
 

 

 University of Groningen

Auditory and phonetic perception of vowels in children with apraxic speech disorders
Maassen, Ben; Groenen, Paul; Crul, Thom

Published in:
Clinical Linguistics and Phonetics

DOI:
10.1080/0269920031000070821

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2003

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Maassen, B., Groenen, P., & Crul, T. (2003). Auditory and phonetic perception of vowels in children with
apraxic speech disorders. Clinical Linguistics and Phonetics, 17(6), 447-467.
https://doi.org/10.1080/0269920031000070821

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.1080/0269920031000070821
https://research.rug.nl/en/publications/079aacc4-1255-4c8b-ac8b-da57c5cc4144
https://doi.org/10.1080/0269920031000070821


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=iclp20

Clinical Linguistics & Phonetics

ISSN: 0269-9206 (Print) 1464-5076 (Online) Journal homepage: https://www.tandfonline.com/loi/iclp20

Auditory and phonetic perception of vowels in
children with apraxic speech disorders

Ben Maassen, Paul Groenen & Thom Crul

To cite this article: Ben Maassen, Paul Groenen & Thom Crul (2003) Auditory and phonetic
perception of vowels in children with apraxic speech disorders, Clinical Linguistics & Phonetics,
17:6, 447-467, DOI: 10.1080/0269920031000070821

To link to this article:  https://doi.org/10.1080/0269920031000070821

Published online: 09 Jul 2009.

Submit your article to this journal 

Article views: 230

View related articles 

Citing articles: 10 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=iclp20
https://www.tandfonline.com/loi/iclp20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/0269920031000070821
https://doi.org/10.1080/0269920031000070821
https://www.tandfonline.com/action/authorSubmission?journalCode=iclp20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iclp20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/0269920031000070821
https://www.tandfonline.com/doi/mlt/10.1080/0269920031000070821
https://www.tandfonline.com/doi/citedby/10.1080/0269920031000070821#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/0269920031000070821#tabModule


   , 2003, . 17, . 6, 447–467

Auditory and phonetic perception of vowels
in children with apraxic speech disorders
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†Child Neurology Centre, ‡Department of Otorhinolaryngology, ¶Department
of Otorhinolaryngology, Institute of Medical Psychology, University Medical
Centre Nijmegen, The Netherlands

(Received 26 September 2001; accepted 5 November 2002)

Abstract

The aim of this study was to assess auditory and phonetic perceptual processing
of vowels in children with apraxic disorders, who demonstrated clinically with
only a speech output deficit. Two experiments were conducted. In the preparatory
Experiment 1 series of vowels were constructed by moving formant frequencies
away from the extreme values in the vowel space in the direction of a ‘neutral-
vowel position’. These were presented to adults and children with no speech-
language involvement. Based on identification performance low-redundancy
vowels were selected, which served as the end-points of two vowel continua: /i/-
/I/ and /a/-/a/. In Experiment 2 these continua were used in identification and
discrimination tasks, presented to 11 children with apraxic speech problems (aged
6:11 to 9:6 years) and 12 normally developing children. The results showed poorer
perception of vowels for the children with apraxic speech problems than for the
control children for both continua. Identification functions indicated poorer
phonetic processing; discrimination functions indicated poorer auditory pro-
cessing. Furthermore, a combination of perception measures (identification and
discrimination) proved to have a high differential and clinical value for the
assessment of children with apraxic speech problems. The results support the
view that subtle (subclinical ) auditory processing deficits make part of speech
output disorders.

Keywords: Vowels, perception, developmental apraxia of speech, children.

Introduction

Developmental apraxia of speech (DAS) is a disorder in the ability to perform
purposeful speech movements (Hall, Jordan and Robin, 1993). The symptoms
include frequent and inconsistent errors that are contextually constrained in the

Address correspondence to: Ben Maassen, 945 Child Neurology Centre, University
Medical Centre St. Radboud, PO Box 9101, 6500 HB Nijmegen, The Netherlands.
e-mail: b.maassen@cukz.umcn.nl

Clinical Linguistics & Phonetics
ISSN 0269-9206 print/ISSN 1464-5076 online © 2003 Taylor & Francis Ltd

http://www.tandf.co.uk/journals
DOI: 10.1080/0269920031000070821



B. Maassen et al.448

articulation of speech sounds (Crary, Landess and Towne, 1984; MlCoch and Square,
1984; Marquardt, Dunn and Davis, 1985; Stackhouse, 1992). Although there is
much dispute about DAS as a diagnostic entity, articulation deficits with apraxic
characteristics form a large proportion of the speech disorders in children (Conti-
Ramsden, 1997). For diagnosis and therapy it is vital to get fundamental insight in
the aetiology and symptoms of this group of disorders.

The interpretation of articulatory problems as an output speech disorder does
not preclude the possibility of related language problems (Ekelman and Aram 1983;
Snowling and Stackhouse, 1983; Bridgeman and Snowling, 1988; Hall, Jordan and
Robin, 1993; Marion, Sussman and Marquardt, 1993; Groenen, Maassen, Crul and
Thoonen, 1996). In the present study, the perception of speech sounds in the
aetiology and maintenance of apraxic speech disorders was examined.

The relation between perception and production is well established. Several
studies have demonstrated a specific relation between consonant perception and
articulatory deficits in diverse groups of subjects (Monnin and Huntington, 1974;
Hoffman, Daniloff, Bengoa and Schuckers, 1985) and for diverse phonetic contrasts
such as the /r/-/w/ distinction (Ohde and Sharf, 1988), for /w/-/r/, /w/-/l/ and /r/-/l/
contrasts (Broen, Strange, Doyle and Heller, 1983), for the final /s-ts/ contrast
(Raaymakers and Crul, 1988), and for fricative contrasts (Rvachew and Jamieson,
1989). However, few studies have been conducted on perception and production
skills in a specific group of children with apraxic speech disorders. Hoit-Dalgaard,
Murry and Kopp (1983) studied voice onset time production and perception in
subjects with DAS. They found that children with DAS had production and percep-
tion errors for the voicing feature. Marion et al. (1993) found subjects with DAS
to have rhyming abilities inferior to those shown by control children. Thus, although
there is evidence for poorer speech perception abilities in children with apraxic
speech disorders, results remain inconclusive with respect to the underlying distinct
auditory and phonetic processes involved. In a previous study (Groenen et al., 1996)
we found children with DAS to have problems in auditory processing of place-of-
articulation features. In the present study vowels were used, because vowels are
potentially more sensitive with respect to the auditory–phonetic distinction than
consonants.

Speech perception can be characterized by a series of processes, comprising
a preliminary auditory analysis, further auditory and phonetic feature analysis
and the combination of phonetic features into a phonemic representation (Pisoni
and Sawusch, 1975; Cutting and Pisoni, 1978). By administering identification and
discrimination tasks these processes can be distinguished. An identification task
requires a phonemic judgement and thus decisions are based primarily on phonetic
properties and features. In a discrimination task, however, not only phonetic
information is used but the listener can also base perceptual judgements on auditory
information (see Liberman, Cooper, Shankweiler and Studdert-Kennedy, 1967;
Studdert-Kennedy, Liberman, Harris and Cooper, 1970, for the early studies on
categorical speech perception). The importance of auditory and phonetic processing
abilities for the development of speech and language has been studied in normally
developing children (e.g., Nittrouer and Studdert-Kennedy, 1987; Sussman, 1993a)
and in children with language impairments (e.g., Tallal and Piercy, 1974, 1975;
Sussman, 1993b; Groenen, Crul, Maassen and Van Bon, 1996).

Groenen, Maassen, Crul and Hulsmans (1994) and Groenen, Crul et al. (1996)
showed that in children with DAS and developmental dyslexia speech perception
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problems easier manifested themselves in auditory processing than in phonetic
processing. A straightforward and seemingly logical conclusion could be that these
children did not have problems in phonetic processing. However, an alternative
explanation could be that the type of stimulus (consonants) had a too high identifi-
ability and speech cues were perceptually too salient. Thus, whereas consonants
cover part of the dynamics of speech processing, vowels could well prove to be
useful in covering different areas of speech processing, sensitively assessing specific
problems of central auditory processing.

Whereas consonant misarticulations in children with DAS have been reported
extensively, there is evidence that children with apraxic speech disorders are also
deficient with respect to the articulation of vowels (Canter, Trost and Burns, 1985;
Odell, McNeil, Rosenbek and Hunter, 1991; Strand and McNeil, 1996). Pollock
and Hall (1991) and Walton and Pollock (1993) systematically described vowel
misarticulations in children with DAS. Perceptual transcription and acoustic analyses
demonstrated patterns of diphthong reduction, laxing, tensing and derhotacization.
According to Locke (1980), tests of perception related to articulation errors may
be particularly useful for the assessment of the relation between speech perception
and production. The vowel misarticulations in children with apraxic speech problems
warrant a study on possibly related deficient vowel perception abilities.

Two experiments were performed. Experiment 1 was conducted to determine the
specific stimulus settings needed for the stimulus material in Experiment 2. A
combination of two procedures was applied to sensitize the test stimuli. Not only
speech sound continua were utilized, but also a vowel neutralization procedure by
moving the formants to a ‘neutral-vowel position’. In Experiment 2, the perceptual
abilities of a group of articulation-disordered children of a predominantly apraxic
nature and a control group of children in response to two vowel continua were
studied. The two continua, /i/-/I/ and /a/-/a/, covered a major part of the vowel
space defined by the first three formants. Both the children with articulation problems
and the control children were administered identification and discrimination tasks.

The main questions were: (a) do children with apraxic speech problems exhibit
problems in the perception of vowels? (b) are potential speech perception problems
of phonetic or auditory origin?

Experiment 1

Vowel reduction is considered the deviation in the acoustic vowel space from an
ideal position towards a central point. The ideal positions are supposed to be those
vowel positions that provide the greatest acoustic contrasts (vowels spoken in isola-
tion). Several studies have shown a tendency to neutralize vowels in running speech
(as compared to vowels or words in isolation), in unstressed syllables (as compared
to stressed syllables) and in fast speech (as compared to slow or normal speech rate).
Therefore, shifting towards the speaker centroid was considered an ecologically valid
method to sensitize stimulus materials. Of interest, then, was the amount of central-
ization needed for phonetic perception of vowels to deteriorate. In the present
experiment, the effect of reducing vowel contrasts on phonetic perception in adults
with normal hearing was studied.
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Method

Subjects
The subjects were five Dutch adults (three males, two females; mean age 28.9 years,
range 22.5 to 31.1 years) with normal hearing. None of the subjects had structural
problems in the speech organs or otorhinolaryngologic problems. The subjects did
not show hearing loss, as tested by bilateral pure tone audiometric testing with air-
conduction thresholds at 250, 500, 1000, 2000, 4000 Hz (ISO, 1985); the maximally
allowed hearing loss was 20 dB HL for either ear. The subjects had never been
exposed to computer-manipulated speech. For all subjects, Dutch was the native
language.

Stimuli
Four speech series, each consisting of eight speech tokens with variable frequencies
of F1, F2 and F3 were generated. The series differed in vowel identity (/i/, /I/, /a/
and /a/). To degrade vowel cues, the spectral characteristics of a ‘neutral-vowel
position’ had to be determined. This was done by analysing five natural male
utterances of each of 12 Dutch monophthongs (/i/, /I/, /e/, /E/, /a/, /a/, /c/, /o/, /u/,
/y/, /ø/ and /œ/) spoken in isolation and computing the centroid for this specific
speaker. Computerized Speech Lab (CSL Model 4300, V5.05) was used for analysing
the spectral structure of the speech tokens (Specifications: A/D conversion 16 bit
sampling at 10 kHz after low-pass filtering at 5000 Hz; computation of long-term
average spectra on 128 points FFTs on 400 ms steady-state vowel parts with
framelength 12.8 ms, pre-emphasis 0.98, Hamming window; derivation of formant
frequencies from the peaks in the long-term average spectrum per vowel ). In
figure 1a, the frequencies of the first and second formant are displayed for all vowels.
To compute the speaker centroid, the grand average across all vowels was computed
(figure 1b). The speaker centroid served as the reference position for determining
the specific areas of vowel degradation. These areas are presented in figure 1c. Next,
the average vowel was assigned the number 1. The distances from average vowel
(/i/, /I/, /a/, or /a) to the speaker centroid was divided into 10 equidistant steps.
Eight out of the 10 levels of vowel reduction were selected for the present study (see
figure 1d).

Naturally spoken vowels were resynthesized to produce these vowel continua.
(Specifications: Kay LPC Parameter Manipulation/Synthesis Program ASL Model
4304, V1. Pitch-asynchronous autocorrelation method: pre-emphasis factor 0.95,
Hamming window, frame length 150 points, filter order 12. Estimation of spectral
peaks, bandwidths and intensities by fast Fourier transformation (FFT) on auto-
regressive coefficients. Pitch-asynchronous resynthesization by transforming the
manipulated reflection coefficients to inverse filter coefficients.)

Four series of eight speech tokens (i.e., a total of 32 stimuli) were constructed
by reducing the frequencies of F1, F2 and F3 towards the speaker centroid in eight
steps as displayed in figure 1d. The total length of each stimulus was cut back to
200 ms, a value proven to be typical for isolated vowels in speech production
( Koopmans-van Beinum, 1980) and to preserve the speechlike aspects of the vowel
(see Repp, 1984). Artificial clicks were avoided by cutting at zero-crossings at the
beginning of a glottal period.
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Figure 1. Stimulus construction for Experiment 1. (a) Two-dimensional vowel space based on
F1 and F2; (b) Determination of the speaker centroid; (c) Frequency areas for
vowel degradation for /i/, /I/, /a/ and /a/; (d) Representation of eight levels of vowel
degradation. Hollow squares indicate average positions per vowel.

Procedure
The stimuli were recorded and played back using an Ampex 467 DAT-tape on a
Grundig Fine Arts Digital Audio Tape recorder (type DAT-9000: 16 bit D/A
converter, 2-fold oversampling, sampling frequency 48 kHz). Presentation was via a
Beyerdynamic closed headphone (Type DT770). The playback level was set at a
listening level judged by the subject to be comfortable (approximately 70 dB HL).
Subjects were tested in a quiet room.

Each subject was examined once in a session of about 20 minutes. To get accustomed
to the artificial speech, the subject first listened to four repetitions of each of the four
perceptually clearest stimuli with F1, F2 and F3 frequencies taken from the average
vowel. The identification task was based on a five-alternative forced choice procedure
and consisted of five repetitions of each of the 32 speech tokens presented in a random
order in five series of 32 stimuli. The stimuli were separated by interstimulus intervals
of 3000 ms. The subjects could identify the initial phoneme of the stimulus by marking
the appropriate space (/i/, /I/, /a/, /a/ and /œ/) on a form specially designed for this
purpose. Adding response alternative /œ/ was justified by the fact that the speaker
centroid came very close to the characteristics of the vowel /œ/ (see figure 1b) and
therefore provided a plausible response possibility.

Results

In table 1, the confusion matrix for the perception of degraded vowels in adults with
normal hearing is presented. The perception of the speech token /i/ rapidly changed
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Table 1. Confusion matrix for the perception of degraded vowels in adults with normal hearing

Level vowel
reduction i I a a œ % error

i 1 25 0
2 24 1 4
3 25 0
4 21 4 16
5 6 19 76
6 3 22 88
7 0 25 100
8 0 18 7 100

I 1 25 0
2 25 0
3 25 0
4 25 0
5 25 0
6 22 3 12
7 13 12 48
8 9 16 64

a 1 25 0
2 23 2 8
3 24 1 4
4 23 2 8
5 15 7 3 40
6 12 5 8 52
7 7 6 12 72
8 1 3 21 96

a 1 1 24 4
2 25 0
3 25 0
4 23 2 8
5 21 4 16
6 1 10 14 60
7 10 15 60
8 1 1 23 96

Note: the levels of vowel reduction correspond to the numbers displayed in figure 1d.

to /I/ when the vowel reduction exceeded level 4. The perception of the vowel /I/
changed to /œ/ with vowel reduction levels greater than 6. This seemed a logical
consequence of moving towards /œ/ without ‘passing’ other vowels in the vowel
space. The perception of stimuli stemming from /a/ seemed to change to /a/ and
/œ/ as a function of the nearest mean vowel neighbour. Finally, the perception of
the vowel /a/ showed shifting towards /œ/ when the reduction level exceeded 5. In
general, perceptual phonemic confusions seemed to be directly related to Euclidean
distances in the vowel space determined by F1 and F2.

In figure 2 (top), the mean percentages ‘correctly perceived vowel’ are presented
for /i/, /I/, /a/ and /a/. Non-linear regression lines were estimated by applying a
segmented model: a quadratic model with a plateau (SAS Institute Inc., 1985). The
regression procedure estimated the perceptual breakpoint ( X0) and the degree of
curving. For values greater than X0, the equation relating the level of vowel reduction
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Figure 2. Identification curves (top) and regression lines (bottom) for the four vowels as a
function of vowel reduction. On the vertical axis, the ‘percentages correctly perceived’
are displayed.

and percentage ‘correctly perceived vowel’ was a parabola, whereas for values less
than X0, the equation was a horizontal line. There were two restrictions: (a) the
curve had to be continuous (the two sections had to meet at X0) and (b) the curve
had to be smooth (the first derivatives with respect to the level of vowel reduction
had to be the same at X0).

In figure 2 (bottom), the regression lines for /i/, /I/, /a/ and /a/ are presented.
Endpoint tokens for the /i/-/I/ and the /a/-/a/ continuum were needed for Experiment
2, consisting of vowel stimuli that were sufficiently critical to sensitively assess central
auditory speech perception processes. The choice of formant frequencies of these
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endpoint tokens was based on the vowel retention functions as approached with
non-linear regression.

The endpoint tokens of the continua were chosen by taking vowel stimuli with
formant frequencies that elicited above 75% correct responses in children with
normal hearing. For this, stimulus phonemic quality was determined by having five
children with normal hearing (mean age 9.4 years, range 8.5 to 10.2 years) label the
subset of perceptually degraded vowel stimuli which successively elicited 80%, 90%
and 100% correct responses in adults with normal hearing (see figure 2, top). The
criterion of 75% correct responses was met at vowel reduction levels as indicated by
dashed lines in figure 2 (bottom). The formant frequencies associated with these
critical levels were considered most sensitive and taken as composing the spectral
structure of the endpoint tokens of the continua used in Experiment 2.

Experiment 2

The perceptual abilities of a group of articulation-disordered children and a control
group of children in response to a sensitized /i/-/I/ and /a/-/a/ continuum were
studied. Both the children with articulation problems and the control children were
administered identification and discrimination tasks. Since it was not certain whether
or not children with articulation problems formed a homogeneous group with regard
to speech perception, group as well as individual data were evaluated. In addition,
perceptual subgrouping and the clinical value of perceptual measures were evaluated.

Method

Subjects
The purpose was to form a homogeneous group of children whose main articulation
problem was apraxic in nature. The subjects with apraxic speech problems were 11
Dutch children (mean age 8.0 years, range 6.9 to 9.5 years) attending special schools
for children with language and speech disorders.

In the preselection, information was obtained from medical and educational
records and a speech evaluation by the school speech-language pathologists. The
criteria for apraxic speech problems were derived from the characteristics mentioned
in Hall (1992), Stackhouse (1992) and Hall et al. (1993). The criteria for inclusion
were: (a) high rates of speech sound errors; (b) inadequate diadochokinetic profile
for the production of multisyllabic sequences; (c) posturing and groping of the
articulators; (d) periods of highly unintelligible speech; (e) difficulties with or inability
to produce complex phonemic sequences; and (f ) an inconsistent speech perform-
ance. An inclusion criterion obtained from the medical and educational records was
a slow development and remediation of speech skills.

In addition, each child had to be unequivocally diagnosed by certified speech-
language pathologists as having apraxic speech problems. This diagnosis was made
through classification based on spontaneous speech production and speech and
sentence imitations. Besides the category of articulation problems of apraxic nature
also the speech-language pathologists made classifications of dysarthria, functional
articulation problems and language delay. Admission to the experimental group
required categorizing the speech characteristics as moderate to severe symptoms of
apraxic speech problems.

Information derived from the medical and educational records was used to
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determine exclusion criteria (see also Thoonen, Maassen, Gabreëls and Schreuder,
1994; Groenen, Maassen et al., 1996). This information indicated that each selected
child (a) had no structural problems in the speech organs that could be held
responsible for their speaking problems; (b) did not have otorhinolaryngologic
problems; and (c) did not suffer from severe attention deficits. Each articulation-
disordered child functioned within a normal range of intelligence (performance IQ
on standardized tests of intelligence was above 85, WISC-R, Wechsler, 1986).

The control children were 12 subjects (mean age 8.1 years, range 7.0 to 9.7 years)
attending a regular elementary school. These children were recommended by their
teachers. The children did not evidence learning disabilities, a history of hearing
problems, speech and language problems, or speech-limiting structural abnormalities.
Based on school performance and information from the classroom teachers, normal
levels of cognitive, motor and perceptual functioning could be assumed. The control
children were gender matched to the young children with articulation problems and
were in the same school grade, so the educational level was the same across groups.

The children in both groups also met the following selection criteria: (a) absence
of hearing loss on bilateral pure tone audiometric testing with air-conduction thresh-
olds at 250, 500, 1000, 2000, 4000 Hz (ISO, 1985); the maximally allowed hearing
loss was 25 dB HL for either ear; (b) no previous exposure to resynthesized speech;
and (c) Dutch as the native language.

Stimuli: generating the two continua
Stimulus specifications were based on results of Experiment 1. Whereas in
Experiment 1, the redundancy of the speech tokens was reduced by shifting formant
frequencies towards the speaker centroid, in the present experiment, the redundancy
of the speech tokens was reduced by shifting the formant frequencies from one
sensitized vowel to the other. Two 7-step vowel continua were generated: (a) an
/i/-/I/ continuum and (b) an /a/-/a/ continuum. In table 2, the frequencies for the
first, second and third formant of the vowel stimuli for both continua are presented.
The consecutive stimuli were generated, as in Experiment 1, through manipulation
of the linear predictive coding parameters and resynthesis of the results. The duration
of each stimulus was 200 ms.

Procedure
The stimuli were recorded as in Experiment 1 and played back using a portable
AIWA Digital Audio Tape recorder (Type AIWA HD-S1: bit-stream D/A converter).

Table 2. Frequencies (in hz) for the first, second and third formant for the vowel stimuli of
the two continua

/i/-/I/ /a/-/a/

Stimulus F1 F2 F3 F1 F2 F3

1 /i/ 305 1807 2805 671 1329 2502 /a/
2 322 1774 2761 680 1290 2496
3 340 1741 2716 689 1250 2489
4 357 1708 2672 698 1211 2483
5 374 1674 2627 707 1171 2477
6 392 1641 2583 716 1132 2470
7 /I/ 409 1608 2538 725 1092 2464 /a/
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Presentation was via a Beyerdynamic closed headphone (Type DT770). The playback
level was set at the level judged as comfortable by the subject (always close to 70 dB
HL). The subjects were tested in a quiet room at the school they were attending.

Each child was examined in a one-hour session. In order to accustom the child
to the manipulated speech, he or she first heard five repetitions of the endpoint
stimuli from the two continua without having to respond. After this, the subject
was administered the identification and discrimination tasks. The two tasks (identi-
fication and discrimination) for the /i/-/I/ condition and the two tasks (identification
and discrimination) for the /a/-/a/ condition were presented together, with the order
counterbalanced across subjects. Half of the subjects started with the /i/-/I/ condition
and half of the subjects started with the /a/-/a/ condition. Each condition started
with the identification task followed by the discrimination task.

Each identification task consisted of a two-alternative forced choice response to
a single auditory stimulus. Ten repetitions of each of the seven stimuli of the
continuum were presented in a random order consisting of five blocks of 14 stimuli
each. The stimuli were separated by interstimulus intervals of 3000 ms. For the /i/-
/I/ condition, the subjects could identify the stimulus by pointing to one of two
pictures: a picture of a man named Piet (/pit/), representing the stimulus /i/ and a
picture of a pit (/pIt/), representing the stimulus /I/. For the /a/-/a/ condition, the
subjects could identify the stimulus by pointing to one of two pictures: a picture of
a moon (/man/), representing the stimulus /a/ and a picture of a man (/man/),
representing the stimulus /a/.

The AX discrimination task required a response of ‘same’ or ‘different’ on each
trial. In order to obtain a bias-free measure of discriminability, the tasks were set
up in such a way that signal detection measures could be applied (Coombs, Dawes
and Tversky, 1970). For this, each task contained physically different as well as
identical pairs. There were two separate discrimination tasks, one for the /i/-/I/ and
one for the /a/-/a/ continuum. In each task, the subjects heard two series of 21
discrimination pairs. Each series contained two repetitions of the physically identical
pairs 2-2, 3-3, 4-4, 5-5, 6-6, 7-7 and three repetitions of the physically different pairs
consisting of stimulus 2, the so-called ‘anchor’ stimulus for which the ‘just noticeable
difference’ (JND) was being measured; this resulted in pairs 2-3, 2-4, 2-5, 2-6 and
2-7. The ‘anchor’ stimulus was always in first position in the pair. All pairs in one
series were randomly ordered with an intrapair interval of 400 ms and an interpair
interval of 3000 ms. The subjects were asked to point to a picture containing a
triangle and a circle when the words in the pair they heard sounded different and
simply not to respond when the words in the pair they heard sounded the same.

The children were motivated by verbally reinforcing responses and nonresponses
in a random fashion throughout the experiment. In addition, the subjects knew they
were to receive a small present for co-operation after finishing the tasks. Subjects
never received differential feedback for particular responses.

Results

Identification
In figure 3, the mean identification curves for the groups in the /i/-/I/ and /a/-/a/
conditions are displayed. Multivariate analyses of variance on the identification data
(statistic: Wilks’ lambda) revealed a significant difference in identification patterns
between the group of children with apraxic speech problems and the group of control
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Figure 3. Mean percentages ‘I’ (Figure 3a) and ‘a’(Figure 3b) responses as a function of
stimulus number for the children with apraxic speech problems and control children.

children for the /i/-/I/ condition (F(7,15)=3.12, p=0.03) and the /a/-/a/ condition
(F(7,15)=4.93, p=0.004).

The articulation-disordered children were much more variable in their perform-
ance than the control children. Common procedure when using speech continua is



B. Maassen et al.458

to evaluate and analyse speech perception data through probit analysis (e.g.,
Groenen, Maassen et al., 1996). The probit technique (Finney, 1971) yields slope
and phoneme boundary values. A high slope value indicates a small uncertainty
range and suggests a highly consistent ability to categorize a speech contrast, whereas
a low slope value indicates a large range and suggests difficulty in the identification
of a speech contrast. The probit technique assumes actual data to approach a
cumulative normal distribution. The data of the children with apraxic speech prob-
lems did not fit a cumulative normal distribution model. The data of the control
children, however, fitted a cumulative normal distribution model.

To compare the identification results of both groups without having to estimate
a cumulative normal distribution for each articulation-disordered subject, a measure
of response variability was established. For this, the mean probit curve of the control
group was taken to predict prototypical identification values. For each subject, then,
response variability was calculated by taking the sum of squared errors (actual
percentage minus prototypical predicted percentage) across stimuli and dividing it
by the total number of stimuli in the continuum. The resulting value was considered
a penalty score of response variability. A low response variability value reflects close
to normal identification performance, whereas a high response variability value
reflects unstable or deviant identification performance.

In table 3, for each condition, means and standard deviations of response variabil-
ity are given for both groups. t-Tests were performed to test for differences in means
between the groups. The t statistic was computed taking into account the equality
or inequality of variances (see Freund and Littell, 1981). Under the assumption of
unequal variances, the approximation of the degrees of freedom was computed using
the formula of Satterthwaite (1946). There was a significant difference in response
variability between both groups. Higher response variability values were found for
the children with apraxic speech problems for both conditions (/i/-/I/, t(10.1)=4.86,
p<0.001; /a/-/a/, t(10.1)=3.29, p=0.008). The articulation-disordered children
showed a high amount of interindividual variation in response variability. For both
conditions, the articulation-disordered group showed more variation in response
variability than the control group (/i/-/I/, F(10,11)=256.0, p<0.001; /a/-/a/,
F(10,11)=339.08, p<0.001).

Discrimination
Discrimination results for each pair were expressed with the nonparametric estimate
of d’, yielding -ln eta scores (discriminability, Wood, 1976). The mean -ln eta results,

Table 3. Response variability in identification, and jnd (just noticeable difference) in
discrimination for the children with apraxic speech problems and control children

/i/-/I/ /a/-/a/

M SD M SD

Identification: Response variability
Apraxic artic. prob. 1095.8 692.4 997.2 922.2
Control 79.6 42.5 80.6 50.1

Discrimination: JND ( just noticeable difference)
Apraxic artic. prob. 4.01 1.32 4.66 1.83
Control 2.83 0.42 3.02 0.63
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as a function of stimulus pair, are shown in figure 4 for the /i/-/I/ (top) and the
/a/-/a/ (bottom) condition, respectively. Discriminability (-ln eta) equals zero when
performance is at chance. It increases with greater accuracy of discrimination,
without influences of bias to respond ‘same’ or ‘different’. Discriminability is maximal
at the value of -ln eta of 4.6. This 4.6 value is obtained when the probabilities of
correct ‘different’ and correct ‘same’ responses are both 0.99, which was the value
assigned (for computational purposes) when the obtained proportions were 1.00.

Figure 4. Mean discrimination scores as a function of stimulus pair for the children with
apraxic speech problems and control children for the /i/-/I/ (Figure 4a) and the
/a/-/a/ (Figure 4b) condition.
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A two-way ANOVA (Group×Stimulus Pair) with repeated measures on Stimulus
Pair was performed. Significant differences between the children with apraxic speech
problems and control children were found for both conditions. There were significant
effects of Stimulus Pair, indicating that the children in both groups showed increasing
discriminability values with increasing physical stimulus difference (/i/-/I/, F(4,84)=
65.81, p<0.001; /a/-/a/, F(4,84)=47.64, p<0.001). There were significant effects of
Group, indicating that the overall discrimination level of the articulation-disordered
children was lower than that of control children (/i/-/I/, F(1,21)=8.42, p=0.009;
/a/-/a/, F(1,21)=7.26, p=0.01). In addition, there was a significant Group×
Stimulus Pair interaction for both conditions (/i/-/I/, F(4,84)=3.43, p=0.01; /a/-/a/,
F(4,84)=5.05, p=0.001). This indicates a dissimilar pattern of responses for the
two groups and may reflect differences in slope of the discrimination curve.

The articulation-disordered children demonstrated much more variability in their
discrimination performance than the control children did. Upon inspection of indi-
vidual curves, for both conditions the articulation-disordered group seemed to
demonstrate shallower discrimination functions than the control group. To substanti-
ate this, for each subject JND measures of sensitivity were computed. Linear regres-
sion analyses were performed on the individual discrimination functions. JNDs
could be determined by computing the interpair difference that provided a discrimin-
ability of 50% of the maximum discriminability value (i.e., -ln eta=2.3). If computed
JNDs exceeded a value of 6, for statistical purposes, a value of 6 (the maximum
physical difference between stimuli in a pair (2–7) plus 1) was assigned.

In table 3, also JND results are presented for the children with apraxic speech
problems and the control children. t-Tests were performed to test for differences
between the groups. There were significant differences in JND between both groups.
Higher JNDs were found for the children with apraxic speech problems for both
conditions (/i/-/I/, t(11.9)=2.85, p=0.01; /a/-/a/, t(12.2)=2.82, p=0.01). Children
with apraxic speech problems required a greater acoustic difference between two
stimuli in order to differentiate between them than control children. In addition, the
articulation-disordered group showed a higher amount of interindividual variation
in JND values than the control group (/i/-/I/, F(10,11)=9.59, p<0.001; /a/-/a/,
F(10,11)=8.28, p=0.001).

Clinical value of perceptual measures
In figure 5, scatterplots are presented of individual results of identification versus
discrimination. One measure of identification (response variability) and one measure
of discrimination (JND) were taken into consideration. There was a high degree of
clustering in the group of control children whereas the articulation-disordered chil-
dren were very variable in their performance. To substantiate the apparent clinical
value of perceptual measures, randomization testing (Edgington, 1987) was used on
the total group of subjects (including both articulation-disordered and control
children, i.e., n=23) to single out the poorest performing cases based on a combina-
tion of their identification and discrimination performance. Exhaustive randomiz-
ation testing was performed on a combination of response variability for
identification (RV ) and JND for the /i/-/I/ and the /a/-/a/ condition (see data in
figures 5a and 5b, respectively). All possible solutions for the selection of a subgroup
of three to 11 poorest performing children were tested (the test statistic used was
equivalent to F for MANOVA). The result was a set of subgroups ranging from
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Figure 5. Scatterplot of the individual identification and discrimination scores: (a) response
variability versus JND for the /i/-/I/ condition; (b) response variability versus JND
for the /a/-/a/ condition.

three to 11. The subjects in each subgroup showed coherence and differed maximally
from the rest of the group.

For each subgroup, the number of children with apraxic speech problems was
counted. This result converted to percentage was considered an expression of the
clinical value. In table 4, the number of articulation-disordered children in each
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Table 4. Clinical value of perception measures

/i/-/I/ RV/JND /a/-/a/ RV/JND
Total
n=23 n % n %

subgroup (n)
11 10 91 9 82
10 10 100 9 90
9 9 100 8 89
8 8 100 8 100
7 7 100 7 100
6 6 100 6 100
5 5 100 5 100
4 4 100 4 100
3 3 100 3 100

Note: RV=Response Variability (identification); JND=Just Noticeable Difference (discrimination). A
combination of measures of response variability and JND establishes an optimal division (using a criterion
of the highest F statistic from multiple randomization tests) of the total group of subjects into subgroups.
For example, the top left numbers in the table (i.e., 11, 10, 91) refer to the following result. In the optimal
division based on the /i/-/I/ condition of the total group (n=23) into a subgroup of 11 subjects (and a
subgroup of the remaining 12 subjects), 10 out of the 11 subjects (91%) are children with apraxic
speech problems.

subgroup is presented. For example, when taking a combination of measures of
response variability and JND to establish an optimal objective division of the total
group consisting of subgroups of 11 and 12 subjects (1 out of 1 352 078 possibilities),
for the /i/-/I/ condition, 10 out of the 11 (i.e., a clinical value of 91%) subjects in
one subgroup were children with apraxic speech problems.

For subgroups up to eight subjects, the clinical value was 100% for both continua;
from the eight poorest performing subjects in perception, eight subjects had apraxic
speech problems. The clinical value slightly decreased with subgroups greater than
eight subjects but never went below 82%. This suggests that (a) most of the articula-
tion-disordered children showed perceptual problems and (b) a combination of
perception measures (identification and discrimination) had a high differential value
for the assessment of children with apraxic speech problems.

General discussion

The main conclusion from this study was that the group of children with apraxic
speech problems demonstrated poorer perception of vowels than the control children
for both the /i/-/I/ and the /a/-/a/ continuum. Their shallower mean identification
function and higher mean response variability for both the /i/-/I/ and the /a/-/a/
condition than the control children, indicated poorer phonetic processing.
Furthermore, discriminability scores were lower, and JND’s were higher for the
articulation-disordered children as compared to controls, indicating poorer auditory
processing. A combination of perception measures (identification and discrimination)
proved to have a high differential and clinical value for the assessment of children
with apraxic speech problems.

Our finding of a relation between perception of vowels and articulatory function
adds to the established relation between consonant perception and articulatory
deficits in diverse groups of subjects (Monnin and Huntington, 1974; Broen
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et al.1983; Hoit-Dalgaard et al., 1983; Hoffman et al. 1985; Ohde and Sharf, 1988;
Raaymakers and Crul, 1988; Rvachew and Jamieson, 1989; Groenen, Maassen
et al., 1996).

In Groenen et al. (1994, 1996), consonant perception was studied in a group of
children with developmental apraxia of speech and developmental dyslexia. Their
results posed some problems about the relation between auditory and phonetic
processing. Hierarchical dual-coding models of speech perception did not provide a
clear rationale for finding auditory processing to be disturbed and phonetic pro-
cessing to be intact. The results supported a structure for speech processing with an
auditory stage and a phonetic stage partly allowing for stage-independent output
and the integrity of phonetic processing not being totally dependent on the outcome
of auditory processing. A structure similar to the one posed by Ades (1977),
suggesting the possibility of phonetic processing not receiving input from acoustical
traces and instead forming an entirely independent route. In the present study, we
used vowels and found that children with apraxic speech problems showed atypical
perception on both an auditory and phonetic level. Using vowels instead of conson-
ants eliminated part of the difficulties encountered by Groenen, Maassen et al.
(1996). Vowels seemed to more sensitively assess the auditory/phonetic distinction
than consonants. The inherent lower identifiability of vowels (and consequently,
more pronounced representation in auditory memory) facilitated a reliable, straight-
forward interpretation of findings about the auditory and phonetic nature.

Central auditory processing disorders of speech sounds tend to manifest them-
selves in perceptually aggravated conditions. In Groenen, Maassen et al. (1996),
synthetic and resynthetic speech was used to assess speech perception in articulation-
disordered children. In the synthetic condition, focussing on overall spectral poorness
(the intensity of the third formant), the redundancy of the speech material was
reduced. This manipulation did not have any differential value and did not make
the perception test more sensitive. In Groenen, Maassen et al. (1996), long-term
effects of otitis media with effusion on speech perception was studied. Speech-in-
noise tasks and identification and discrimination tasks based on speech continua
were administered. Speech-in-noise tasks typically aim at assessing central auditory
processing (see Katz, 1994). Speech-in-noise recognition abilities were the same for
both groups whereas the groups differed in identification and discrimination perform-
ance. It was suggested that degradation of the stimuli with non-linguistic information
(e.g., adding noise, reducing spectral richness) simply did not tap into speech percep-
tion problems because of the potentially marginal relation to the speech signal and
the specific processes of speech perception. The manipulations lacked psycholin-
guistic relevance.

Instead of reducing the redundancy of the speech signal without reference to
psycholinguistic dimensions, in the present study the redundancy of the vowel stimuli
was reduced by decreasing vowel contrast and partly neutralizing the spectrum in
an ecologically valid way (see Experiment 1). Moving the vowel formants to the
speaker-centroid (i.e., ‘neutral-vowel position’) can be considered a type of reduction
of the redundancy of the speech signal that has ecological and psycholinguistic
value. Speaker centroids seem anatomically determined and representative of the
vocal tracts, and vowel contrast reduction towards the speaker-centroid reflects
different speaking conditions ( Koopmans-van Beinum, 1980). The obtained results
confirmed suggestions made in Groenen, Maassen et al. (1996) about redundancy
reductions based on dimensions with psycholinguistic relevance. Such reductions
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easier tap into central auditory processing problems of speech sounds than redund-
ancy reductions of the speech signal based on dimensions without psycholinguistic
relevance.

Perception and production processes are likely to interact during language
acquisition and development. There seems to be no straightforward causal relation
between perception and production. On the one hand, there are signs that production
can affect perception (e.g., Monnin and Huntington, 1974). Hoffman et al. (1985)
hypothesized that productive neutralization may lead to perceptual ignorance. On
the other hand, studies of normal perception and production skills have shown
many instances of perception preceding production. In reviewing the potential causal
relation between perception and production, Strange and Broen (1980) pointed out
that human infants appear to be sensitive to acoustic-phonetic dimensions that allow
them to perceive phoneme contrasts far in advance of any ability to produce such
contrasts. Broen et al. (1983) found that children identified as articulatory-delayed
showed less discrete categorization of /r/ and /w/ than children with normal articulat-
ory development. Both groups of children, however, misarticulated /r/ as /w/. This
finding suggested that normally developing children had developed perceptual ability
ahead of production ability. Kuhl (1991) showed that vowel prototypes exist at an
age of 6 months, serving as language-specific ‘perceptual magnets’ for other stimuli.
Contemporary models of speech perception such as the Native Language Magnet
(NL) theory ( Kuhl, 1993) and the Word Recognition and Phonetic Structure
Acquisition (WRAPSA) model (Jusczyk, 1993) suggest that during the first year of
life, prior to the time that infants acquire word meaning and contrastive phonology,
and prior to the critical time for the development of production skills, essential
phonetic perception strategies have been developed. We, therefore, conclude that in
many respects development of perception skills precedes production skills.

As we referred to in the introduction, more specific data on the development of
auditory perceptual skills of children with apraxic speech problems are scarce (Hall
et al., 1993). According to Locke (1994) ‘...neuromaturational delay is responsible
for many of the children’s auditory, visual and tactual perceptual deficits. These
performance deficits will look like the causes of whatever is running late at the
moment, but they are indices of a brain whose development is behind schedule’.
Pollock and Hall (1991) mention the problem of what factors underlie vowel
misarticulations in children with apraxic speech problems. Do children who misar-
ticulate vowels have difficulty forming stable target representations, or is the problem
related to inadequate motor control? Our study provided evidence that in this group
of children with clinical speech output difficulties also vowel perception is affected.
This suggests that the production difficulties in children with apraxic speech problems
are related to target representations of vowels. The internal representations of vowels
seem to be poor, which in turn affects both production and perception.

The present study shows that auditory perception of vowels in children with
apraxic speech problems is affected. They demonstrate poorer auditory and phonetic
processing. The articulation-disordered children exhibit a high amount of interindi-
vidual variation in both identification and discrimination. A combination of percep-
tion measures (identification and discrimination) proves to have a high differential
and clinical value for the assessment of children with apraxic speech problems. These
facts must be considered in the diagnosis of apraxic speech disorders and in the
development of therapy.
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