Studdert-Kennedy 1987,
Nittrouer 1996) suggest that children may change the cues that
they use to recognize speech as they age. Thus, band impor-
tance weights should change with age as the acoustic cues that
children use to identify phonemes change through adolescence
(Nittrouer & Miller 1997). Specifically, the sharpness of cat-
egorical perception boundaries between phonemes (Nittrouer &
Studdert-Kennedy 1987; Nittrouer 1992, 2002; McMurray et al.
2018) and the flexibility with which acoustic cues are integrated
(Hazan & Barrett 2000) increase with age. These changes in
phonetic cue use are driven by language experience and knowl-
edge, specifically related to increasing phonological awareness
and vocabulary (Mayo et al. 2003; Walley et al. 2003). Changes
in acoustic cue weighting that reflect these changes in sensitiv-
ity to phonological and lexical cues in the stimuli should mani-
fest in a change in band importance during childhood, where
band importance shifts to become more adult-like as children
get older. Such changes in frequency band importance should
reflect the changes in acoustic cues weighting with age.

Recent methodological advancements make it possible to
estimate individual differences in band importance weights in
adults with normal hearing and with hearing loss in fewer stim-
ulus trials and much less time than in previous studies (Bosen
& Chatterjee 2016; Shen & Kern 2018; Yoho & Bosen 2019;
Shen et al. 2020). However, these novel experimental methods
for measuring band importance have not been tested with chil-
dren. With this method, speech stimuli are divided into discrete
frequency bands, and a random combination of bands is filtered
out of each stimulus. Band combinations are selected to balance
the frequency with which bands are presented and co-occur
with one another. This approach accounts for synergistic inter-
actions across frequency bands (Warren et al. 2005; Gustafson
& Pittman 2011; Humes & Kidd 2016) in a manner that the
conventional subtractive approach of progressive high- and
low-pass filtering speech stimuli does not. Stimulus recognition
accuracy is regressed against the presence or absence of each
frequency band in each stimulus, which provides an estimate
of the fixed effect of each frequency band on recognition accu-
racy averaged across its synergy with all other bands. The fixed
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effect of each frequency band is interpreted as the importance of
that band for speech recognition. We predicted that this method
would enable us to reliably estimate individual differences in
frequency importance weights across children and across age.

Developmental changes in band importance weights likely
reflect the maturation of linguistic and cognitive skills during
childhood. As described previously, the ability to extract speech
information from degraded stimuli improves with age in chil-
dren with normal hearing. In the present study, we focused on
measures of vocabulary, attentional control, and fluid intelli-
gence as predictors of age-related changes in frequency band
importance weights, accounting for the general effects of chron-
ological age. Vocabulary was measured because vocabulary
growth facilitates the development of phonological awareness
(Walley et al. 2003), which in turn drives the development of
awareness and flexible use of phonetic cues in acoustic signals
(Hazan & Barrett 2000; Mayo et al. 2003). Because frequency
importance weights have been shown to differ across words and
nonwords in adult listeners (Pavlovic 1994; ANSI 1997b), it is
possible that individual differences in lexical and phonological
knowledge play a role in band importance weights in children.
We anticipate that developmental changes in lexical knowl-
edge (Storkel 2002) and phonological awareness (Nittrouer
et al. 2014) will lead to higher accuracy for degraded words
than nonwords. Language abilities also may differentially affect
importance weights for words and nonwords, such that children
with larger vocabularies are predicted to have more adult-like
band importance functions than children with smaller vocabu-
laries. Children also demonstrate protracted development of
the ability to selectively attend to informative auditory cues in
adverse listening conditions (Tarr & Nittrouer 2013; Buss et al.
2018). We measured attentional control (Eriksen & Ericksen
1974) to determine whether individual differences in attentional
control govern a child’s ability to flexibly attend to speech cues
in available frequency bands. We predicted that children with
more mature attentional control would have band importance
functions that were more adult-like, reflecting greater ability to
allocate attention selectively to informative frequency regions
during a degraded speech recognition task. Nonverbal cognitive
ability also affects performance on a variety of auditory tasks
(Kovacs & Conway 2016). We predicted that changes in fre-
quency band importance weight with age would be associated
with improvements in vocabulary, selective attention, and non-
verbal cognitive ability after controlling for age.

MATERIALS AND METHODS

Children ranging in age from 6 to 13 years completed fil-
tered word and nonword recognition to measure changes in
band importance weighting across stimuli and with age. They
also completed a set of cognitive tasks selected to measure
attentional control, fluid intelligence, and vocabulary to deter-
mine if these factors affected frequency importance. Data and
analysis scripts are available as supplemental material through
the Open Science Framework at https://osf.io/2fzh5/.

Participants

Forty-two typically developing children (24 male, 18 female)
with normal hearing between the ages of 6 and 13 years par-
ticipated in this study. Participant age was roughly uniformly
distributed, with between 4 and 7 participants in each 1-year

interval within this age range. Written or verbal assent and
parental consent to participate were obtained for each child, and
they were compensated monetarily for participation. The par-
ticipant's hearing was screened using otoscopy, tympanometry,
and audiometry. Audiometric thresholds were measured using a
GSI-61 audiometer and ER-3A insert headphones in a sound-
attenuated booth in both ears at frequencies of 250, 500, 1000,
2000, 4000, and 8000 Hz.

Frequency Importance Weighting

To estimate frequency importance weights, children lis-
tened to and repeated monosyllabic words and nonwords first
described by McCreery and Stelmachowicz (2011) that were
filtered to remove portions of the spectrum in each word.
Consonant—vowel-consonant (CVC) nonword stimuli were
created by taking all possible combinations of CVC using the
consonants/b/,/tf/,/d/,//,/g/,/h/,/d&/,/K/ /m/,/nl/pl,/s] /1,001,
0/,/vl,/z/, and/3/ and the vowels/a/,/i/,/1/,/€/,/u/,/u/, and/a/. The
resulting CVC combinations were entered into an online data-
base based on the Child Mental Lexicon (Storkel & Hoover
2010) to identify all of the CVC stimuli that were real words
likely to be within a child’s lexicon and to calculate the pho-
notactic probability of each nonword using the biphone sum of
the CV and VC segments. Any combination of phonemes that
contained a biphone combination that was illegal in English
(biphone sum phonotactic probability = 0) was eliminated.
Review of the remaining CVCs was completed to remove slang
words and proper nouns that were not identified by the calcu-
lator. To create a set of word and nonword stimuli with aver-
age phonotactic probabilities, the mean and SD of the biphone
sum for the entire set were calculated. To limit the variabil-
ity in speech understanding across age groups, the 735 CVC
nonwords and 735 words with phonotactic probability within
+0.5 SD from the mean of the entire set were used for the pres-
ent experiment. Stimuli were recorded for two female talkers
at a rate of 44.1kHz. Each stimulus was filtered as originally
described by Bosen and Chatterjee (2016) to include three out
of six one-octave-wide bands. The six one-octave bands were
centered at audiometric frequencies, with filter edges placed
one half-octave between band centers (edge frequencies are
given in parentheses): 250 Hz (177 to 354 Hz), 500 Hz (354
to 707 Hz), 1000 Hz (707 to 1414 Hz), 2000 Hz (1414 to 2828
Hz), 4000 Hz (2828 to 5660 Hz), and 8000 Hz (5660 to 11314
Hz). Stimuli were filtered in MATLAB (Mathworks, Natick,
MA) with a bandpass filter of order 2000 using the filtfilt func-
tion, then the output of the three filters was summed to produce
the final stimulus. Stimuli were presented monaurally to an ear
selected at random (17 left ears, 25 right ears) with an aver-
age presentation level of 60 dBA over headphones in a sound-
attenuated booth.

Choosing three out of six bands for each stimulus yields a
total of 20 possible combinations of bands. Speech intelligibil-
ity is affected by interactions between bands (Miisch & Buus
2001; Warren et al. 2005; Humes & Kidd 2016), so we chose
to include all 20 band combinations to average estimates of
band importance weights across those interactions. Each band
combination was used 12 times each for words and nonwords,
resulting in 240 filtered words and nonwords each. The assign-
ment of band combinations to target words and nonwords was
selected to distribute the frequency of each phoneme occurring
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with each band combination approximately evenly. The assign-
ment of band combination to target word or nonword, and the
order in which stimuli were presented, were fixed across par-
ticipants. In addition to the filtered items, an unfiltered baseline
condition was included that used 40 words and 40 nonwords
that included all six bands in the stimulus. Words and nonwords
were presented in separate blocks of 40 stimuli per block, for a
total of one baseline and six filtered blocks each. Participants
were given the opportunity to take a break between each block
to manage fatigue.

Playback of each stimulus was initiated by participants via
a mouse click on a computer, and their verbal responses were
recorded for offline scoring. Responses were scored based on
whole-item identification accuracy, with responses marked cor-
rect if every phoneme in the response matched the stimulus and
incorrect otherwise.

Language and Cognitive Measures

Vocabulary was assessed via the Peabody Picture Vocabulary
Test (PPVT-5; Dunn & Dunn 1997) and the Wechsler
Abbreviated Scale of Intelligence vocabulary task. In the
PPVT, participants are shown four pictures and asked to point
to the picture that corresponds to a target word (e.g., “show me
emoji”’). Words were presented in a fixed order of increasing
difficulty, starting from an age-appropriate point in the list (e.g.,
children between the ages of 6 and 7 years started with the word
“full”; children between the ages of 7 and 8 years started with
the word “package”). Testing was discontinued when the par-
ticipant gave six incorrect responses in a row. Raw scores were
calculated as the last item in the task they completed minus the
number of incorrect responses, and raw scores were then used
to calculate norm-referenced standard scores.

In the WASI vocabulary task, participants were asked to pro-
vide explanations of target words (e.g., “shirt”’; McCrimmon &
Smith 2013). Words were presented in a fixed order of increas-
ing difficulty. Responses were scored on a 0- to 2-point scale,
from 0 points for an incorrect response to 2 points for a com-
plete definition. Testing was discontinued after participants
gave three consecutive responses that received scores of zero,
or after children aged 8 or younger reached a stopping point
based on age as defined by the task instructions. Raw scores
were calculated as the sum score across all responses the par-
ticipant gave, and raw scores were then used to calculate norm-
referenced #-scores.

Because the PPVT and WASI vocabulary tasks assess
vocabulary, norm-referenced scores were averaged to produce
a composite vocabulary score. Three participants did not com-
plete the WASI vocabulary task due to time constraints, so for
these participants, composite vocabulary scores were equal to
the PPVT scores.

Attentional control was assessed via the Psychology
Experiment Building Language (Mueller & Piper 2014) flanker
and switcher tasks. In the flanker task, a row of arrows is dis-
played on a computer screen, and the participant is instructed
to press the left shift or right shift key on a keyboard that cor-
responds to the direction that the arrow in the center of the row
is facing. The center arrow is flanked by two additional arrows
that either face the same direction as the center arrow (the “con-
gruent” condition) or face the other direction (the “incongru-
ent” condition). Response time and accuracy are automatically

recorded by the Psychology Experiment Building Language
software. Participants completed 12 practice trials and 40 exper-
imental trials, with an equal number of trials that had a left and
right target direction and were congruent or incongruent. The
order of trials was randomized across participants, so sequential
effects on response time (Davelaar 2013) were not controlled
for in this task design. Accuracy was calculated as the propor-
tion of trials in which the participant's response matched the
center arrow direction. Response times and the slowdown in
the incongruent condition were estimated as random effects in
a generalized linear mixed effects model with a lognormal link
function.

In the switcher task, which measures the costs of shifting
attention, 10 symbols are shown on a computer screen that
comprise 1 of 5 colors, letters, and shapes, with each unique
color, letter, and shape appearing in two symbols. In each trial
of the task, one symbol is selected as the starting symbol, and
the participant clicks on successive symbols based on one of
three matching rules (“color,” “letter,” or “shape”) displayed at
the top of the screen. Twelve rules were presented in each trial.
Participants completed nine trials total, of which three alter-
nated between two rules, three sequentially cycled through all
three rules in a fixed order, and three switched between rules
at random. Total errors were calculated as the total number of
times the participant clicked on a symbol that did not match the
prior symbol by the displayed rule. Total time was calculated as
the cumulative time the participant spent completing all nine
trials.

Nonverbal cognitive ability was assessed via the Wechsler
Abbreviated Scale of Intelligence matrix reasoning task. In the
matrix reasoning task, participants are shown an image of an
incomplete pattern matrix and asked to choose from among
five options the one that completes the pattern (McCrimmon
& Smith 2013). Matrices were presented in a fixed order of
increasing difficulty. Testing was discontinued after the par-
ticipant gave three incorrect responses in a row, or until they
reached a stopping point based on age as defined by the task
instructions. Raw scores were calculated as the total number of
correct responses the participant gave, and raw scores were then
used to calculate norm-referenced #-scores.

Procedure

Experimental sessions began by administering informed
consent, followed by audiometric screening. The cognitive
tasks were administered first, in the order they are listed ear-
lier, followed by the frequency band importance weighting task.
Experimental sessions lasted approximately 3 h with breaks to
minimize fatigue. Participants were compensated $15/h and
were offered a prize and a book at the completion of the session.
This study was approved by our institutional review board.

RESULTS

Frequency Importance Weights Change Across Stimuli
and Age

Figure 1 shows the distribution of speech recognition
accuracy across experimental conditions. As expected, base-
line word recognition accuracy was high in most participants
(=295% in 38 of 42 participants), and baseline nonword rec-
ognition accuracy was lower (=90% in 23 of 42 participants).
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Filtering the words to only include three of the six octave
frequency bands reduced recognition accuracy. Recognition
accuracy for filtered nonwords and words increased with age
(simple correlations, » = 0.62 for nonwords and » = 0.68 for
words).

The weight of each frequency band was estimated on an
individual basis by regressing recognition accuracy against the
presence or absence of each band in a stimulus. A generalized
linear fixed effects model with a logistic link function was fit to
baseline and filtered trials for each participant for nonwords and
words. To ensure results could be compared across participants,
an intercept term was not included so that importance weights
would be relative to a fixed value of 0. Figure 2 shows fre-
quency importance weights for each participant for nonwords
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Fig. 1. Recognition accuracy for baseline and filtered nonwords and words
as a function of age. Each point shows age and accuracy for one partici-
pant. Lines and shaded areas show linear regression best fits and 95% con-
fidence intervals within each panel.

and words. Reliability of importance weights for each band was
calculated using Monte Carlo resampling reliability (Pronk et
al. 2022), which is described in detail in Supplemental Digital
Content 1, https://links.lww.com/EANDH/B761. To summa-
rize, individual differences in the importance weight of the 2000
and 4000 Hz bands had good reliability across individuals, and
reliability was moderate for the remaining bands. Good reli-
ability of individual differences in importance weights enables
subsequent analysis of factors that affect importance weights
across children.

To determine if developmental differences and stimulus dif-
ferences in frequency band importance weighting exist, stan-
dardized linear regressions were used to predict weights for
each frequency as a function of stimulus type and participant
age. These regressions showed mixed effects across frequency
bands. The importance weights of the 250 and 8000 Hz bands
were lower for words than for nonwords, while the importance of
the 500, 1000, and 2000 Hz bands were higher (p < 0.05; regres-
sion coeflicients for significant effects are shown in Fig. 2). For
age, the importance weight of the 250 Hz band decreased with
increasing age and the importance of the 2000 and 4000 Hz
bands increased with increasing age (p < 0.05; regression coef-
ficients for significant effects are shown in Fig. 3). Interactions
of stimulus and age were not significant. Figure 3 shows fre-
quency band importance weights as a function of age for each
frequency band and stimulus type. A supplemental analysis,
described in Supplemental Digital Content 2, https://links.Iww.
com/EANDH/B762, confirmed these differences across stimuli
and age by fitting trial-level data with a generalized linear fixed
effects model that included interacting fixed effects of band
presence/absence, participant age, and stimulus type.

Age and Individual Differences Covary

Table 1 shows descriptive statistics for performance on
each individual difference measure used in this study. For the
WASI and PPVT tasks, mean group scores were above nor-
mative means (50 for WASI, 100 for PPVT), but the range
of individual scores was fairly wide, with scores spanning a
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Fig. 2. Frequency importance weights for nonwords and words. Each horizontal line shows the importance weight of a frequency band for one participant.
Arrows in the panel for words indicate frequency bands for which importance weights were greater (upward arrow) or lesser (downward arrow) than in the
nonword condition, with associated effect sizes reported as standardized regression coefficients.
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for which importance weights increased or decreased with increasing age (rising and falling arrows, respectively), with associated effect sizes reported as

standardized regression coefficients.

TABLE 1. Range of performance on individual difference
measures and Pearson correlation with participant age

Age
Measure Mean Range Correlation
WASI matrix 53.3 38-76 0.04
reasoning (t-score)
WASI vocabulary 56.3 36-73 0.23
(t-score)
PPVT (standard score) 114.9 84-143 -0.02
Flanker accuracy 89.8% 30-100% 0.43
Flanker response time 789 msec 424-1419 msec -0.70
Flanker incongruent 91 msec -18to287 msec -0.18
slowdown
Switcher total errors 25 errors 0-229 errors -0.48
Switcher total time 548 sec 205-1761 sec -0.80

WASI and PPVT measures were normalized for age, and the remaining measures were not.
PPVT, Peabody Picture Vocabulary Test; WASI, Wechsler Abbreviated Scale of Intelligence.

range greater than one standard deviation above and below the
mean.

Participants also varied in speed and accuracy in the flanker
and switcher tasks. There were developmental changes in accu-
racy in both tasks. Some children below 10 years of age made
a high number of errors, whereas children above this age made
few errors. Thus, accuracy might be a useful measure of indi-
vidual differences in younger children, but it becomes less use-
ful in older children, who have near-perfect accuracy. For the
flanker task, a separate analysis script was used to estimate indi-
vidual differences in response time and slowdown in the incon-
gruent stimulus condition to improve the reliability of estimated
individual differences in reaction time differences across flanker
congruence conditions (Rouder & Haaf 2019). Supplemental
analyses in Supplemental Digital Content 3, https://links.Iww.
com/EANDH/B763, indicate that the task could reliably esti-
mate individual differences in response speed but had poor
ability to estimate individual differences in slowdown due to
incongruent stimuli. Accuracy and speed were correlated with
participant age in these tasks.

Comparison of Age, Language, and Cognitive Ability as
Predictors of Speech Recognition Accuracy

We found developmental changes in frequency importance
weights (Fig. 3), which we hypothesized would be associ-
ated with the maturation of linguistic and cognitive skills. To
test this hypothesis, we compared a set of models that used
scores from each task in addition to age to predict word and
nonword recognition accuracy in a generalized linear mixed
effects model. The goal of this analysis was to test whether
including performance on any task provided a better expla-
nation for the data than a model that only included effects of
age on accuracy and band importance weights. The reference
model, which included only age effects, had fixed effects of
stimulus type, the presence or absence of each frequency band,
participant age, and pairwise interactions between these terms
(see Supplemental Digital Content 2, https://links.lww.com/
EANDH/B762). Additional models each added the fixed effects
of one task score and its pairwise interactions with stimulus
type, band presence, and age. For these models, we normalized
measures that were correlated with age (Table 1) by regress-
ing the measure against participant age and used the residuals
of the regression as normalized scores. Normalizing measures
in this manner avoids introducing variance inflation into these
models when adding additional predictor variables. In addi-
tion, scores for the WASI Vocabulary and PPVT tasks were
combined into a single language composite as described in the
methods section. Preliminary analysis also included third and
fourth-order interactions between terms, but there was mini-
mal effect of the higher-order interactions on model fits, and
so they were subsequently dropped from the analysis reported
here. Akaike’s Information Criteria (AIC) was calculated for
each model and compared across models to determine which
individual difference measures improved model fit relative to
a model that included only age, as shown in Table 2. Higher
values of AIC indicate a worse fit to the data.

Table 2 indicates that adding flanker incongruent slow-
down, flanker response time, and vocabulary composite
scores to the model improved the model fit (i.e., decreased
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TABLE 2. Model comparison using task scores in addition to
age as a predictor of word and nonword recognition accuracy

Measure Model AIC AIC Difference
Flanker slowdown 25479 -15.5
Flanker response time 25481 -13.5
Vocabulary composite 25484 -10.8
Switcher total errors 25492 -2.8
Switcher total time 25493 -0.6

Age only 25494 -
Flanker accuracy 25496 1.2
WASI matrix reasoning 25500 5.1

Models are sorted by goodness of fit (AIC), with the best-fitting model at the top and the
worst at the bottom. The model that did not include task scores (age only) is highlighted
and was used as a comparison point for the goodness of fit of other models.

AIC, Akaike’s Information Criteria; WASI, Wechsler Abbreviated Scale of Intelligence.

AIC) beyond using age alone. Adding switcher task perfor-
mance also marginally improved model fits. To test whether
these variables overlapped in their explanatory power, an
additional model was fit to the data that included the flanker
and vocabulary measures. Inspection of this model found
that none of these variables had a significant interaction
with importance for any band and that flanker slowdown and
response time had significant effects, whereas the vocabu-
lary composite did not. The improved model fit from adding
flanker slowdown and response time primarily manifested as
interactions with stimulus type, with smaller flanker slow-
down effects leading to better nonword and word recognition
accuracy and faster flanker response times leading to better
word recognition accuracy. A summary of this model is pro-
vided in Supplemental Digital Content 4, https://links.lww.
com/EANDH/B764.

DISCUSSION

In this study, we found distinct effects of stimulus content
(words versus nonwords) and age on the band importance
weights of octave-wide frequency bands for monosyllabic
speech recognition. Flanker task performance further predicted
speech recognition accuracy but did not affect the importance
weight of specific frequency bands. Our results indicate that
there are developmental changes in frequency importance
weights that should be incorporated into estimates of speech
audibility and audibility-based predictions of speech recogni-
tion for children.

Stimulus-Specific Effects on Frequency Importance
Weights

Stimulus context had two effects on speech recognition accu-
racy. First, overall accuracy was greater for words than for non-
words. This effect was expected because lexical constraints limit
the number of valid responses when target speech is degraded
and thereby enable the listener to use lexical or phonological
skills to resolve unclear portions of the target (Nittrouer &
Boothroyd 1990; McCreery & Stelmachowicz 2011). Second,
the importance weights of specific frequency bands differed
across words and nonwords, with increased weight for bands
centered on 500, 1000, and 2000 Hz, and decreased weight for
bands centered on 250 and 8000 Hz for words relative to non-
words (Fig. 2). The net effect is that the frequency importance
function has weights that are higher in the midfrequencies for

words than nonwords. Differences in frequency importance
function across stimuli indicate that lexical constraints facili-
tate the selective use of the most informative speech cues to
identify target speech, in contrast to more diffuse attention to
speech cues across the spectrum when such constraints are not
present. The word and nonword stimuli used in this study were
designed to have equal phonotactic probabilities, so it seems
likely that these effects occur as part of word identification (or
the lack thereof). There was also no interaction between stimu-
lus content and age, which indicates that the effect of lexical
constraints on band importance develops before 6 years of age,
which is the lowest age of participants in this study.

Acoustically, vowel formants and dynamic transitions
between vowels and consonants are most evident in the 500 to
2000 Hz bands. These cues are likely to be particularly impor-
tant for the monosyllabic CVC stimuli used in the present
study because in this structure, the static formant cues and the
dynamic transition into and out of the vowel all facilitate identi-
fication of the vowel (Strange et al. 1983; Nittrouer & Studdert-
Kennedy 1987; Nittrouer 1992; Nittrouer & Miller 1997), which
in turn provides contextual information for identifying the adja-
cent consonants. This contextual information is present in both
words and nonwords, but the addition of lexical constraints for
words further enhances the role of the vowel in recognition; if
the vowel is correctly identified, then it provides transition and
lexical cues to constrain the identification of words. The use of
lexical constraints would also explain the decrease in weights
for the bands centered on 250 and 8000 Hz in words, as the con-
sonant cues contained in these frequencies would be somewhat
redundant with lexical constraints.

Developmental Changes in Frequency Importance
Weights

All children exhibited the expected peaked shape in their
frequency importance weighting function, but within that over-
all shape, the frequency importance weights changed from
6 to 13 years of age. Specifically, older children had greater
weights for bands centered on 2000 and 4000 Hz than younger
children, with an apparently linear increase in weight through-
out this age range (Fig. 3). These changes in weights indicate
that children learn to attend to speech cues in these frequency
bands as they develop, which contributes to increases in overall
speech recognition accuracy. Thus, our results extend previous
work by demonstrating that developmental weighting shifts in
speech perception (Nittrouer & Miller 1997) include changes
in average band importance weights. Increases in the weight-
ing of important bands are also consistent with the finding that
there are developmental changes in the proficiency with which
children use available speech cues (Stelmachowicz et al. 2000;
Scollie 2008). These changes likely vary across specific pho-
nemes (Mayo & Turk 2004), although our experiment was not
designed to examine phoneme-specific weighting.

The process that children use to recognize speech changes with
development. Early in language development, words are acquired
as whole units, with awareness of phonetic distinctions arising
as vocabulary size grows (Walley 1993). While initial aware-
ness of phonetic categories occurs early in development, children
grow more sensitive to fine-grained details in phonetic speech
cues through 18 years of age (Rigler et al. 2015; McMurray et
al. 2018). Similarly, phonemic awareness precedes changes in
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speech cue weighting (Mayo et al. 2003). Our work adds to this
literature by showing that weighting changes are apparent in spe-
cific frequency bands, namely 2000 and 4000 Hz, across speech
stimuli with diverse phonetic content. Phonemes contain multiple
cues as to their identity, and awareness of secondary cues may
develop slowly with experience. This explanation is consistent
with weighting changes for specific phonetic cues during devel-
opment, such as weighting of static spectral cues for fricatives
(Nittrouer 1992) or F3 transitions (Nittrouer & Miller 1997), that
occur in this frequency range.

Predictors of Speech Recognition Accuracy

In addition to age, individual differences in age-normed
vocabulary and flanker task performance accounted for vari-
ability in speech recognition accuracy (Table 2). However, these
measures were only associated with recognition accuracy and
did not affect importance weights for any frequency band, which
suggests that none of these tasks assess the mechanism underly-
ing developmental changes in importance weights.

Although we found that age predicts importance weights
for the bands centered around 2000 and 4000 Hz, it is likely
that age is a proxy for an underlying developmental mechanism
that causes these changes in weights in children with normal
hearing. As described previously, children develop through
experience-driven changes in the process by which they under-
stand speech. Given that these weight changes occurred for both
words and nonwords, it seems plausible that the mechanism
underlying these changes occurs at the phonological percep-
tion level. Individual differences in phonological perception or
awareness could drive both age-related changes in band impor-
tance weights and more general language development that
would affect performance on the vocabulary tasks. However, the
vocabulary composite measure did not account for individual
differences in importance weights, which suggests that these
tasks do not assess the mechanism underlying these differences.
More proximal measures of phonological perception are likely
required to account for these individual differences.

The association of flanker task performance with speech
recognition accuracy suggests a role for individual differences
in the inhibition of stimulus-driven conflict in both tasks. The
flanker task is specifically designed to elicit such conflicts by
presenting conflicting information on some trials that the partic-
ipant needs to inhibit (Eriksen & Ericksen 1974). Although not
intentionally designed to do so, contemporary theories of speech
recognition posit that speech recognition tasks also produce
competing activation of cohort competitors and thus require
inhibition of those competitors (McClelland & Elman 1986;
Marslen-Wilson 1987). Inhibition of cohort competitors devel-
ops throughout childhood, which could contribute to increases
in speech recognition accuracy throughout development
(Blomquist and McMurray 2023). Our results found that indi-
vidual differences in slowdown due to conflict in the flanker task
predicted overall recognition accuracy for both words and non-
words. This finding indicates that a modality-general stimulus-
driven inhibition ability may determine performance on both
tasks. More broadly, some theories of cognition emphasize the
ubiquitous role of processing speed in the execution of many
tasks (Salthouse 1996). Baseline response time in the flanker
task was specifically related to word recognition but not non-
word recognition, which suggests that lexical activation may
depend in part on cognitive processing speed.

LIMITATIONS AND FUTURE DIRECTIONS

The developmental changes in importance weights that we
observed are inconsistent with the finding of McCreery and
Stelmachowicz (2011) that band importance weights did not dif-
fer between age groups, although several methodological differ-
ences could account for this difference. In the present study, the
combination of target stimulus and frequency band audibility was
fixed across participants, which may facilitate comparison of indi-
vidual differences in importance weights across participants. In
contrast, McCreery and Stelmachowicz pseudorandomly assigned
participants to a subset of experimental conditions, so combina-
tions of target stimulus and audibility manipulation varied across
participants. It seems likely that the effects of manipulating band
audibility depend on the acoustic content of the target speech. For
example, words with fricative consonants would have greater high-
frequency energy and thus greater high-frequency importance
than words with nasal consonants. Thus, random effects of target
interactions with audibility could confound the comparison of indi-
vidual differences across participants if not controlled for. Because
their participants only completed a subset of conditions, they could
not estimate band importance functions on an individual basis, but
rather combined data across participants and conditions to obtain
an average importance function for each age group. Combining
data in this manner could mask the presence of individual differ-
ences in importance weights within groups. In addition, McCreery
and Stelmachowicz manipulated audibility by adding steady-state
noise at a range of signal to noise ratios to each frequency band,
whereas the present study filtered out frequency bands. Additional
work is needed to determine the extent to which these methodolog-
ical decisions affect estimates of importance weights.

Flanker task performance and vocabulary accounted for
speech recognition accuracy in addition to participant age, but
performance on these tasks did not account for changes in impor-
tance weights with age. This finding suggests that our battery of
linguistic and cognitive tasks did not include an assessment of the
developmental mechanism underlying developmental changes in
importance weights. The inclusion of a measure of phonological
awareness in future studies may help to more directly assess the
role of phonological awareness in changes in frequency impor-
tance weights in children for words and nonwords.

Speech recognition and language outcomes tend to be more
variable across children with hearing loss (Tomblin et al. 2015),
so it is likely that increases in importance weights with age would
be more variable and slower on average in children with hearing
loss than we observed in children with normal hearing. A vari-
ety of developmental outcomes depend in part on auditory dos-
age in children with hearing loss (McCreery & Walker 2022). If
awareness of speech cues in the 2000 and 4000 Hz bands drives
developmental changes in importance weights of these bands,
then band-specific auditory dosage should govern these devel-
opmental changes. Thus, even if a child has high broadband
auditory dosage—that is, they use a device that provides high
SII for the majority of the day—variability in the audibility of
specific bands may still govern access to speech cues in those
bands and impair the development of importance weights in
bands with poor dosage. As a specific example, children with
high-frequency hearing loss are often delayed in their perception
(Stelmachowicz et al. 2004; Moeller et al. 2007) and production
(Koehlinger et al. 2015) of fricative sounds, although it remains
to be tested whether this relationship between audibility and cue
awareness within frequency bands generalizes across different
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configurations of hearing loss. In children who use hearing aids,
the auditory sensitivity to discriminate specific speech cues does
not predict the weight those cues receive in speech recognition
(Lowenstein & Nittrouer 2015; Nittrouer & Lowenstein 2015).
Thus, it seems plausible that audibility of or sensitivity to cues in
a frequency band puts an upper bound on the amount of informa-
tion that a listener can extract from that band, while measures of
importance reflect the extent to which listeners have learned to
use that information in speech recognition.

It seems plausible that developmental changes in frequency
importance weights would also occur in languages other than
English, although to our knowledge, such changes have not
been characterized. Importance weights vary across languages
(Du et al. 2019), which indicates that weights reflect the spectral
location of speech cues in a language (e.g., the increased impor-
tance of low frequencies in tonal languages) and that weights are
learned based on the distribution of informative acoustic cues
in that language. Future research should explore whether other
languages show similar developmental changes in frequency
importance from broadly distributed weights toward weighting
at specific frequencies that are informative for speech under-
standing as were observed in English in this study.

CONCLUSIONS

Frequency importance weights undergo developmental
changes in children with normal hearing. Metrics of speech audi-
bility, such as the SII, that are based on adult speech perception
overestimate the amount of speech information that children have
access to and thus overestimate speech recognition accuracy. This
problem has been addressed in previous studies through the use of
age-based proficiency factors (Scollie 2008), but such factors do
not capture individual variability in performance within groups
of children who are the same age. Our results demonstrate that it
is feasible to estimate importance weights in children using the
method described here, which provides an opportunity to update
metrics of speech audibility to accurately predict performance
in children. Additional work is needed to determine how results
obtained using this method relate to established metrics and how
developmental changes in importance weights are affected by the
configuration of hearing loss in children. Ensuring that clinical
best practices for pediatric hearing aid fittings are sufficient to
enable these changes in importance weights may facilitate lan-
guage development in these children.
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