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Abstract

Objectives: The objectives of this study were to (1) evaluate the extent to which school-age 

children benefit from fundamental frequency (F0) differences between target words and competing 

two-talker speech, and (2) assess whether this benefit changes with age. It was predicted that while 

children would be more susceptible to speech-in-speech masking compared to adults, they would 

benefit from differences in F0 between target and masker speech. A second experiment was 

conducted to evaluate the relationship between frequency discrimination thresholds and the ability 

to benefit from target/masker differences in F0.

Design: Listeners were children (5–15 years) and adults (20–36 years) with normal hearing. In 

the first experiment, speech recognition thresholds (SRTs) for disyllabic words were measured in a 

continuous, 60-dB-SPL two-talker speech masker. The same male talker produced both the target 

and masker speech (average F0 = 120 Hz). The level of the target words was adaptively varied to 

estimate the level associated with 71% correct identification. The procedure was a four-alternative 

forced-choice with a picture-pointing response. Target words either had the same mean F0 as the 

masker or it was shifted up by 3, 6 or 9 semitones. To determine the benefit of target/masker F0 

separation on word recognition, masking release was computed by subtracting thresholds in each 

shifted-F0 condition from the threshold in the unshifted-F0 condition. In the second experiment, 

frequency discrimination thresholds were collected for a subset of listeners to determine whether 

sensitivity to F0 differences would be predictive of SRTs. The standard was the syllable /ba/ with 

an F0 of 250 Hz; the target stimuli had a higher F0. Discrimination thresholds were measured 

using a three-alternative, three-interval forced choice procedure.

Results: Younger children (5–12 years) had significantly poorer SRTs than older children (13–15 

years) and adults in the unshifted-F0 condition. The benefit of F0 separations generally increased 

with increasing child age and magnitude of target/masker F0 separation. For 5- to 7-year-olds, 

there was a small benefit of F0 separation in the 9-semitone condition only. For 8- to 12-year-olds, 

there was a benefit from both 6- and 9-semitone separations, but to a lesser degree than what was 

observed for older children (13–15 years) and adults, who showed a substantial benefit in the 6- 
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and 9-semitone conditions. Examination of individual data found that children younger than 7 

years of age did not benefit from any of the F0 separations tested. Results for the frequency 

discrimination task indicated that, while there was a trend for improved thresholds with increasing 

age, these thresholds were not predictive of the ability to use F0 differences in the speech-in-

speech recognition task after controlling for age.

Conclusions: The overall pattern of results suggests that children’s ability to benefit from F0 

differences in speech-in-speech recognition follows a prolonged developmental trajectory. 

Younger children are less able to capitalize on differences in F0 between target and masker speech. 

The extent to which individual children benefitted from target/masker F0 differences was not 

associated with their frequency discrimination thresholds.

INTRODUCTION

Children struggle more than adults when listening to speech in the context of other talkers 

(e.g., Hall et al. 2002; Corbin et al. 2016). An immature ability to segregate speech streams 

and selectively attend to the target speech is thought to limit speech-in-speech recognition in 

young children (e.g., Werner 2012). In adults, these processes appear to be aided by utilizing 

perceptually salient acoustic differences between target and masker speech. Differences that 

adults appear to rely on to separate multiple talkers include cues related to spatial location, 

sentence onset asynchrony, and voice characteristics associated with talker sex (e.g., 

Brungart 2001; Freyman et al. 2001; Lee & Humes 2012). One voice characteristic that is 

particularly beneficial for speech segregation in adults is a difference in voice pitch, 

determined by the fundamental frequency (F0) of the talker’s vocal fold vibrations (Darwin 

et al. 2003; Mackersie et al. 2011). Adults are able to take advantage of F0 differences to 

separate targets and maskers of the same sex as well as targets that differ in sex. To more 

closely examine the development of children’s ability to benefit from talker voice 

differences in the context of speech-in-speech recognition, the current study investigated the 

extent to which children across a wide range of ages benefit from target/masker differences 

in F0.

Despite having a functionally mature peripheral auditory system by 6 months of age (e.g., 

Werner 2012), children are more susceptible than adults to interference from competing 

sounds. Compared to adults, children require a more advantageous signal-to-noise ratio 

(SNR) to achieve similar levels of performance on speech detection or recognition in the 

presence of competing noise or speech maskers (e.g., Nittrouer & Boothroyd 1990; Hall et 

al. 2002; Litovsky 2005; Wightman & Kistler 2005). Poorer speech understanding in a 

speech masker is thought to reflect children’s immature sound segregation abilities as well 

as a reduced ability to understand speech based on sparse glimpses relative to adults (Buss et 

al. 2017b). Speech-in-speech recognition performance does not appear to reach maturity 

until the teenage years (Wightman et al. 2003; Wightman & Kistler, 2005; Corbin et al. 

2016).

Given the pronounced developmental effects observed for speech-in-speech recognition, 

there is considerable interest in better understanding how children differ from adults in their 

ability to use acoustic differences between talkers to segregate and selectively attend to a 
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target speech stream. Children benefit from some, but not all, of the acoustic cues shown to 

improve adults’ performance in competing speech (Litovsky 2005; Yuen & Yuan 2014; 

Calandruccio et al. 2016; Corbin et al. 2017). For adults, voice differences between talkers 

of the same sex can improve intelligibility of the target speech by more than 20 percentage 

points; voice differences between talkers of different sexes can increase intelligibility by 50 

percentage points (Festen & Plomp 1990; Brungart 2001). Whether children are able to take 

advantage of a sex mismatch between target and masker speech appears to depend on several 

factors, including listener age. Children 16 months of age and younger do not show a benefit 

of a target/masker sex mismatch (Leibold et al. 2013; Newman & Morini 2017), but recent 

evidence suggests that 30-months-olds do show improved word recognition when the target 

voice is female and the masker voice is male compared to when the masker is female 

(Newman & Morini 2017). Using a Coordinate Response Measure (CRM; Bolia et al. 2000) 

task, Wightman and Kistler (2005) investigated 4- to 16-year old’s ability to use a sex 

mismatch. The CRM uses sentences of the form: “Ready <call sign> go to <color> 

<number> now”. Listeners are asked to report the color and number named by the talker 

who used a specified call sign. In Wightman and Kistler (2005), the target phrase was always 

spoken by a male talker, and distracter phrases were spoken by a different talker that was 

either male or female. Children as young as 4 years of age benefitted from a sex mismatch 

between target and masker speech, although performance did not reach adult-like levels, 

even in the oldest children (aged 16 years). Using a four-alternative, forced-choice (4AFC) 

picture-pointing word recognition procedure, Leibold et al. (2018) examined the effects of a 

sex mismatch using a two-talker masker and found a similar benefit for 5- to 10- year old 

children and adults.

There are a variety of differences in the acoustic signal that can arise due to differences 

between male and female talkers’ anatomy and physiology. The relative spacing of the 

formants in vowel production, for example, is determined by the overall length of the vocal 

tract (VTL) and the size of the mouth cavity relative to the pharyngeal cavity (Chiba & 

Kajiyama 1941; Fant 1960). In addition, there are physical differences in the structure of the 

larynx that can contribute to differences in source characteristics, such as F0, spectral tilt, 

and breathiness (Klatt & Klatt 1990). Two primary voice differences between male and 

female talkers are F0 and formant frequency dispersion. Males have a somewhat longer 

vocal tract and tend to have a lower F0 and lower formant frequencies compared to females. 

Male voices are typically just under one octave (12 semitones) lower in F0 than female 

voices (Peterson & Barney 1952). Differences in F0 or VTL between talkers of the same sex 

can improve adults’ sentence recognition performance, but F0 differences tend to improve 

performance to a greater degree than differences in VTL (Darwin et al. 2003; Mackersie et 

al. 2011). The present study focused just on F0 and its role in understanding target speech in 

the presence of competing masker speech. Differences in F0 across talkers can substantially 

improve intelligibility for both double-vowel stimuli and concurrent sentences for adults 

(Brokx & Nooteboom 1982; Assmann & Summerfield 1987; Bird & Darwin 1998; Assmann 

1999; Baskent & Gaudrain 2016). Sentence recognition performance improves with F0 

differences up to 10 to 12 semitones (Bird & Darwin 1998). The benefit of F0 differences 

for sentence recognition is thought to reflect grouping by harmonic relations (Bregman 

1990). That is, harmonics across different frequency regions for a single talker are grouped 
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together based on common F0, which in turn assists in segregating the target from the 

competing sentences.

Children’s ability to segregate competing speech streams based solely on F0 differences 

between talkers has not been directly studied in the context of speech-in-speech recognition, 

but there are limited data showing that the ability to utilize frequency differences to 

segregate tones remains immature into the school-age years. Sussman et al. (2007) tested the 

ability of 5- to 11-year olds to segregate two streams composed of brief (20 ms) tones 

differing in frequency. Children were capable of segregating the streams based on frequency 

differences, but they needed a larger frequency separation than the adults before reporting 

that they heard two streams. Children ages 9- to 11-years required a 9-semitone separation, 

while children ages 5- to 8-years required an 11-semitone separation. Adults, by 

comparison, only required a separation of 7 semitones to achieve the same level of 

performance. Although frequency differences used to segregate non-speech stimuli 

presented in quiet is not directly comparable to F0 differences in speech-in-speech 

recognition, these results suggest that pitch-based segregation is still developing in school-

age children.

The ability to discriminate pitch does not necessarily predict the ability to utilize it in the 

context of competing speech. Infants as young as 3 months can discriminate complex tones 

on the basis of their pitch (Lau & Werner 2012, 2014; Lau et al. 2017), and 4- to 6-month-

olds can discriminate voices of the same or different sex (Masapollo et al. 2016). However, 

infants as old as 16 months of age do not appear to be able to use this information to detect 

speech in the presence of competing sounds (Leibold et al. 2013; Newman & Morini 2017). 

Results from infant studies provide information for listeners who are at one end of the 

developmental continuum, while adults are at the other end. The present study evaluates 

performance in school-age children, to better understand the entire developmental 

progression of these abilities.

The purpose of the current study was to determine whether children between 5 and 15 years 

of age benefit from differences in ð between target words and competing two-talker speech 

for speech-in-speech recognition, and to evaluate whether this benefit changes with age. 

Experiment 1 tested whether F0 separations of 3, 6, and 9 semitones between target and 

masker speech improved word recognition. The F0 separations used were chosen to cover a 

range of F0 differences that may occur between talkers, from small (3 semitones) to large (9 

semitones, which corresponds to the average male/female F0 difference). Adults were also 

tested to provide an estimate of mature performance. It was hypothesized that, while 

children would be more susceptible to speech-in-speech masking than adults, they would 

benefit from differences in F0 between target and masker speech. This hypothesis is based 

on results demonstrating children’s ability to benefit from a sex mismatch between talkers 

(Wightman & Kistler 2005; Newman & Morini 2017; Leibold et al. 2018). If children do not 

benefit from F0 differences, that suggests that children may rely on redundant acoustic 

information to benefit from talker sex mismatches (combined effects of VTL and F0 

differences). Experiment 2 was conducted to evaluate the relationship between frequency 

discrimination thresholds and the ability to benefit from target/masker differences in F0. It 

was hypothesized that individual differences in children’s F0 discrimination thresholds 
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would be predictive of their ability to benefit from F0 differences for speech-in-speech 

recognition, such that children with poorer discrimination would be less likely to benefit 

from differences in F0, and children with better discrimination would be more likely to 

benefit.

Experiment 1 PARTICIPANTS AND METHODS

Listeners

Listeners were 51 children (5.0–15.9 years; 27 females and 24 males) and 18 adults (18.8–

36.3 years; 13 females and 5 males). Three age groups of children were recruited: (1) 17 

children ages 5 to 7 years, including 7 females and 10 males, (2) 19 children ages 8 to 12 

years, including 13 females and 6 males, and (3) 15 children ages 13 to 15 years, including 7 

females and 8 males. These age groups were chosen based on studies showing development 

of speech-in-speech recognition within and across these age ranges (Leibold & Buss 2013; 

Corbin et al. 2016; Leibold et al. 2016). The youngest age group (5- to 7-year-olds) was 

chosen based on data showing greater speech-on-speech masking for children younger than 

7 years compared to older children (e.g., Leibold & Buss 2013). Inclusion of 8- to 12-year-

olds was based on observations of immature behavior persisting into adolescence for masked 

speech perception (e.g., Wightman & Kistler 2005). Inclusion of 13- to 15-year-olds was 

based on previous data showing rapid maturation in speech-on-speech recognition around 13 

years of age (Corbin et al. 2016). Adults were tested using the same stimuli and procedures 

to provide an estimate of mature performance. All listeners were native speakers of 

American English and had normal hearing, with thresholds ≤ 20 dB HL for octave 

frequencies between 250 and 8000 Hz (ANSI 2010). Listeners provided written informed 

consent and were paid for their participation.

Stimuli and conditions

Target words and masker speech were both recorded from the same male talker. He was a 

native English speaker, aged 44 years, with a standard American-English dialect. The speech 

was recorded in a sound-treated booth using a condenser microphone (Shure-KSM42) 

mounted approximately 6 inches from the talker’s mouth. The target tokens were recordings 

of 30 disyllabic words that were unambiguously represented by pictures (Calandruccio et al. 

2014; see Figure 1 for the list of words and sample pictures). The words were all meaningful 

nouns that were in the vocabulary of a typical 5-year-old. Stimulus details regarding word 

frequency, number of phonological neighbors, phonetic content, and word familiarity can be 

found in Calandruccio et al. (2014). Token durations ranged from 323 to 597 ms (mean = 

439 ms), and the mean F0 was 120 Hz (SD = 8 Hz). Prior to the experiment, the 30 

disyllabic tokens were scaled to have equal total rms levels and resampled at a rate of 24.414 

kHz using MATLAB.

The masker was two-talker speech composed of sentences from the Revised Bamford-

Kowal-Bench (BKB) Standard Sentence Test (Bench et al. 1979). The BKB corpus includes 

21 lists of 16 sentences each. Lists 1–6 were used for one masker stream and lists 7–12 were 

used for the other. The individual masker streams were manually edited to reduce silent 

pauses longer than 200 ms, resulting in samples that were 2.67 and 2.71 minutes in duration. 
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The two masker speech streams were balanced for overall rms level and then mixed to create 

the two-male-talker masker, which was played continuously during testing. The mean 

masker F0 was 124 Hz (SD = 28 Hz). The level of the two-talker speech masker was fixed at 

60 dB SPL.

There were four target conditions. The mean F0 of the target was either matched to the 

masker’s mean F0 (i.e., unshifted), or shifted up by 3, 6, or 9 semitones. The F0-shifted 

words were resynthesized from the original productions using the pitch-synchronous 

overlap-add (PSOLA) algorithm (Moulines & Charpentier 1990) implemented in Praat 

(Boersma & Weenink 2016). The target F0 was incremented relative to the masker based on 

pilot data and published results which tend to show a larger effect for increments in F0 than 

decrements in F0 (e.g., Assmann 1999; Mackersie et al. 2011). The magnitudes of the F0 

shifts were chosen based on previous data showing that adults can benefit from semitone 

differences in this range (Summers & Leek 1998; Mackersie et al. 2011), and to evaluate age 

effects in the degree of target/masker F0 separation required to improved speech-in-speech 

recognition performance. A 9-semitone separation also corresponds to the average male/

female F0 difference (Peterson & Barney, 1952). All items were verified for clarity before 

being used in the experiment.

A custom MATLAB script controlled the selection and presentation of the stimuli. The 

target and masker stimuli were mixed (Avid Technology Inc., Pro Tools Fast Track Solo, 

Burlington, MA), amplified (Applied Research and Technology, SLA4, Niagara Falls, NY), 

and presented through a loudspeaker (JBL-1, Northridge, CA). During testing the listener 

was positioned approximately 1 m in front of and facing the loudspeaker in the sound field 

of a 7 X 8 ft, sound-treated booth.

Procedure

Each listener completed testing in all four conditions. An adaptive 4AFC disyllabic word 

identification task was used. Listeners held a touchscreen (iPad Mini 2, Apple, Cupertino, 

California) during testing. On each trial, one of the 30 disyllabic words was randomly 

selected as the target. Four different pictures were displayed on the touchscreen in black and 

white approximately simultaneously with acoustic presentation of the selected target word. 

Each picture was randomly assigned to appear in one quadrant of the touchscreen. One of 

the four pictures corresponded to the target word. The other three pictures were drawn 

without replacement from the 29 remaining possibilities, with the caveat that pictures were 

not repeated in sequential trials. After the target word was presented, the pictures turned 

from black and white to color (see Figure 1, panel B). Listeners were instructed to touch the 

picture that corresponded to the word they heard. After each response, correct-answer 

feedback was provided on the touchscreen by displaying the picture corresponding to the 

target word in isolation.

Each listener completed a familiarization phase in quiet prior to testing, in which they 

listened to and identified each of the disyllabic words by pointing to the associated picture in 

a laminated book. Following this familiarization phase, each listener completed a practice 

phase to ensure task comprehension, verify familiarity with the response illustrations, and 

provide practice inputting responses on the touchscreen. The practice phase used the 
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unshifted target words presented in the two-talker speech masker, with the target presented 

at 10 dB SNR (70 dB SPL). Listeners were required to correctly identify 8 of the last 10 

target words before they could go on to testing. All participants successfully completed the 

practice phase within 8–10 trials.

Speech reception thresholds (SRTs) were measured by adjusting the level of the target using 

a two-down, one-up tracking procedure (Levitt 1971), which estimates the level associated 

with 71% correct identification. The starting level for the target word was approximately 10 

dB above the expected SRT for each condition, adjusted for individual listeners. The initial 

step size for the adaptive track was 4 dB, reduced to 2 dB after the second reversal. Runs 

were stopped after eight reversals, and the average target level at the final six reversals was 

used to estimate the SRT for each condition. At least two runs were completed for each 

target condition. A third run was obtained if the first two estimates differed by 6 dB or more. 

A third estimate was obtained for four children in the unshifted condition, eight children in 

the 3-semitone condition, nine children in the 6-semitone condition, and ten children in the 

9-semitone condition. A third estimate was obtained for three adults in the unshifted 

condition, two adults in the 3-semitone condition, six adults in the 6-semitone condition, and 

four adults in the 9-semitone condition. For listeners requiring an additional run, the final 

SRTs reported below correspond to the average of the two most similar SRTs.

The order of the four conditions was counterbalanced across listeners; listeners completed 

all runs in a condition before moving on to the next one. Informed consent, hearing 

screening, and testing were completed in a single 1-hr visit to the laboratory.

RESULTS

Age effects in the unshifted-F0 condition

The data were first analyzed by comparing performance in the unshifted-F0 condition across 

the four age groups of listeners: 5 to 7 years (n = 17), 8 to 12 years (n = 19), 13 to 15 years 

(n = 15), and adults (n = 18). Estimates of the masked SRT for each listener in the unshifted-

F0 condition are shown in Figure 2. Higher SRTs indicate poorer performance than lower 

SRTs.

On average, the two younger age groups (5- to 7-year-olds and 8- to 12-year-olds) required a 

more advantageous SNR than older children (13- to 15-year-olds) and adults to achieve 71% 

correct recognition of target words in the unshifted-F0 condition. SRTs were similar for 

adults and 13- to 15-year-olds. Mean SRTs were −3.8 dB SNR (SD = 2.2) for the adults and 

−1.9 dB SNR (SD = 2.0) for the 13- to 15-year-olds. In contrast, mean SRTs were 1.0 dB 

SNR (SD = 1.7) for 8- to 12-year-olds, and 3.5 dB SNR (SD = 2.3) for 5- to 7-year-olds, 

resulting in child-adult differences of 4.8 and 7.3 dB, respectively. A one-way analysis-of-

variance (ANOVA) comparing masked SRTs in the unshifted-F0 condition found a 

significant difference in SRTs between the four age groups 

[F(3, 65) = 42.69, p < 0.001, ηp
2 = 0.66]. Post hoc comparisons (Bonferroni adjusted) confirmed 

that 5- to 7-year-olds had a higher average baseline SRT in the unshifted-F0 condition than 

all other age groups, and that SRTs for 8- to 12-year-olds were higher than those for 13- to 
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15-year-olds and adults (p <  0.01) . Masked SRTs did not differ significantly between the 13- 

to 15-year-olds and the adults (p = 0.057). A linear regression model, using SRT as the 

dependent variable, demonstrates a strong negative association between listener age and SRT 

in the unshifted condition (r2= 0.52, p < 0.001). Including listener sex in the model indicates 

no significant effect (p = 0.385). Individual differences in SRTs were consistent with what 

has previously been reported in studies investigating children’s speech-in-speech recognition 

abilities (Bonino et al. 2013; Wightman et al. 2003; Wightman & Kistler 2005; Wightman et 

al. 2006) 1

Benefit of F0 separation

To determine the benefit of target/masker F0 separation on word recognition, release from 

masking was computed by subtracting SRTs in each of the shifted-F0 conditions from the 

SRT in the unshifted-F0 condition. Estimates of the group average release from masking for 

target/masker separations of 3, 6, and 9 semitones are shown in Figure 3. Estimates of 

average release from masking are provided for 5- to 7-year-old children (squares), 8- to 12-

year-old children (triangles), 13- to 15-year-old children (diamonds), and adults (circles). 

Error bars indicate ±1 standard error of the mean.

The average masking release tended to increase with listener age and F0 separation. Adults 

and 13- to 15-year-olds achieved similar benefits from F0 separation, with a maximum 

benefit in the 9-semitone separation of 10.8 dB (SD = 4.8) and 8.7 dB (SD = 3.8), 

respectively. The 8- to 12-year-olds obtained less benefit overall, with only 5.5 dB (SD = 

4.6) of benefit for the 9-semitone separation. The 5- to 7-year-olds obtained little or no 

benefit in any condition, with a mean benefit of only 2.1 dB (SD = 2.2) for the 9-semitone 

condition.

A repeated-measures ANOVA was conducted to evaluate the statistical significance of the 

trends observed in Figure 3. This analysis evaluated release from masking using the within-

subjects factor of F0-separation condition (3 semitones, 6 semitones, and 9 semitones) and 

the between-subjects factor of Age Group (5- to 7-year-olds, 8- to 12-year-olds, 13- to 15-

year-olds, and adults). There was a significant main effect of F0-separation condition on 

masking release, [F(2, 130) = 85.92, p < 0.001, ηp
2 = 0.57], and a significant main effect of Age 

Group, [F(3, 65) = 15.58, p < 0.001, ηp
2 = 0.42] . The interaction between condition and Age 

Group was also significant, [F(6, 130) = 8.38, p < 0.001, ηp
2 = 0.28] .Separate tests of the simple 

main effect of F0-separation condition within each age group were conducted, using one-

1.One potential question that arose during the review process was whether there were any perceptual differences introduced during the 
processing and resynthesis of the shifted stimuli that were not present in the unshifted stimuli. Unlike the target stimuli in the 3-, 6- , 
and 9-semitone conditions, the targets in the unshifted-F0 condition were not processed using the PSOLA algorithm. To probe whether 
signal processing could explain differences in SRTs observed between the unshifted stimuli and the shifted stimuli, two adults (ages 
28.0 and 30.3 years) and two teenagers (ages 13.3 and 15.8 years) were tested on the unprocessed, unshifted target stimuli (used in 
Experiment 1) and on a processed version of the unshifted stimuli. The processed stimuli maintained the F0 of the original stimulus 
but processed/resynthesized the stimuli through the PSOLA algorithm in Praat. Procedures were the identical to those described for 
Experiment 1, except that only two conditions (unprocessed/unshifted and processed/unshifted stimuli) were tested, with two runs per 
condition. Order of conditions was counterbalanced across listeners. There were no differences in SRTs observed between the 
processed and unprocessed stimuli. The average SRT was -0.7 dB SNR (SD = 0.9) for the unprocessed/unshifted stimuli and -0.6 dB 
SNR (SD = 1.5) for the processed/unshifted stimuli. This would suggest that signal processing was not responsible for the observed 
effects of F0-separation in Experiment 1.
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way ANOVAs, to further probe this interaction. The results of this follow-up analysis 

revealed that, for 5- to 7-year-olds, there was an effect of F0-separation condition 

[F(2, 32) = 6.36, p < 0.05, ηp
2 = 0.28] . Follow-up pairwise comparisons found that the masking 

release in the 9-semitone condition was significantly different from masking release in the 3-

semitone condition (p < 0.05), but there was not a significant difference between the 3- and 

6-semitone conditions (p = 1.0) or between the 6- and 9-semitone conditions (p = 0.91). For 

8- to 12-year-olds, there was an effect of F0 separation [F(2, 36) = 18.99, p < 0.001, ηp
2 = 0.51). 

Pairwise comparisons revealed that the amount of masking release in the 9-semitone 

separation condition was significantly different from both the 3-semitone and 6-semitone 

conditions (p < 0.001). There was no significant difference in masking release between the 

3- and 6-semitone conditions (p = 0.104). Both the 13- to 15-year-old age group 

[F(2, 28) = 25.08, p < 0.001, ηp
2 = 0.64], and the adults [F(2, 34) = 40.63, p < 0.001, ηp

2 = 0.71]

showed an effect of F0-separation. In contrast to the younger age groups, the pairwise 

comparisons revealed that masking release was not significantly different for the 6-semitone 

and 9-semitone conditions for either 13- to 15-year-olds or adults (p ≥ 0.100) . Masking 

release in both the 6- and 9-semitone conditions was significantly different from the 3-

semitone condition for the 13- to 15-year-olds (p < 0.05) and the adults (p < 0.001). 

Including listener sex in the model resulted in no main effect of sex or interaction with sex 

(p ≥ 0.214).

Individual Data

Figure 4 shows amount of masking release for all individuals in the 3-semitone condition 

(top panel), the 6-semitone condition (middle panel), and 9-semitone condition (bottom 

panel), plotted as a function of listener age. Individual data are in general agreement with 

mean results. In the 9-semitone condition, all of the adults showed a benefit of 5 dB or 

greater. In contrast, no listener younger than 7 years of age showed an improvement > 5 dB 

for any target/masker F0 separation. A 3-semitone separation had little effect on SRTs for 

children of any age, while introducing a 6- or 9-semitone difference improved SRTs, often 

dramatically for older children and adults. The majority of listeners in the 13- to 15-year old 

age group demonstrated a benefit greater than 5 dB in either the 6- or 9-semitone condition.

DISCUSSION

The purpose of Experiment 1 was to determine the extent to which children benefit from F0 

differences between target and masker speech in the context of speech-in-speech 

recognition, and whether this ability develops during childhood. The pattern of results 

observed across listener age for the unshifted-F0 condition is consistent with previous 

findings that, despite substantial individual differences within and between age groups, 

young children are generally more susceptible to speech-in-speech masking than older 

children and adults, even for relatively simple closed-set recognition tasks (Hall et al 2002; 

Leibold et al. 2013; Buss et al. 2016). Older children (ages 13- to 15-years) and adults had 

similar thresholds, consistent with prior research demonstrating that susceptibility to 

masking becomes adult-like in adolescence (Corbin et al. 2015; Leibold & Buss 2013).

Flaherty et al. Page 9

Ear Hear. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



When considering masking release in the shifted-F0 conditions, the results indicate that the 

ability to benefit from target/masker F0 differences was dependent upon listener age. There 

was a substantial (8.7 dB) improvement in mean SRTs for 13- to 15-year-olds when a 9-

semitone difference in F0 was introduced between the target and masker, but the benefit was 

smaller (5.5 dB) for the 8- to 12-year-old children, and for the 5- to 7-year-olds (2.1 dB). 

This age effect was unexpected given that previous studies have consistently demonstrated 

that most children over the age of 4 years are able to benefit to a similar degree as adults 

from a sex mismatch between target and masker speech (Wightman & Kistler 2005; Leibold 

et al. 2018).

One potential explanation for young children’s inability to benefit from F0 differences in the 

present study could be related to their sensitivity to pitch differences associated with voice 

F0. In the absence of other acoustic differences between the target and masker speech, 

young children could be at a disadvantage due to poorer frequency discrimination abilities 

relative to older children and adults (Maxon & Hogberg 1982; Jensen & Neff 1993). As 

children mature, improvements in frequency discrimination could lead to an increased 

ability to take advantage of F0 differences between target and masker speech.

Results describing children’s frequency discrimination abilities are mixed, but most indicate 

immature frequency discrimination thresholds until about 8 to 12 years of age (Jensen & 

Neff 1993; Halliday et al. 2008; Buss et al. 2014). For example, pure-tone frequency 

discrimination thresholds as high as 10% of the standard frequency have been reported for 

children under 8 years of age, compared to 0.5–1% in adults (Halliday et al. 2008). While 

some data indicate more adult-like performance in young children when discrimination is 

measured with harmonic complexes (Deroche et al. 2012, 2014), other data indicate similar 

frequency discrimination for pure-tone and voice stimuli (Buss et al. 2017a). Although 

young children’s frequency discrimination thresholds tend to be poor relative to adults’, 

sensitivity to a 10% change in frequency would support discrimination of the F0 shifts used 

in the present experiment (e.g., 3 semitones = 18.8%). However, it is unclear whether 

discriminability is sufficient to support segregation, in that more supra-threshold pitch 

differences could provide stronger segregation cues. If that is the case, then poor frequency 

discrimination for speech in young children could limit their ability to benefit from 

differences in F0 between target and masker speech.

Experiment 2

Experiment 2 examined whether the pronounced age effects observed in Experiment 1 were 

the result of development in the ability to discriminate voice pitch. Specifically, this 

experiment was designed to evaluate whether sensitivity to changes in F0 could account for 

age effects in children’s ability to benefit from F0 differences in the context of speech-in-

speech recognition. Stimuli and procedures were closely based on those used by Buss et al. 

(2017a). It was hypothesized children’s F0 discrimination thresholds would be predictive of 

their ability to benefit from F0 differences for speech-in-speech recognition, controlling for 

age.
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PARTICIPANTS AND METHODS

Listeners

Following collection of the data obtained in Experiment 1, 43 of the 51 child listeners (5.0–

15.9 years) participated in a F0-discrimination task: 14 were 5 to 7 years old, 14 were 8 to 

12 years old, and 15 were 13 to 15 years old. The remaining listeners did not complete the 

discrimination task due to scheduling constraints unrelated to individual performance. These 

measurements were completed during the same 1-hr session as Experiment 1. Testing lasted 

approximately 10–15 minutes. Due to their uniform ability to benefit from F0-separation in 

Experiment 1, adults were not included in Experiment 2.

Stimuli and Procedure

Stimuli were based on a recording from a female American English speaker producing the 

syllable /ba/, with a mean F0 of 243 Hz. The F0 of this sample was modified using the Praat 

implementation of the PSOLA algorithm so that the standard /ba/ had a monotonized F0 of 

250 Hz, and the targets were modified to have a higher F0 than the standard. There were 40 

target stimuli generated prior to the experiment, with frequencies ranging from 250.5 to 

357.6 Hz, with equal spacing on a log scale. All stimuli were presented at 65 dB SPL.

Discrimination thresholds were collected using a custom Matlab (Mathworks) script. The 

stimuli were presented through a loudspeaker (JBL-1). During testing the listener was 

positioned approximately 1 m in front of and facing the loudspeaker in the sound field of a 7 

× 8 ft sound treated booth. The experimenter sat in the booth, positioned behind the child. 

The task was a three-alternative, forced-choice (3AFC). Each trial contained three 500-ms 

intervals, separated by 500 ms. Two intervals contained the standard stimulus, and one 

randomly chosen interval contained the target. Intervals were indicated visually on a 

computer monitor showing three animated frogs. The monitor was positioned directly below 

the speaker so as not to interfere with the sound field. Each frog opened and closed its 

mouth, synchronous with the onset and offset of the associated stimulus. Listeners were 

instructed to listen for the sound that was different from the other two. This task was easily 

understood by even the youngest listeners. The listener used a handheld laser pointer to 

select the frog associated with the target and the experimenter entered the response using a 

computer mouse. After each response, an animation of the target frog catching a fly played, 

providing immediate feedback.

Thresholds were estimated using a 2-down, 1-up stepping rule, which converges on the 

frequency difference(Δ f ) associated with 71% correct performance. Each track began with a 

(Δ f ) of 10%, such that the target and standard were 275 and 250 Hz, respectively. At the 

outset of the track the (Δ f ) was adjusted by a factor of 20.5. This factor was reduced 20.25 

after the second track reversal. Listeners completed at least two threshold estimation tracks. 

An additional threshold was collected if the first two spanned a range greater than 5%. The 

final threshold estimates are reported as the geometric mean of all thresholds obtained from 

each listener. Analyses that included child age as a continuous variable used log age.

Flaherty et al. Page 11

Ear Hear. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Figure 5 shows discrimination thresholds for individual child listeners, plotted as a function 

of age. The geometric mean of the F0 discrimination threshold was 1.2 semitones (6.9% of 

the standard) for 5- to 7-year-olds, 0.4 semitones (2.6% of the standard) for 8- to 12-year 

olds, and 0.2 semitones (1.2% of the standard) for 13- to 15-year-olds. All but three listeners 

(ages 5.5, 6.8, and 6.9 years) had discrimination thresholds that corresponded to an F0 

sensitivity of less than 3 semitones (18.9%). Thresholds for listeners generally improved as a 

function of child age. For the following analyses, both thresholds and listener age were 

transformed to log units, following the approach taken by Buss et al. (2014). Log 

transformed thresholds were used because log units are thoughts to reflect perceptually 

equivalent changes in frequency and equalize the variance in pitch discrimination data 

(Micheyl et al. 2006). The use of log age was based on findings that maturation progresses 

the most rapidly for younger children compared to older children (Mayer & Dobson 1982; 

Moller & Robbin 2002). All analyses used a one-tailed significance criterion, unless 

otherwise noted. When both frequency discrimination threshold and age are represented in 

log units, the correlation is r = −0.54 (p < 0.001). A linear regression model evaluating the 

effects of listener age and sex on frequency discrimination thresholds indicated a significant 

negative effect of age (p < 0.001) but no effect of listener sex (p = 0.972).

While there was a trend for greater benefit of F0 separation for masked speech recognition 

with increasing child age (Experiment 1) and a trend for improved frequency discrimination 

with increasing child age (Experiment 2), there was not compelling evidence of a strong 

relationship between frequency discrimination and the ability to benefit from F0 shifts. To 

assess the relationship between frequency discrimination thresholds and masking release, a 

linear mixed effects model was conducted. The model included the fixed effects of 

discrimination thresholds, listener age, and F0-separation condition (3, 6, or 9 semitones), as 

well as 2- and 3-way interactions between these variables. The model contained a random 

intercept for each participant, to capture differences in thresholds across participants. Table 1 

includes the results from this analysis (Model A, left panel). The main effect of F0-

separation condition was significant (p < 0.001), as was the interaction between age and 

condition (p < 0.001). Of interest to the present analysis, the main effect of frequency 

discrimination was not significant (p = 0.383), but the interaction between F0-separation 

condition and discrimination thresholds was significant (p = 0.042). No other significant 

interactions were observed. It is important to note that the significant interaction between 

F0-separation and frequency discrimination is driven by data of a single listener with 

particularly poor performance in both tasks (age 6.9 years; masking release in 9-semitone 

condition = −4.5 dB; discrimination threshold = 26.4%). When data from this listener were 

excluded, the interaction between frequency discrimination and F0-separation condition was 

no longer significant, (p = 0.110). Statistical results omitting this listener are in Table 1 

(Model B, right panel). Overall, this pattern of results suggests that performance on both of 

the tasks improves with child age, but that frequency discrimination ability does not play a 

pivotal role in the ability to benefit from supra-threshold shifts in F0 for the masked speech 

recognition task.
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The pattern of individual differences across the whole age range lends further support for the 

conclusion that F0 mismatch benefit is not limited by frequency discrimination. For 

example, one of the youngest listeners (5.1 years) had a relatively low frequency 

discrimination threshold of 0.5 semitones (2.7%). Despite having relatively good frequency 

discrimination, this listener derived a modest release from masking of 3.5 dB for a 9-

semitone F0 separation. In contrast, two older children (11.3 and 12.8 years) with relatively 

high discrimination thresholds of 11.6% and 11.9% derived benefits of 5.5 and 5.8 dB in the 

9-semitone separation condition.

DISCUSSION

The results from Experiment 2 are in general agreement with prior investigations of 

children’s pure-tone frequency discrimination. Young school-age children tended to have 

higher discrimination thresholds compared to older children and adults, and mean 

performance tended to improve with increasing age. Adult-like frequency discrimination 

thresholds are often not seen until about 8–12 years of age (Jensen & Neff 1993; Thompson 

et al. 1999), and some studies have reported that performance continues to improve past 12 

years of age (Maxon & Hochberg 1982). In 5- to 6-year olds, thresholds of 10% are 

commonly reported for a 1000-Hz standard frequency, compared to thresholds of less than 

1% in adults (Halliday et al. 2008). Note, however, that not all studies have observed this age 

effect. Deroche et al. (2012, 2014) found adult-like performance in children as young as 6 

years of age when testing F0 discrimination with 100-Hz and 200-Hz broadband harmonic 

complexes. The precise age at which children achieve mature frequency discrimination 

abilities appears to vary depending on the particular task and psychophysical paradigm being 

used. Results of the present study are consistent with those reported by Buss et al. (2017a), 

where frequency discrimination thresholds for the /ba/ stimulus improved from 15% at 5 

years of age to 2% at 10 years of age. In that study, discrimination thresholds did not 

significantly differ between the 250-Hz /ba/ stimulus and the 250-Hz pure tone, indicating 

no advantage for children when the standard stimulus was speech instead of a pure tone. The 

mean thresholds in both the present study and in Buss et al. (2017) were similar to 

thresholds that have been reported for a 1000 Hz tone and were slightly higher than 

thresholds reported for 500 and 5000 Hz tones (Buss et al. 2014).

Regardless of when adult-like frequency discrimination performance is observed, it is clear 

that even young children can discriminate the relatively large F0 differences used in the 

present experiment. For all but three listeners (ages 5.5, 6.8, and 6.9 years), discrimination 

thresholds were well below 3 semitones, with thresholds averaging below 1–2 semitones. 

This indicates that the ability to discriminate the F0 differences used in Experiment 1 was 

likely not a limiting factor in children’s performance. In addition, if children’s ability to use 

F0 to segregate voices was dependent on their overall sensitivity to F0 differences, then we 

would expect that children with poorer F0 discrimination thresholds would also have poorer 

SRTs. Neither statistical analysis nor examination of individual data supported this 

prediction, as discrimination thresholds in Experiment 2 did not appear to be related to the 

ability to benefit from target/masker F0 differences in Experiment 1. Despite performance 

improving with age on both tasks, once age was controlled for, the analysis demonstrated 

only a weak association between discrimination thresholds and SRTs in any of the F0-
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separation conditions, driven by a single listener. Therefore, the age effects observed in 

Experiment 1 are likely not related to the development of children’s ability to discriminate 

voice pitch.

A potential limitation that may make it difficult to make comparisons across the two 

experiments is that the stimuli in Experiment 2 were from a female talker with an F0 of 250 

Hz, while the stimuli in Experiment 1 were from a male talker with an F0 of 120 Hz. The 

stimuli for Experiment 2 was chosen primarily because these stimuli have been used 

successfully in previous research investigating the development of F0 discrimination 

abilities (Buss et al. 2017). Despite there being different-sex talkers for the two experiments 

in the present study, the standard F0 of the female talker in Experiment 1 (250 Hz) was 

similar to the shifted F0 in the 9-semitone condition of Experiment 1 (210 Hz).

GENERAL DISCUSSION

The results of these two experiments suggest a prolonged time course of development in the 

ability to benefit from F0 differences between target words and continuous masker speech, at 

least under conditions in which target/masker F0 differences are provided in isolation. This 

ability appears to be unrelated to children’s sensitivity to F0 differences, as measured in 

Experiment 2. Not only are younger children more susceptible than adults to masking 

associated with competing speech, they also differ in their ability to benefit from F0 

differences between the target and masker. This was unexpected given that previous studies 

have consistently demonstrated that most children over the age of 4 years are able to benefit 

from a sex mismatch between target and masker speech (Wightman & Kistler 2005; Leibold 

et al. 2018). It is difficult to directly compare the present results to those of Wightman and 

Kistler (2005) because that study used a CRM task with only one competing talker. 

However, we can directly compare the present results with those of Leibold et al. (2018). 

That study examined the effects of a sex mismatch on word recognition using a picture-

pointing task in a two-talker masker, similar to the present study. Results indicated that 5- to 

10-year-olds benefitted to a similar degree as adults from a sex mismatch between the target 

and masker. In contrast, the current results suggest that 5- to 7-year-olds do not have the 

ability to benefit from F0 separations as large as 9 semitones. This suggests that the sex-

mismatch benefit observed for children is not due to differences in F0-separations alone.

One consideration when evaluating the results of the present study is the fact that the cues 

available to the listener were tightly controlled. Using the same talker for both target and 

masker speech ensured that stimuli were consistent along dimensions other than mean F0. 

This does, however, create a contrived situation that unlike what listeners would experience 

in a natural acoustic environment. Stimuli produced by different talkers could support better 

performance in younger children.

Another consideration is that the target stimuli were disyllabic words, which lack the 

contextual cues that would normally be present in running speech. Compared to isolated 

words, natural sentences provide both acoustic (prosodic) and semantic information that 

binds auditory cues together (Brokx & Nooteboom 1982; Darwin 1975). There is also 

evidence that auditory streams build up over time (e.g., Sussman-Fort & Sussman 2014). It 
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is possible that children might derive more benefit from F0 differences for longer duration 

targets, such as sentences, due to the greater opportunity for the buildup of segregation. 

However, a sex-mismatch benefit for children has been demonstrated for words rather than 

sentences (Leibold et al. 2018).

There are two possible explanations for why school-age children benefit to a similar degree 

as adults from talker sex mismatches but not from manipulation of F0 alone in a word 

recognition task. One is that children rely on acoustic characteristics that differentiate talker 

sex other than F0, such as those resulting from differences in VTL. Another is that children 

rely on a combination of acoustic characteristics, such as those provided by F0 and VTL, to 

capitalize on talker sex mismatches. Male and female voices differ along a number of 

dimensions, including F0, spectral features associated with VTL, breathiness, and speaking 

style (Lass et al. 1976; Klatt & Klatt 1990; Mullennix et al. 1995; Smith & Patterson 2005). 

Manipulating just F0 does not necessarily perception of talker sex. In adults manipulating 

just the F0 results in less release from masking than manipulating talker sex or manipulating 

F0 and VTL together (Darwin et al. 2003; Clarke et al. 2014). This suggests that more 

acoustic detail, such as differences in both F0 and vocal tract length, may improve the 

segregation of competing talkers. Numerous studies have found that children require more 

acoustic information than adults to achieve similar performance on a variety of speech 

perception tasks. For example, in speech recognition tasks, children have been shown to 

require greater temporal and spectral information than adults to recognize speech (Buss et al. 

2017b; Elliot et al. 1987; Hazan & Barrett 2000; Mlot et al. 2010). These findings suggest a 

possible explanation for the large child/adult difference in the present experiment. Young 

children may struggle to use the F0 cue in isolation, whereas natural talker sex mismatches 

prove less challenging due to the presence of multiple segregation cues (provided by F0, 

VTL, and other voice qualities). As children’s cognitive processing matures and they gain 

more experience with speech, they may be less reliant on the provision of multiple cues, 

which could explain why some 7-year-olds are able to take advantage of relatively larger 

target/masker F0 differences, but 5- to 6-year-olds are not.

Studies of coherence masking protection (CMP) in children and adults have investigated 

whether children are obliged to process speech signals as broad spectral patterns (Gordon 

1997; Nittrouer & Tarr 2011; Tarr & Nittrouer 2013). These studies involved labeling a 

phonetically-important low frequency formant (F1) presented in noise either alone or in 

combination with a higher frequency cosignal (a second and third formant, F2 and F3) 

which does not provide any additional vowel information and is outside the critical band of 

the target. When the cosignal and target were both present, labeling accuracy improved for 

children and adults. However, adults were more likely to benefit from the presence of the 

cosignal if it was harmonically related to the target. Children, on the other hand, showed 

large CMP effects regardless of whether the target and cosignal were harmonically related or 

not. This could suggest that harmonicity is a not salient for children when integrating 

spectral components of speech. This finding has been interpreted as showing that children 

pay attention to broad spectral structure instead of the fine spectral detail present in F0 

(Nittrouer & Miller, 1997; Nittrouer & Tarr, 2011; Tarr & Nittrouer, 2013).
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Work is currently underway to differentiate between these two explanations for children’s 

relative inability to benefit from F0 mismatches in a speech-in-speech task (reliance on 

converging cues vs. reduced attention to find spectral detail of F0). In either case, the present 

data suggest that F0 differences between streams of speech from a single talker may provide 

a weaker segregation cue for children than adults, irrespective of children’s sensitivity to F0 

differences. One implication of these findings is that the child/adult difference in speech 

recognition appears to depend critically on the speech materials used to assess performance. 

Materials that provide robust F0 cues would be expected to maximize the child/adult 

difference compared to materials with less prominent F0 differences. It is unclear what role 

children’s failure to capitalize on F0 differences plays in the large child/adult difference 

observed in the literature on speech recognition in a two-talker masker.

Future work using sentence materials will evaluate the role of target duration in development 

of speech-in-speech recognition. Regardless of potential limitations, the present study 

demonstrates that unlike adults, young children are unable to take full advantage of F0 

differences between target words and competing speech. The current study provides 

evidence of a prolonged time course of development for the ability to utilize F0 differences 

for speech-in-speech understanding in the absence of other acoustic differences.
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Figure 1. 
Target word list (panel a) and one sample of the pictures that were used during picture-

pointing task to represent the target words (panel b) from Experiment 1.
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Figure 2. 
Individual masked SRTs (dB SNR) in the unshifted-F0 condition for all listeners, plotted as 

a function of age on a log scale.
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Figure 3. 
Average masking release (dB) across listeners (with SEs) for each of the four age groups are 

presented for the 3, 6, and 9 semitone separation conditions.
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Figure 4. 
Amount of masking release (dB) for individual listeners for each F0-shifted condition, 

plotted as a function of listener age on a log scale.
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Figure 5. 
Frequency discrimination thresholds for individual listeners, in percent of the standard (250 

Hz) /ba/, plotted as a function of age. Both threshold and age are represented on a log scale. 

separations are shown on the right axis.
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