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ABSTRACT 
 
The purpose of the current study was to determine the perceptual weights given to cues for fricative place of articulation by children 
wearing hearing aids, and whether this differs from children and adults with normal hearing in terms of Developmental Weighting 
Shift hypothesis. Ten adults and ten 5 to 7-year-old children with normal hearing, and nine children wearing hearing aids participated.  
Two seven-step continua of synthetic CV syllables were constructed, with frication pole varying from /s/ to /∫/ within the continuum, and 
appropriate formant transition onset frequency values for /s/ or /∫/ varying across the continua. Results showed that both children and 
adults gave more perceptual weight to the frication spectral cue than to the formant transition. The weight given the formant tran-
sition cue was similar for children and adults, and the degree of cue interaction was similar between children and adults. Children wear-
ing hearing aids did not weight both cues significantly. The results suggest that given these stimuli and analysis methods, children and 
adult’s weighting of cues for fricative place of articulation are similar. This pattern of results is not consistent with the Developmental 
Weighting Shift hypothesis that suggests children initially focus more on dynamic than static cues for frication perception. Also, the 
results of children wearing hearing aids indicated that there were individual differences among hearing impaired children. There were 
no relationship between speech cue weighting and individual factors. 
 
KEY WORDS：Developmental weighting shift·Sensorineural hearing loss·Speech cue weighting. 

 
 

INTRODUCTION 
 

It is well known people do not assign the same per-
ceptual weight to acoustic cues used in speech perception. 
Research that has explored speech perception of children 
has demonstrated differences in perceptual strategies for 
speech in children and adults.2)17)20)21)22) In attempting to 
explain the differences between the perceptual weighting 
strategies of children and adults, Nittrouer and colleag-
ues9)10)11)12) have proposed the Developmental Weighting 
Shift (DWS) hypothesis. This hypothesis states that the 
optimal speech cue weighting strategy shifts as native lan-
guages are learned. That is, young children use different 
acoustic cues than adults to achieve the same perceptual 
goals, and children generally learn to weight segments in 
an adult-like manner as they gain more experience. Spe-
cifically, young children tend to give relatively more we-
ight to dynamic cues, such as formant transitions, and re-
latively less weight to cues that are relatively static, such 
as frication noise.  

Children with SNHL (sensorineural hearing loss) might 
show a reduction in both the quality and quantity of spe-
ech and language experience.1) Children with hearing loss 
might also have a limited experience with speech percep-
tion and therefore possess similar weighting strategies to 
those of younger normal hearing children.18) As a result, 
children with moderate to severe SNHL may use listening 
strategies that differ from those of children with normal 
hearing. For instance, Pittman and Stelmachowicz18) stu-
died the perception of fricative sounds among normal and 
hearingimpaired children and adults. They used four po-
stvocalic fricative sounds (/s,∫, f, Ө/) in the /u/ vowel 
environment. Somewhat contrary to the DWS hypothesis, 
all four listening groups weighted frication more heavily 
for the /us/ and /u∫/ syllables. For /uf/, listeners with 
normal hearing weighted the frication more than the tran-
sition, whereas listeners with hearing loss gave low weigh-
ts for both frication and transition. For the /uӨ/ syllable, 
children and adults with hearing loss weighted the frica-
tive noise cue more heavily than normal hearing children 
and adults. Also, Nittrouer14) found that mainstreamed chil-
dren with hearing loss have shown results similar to those 
of age-matched children with normal hearing. Non-main-
streamed children with hearing loss to mainstreamed chil-
dren and normal hearing children were compared. In the 
results, the non-mainstreamed children had a cue weight 
pattern different than the other two groups. The author not-
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ed that SNHL can result in less experience with perceiv- 
ing speech and can delay development of mature speech 
perception and language processing abilities. These defi-
ciencies might be overcome through appropriate early in-
tervention.14) The Pittman and Stelmachowicz18) and Nit-
trouer14) studies assessed children over 8 years old; at that 
age children may be old enough to use adult-like speech 
perceptual strategies, and there is no way to determine if 
they may have undergone or have been primed to under-
go a DWS. In addition, the two studies used different syl-
lables. These factors might affect any comparisons made 
between the two studies. 

Due to the methodologies used in prior research (i.e., 
older subjects, different stimuli, and disparate hearing his-
tories) we still do not know whether perceptual strategies 
used by children with hearing impairment differ signifi-
cantly from those of children with normal hearing. The 
overall goal of the proposed work is to investigate the pe-
rceptual weighting strategies of hearing impaired children, 
especially, wearing hearing aids. Previous research by 
Nittrouer14) has shown that children in the late preschool/ 
early elementary years undergo a developmental shift in 
their perception of acoustic cues in speech. This change is 
thought to occur as the child gains experience with lan-
guage, and is thought to reflect the child’s growing sensi-
tivity to phonetic structure. This shift in perception has 
not been studied in children with hearing aids, and may 
be important for fitting their amplifications and habilita-

tion of these children.     
There are two specific aims of the proposed study: 1) 

to determine the perceptual weights given to different 
acoustic cues by children with HA, and whether this dif-
fers from children with normal hearing in terms of the 
DWS and 2) to determine if the perceptual weights are 
correlated with factors such as length of HA experience 
and habilitation etc.  

 
MATERIALS AND METHODS 

 
Participants 

Two groups of children and one group of normal hear-
ing adults (NHA) participated in the current study. Two 
groups consisted of normal hearing children (NHC) and 
children with HA. In NHA group, the average age was 
26.4 years old; the average age in the normal hearing chil-
dren’s group (NHC) was 6.3 years old; the average age 
in the hearing aid users children’s group (HA) was 6.6 
years old. <Table 1> shows the average age, standard de-
viation (SD) and range in each group. All participants 
were native-American English speakers. 

Listeners with normal hearing had hearing sensitivity 
in both ears of 20 dB HL or better for octave frequencies 
from 250 to 4,000 Hz (ANSI S3.6-1996) and no history of 
otologic pathology. All NHA were recruited from under-
graduate and graduate students of the Department of Au-
diology and Speech Pathology at the University of Tennes-
see. All NHC were recruited from the children of students 
of the Department of Audiology and Speech Pathology.  

Fig. 1 shows the aided threshold of better hearing for 
HA group. Hearing-impaired listeners were recruited from 
the Child Hearing Service (CHS) and Audiology Clinic at 
the University of Tennessee. Hearing loss etiological data 
was obtained from medical charts or case history forms. 
<Table 2> presents the description of HA group and 
<Table 3> presents the information of individual listeners 
with HA.   

 
Stimuli 

Synthetic CV continua representing /su/ and /∫u / sylla-
bles were constructed using a software cascade/parallel 
formant synthesizer.7) The stimuli varied in terms of the 
frequency of the fricative spectrum and vowel onset of 

Table 1. Description of each group 
 
 

Normal hearing adults 
(NHA) 

Normal hearing children 
(NHC) 

Children with hearing aids 
(HA) 

N 10 10 9 
Average Age 

(SD) 
Range 

26.4 
(7.4) 

20.9-44.7 

6.3 
(1.2) 

5.1-7.8 

6.6 
(1.3) 

5.1-8.5 
 

dB
 H

L 

Fig. 1. The average and SD (Standard Deviation) of hearing sen-
sitivity at the sound field in 9 children wearing hearing aids. 

0

10

20

30

40

50

60

70

80

90

100

110

120
500 1,000 2,000 4,000 8,000 

HA 



 
 
 
 
 
 

 

AUDIOLOGY • 청능재활  2010;6:30-36 32 

transition (F2 transition). The creation of the stimuli fol-
lowed the trading relations design used in studies of /s/ 
and /∫/ by Nittrouer9)11) and Mayo et al.8) 

In the current study, the poles of noise frequency spec-
trum were varied in 250 Hz steps from 2,200 Hz to 3,700 
Hz (2,200/2,450/2,700/2,950/3,200/3,450/3,700 Hz). The 
pole frequency of 2,200 Hz is most /∫/ like and 3,700 Hz 
is most /s/ like. For the formant transition cue, the F2 on-
set frequency was either 1,200 Hz or 1,800 Hz. The F2 
onset of 1,200 Hz is most /s/ like, and the F2 onset of 
1,800 Hz is most /∫/ like. Particular effort was made to 
equate fricative amplitude for pairs of stimuli having the 
same fricative pole but different formant transition. Thus, 
there were two synthetic continua, each consisting of se-
ven stimuli. Within each continuum, the spectra poles were 
varied. All stimuli within one continuum had F2 onset ap-
propriate for /s/ and all stimuli in the other continuum had 
F2 onsets appropriate /∫/. 

 
Procedure 

Practice items were presented to all listeners as they 
were seated in a sound booth. Two cards were used: For 
the stimulus /s/, a picture of a girl named “Sue” served as 
the prompt, and for the /∫/ stimulus, a picture of a shoe 
served as the prompt. The stimuli were presented at 70 
dB SPL via loudspeaker within the booth at 0˚ azimuth 
and 1m from the listeners. The investigator, using live 
voice, determined if the listener could correctly identify 
/su/ and /∫u /. If this was successfully accomplished by the 
listener, then the examiner presented the listener with the 
endpoints of the continuum. The practice items were re-

peated until participants were right six practice items out 
of six (three times each for /su/ like and /∫u/ like sounds). 

During the experimental phase, the 14 stimuli were ran-
domly presented 10 times each, for a total of 140 respon-
ses. All stimuli were presented by a computer from a soft-
ware program Super lab pro 2.0.4 version. Adult partici-
pants responded by pressing a keypad; children respon-
ded with by pointing to a card and the examiner recorded 
the responses.  

 
RESULTS 

 
The mean labeling responses of each group are presen-

ted in <Fig. 2, 3, 4>. Each figure presents percent /s/ 

Table 3. Description of individual listeners with HA 

 Age 
Onset age of 
identification 

(yrs) 

Onset age of 
amplification 

(yrs) 

Onset age of 
intervention 

(yrs) 

Frequency of speech 
and language therapy 

(hrs) 
Reading skill 

HA1 7.5  0.0  3.0 3.0 1.0 Pre-literacy 
HA2 8.5  4.0  4.0 5.0 1.0 3rd grade 
HA3 5.1  2.0  2.1 2.1 0.5 Pre-literacy 
HA4 5.5  0.8  0.8 1.0 3.0 Pre-literacy 
HA5 6.1  4.0  5.0 3.0 3.0 Pre-literacy 
HA6 5.7  3.5  5.0 - - Pre-literacy 
HA7 6.6  6.0  6.0 6.0 1.0 1st grade 
HA8 6.1  4.0  4.5 5.0 3.0 Pre-literacy 
HA9 8.5  1.0  1.0 1.0 1.5 2nd grade 

 

Table 2. The information of HA group 

 
Age of hearing loss 

identification 
(yrs) 

Onset age of 
amplification 

(yrs) 

Onset age of 
intervention 

(yrs) 

Frequency of 
speech/language therapy 

(hours/week) 

HA 
Average 

(SD) 
Range 

2.8 
(2.0) 
0-6 

3.5 
(1.9) 
0.8-6 

3.3 
(1.8) 

None-6 

1.75 
(1.1) 

None-3 
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Fig. 2. Percent of /s/ responses plotted as a function of noise sp-
ectrum pole. Results show mean data from 10 adults with normal 
hearing. 
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responses as a function of pole frequency spectrum, and 
the figure legend represents type of formant transition 
(/s/-like, /∫/-like).   

A comparison of <Fig. 2> and <Fig. 3> reveals that 
the labeling functions of adults were steeper than those of 
children with normal hearing. Two function lines (each 
transition line) were more separated in NHC than in NHA.  
Also, <Fig. 4> indicates the labeling function of children 
wearing HA. The function lines are flat, lying near 50% 
labeling, even at the end points. In other words, this group 
did not differentiate the sounds.  

   
Listeners with Hearing Aids vs. Normal Hear-
ing Listeners 

A three-way repeated-measures ANOVA was compu-
ted with spectrum, and transition as the within-subjects 
factor and group as the between-subject factor. The de-
pendent variable was the arcsine-transformed proportion 
of /s/ responses. The results of these analyses summarized 
in <Table 4> reveals that there were significant main ef-
fects of spectrum [F(3.624)=94.055, p<.001] and tran-
sition [F(1)=49.451, p<.001]. Also, two two-way inte-
ractions were significant (spectrum by group [F(7.248) 
=20.991, p<.001] and spectrum by transition [F(5.224) 
=11.398, p<.001]). In order to explore the interaction of 

spectrum by group, a series of one-way ANOVA was used. 
There were significant differences among groups at each 
end of the continua with each transition except for four 
middle pole frequency values, 2,700 Hz and 2,900 Hz with 
/su/ transition, and 2,900 Hz and 3,200 Hz with /∫u / tran-
sition (Table 5). Results of the one-way ANOVAs show 
that there are differences between the listener groups at the 
ends of the continua. To determine which groups differ, a 
set of post hoc Tuckey HSD tests were calculated. In ad-
dition to significant differences between adults and chil-
dren, the results in <Table 6> show differences between 
the children (NHC vs. HA).  

<Table 7> presents the coefficients of the determination 
for transition and spectrum cues. These coefficients were 
obtained by dividing each cue of the sum of squares by 
the total sum of squares. The data obtained from HA group 
and the data obtained from NHA and NHC groups show-
ed significant effects of transition, spectrum, and interac-
tion cues. The HA group data showed no significant ef-
fects of transition or interaction of cues. Spectrum cue 
was borderline significant [F(3.319)=2.870, p=.051]. 

 
Intervention and Speech Cue Weighting 

Individual data were marked as 1 or 0 depending on per-
ception of continuum end points. Labeling scores≥70% 

Table 4. Summary of three-way repeated measures ANOVA using Huynh-Feldt correction 

Effect df F Significance level 

Transition 01.000 49.451 <.001 
Transition* Group 02.000 01.984 <.158 
Spectrum 03.624 94.055 <.001 
Spectrum* Group 07.248 20.991 <.001 
Transition* Spectrum 05.224 11.398 <.001 
Transition* Spectrum* Group 10.448 01.166 <.318 

The two within-subject factors were transition and spectrum, and the between-subject was listeners group 
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Fig. 3. Percent of /s/ responses plotted as a function of noise sp-
ectrum pole. Results show mean data from 10 children with nor-
mal hearing. 
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Fig. 4. Percent of /s/ responses plotted as a function of noise spe-
ctrum pole. Results show mean data from 9 children wearing hear-
ing aids. 
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were given a “1”; otherwise, the scores were given a “0”. 
Pearson correlations were calculated to explore relation-
ships among speech cue weighting, age, duration of am-
plification, onset age of amplification, age of identifica-
tion, and hours of speech language therapy. None of those 
variables had a significant relationship with the individual 
data from the psychometric functions.      

 
DISCUSSIONS AND CONCLUSIONS 

 
The first goal of this study was to investigate the per-

ceptual weights given to different acoustic cues by child-
ren wearing HA, and whether these differ in NHC group 
in terms of the DWS. We hypothesized that speech cue 

weighting strategy may be different among groups (NHA,  
NHA and HA). According to a series of studies by Nit-
trouer and colleagues,9)10)11)12)13) children use a different cue 
weighting strategy than adults for fricative consonants. 
This pattern changes with increasing language experience. 
Mayo et al.8) investigated the correlation between phone-
mic awareness and developmental change in cue weight-
ing. They found early phonemic awareness might predict 
speech cue weighting, and this development might cause 
a shift in cue weighting strategy. However, children with 
hearing loss have less language experience than normal 
hearing children, and therefore hearing impaired children 
may have a different cue weighting strategy. 

In the current study, the NHA group had a different cue 
weighting pattern from that of children’s groups. We also 
found all listener groups weighted the spectrum cue more 
than the transition cue. However, there were different we-
ighting percentages among groups. The NHA group we-
ighted 86% on spectrum cue and 7% on transition cue, 
whereas the NHC group weighted 50% on spectrum cue 
and 9% on transition cue. However, in HA group, there 
was no significant cue weightings on spectrum and tran-
sition cue(Table 7). The only spectrum cue weighting 
was borderline significant in the three-way measurement 

Table 5. Summary of one-way ANOVA 

 df F Significance Level 

2,200 2, 26 13.026 <.001 
2,450 2, 26 10.818 <.001 
2,700 2, 26 01.118 <.342 
2,950 2, 26 00.472 <.629 
3,200 2, 26 15.031 <.001 
3,450 2, 26 16.477 <.001 

/su/ 

3,700 2, 26 33.837 <.001 

2,200 2, 26 19.884 <.001 

2,450 2, 26 21.616 <.001 

2,700 2, 26 14.343 <.001 

2,950 2, 26 01.332 <.281 

3,200 2, 26 02.146 <.137 

3,450 2, 26 06.823 <<.004*. 

/∫u/ 

3,700 2, 26 12.371 <.001 
*: p<.05 
 
Table 6. Summary of Post Hoc test using Tukey HSD of each group. Selected reporting of significantly different variables among groups 

 Dependent 
Variables Group Group Significant Level  Dependent 

Variables Group Group Significant Level 

NHA NHC .095* NHA NHC <.004** 
NHA HA <.001** NHA HA <.001** 2,200 

NHC HA .017* 

2,200 

NHC HA <.027** 
NHA NHC  .021** NHA NHC <.001** 
NHA HA <.001** NHA HA <.010** 2,450 
NHC HA *.006** 

2,450 
NHC HA <.096** 

NHA NHC <.001** NHA NHC <.013** 
NHA HA <.001** NHA HA <.001** 3,200 
NHC HA .969* 

2,700 
NHC HA <.070** 

NHA NHC *.002** NHA NHC <.008** 
NHA HA <.001*** NHA HA <.013** 3,450 
NHC HA .146** 

3,450 
NHC HA <.992** 

NHA NHC <.001*** NHA NHC <.019** 
NHA HA <.001*** NHA HA <.001** 

/su/ 

3,700 
NHC HA .023** 

/∫u/ 

3,700 
NHC HA <.109** 

*: p<.05, **: p<.01 

Table 7.  Percent of variance accounted for by cue weighting at
each group 

 NHA NHC HA 

Spectrum 86* 50* 09  
Transition 7* 09* 09  
Integration 4* 06* 05 
Total  970. 650 23 
*: p<.05 
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of ANOVA. In other words, the HA group had the most 
difficulty in making phonemic judgments on the fricative 
syllables. Fricative consonants are relatively high frequ-
ency sounds and these children had hearing loss at the 
high frequency range. However, all stimuli were audible 
with hearing aids (through real ear measurement). It might 
be possible that stimuli were unfamiliar or distorted due 
to high frequency hearing loss.  

According to Ohde et al.16) if preschool children are 
trying to make phonemic decisions, a dynamic cue such 
as a transition cue may play an important role. Younger 
children require either a louder or longer duration speech 
cue to make a phonemic decision5)17) or greater contrasts 
of spectral information.3)4) Eisenberg et al.4) suggested 
that children’s auditory perceptual abilities are still deve-
loping during their first 10-12 years, and that degraded 
or limited sensory information cannot be used as efficien-
tly by young children. Also, Sussman19) showed children 
and adults have different cue weighting strategies due to 
children’s immature auditory sensitivity. Thus children 
require a longer duration and/or stronger amplitude cue to 
make phonemic decisions. The portion of the transition cue 
in fricative CV (consonant-vowel) syllable is 40-50 ms, 
much shorter than fricative noise cue. Also developmen-
tal studies of identification of stop consonants15)17) indi-
cated that the transition cue helps in identification of the 
stop consonant, but children did not significantly weight 
the transition cue more than adults. These results did not 
support the DWS hypothesis. Similarly, results from the 
current study do not show that children weight the tran-
sition cue more than adults. In fact, instead of a develop-
mental weighting shift, there was variation in the amount 
of weight given the spectrum cue. 

Why was a developmental weighting shift shown in 
fricative consonant in Nittrouer et al.’s studies, but not in 
the current study? This discrepancy might be caused by a 
difference in methodology. In the present study, an ANO-
VA model was used to determine cue weighting, whereas 
Nittrouer et al. used the phonemic boundaries of 50% and 
functional slope to compare cue weighting among groups. 
If phonemic boundaries are more separated, the transition 
cue was more heavily weighted, and if slopes were stee-
per, the fricative noise cue was more heavily weighted. 
However, if this method is used, two cues are not com-
pared directly, nor is there a quantitative weight given to 
each cue. Moreover, integration or interaction of cues can-
not be considered. In this study, ANOVA was used for 
calculation of each cue weighting proportions. Cues can 
be assigned a quantitative weight using the ANOVA mo-
del, and integration of cues can also be measured. The 
ANOVA model also determines the percent of variance 

accounted for by each cue from the listeners’ responses.   
The second goal of this study was to determine if the 

perceptual weights are correlated with factors such as ear-
ly intervention, age of identification and length of am-
plification experience. We hypothesized that the degree of 
language experience might affect cue weighting in HA 
group. According to Nittrouer,14) hearing impaired child-
ren have speech perceptual strategies similar to those of 
normal hearing children because of early intervention. 
Therefore, these hearing impaired children could have re-
latively better speech perception scores than children who 
do not have early intervention. Thus, children with more 
experience in wearing HA and/or more therapy may have 
weighting patterns similar to those of children with nor-
mal hearing. In result of the current study, there were in-
dividual differences among hearing impaired children. 
However, we could not find any relationship between spe-
ech cue weighting and duration of language experience 
and etc. It might be possible that these factors (onset age of 
hearing loss, onset age of intervention, duration of ampli-
fication) cannot show their language ability. 

In this study, the transition cue and integration of cues 
are not significantly important to perceive the fricative 
consonants. Also the amounts of variance of weighting for 
the transition cue do not appear significantly different be-
tween adults and children groups. If DWS is proper hy-
pothesis for explanation of adults and children cue wei-
ghting strategies differences, removal of the transition cue 
may more affect the ability of identification of the frica-
tive consonant for children than adults. Moreover, dura-
tion of transition cue is shorter than that of the frication 
consonant and the frication cue has spectral characteristic 
like spectrum cue of the burst in stop consonant syllab-
les.6) If we vary the duration of the transitional burst cues, 
we will be able to see the differences between children 
and adults’ speech cue weighting strategies. Moreover, we 
found much variability across the hearing impaired child-
ren, but we failed to find the factor which affects speech 
cue weighting strategy in hearing impaired children. For 
future study, we need to figure out the individual differen-
ces in hearing impaired children in terms of language ab-
ility. Also we need to study how improve hearing impair-
ed children’s ability to identify speech.  
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