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Chapter 1

Introduction and thesis outline

This chapter is partly based on: Maassen, B., Nijland, L. & Terband, H. (2010). Developmental
models of Childhood Apraxia of Speech. In: B. Maassen and P.H.H.M. van Lieshout (Eds.),
Speech motor control: New developments in basic and applied research (pp. 243-258). Oxford:
Oxford University Press.
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Introduction and thesis outline

1.1 Introduction

Childhood apraxia of speech (CAS) has been defined as “a neurological childhood (pediatric)

speech sound disorder (SSD) in which the precision and consistency of movements underlying

speech are impaired in the absence of neuromuscular deficits” (ASHA, 2007, pp. 3-4). Despite
this recent agreement on a definition, CAS remains a highly controversial clinical entity, with
respect to both clinical signs and underlying neuromotor deficit (ASHA, 2007). In the past,
CAS has been critically termed “a label in search of a population” (Guyette & Diedrich, 1981,
p. 39), and studies have yet to yield reliable (i.e., sensitive and specific) diagnostic markers
that differentiate subtype CAS from other types of childhood speech sound disorders (SSD).
Consequently, the differential diagnosis between children with other subtypes of SSD and
subtype CAS constitutes one of the main questions in the field of childhood language- and
speech pathology.

Many approaches have been suggested to solve the diagnostic problem of differentiating
CAS from other childhood speech disorders (see also Shriberg, 2010). The different diagnostic
features that have been proposed since, and the theoretical perspectives on which these fea-
tures are based, have been discussed extensively by Shriberg and colleagues (Shriberg, Aram,
& Kwiatkowski, 1997a, 1997b, 1997c; Shriberg et al., 2003). The discussion comprises two fun-
damental issues: first, the attribution of speech symptoms to deficits in the underlying speech
production system and second, the developmental trajectory of infants and children moving
toward the adult speech production system.

1.1.1 Modularity of the speech production system

The first issue concerns the deficits in the speech production system that can describe (and
explain) speech phenomena differentiating normal, skilled speech production and speech
disorders. Although researchers seem to agree that CAS is a speech motor disorder, no agree-
ment exists with respect to the differential diagnostic symptoms. The same problem exists for
acquired apraxia of speech (AOS) in adults. In this respect McNeil and colleagues (2004) have
argued: “... it is not a lack of theory or the inability to select the correct theory from the known

alternatives that limits understanding of AOS” but “[the]most important impediment to theo-

retical and clinical advancement in AOS is [...] the lack of a comprehensive and clear definition

that leads to an agreed-upon set of criteria for subject selection” (pp. 389-390). Thus, McNeil
and colleagues do not question that AOS should be attributed to motor rather than linguis-
tic levels of processing. Instead, they argue that we lack clear criteria to distinguish between
speech motor and linguistic (i.e., phonological) symptoms. Theoretically, the distinction be-
tween speech motor and phonological symptoms is based on a modular view of the speech
production process, which stems from speech production models like that of Levelt (Levelt,
1989; Levelt, Roelofs, & Meyer, 1999). According to this model, the phonological encoding
module takes word forms or lexemes as input, and produces a phonetic plan as output. Sub-
sequently, the phonetic plan is transferred to the articulator module for execution. Based on
models proposed by Sternberg (Sternberg, Monsell, Knoll, & Wright, 1978) and Klapp (Klapp,
1995, 2003; Klapp & Wyatt, 1976), the motor processes that are supposed to take place in
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the articulation stage were further explicated by Van der Merwe (1997). Van der Merwe dis-
tinguished three processing components, speech motor planning, speech motor program-
ming, and speech motor execution, which function in a cascade-like architecture. According
to Levelt et al. (1999) and Van der Merwe (1997), the process of phonological encoding is
qualitatively different from speech motor planning, programming, and execution. Phonolog-
ical encoding produces an abstract representation as output (the phonological plan), whereas
motor processes do not produce an abstract representation; rather, motor programs are exe-
cuted (Levelt, 1989, p. 414).

An important presupposition of these models is that the speech production process is
modular in nature in that for each processing level or module a specific domain can be deter-
mined and that the flow of information between these modules is one-directional. However,
this strict modularity of phonological encoding and speech motor processes has rendered a
body of critique in the field of speech motor control (e.g., Saltzman & Munhall, 1989), and cog-
nitive neuropsychology in general (e.g., Plaut, 1995; Van Orden, Pennington, & Stone, 2001).
In a recent overview, Kent (2004) questioned the modularity of motor control processes and
argued that: “... speech, or any motor behavior, is best viewed as a cognitive-motor accom-

plishment” (p. 3). Speech motor processes cannot be clearly distinguished from cognitive
processes because of the interdependent interaction with higher order psycholinguistic pro-
cesses. In the case of impaired speech systems, this applies even more due to adaptive and
compensatory mechanisms. For instance, difficulties in phonological encoding may influ-
ence speech motor control processes. This is not only due to degraded input (e.g. underspec-
ified or noisy) causing an altered output, but also because the speech motor process itself is
likely to adapt to the deviant circumstances and/or compensate for the impediments. For ex-
ample, slow speech rate is a general, non-specific feature of speech motor control disorders,
irrespective of the underlying deficit and whether or not it occurs as primary symptom or as
compensatory response (Duffy, 1995, 2010; Weismer & Kim, 2010). More direct evidence for
adaptation/compensation processes comes from cases of spontaneous discovery after brain
lesion due to stroke. For example, Riecker and colleagues described a case of a patient suffer-
ing an ischaemic infarction within the left internal capsule due to stroke who fully recovered
from dysarthria within 9 days (Riecker, Wildgruber, Grodd, & Ackermann, 2002). Functional
magnetic resonance imaging (fMRI) performed 4 and 35 days after stroke showed reorganiza-
tion of cortical activation patterns during speech production to the right Rolandic cortex and
the left cerebellum (Ackermann, Riecker, & Wildgruber, 2004; Riecker et al., 2002).

Additionally, in developmental disorders there is a developmental interaction between the
different cognitive levels of processing, through which the influence of consequential, adap-
tive and compensatory mechanisms is even stronger. For example, experimental evidence
indicates that poor motor control in CAS disrupts the development of the lexicon, the phono-
logical system, and auditory processing (Crary, Landess, & Towne, 1984; Marion, Sussman, &
Marquardt, 1993). The developmental trajectory that infants and children go through in or-
der to achieve adult speech skills forms the second fundamental issue in the discussion about
the diagnostic problem of differentiating CAS from other childhood speech disorders (and the
search for the underlying deficit of CAS). This aspect is discussed more extensively in the next
paragraph.
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1.1.2 Developmental trajectory of the speech production system

In contrast to the neuropsychology of acquired disorders in adults, in which the focus is on
dissociation, in developmental disorders (or disorders acquired very early in life) associations
are the rule rather than the exception (Bishop, 1997). This constitutes a fundamental dis-
tinction in cognitive neuropsychological reasoning. In classic, clinical neuropsychological
studies, the diagnostic reasoning of double dissociation is used to demonstrate mutual inde-
pendence of functions.1 That is, if patients can be found who are defective in function A (e.g.,
lexical retrieval) but not B (e.g., speech motor control), and other patients who are defective
in function B but not A, then one can conclude that both functions operate independently,
and are subserved by partly non-overlapping neurological structures. In contrast, in develop-
mental neuropsychology associations rather than dissociations are the rule (Karmiloff-Smith,
Scerif, & Ansari, 2003). Therefore, the traditional logic of cognitive neuropsychology is not
applicable to define the deficits that underlie developmental disorders. For example, Bishop
(1997) was concerned with defining Specific Language Impairment (SLI), where the difficulty
is to find the specific symptoms that distinguish SLI from language delay due to diverse or
unknown etiology (see also de Jong, 2004). Over the years, several specific deficits have been
suggested to underlie SLI, e.g., poor discrimination of rapid or brief auditory stimuli (Tallal
et al., 1996), limitations in phonological short-term memory (Gathercole & Baddeley, 1990),
and impairment of specialized mechanisms for grammar acquisition (Van der Lely, Rosen &
McClelland, 1998), but these underlying deficits are not transparent. Many factors influence
the symptoms that a child with SLI shows at a particular moment in time. Not only the devel-
opmental stage and developmental history of the child obviously determine the expression of
a deficit, but also environmental factors. Consequently, SLI is a diagnostic category in search
for an underlying deficit (Bishop, 1997). CAS on the other hand, is defined as a speech motor
planning disorder, for which diagnostic criteria are lacking (“a label in search of a population”,
Guyette & Diedrich, 1981, p. 39).

We can take this line of argumentation –the traditional logic of cognitive neuropsychology
is not applicable to define the deficits that underlie developmental disorders– a step further.
Evidence from developmental studies shows that the phonology of the first words mastered at
age 1-11/2 years builds on babbling experience in the preceding months. McCune and Vihman
(2001) followed infants from age 9 to 16 months going through the transition from babbling
to producing referential words. One of the interesting observations was that the children var-
ied in the specific consonants they produced consistently, and that these same consonants
characterized nearly all consonant-based words produced by each child at the end of the ob-
servation period. Thus, there is evidence for a continuity in development towards the adult
system. Cognitive modules are the outcome of development, not its starting point and the
gradual process of ontogenetic development comprises interactions between emerging mod-
ules (Karmiloff-Smith, 2006; Karmiloff-Smith & Thomas, 2003).

Edwards, Fourakis, Beckman, and Fox (1999) explored two components of non-symbolic

1It should be noted that the value of double dissociations as a methodological tool in the neuropsychology of
adult cognitive systems is a topic of debate, a discussion that cannot be seen separate from the discussion about
modularity (e.g., Cortex 39(1), 1-7; 129-202).
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phonological competence, namely acoustic-perceptual performance and articulatory-motor
performance. Results showed that children with a phonological disorder need more redun-
dant acoustic information to perform a perception task, and produce less precise and less
controlled (more “ballistic”) speech movements in a production task as compared to age-
matched controls and adults. These results are interpreted as evidence for the view that
phonological knowledge not only reflects the level of categorical lexical contrasts, but also
comprises the incremental acquisition of representations at different levels, among those the
acoustic-perceptual and articulatory-motor level. Green, Moore, Higashikawa, and Steeve
(2000) made observations of jaw and lip movements in 1-, 2-, and 6-year-olds and adults,
and showed that early articulations are produced with relatively rapid or ballistic movements.
Furthermore, they showed that precise control of jaw movements precedes lip-control, con-
trol over jaw and lip coupling, and independence of upper- and lower-lip movement. Gen-
eral consequences for the sequence of phonological development can be derived from these
observations, such as the observation that plosives develop earlier than fricatives. This is
promising research, waiting for applications in developmental motor speech disorders. These
results from normal speech development suggest that phonological development may be dis-
rupted due to poor motor control (see also Davis, MacNeilage, & Matyear, 2002; Ruark &
Moore, 1997; Smith, 2001; Westerman & Reck-Miranda, 2004).

The point is that there is a gradual emergence of the adult system and that processing
levels develop in interaction. As a result, “The problem with developmental disorders is that,

although one may see fractionation along the lines of major domains of functioning (e.g., lan-

guage, spatial perception, motor coordination, social cognition, numeracy) within any one do-

main, the typical observation is one of a complex pattern of associated impairments rather than

the highly selective deficits that may be found in acquired disorders” (Bishop, 1997, p. 904).
Although selective deficits in adult patients might justify claims about cognitive modularity,
seemingly similar deficits found in children can definitely not be used to argue that such cog-
nitive modules are pre-specified in the infant brain. What is needed then, are developmental
studies to determine how the patterns of deficits and proficiencies change over time.

1.2 Processing deficits and localization in CAS

To date, many studies have been conducted to delineate precisely at which processing level
the underlying deficit in CAS is localized. In the following section, we will review a number
of the studies on CAS that have been reported in the literature and discuss what the speech
symptoms may tell us about the underlying speech motor control deficits and the global ar-
chitecture of the production system.

1.2.1 Lexical representation

The highest level at which the underlying deficit of CAS has been localized is the level of lexical
representation. In a series of papers, Shriberg and colleagues (Shriberg et al., 1997a, 1997b,
1997c) reported on a comprehensive study of speech symptoms in children diagnosed with
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“suspected” CAS, as CAS was labeled a decade ago. The studies started from the premise
that the speech characteristics of children with CAS are different from those of children with
Speech Delay (SD), such that these differences allow for diagnostic differentiation. Note that
this is not a trivial assumption. Despite clinical studies to further characterize CAS (e.g., Aram
& Horwitz, 1983; Blakeley, 1980), Guyette and Diedrich (1981) had concluded that: “... No

pathognomonic symptoms or necessary and sufficient conditions were found for the diagnosis

...” (p. 44). In the first study by Shriberg and colleagues, a total of 148 children who were
referred to the phonology clinic were examined. The authors found that clinicians tend to
use the label “suspected” CAS primarily for children who make (too) little progress despite
intensive therapy (Shriberg et al., 1997a). Fourteen children were diagnosed as “suspected”
CAS. In the second study (Shriberg et al., 1997b), it turned out that the prosody-voice pro-
files of these 14 children, as well as an additional 20 children, were similar to that of children
with SD, except for “inappropriate stress”, which distinguished about 50% of the children with
suspected CAS from the remaining children with SD. This finding was confirmed in the third
study (Shriberg et al., 1997c). Summed across the three studies, 25 out of 48 children (52%)
with suspected CAS had inappropriate stress, compared to 10% of children with speech delay
of unknown origin. A deficit in phonological representational processes was proposed as the
underlying mechanism that causes inappropriate stress (Shriberg et al., 1997c). This hypoth-
esis was based on two findings. First, their results showed that –regarding stress– children
with CAS do not show many self-corrections. As self-monitoring does not reveal many errors,
this suggests that the representations are incorrect and thus are not detected as errors by the
monitoring system. Second, they found that the production of inappropriate stress does not
tend to decrease with speech development, which also suggests a deficit at the representa-
tional level.

Marquardt, Sussman, Snow, and Jacks (2002) further elaborated on the involvement of lex-
ical representation with rhyming studies. In an earlier study, it was shown that children with
CAS, aged 5-7 years, were not only poor in generating rhymes, but also in judging rhymes
(Marion et al., 1993). In their subsequent study, Marquardt and colleagues addressed the is-
sue whether or not children with CAS exhibit a metalinguistic awareness of the syllable that is
appropriate for their age. Three children with CAS performed tasks in which they identified
the number of syllables in words, judged intrasyllabic sound positions, and constructed sylla-
ble shapes within monosyllabic frames. The results suggested that the children with CAS were
poor in their ability to perceive syllabic features, and to access and compare syllable represen-
tations with regard to phoneme position and structure. From this, the authors concluded that
CAS goes well beyond a purely articulatory-based motor control deficit. Instead, according to
Marquardt and colleagues (2002), CAS should be characterized at a deeper level of linguistic
competence, namely an impoverished phonological/lexical representation system.

1.2.2 Phonological encoding

According to the speech production model of Levelt (Levelt, 1989; Levelt et al., 1999), phono-
logical encoding starts with retrieval of the word-form (“lexeme”). The process uses a stored
phonological repertoire and stored phonological rules. In normal infant and childhood speech
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acquisition, the gradual development of phonological knowledge is reflected in the increase
of the phonological repertoire and the reduction of so called “phonological processes”. The
information processing that takes place during phonological encoding entails the selection of
segments (typically assumed to be phonemes) from the phonological repertoire, sequencing
these according to the phonological rules, and inserting the segments within syllable frames
(MacNeilage, 1998; Shattuck-Hufnagel, 1983). Many speech characteristics found in chil-
dren with CAS have been hypothesized to originate from the phonological encoding stage,
although in many cases it is disputed whether particular characteristics should be attributed
to either the storage (i.e., lexical representation and phonological repertoire) or the process
(i.e., retrieval) component of phonological encoding. Among the characteristics attributed to
storage are: poor or very restricted production of consonants and vowels (assumed to be due
to an incomplete phonemic repertoire), high rates of consonant and vowel substitution er-
rors, sequencing difficulties of phonemes and syllables, and the inability to produce complex
phonemic sequences such as consonant clusters (Hall, Jordan, & Robin, 2007; Pollock & Hall,
1991; Stackhouse & Snowling, 1992; Velleman & Strand, 1994; Walton & Pollock, 1993). For
other characteristics, however, such as complications (i.e., productions of consonant clusters
or syllables that are more complex than the target clusters or syllables), inconsistent error
patterns, and “groping” or searching articulation, it has been suggested that they originate
specifically from deficits in phonological processing (Davis, Jakielski, & Marquardt, 1998; Hall
et al., 2007; McNeil, Robin, & Schmidt, 1997; Stackhouse & Snowling, 1992; Velleman & Strand,
1994).

Only very few studies have aimed to quantify error patterns of phonological encoding in
children with CAS as compared to other speech disorders. Almost all of these studies have
restricted their scope to very crude measures, such as overall percentage consonants correct
(PCC) or percentages correct for particular phonemes or phoneme classes. Assessment of a
phonological encoding deficit, however, requires an analysis that takes phonotactic context
into account, which is not captured by simple error counts. The only rather comprehensive
study that used a quantitative analysis of segmental error patterns in relation to phonotac-
tic context was published by Thoonen, Maassen, Gabreëls, and Schreuder (1994). In this
study, the authors conducted a paradigmatic and syntagmatic feature value analysis of the
consonant substitution and omission errors2 in the speech of 11 children with CAS as com-
pared to age-matched controls. Phonetic transcriptions of consonants produced in a word
and pseudo-word imitation task revealed overall high substitution and omission rates for the
children with CAS; almost all error types were increased in comparison to children with nor-
mal speech. Furthermore, the children with CAS showed a particularly low percentage of re-
tention of place of articulation in words, an inconsistency with respect to feature realization
and feature preference, and a high syntagmatic error rate. Because errors were quantified,
it was possible to correct for overall error rate, thus yielding profiles of relative error rates.
Applied to the effect of context on error types, it turned out that the clinical impression that
children with CAS produce relatively many syntagmatic errors was not substantiated. That

2Paradigmatic: feature retention; syntagmatic: feature assimilation. For example, in /taka/ for /taga/, place
of articulation is retained while manner of articulation is assimilated.
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is, although children with CAS produce a higher rate of phoneme anticipations, persevera-
tions, and metatheses (i.e., syntagmatic errors) when compared to controls, after correction
for the overall higher error rate, the relative number of syntagmatic and paradigmatic errors
appeared identical for both groups. In general, the error profiles showed only very few differ-
ences between groups, which suggests that the speech of children with CAS can be character-
ized by a high rate of “normal” slips of the tongue. We will come back to the issue of lack of
specificity of speech symptoms in sections 1.3 and 1.4, where we present different models of
speech production and speech development.

1.2.3 Speech motor planning

Motor planning is a process aimed at defining motor goals. According to Van der Merwe
(1997), this should be distinguished from the abstract linguistic choice of the speech sound
that is to be uttered. Motor planning can be compared to phonetic planning in Levelt’s model
(1989). At this stage, the spatial and temporal goals of the articulatory movements are thought
to be collected from a sensorimotor storage, presumably in chunks of the size of syllables, the
so-called “syllabary” (e.g., Aichert & Ziegler, 2004; Cholin, Levelt, & Schiller, 2006; Cholin,
Schiller, & Levelt, 2005; Levelt & Wheeldon, 1994; Ziegler, Staiger, & Aichert, 2010). Varley and
Whiteside (2001) argued that the core deficit in adults with acquired AOS consists of missing
or insufficiently stable (e.g., noisy) syllable representations, forcing these speakers to make
use of the “indirect route”, where syllables must be assembled from the phonological plan.
This would result in a reduced coherence of motor plans, which could explain the reduced
coarticulation and reduced prosodic structure that are characteristic for AOS (Varley & White-
side, 2001; see also Whiteside & Varley, 1998). This model of AOS has been criticized by Aichert
and Ziegler (2004), who found effects of syllabic complexity and syllable frequency on error
rate in patients with AOS. Although it cannot be excluded completely that the effect of sylla-
ble frequency reflects an underlying effect of syllabic complexity, the results were interpreted
to indicate that syllabic representations can be accessed –at least to some degree– and that
the impairment is in the retrieval of the syllabic motor programs. In any case, in both views
the deficiency in speech motor planning consists of a deficiency in the planning of syllables.
Assuming that in normal speech the use of syllable-sized chunks has the effect of preserving
the coherence of the spatial and temporal scaling aspects of speech movements, a deficiency
in speech motor planning could cause deviant coarticulation and durational patterns.

This idea was explored with respect to CAS in a study (Nijland, Maassen, Van der Meulen
et al., 2003) in which syllable structure was manipulated in an otherwise unchanged phonetic
context (resulting in Dutch phrases like zus giet /z0s-xit/ (meaning: “sister pours”) versus
ze schiet /z@-sxit/ (meaning: “she shoots”; note that the sequence of speech sounds is simi-
lar in the two phrases, compare the English phrases ice cream versus I scream). Based on the
model of gestural phonology (Browman & Goldstein, 1992, 1997), it was hypothesized that syl-
lable structure would have an effect on coarticulation and durational structure. Specifically,
stronger anticipatory coarticulation was expected from the second vowel ([i] in the example
above, which was compared to [o] and [a] in other, similar phrase-pairs) on the preceding
consonant in intra-syllabic context ([s] in /z@-sxit/) than in inter-syllabic context ([s] in /z0s-
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xit/). This was assessed by comparing the trajectories of the second formant in the first vowel
and both fricatives as they occurred in the utterances with [i], [a], and [o]. In addition, be-
cause of the coherence of syllable structure, more stable relative durations of the consonants
[s] and [x]were expected in intra- compared to inter-syllabic context. In the English example,
this would mean that the [s] would show stronger coarticulation with the [i] and show less
variable relative duration in the intra-syllabic context I scream than in the inter-syllabic con-
text ice cream.3 In contrast to the expectations, no effects of syllable structure were found on
coarticulation, neither in the normally speaking children, nor in the children with CAS. The
children with CAS did show an overall larger variability of vowel and consonant quality, ir-
respective of syllable structure. Systematic durational adjustments to syllabic structure were
found in the segments of the stressed syllable in the normally speaking children (both [s] and
the second vowel were shorter in /z@-sxit/ as compared to /z0s-xit/). In the children with
CAS, such systematic durational patterns were missing. Furthermore, in the normally speak-
ing children inter-syllabic effects were found in durational structure, in the form of prosodic
differences between the phrases. Again this effect was absent in the speech of the children
with CAS. The lack of a consistent intra- and inter-syllabic temporal structure in the speech
of children with CAS, which is clearly present in normal speech, suggests that motor planning
in children with CAS is poorly organized at the syllabic level.

1.2.4 Speech motor programming

The acoustic variability in the speech of children with CAS (as reported in measurements of
repeated utterances) suggests high variability in the amplitude and velocity of speech move-
ments. According to speech production models, these kinematic parameters are controlled
at the level of motor programming. A possible deficit in motor programming was further
evaluated by determining formant trajectories and segment durations in a bite-block speech
condition (Nijland, Maassen, & Van der Meulen, 2003). The normally speaking children were
not able to completely compensate for the bite-block, although it did not affect the extent of
anticipatory coarticulation. A surprising result was that in the children with CAS vowel quality
had improved in the bite-block speech condition, which suggests that children with CAS were
actually helped by the bite-block. Possibly, the restriction in degrees of freedom facilitated
articulation in the children with CAS in that fewer aspects of the articulatory movements had
to be controlled. Another explanation could be that in CAS the jaw is intrinsically less stable,
e.g., showing some lateral motion. When this instability is eliminated by the bite block, the
jaw provides a more stable basis for the coordination of lips and tongue. Namasivayam, van
Lieshout, and De Nil (2008) found larger movement amplitudes after insertion of a bite-block
in people who stutter as well as in people who do not stutter. Larger movement amplitudes
could explain the vowel quality improvement found in the children with CAS. Furthermore,
Namasivayam et al. (2008) found a stabilizing effect of the bite-block. In contrast, the children
with CAS showed an increase of within-subject variability in the bite-block condition –which

3However, note that Schiller, Van Lieshout, Meyer, and Levelt (1999) did not found differences in the variabil-
ity of articulatory timing based on phonological syllabic affiliation for healthy adult speakers.
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was not observed in the normally speaking children–, indicating that the children with CAS
did experience difficulty in the articulatory process while speaking with a bite-block. These
results were interpreted as a demonstration of deficient motor programming in CAS, i.e., a
less automated and more controlled processing mode (Nijland, Maassen, & Van der Meulen,
2003). Further studies are needed, especially to investigate differential effects of speech rate.

1.2.5 Speech motor execution

In order to investigate a possible involvement of motor execution in children with CAS, one
needs to study articulation. In our laboratory, kinematic data was collected of the articu-
lation in children with speech output disorders (among others, in children with CAS). From
these data, discrete kinematic (displacement and peak velocities) parameters and the stiffness
coefficient (peak velocity over amplitude) of the articulations of mono-, bi-, and trisyllabic
sequential and alternate motion utterances (/pa/, /pata/, /pataka/) were determined (Van
den Berg, Nijland, & Maassen, 2006). Results showed that the pathological groups showed
larger lip closing movements and faster velocities than the control group. The pathologi-
cal groups, especially the children who were not able to produce the alternate motion task
/pataka/, showed more variability in closing movements and velocities, but less variability in
the stiffness coefficient as compared to controls. Variability in kinematics seems to indicate
an inability to generate a stable pattern that will facilitate (repetitive) speech (Hulstijn, Van
Lieshout, & Peters, 1991). The stiffness coefficient represents flexibility (or its lack thereof),
which is related to adaptive articulatory behavior needed for demanding speech situations
(Alfonso & Van Lieshout, 1997; Kelso, Vatikiotis-Bateson, Saltzman, & Kay, 1985). Higher stiff-
ness means less movement variability, as shown by Nasir and Ostry (2010). The pathological
groups showed a fairly rigid pattern of stiffness over time, which may indicate that under-
lying control processes are less flexible as required for skilful articulatory movements and,
therefore, less able to adapt to demanding speech tasks. Likewise, Namasivayam et al. (2008)
showed that speakers may fall back on a more simplified but stable pattern under demanding
speaking conditions. (See also Van Lieshout and Namasivayam, 2010 on the role of variability
as an indicator of flexibility and learning versus variability as an indicator of pathology.)

1.2.6 Conclusions

The results of the studies reviewed in this section seem to suggest that the underlying deficit
in CAS cannot be confined to one particular psycholinguistic stage or one particular level
of speech motor control. The processing levels at which deficits have been found comprise
nearly the whole speech production chain, ranging from lexical storage and retrieval to motor
execution. From a theoretical point of view, these results are puzzling and put the specificity
of the symptoms and deficits in CAS seriously into question. This weakens the theoretical ba-
sis for delineating the core processing deficit, and thereby the clinical basis for differentiating
CAS from other speech disorders in children (see also Shriberg, 2010).
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1.3 The diagnostic dilemma

With respect to clinical diagnosis, the main issues are sensitivity and specificity. In CAS, as
was shown in the previous section, symptoms have been found at different levels of speech
production, respectively lexical representation and retrieval, phonological encoding, motor
planning, motor programming, and motor execution. At the level of lexical representation,
inappropriate stress might be a specific symptom for diagnosing CAS, but it has low sensi-
tivity. Due to the lack of a golden standard exact sensitivity and specificity figures cannot be
determined, but the clinical sensitivity was estimated to be around 50% (Shriberg et al., 1997a,
1997b, 1997c). For errors at the level of phonological encoding, results suggest that measures
like high relative frequency of syntagmatic as compared to paradigmatic consonant produc-
tion errors and particular errors relating to syllabic structure are not very specific for CAS.
Absolute numbers of these error types are increased in comparison with normal speech, thus
yielding an overall quantitative measure of severity. However, after correction for the total
number of errors, these error types do not distinguish CAS from other speech disorders in
children. Also at the level of motor planning/programming, research did not yield symptoms
that are both specific and sensitive. Studies by Thoonen and colleagues (1994) and Maassen
(2004) have indicated that in a diverse group of children with speech disorders, frequency of
place-of-articulation errors is highly correlated with sequencing difficulty in a sequential and
alternate motion task. However, Forrest and Morrisette (1999) challenged the interpretation
of place errors as a specific symptom for CAS because they found high place-of-articulation
error rates in children with speech delay as well. Unfortunately, they did not collect sequen-
tial and alternate motion data, but based on these two studies it seems that the sensitivity
and specificity of the relatively high rate of place-of-articulation errors as a diagnostic marker
for CAS is poor. As Maassen (2004) argued, apparently many children with diverse speech
disorders show dyspraxic symptoms to some extent.

A crucial assumption underlying the search for a diagnostic marker that is seldom dis-
cussed explicitly is the assumption that different disorders lead to different symptoms. How-
ever, rather than expecting to find single diagnostic markers for specific disorders, it seems
more realistic to aim for diagnostic profiles of strengths and weaknesses. (See also Duffy, 2010
on similar issues related to diagnostic profiles for dysarthria.) In a different domain, Cornish,
Scerif, and Karmiloff-Smith (2007) recently made the following suggestion: “We propose a

new approach to the study of attentional deficits in genetic disorders, arguing for tracing cross-

syndrome developmental trajectories from infancy through childhood to adulthood” (p. 672).
A methodological issue that arises here is the sensitivity and validity of measurement instru-
ments. Of course, if we understood the whole mechanism of speech production, and were
able to measure all variables that are of relevance (including neurological processes), then for
any two disorders some symptoms or symptom complex must emerge that distinguishes be-
tween the two. If two disorders cannot be distinguished in any measurable aspect at any stage
of development, then it makes no sense to distinguish the two and the diagnostic categories
should better be merged. This is precisely the issue Guyette and Diedrich (1981) raised with
respect to CAS in their provocative article referred to at the onset of this chapter, and it is also
the reason why we try to improve measurement techniques: not only phonemic transcription
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of speech but also acoustic measures of coarticulation, distortion, speech rate, and kinematic
measures of coordination and movement parameters such as amplitude, velocity and their
ratio, kinematic stiffness (Van Lieshout & Moussa, 2000), as well as measures of variability
such as the spatial-temporal index (STI, Smith, Goffman, Zelaznik, Ying, & McGillem, 1995;
Smith, Johnson, McGillem, & Goffman, 2000).

However, there is also good reason to support the idea that different underlying disor-
ders may lead to similar symptoms; precisely because of the developmental aspect. A child
that is unable to practice speech motor skills (because of hearing loss, dysarthria, dyspraxia
of speech, mental retardation, or social isolation) may develop poor phonological skills at a
later developmental stage. This child will also have problems in vocabulary and grammar, and
possibly in reading and spelling as well. Many examples have shown that different underlying
disorders may lead to similar symptoms. The high overlap in symptoms frustrates attempts to
find single diagnostic markers for differential diagnosis, and necessitates an approach aimed
at describing profiles of symptoms to characterize disorders. As an alternative for the dom-
inant classification approach, Weismer and Kim (2010) argue for a taxonomical approach to
the study of motor speech disorders, expressing the clinical observation that apart from the
symptoms that are assumed to differentiate between different types of motor speech disor-
ders, the variety of neurological diseases resulting in dysarthria and AOS also produces a core
of similar speech symptoms. The same reasoning applies to developmental speech disorders.
For instance, a general, non-specific feature of speech motor control disorders, irrespective
of the underlying deficit, is low speech rate, whether or not as primary symptom or as com-
pensatory response. The fact that this symptom also occurs in other speech disorders than
CAS does not exclude it as a symptom of CAS. After all, if we manage to find the underlying
deficit(s) of CAS, we should also be able to explain why speech rate is slowed down.

1.4 Neurocomputational modeling

As was argued in the previous sections, in psycholinguistic terms, the core deficit of CAS is
thought to reside at the phonetic programming level (Schmidt & Lee, 1999; Van der Merwe,
1997), but CAS has been interpreted at various levels: lexical representation, phonological
encoding, motor planning, motor programming, and motor execution. This reflects a fun-
damental problem in isolating the underlying deficit of CAS due to the developmental inter-
action between the different cognitive levels of processing. Both in normal as in disordered
development, cognitive modules are the outcome of development rather than the starting
point. The progression to the adult system is a gradual and continuous process comprising
interactions between emerging modules (Karmiloff-Smith, 2006; Karmiloff-Smith et al., 2003;
Karmiloff-Smith & Thomas, 2003; see also Munson, Swenson, & Manthei, 2005). As a result,
a specific underlying impairment on a cognitive level also affects the development on adja-
cent levels. Furthermore, the assumption of modularity of motor control processes in general
has been criticized. Speech motor control is rather a cognitive-motor accomplishment (Kent,
2004). These two issues set serious limitations to the use of psycholinguistic models in isolat-
ing the deficits underlying developmental speech (or language) disorders. A solution might
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be to change to a different type of analysis. In recent years, neural network models of speech
production have been introduced from the field of motor control. Instead of focusing on the
clinical symptomatology of CAS, a different approach, therefore, is to focus on the sensori-
motor information processing involved in speech production, for which neurocomputational
models can provide a valuable reference frame. In this modeling approach, the concept of “a
disorder in search of a population” is not an impasse or an endpoint, but actually forms the
starting point.

The aim of the present thesis is to identify the potential neurological deficits that underlie
the diversity of psycholinguistic and perceptual-motor symptoms of CAS through a combi-
nation of behavioral data and computational neural modeling. As a model, we choose the
Directions Into Velocities of Articulators model (DIVA; Guenther, 1994; Guenther, Hampson,
& Johnson, 1998). DIVA is one of the most advanced models of speech motor acquisition at
the moment, and has been shown to be able to account for a variety of phonetic phenom-
ena, such as motor equivalence, coarticulation and rate effects (Guenther, 1995; Guenther,
Ghosh, & Tourville, 2006; Guenther & Perkell, 2004). Being computationally implemented,
DIVA allows for computer simulations of the speech acquisition and production processes.
Furthermore, the model is linked to an articulatory speech synthesizer, which enables it to
generate articulatory and acoustic data that can be compared to behavioral data.

Our modeling approach comprises 3 steps forming a cycle. First, based on existing ap-
proaches and behavioral data, specific hypotheses about the underlying deficits are gener-
ated. These hypotheses are then tested in a series of computer simulations, and the resulting
speech patterns are compared to the available behavioral data. Finally, the model is used to
derive further predictions that can be tested empirically in behavioral experiments and pro-
vide possible new directions for clinical intervention.

1.4.1 The DIVA model

The DIVA model consists of a neural network controller detailing feedforward and feedback
control loops that are assumed to be involved in early speech development and mature speech
production (Figure 1.1), focusing on the sensorimotor transformations underlying the con-
trol of articulator movements (Guenther, 1994; Guenther et al., 1998). The model strives to
be biologically plausible and its components have been associated with regions of the cere-
bral cortex and cerebellum (Guenther et al., 2006). In order to produce an acoustic signal,
DIVA controls the movements of an articulatory synthesizer (Maeda, 1990). The acquisitional
process comprises two main stages, which are elaborated in more detail below.

1.4.2 Speech motor acquisition in DIVA: perceptual-motor stage

In the first stage of learning in the model, semi-random articulatory movements (resembling
infant babbling)4 are used to learn relations between motor commands and their auditory

4In this context, semi-random means that articulatory configurations that are anatomically impossible are
ruled out. Furthermore, it should be noted that random movements of the articulators are chosen for simplicity.
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Figure 1.1: Schematic representation of the DIVA model of speech motor control (Guenther et al.,
2006). Projections to and from the cerebellum are simplified for clarity. Sup. = Superior; Inf. = In-
ferior. Not shown in the figure are the forward and inverse models, which are used by the model to
calculate the feedforward commands and feedback commands and in this scheme would be located
behind these two.

and somatosensory consequences. The information is stored in the systemic mapping or
forward model and is used particularly during the acquisition of new speech sounds, where
the system is forced to rely mainly on feedback control.

Infant babbling consists of a series of overlapping stages during the first year of life (Oller,
1980; Stark, 1980), which together can be characterized as the perceptual-motor stage. Speech-
like sounds are relatively rare in the first 2 months of life, and the few that are produced con-
sist of phonation with the mouth closed or nearly closed. At about 2 to 3 months of age,
infants start to produce very crude syllable-like sequences, combining the vowel-like phona-
tions with affixing consonantal elements, mainly velar. Subsequently, several new sound
types emerge usually around 4 to 6 months of age, including bilabial and labiolingual trills,
squeals, and growls. Furthermore, during this stage, infants produce a relatively small amount

Infant babbling is to a large degree non-random as it appears to be constrained by factors such as neuromotor
development and native language (MacNeilage & Davis, 1990).
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of “marginal babbling”, sequencing vocal tract closures and better-formed vowel-like utter-
ances. Although already resembling syllables, these utterances still differ significantly from
adult syllables, for example in durational aspects. The first syllables with adult-like timing
characteristics (“canonical babbling”) are seen at about 7 months of age. During this stage,
many of the infant’s utterances are reduplicated syllables, such as /papa/. At the age of ap-
proximately 10 months, infants begin to use different consonants and vowels within the same
babbling sequence, such as /badadi/. At this point, infants start learning to produce the
various phonemes of their native language (MacNeilage & Davis, 1990; Oller, Eilers, Neal, &
Schwartz, 1999).

During these stages of perceptual-motor learning, the infant acquires control over the
movements of its speech organs by means of establishing a mapping between articulator
movements and their auditory and somatosensory consequences. Due to ongoing changes in
size, shape, muscle innervations pattern, and functional aspects of the articulators, the map-
ping has to be updated constantly during development (Bernstein, 1967; Kent, 1981). The
purpose of the mapping is to provide a solution for the so called degrees of freedom problem
(Bernstein, 1967; Kelso, Tuller, Vatikiotis-Bateson, & Fowler, 1984; Smith & Zelaznik, 2004).
This degrees of freedom problem operates at potentially two levels. First, motor tasks can be
achieved by many different muscle activation patterns (“functional equivalence”). To make
the control task simpler, the nervous system develops functional synergies or cooperative re-
lationships among muscles. This process of developing functional synergies ultimately re-
sults in coordinative structures, i.e., task-specific groupings of articulators (Kelso et al., 1984;
Saltzman & Kelso, 1987). Second, in models like DIVA that use an auditory reference frame
of target specification and movement planning5, auditory goals can be achieved by different
articulatory movements (“motor equivalence”). Because the mapping from auditory target to
articulatory movement is one-to-many, the system needs to acquire a systemic mapping be-
tween articulatory movements and auditory consequences in a preceding stage of open-loop
learning.

Similar to infant babbling, in DIVA the babbling stage is also aimed at constructing a solu-
tion to the degrees of freedom problem. Although the babbling stage in DIVA is much simpli-
fied as compared to human speech development, the model has been shown to be robust to
developmental changes in the size and shape of the articulatory system (Callan, Kent, Guen-
ther, & Vorperian, 2000) and the end result is the same: a forward model that can be used
during imitation learning to determine the motor commands that are needed to achieve a
certain auditory goal, in which articulatory parameters are automatically organized in task-
specific groupings or coordinative structures (Guenther, 1994).

5The question about the nature of the reference frames for the planning of speech movements is a classic
topic of discussion in the speech production literature. According to the DIVA model, the acoustic signal plays
a central role in speech acquisition and production. The auditory signal serves as the “teaching” signal; regions
in auditory perceptual space form the targets that the model strives to achieve in order to produce a particular
speech sound (Guenther et al., 1998; Guenther & Perkell, 2004). This in contrast to models that use invariant
gestural constriction targets, such as the Linguistic Gestural Model (LGM; Browman & Goldstein, 1992, 1997;
Saltzman & Munhall, 1989) and the action based ACT model (Kröger, Birkholz, Lowit, & Neuschaefer-Rube, 2010;
Kröger, Kannampuzha, & Neuschaefer-Rube, 2009).
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In DIVA, the forward model or directional mapping between auditory perceptual space
and articulator space consists of an adaptive hyperplane radial basis function (AHRBF) net-
work, which is a neural network-like mathematical construct composed of a set of nodes or
neurons (Figure 1.2). The network comprises an input stage and an output stage that are
connected by a hidden layer with a non-linear activation function. Training is done in an
iterative manner by presenting the network with a set of input patterns consisting of articula-
tory movements together with its auditory effect (generated by the articulatory synthesizer).
Each input pattern activates an articulatory positioning and the model adjusts the adaptive
synaptic connections between the hidden layer and the output stage as to minimize the dif-
ference between the network’s associated auditory output (consisting of a position in F1; F2;
F3-space) and the auditory output given by the input pattern. During the learning process the
model works towards the minimal total difference on the whole training set of input patterns.
Once learned, the forward model can be used to derive the articulatory movements that are
necessary to reach a certain auditory goal, or to train an inverse model to “translate” auditory
feedback in corrective articulatory movements in ongoing movement control (Guenther et
al., 1998).

output layer

hidden layer

input layer

Articulatory reference frame

Auditory reference frame

Figure 1.2: Architecture of a radial basis function network for learning a forward model.

1.4.3 Speech motor acquisition in DIVA: phonological stage

Once the forward models are acquired during the babbling phase (and the system “knows”
what movements to make in order to produce an auditory target), they are used in the next de-
velopmental phase for the purpose of imitation. It has been demonstrated that both physio-
logical characteristics of the speech apparatus and characteristics of the auditory system have
predictable consequences for the sequence of the acquisition of speech sound production
(Green et al., 2000; Green, Moore, & Reilly, 2002). Behavioral studies indicate that in phono-
logical development, perception precedes production (Kuhl, 2000), although the speech pro-
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duction system is involved in perception from early on (e.g., Yuen, Davis, Brysbaert, & Rastle,
2010).

Similarly, in the second stage of learning in DIVA (resembling imitation learning), the
model is first presented with sample speech sounds and learns an auditory target for each
sound. The auditory targets are stored in synaptic projections from speech sound map cells
in left ventral premotor cortex to auditory error map cells and consist of target regions that
encode the allowable variability of the acoustic signal. The feedforward commands for the
speech sound are then learned by the model repeatedly attempting to produce the sound.
The auditory feedback control subsystem compares the actual auditory signal to the desired
auditory target and the feedforward command is updated with each attempt, until it is ac-
curate enough for the model to produce the sound without generating auditory errors (an
example of the iterative process is presented in Figure 1.3). The feedforward commands are
encoded by synaptic weights projecting from speech sound map cells in the left ventral pre-
motor cortex to articulator velocity and position cells in motor cortex. In this way, the model
learns a set of phonemic mappings between articulatory movements and language-specific
goals.
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Figure 1.3: The DIVA model learning the word baby. The top-panel shows the target regions for F1, F2,
and F3 (black) and the models auditory realization (red). On the basis of the information provided by
the auditory feedback control subsystem (middle-panel), the feedforward command (bottom-panel) is
updated with each attempt, thus becoming more accurate. After approximately five iterations, learning
has become asymptotic.

Recent behavioral experiments have shown that somatosensory targets constitute a goal
for speech movements that is separate from the auditory targets (Tremblay, Shiller, & Ostry,
2003). Correspondingly DIVA also features a somatosensory reference frame, which has a sim-
ilar function, except for the auditory reference frame being the teaching signal (Guenther et
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al., 1998). The somatosensory targets encode the tactile (place and pressure of tongue-palate
and lip contact) and proprioceptive (muscle length) information that accompanies the cor-
rect production of the speech sound and is used in the somatosensory feedback control sub-
system during normal production. Thus, in DIVA the reference frames for speech production
are multimodal with an underlying hierarchy among modalities. Similar views have also been
disseminated elsewhere (Perrier, 2005). The somatosensory target for each speech sound is
learned during acquisition of the feedforward command. This specificity of somatosensory
target information has recently been confirmed in behavioral experiments (Tremblay, Houle,
& Ostry, 2008).

1.5 Objectives and thesis outline

As was argued in section 1.2, in psycholinguistic terms, CAS has been interpreted at various
levels: lexical representation, phonological planning, motor planning, motor programming,
and motor implementation. However, the core deficit of CAS is thought to reside at the mo-
tor programming level (Schmidt & Lee, 1999; Van der Merwe, 1997), which –in terms of psy-
chomotor function– can be summarized as a deficit of generating motor speech commands,
or an inability to transform an abstract phonological code into motor speech commands (Ni-
jland, 2003). As to what causes this deficit in generating motor speech commands, research
has not yielded clear results thus far. In a series of studies utilizing our modeling approach, we
aim to trace back the diversity of psycholinguistic and perceptual-motor symptoms of CAS to
particular stages of information processing. In the DIVA model, the coupling between the au-
ditory target (phonetic plan) and its motor command (motor program) is established by the
feedforward control subsystem. The motor commands for different speech sounds are stored
in feedforward projections that specify articulatory trajectories, which will produce the de-
sired auditory target. If the realized auditory (feedback) signal does not correspond to the
desired auditory target, the feedforward control subsystem will update the feedforward com-
mand in order to be more accurate for the next production. A problem in generating motor
speech commands can thus be simulated in the DIVA model by poor feedforward control.

Our first hypothesis is that the speech production system in CAS suffers from an increased
reliance on the feedback control subsystem due to weak/unstable feedforward control. In the
DIVA model, poor feedforward control will lead to an overreliance on the feedback control
subsystem. If feedforward commands are incorrect and/or imprecise, the articulatory move-
ments are off-target. As a result, the realized auditory and somatosensory (feedback) signals
will not correspond to the desired targets, leading to error cell activation in the auditory and
somatosensory error maps. Consequently, a corrective motor command will be calculated
by the auditory and somatosensory feedback control subsystems. This process takes place
on-line, during the production of the target utterance. Thus, the introduction of errors due
to poor feedforward control causes the system to rely more heavily on the sensory feedback
control subsystems. A first study (chapter 2), investigates this hypothesis and reports a se-
ries of computer simulations with the DIVA model in which the ratio between feedforward
and feedback control is systematically varied during production attempts in the acquisition
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of motor commands for articulatory movements.
As to what underlying neurological mechanism could be causing degraded forward con-

trol in CAS, two possible core deficits are presented. The first hypothesis is based on obser-
vations that children with CAS often have a lowered oral sensitivity of the tongue and palate
(Hall et al., 2007; Ozanne, 2005). In DIVA, such a lack of somatosensory information would
have different, but cumulative, effects in successive stages of speech development. First, dur-
ing the babbling stage, uncertainty in the somatosensory state would cause weak or under-
specified somatosensory-to-motor projections (synaptic projections from somatosensory er-
ror mappings to the articulator velocity map in motor cortex). Subsequently, during imitation
learning, a poor estimate of the somatosensory state would cause a poor estimate of the mo-
tor state. This would slow down the learning of auditory-to-motor projections (synaptic pro-
jections from auditory error mappings to the articulator velocity map in motor cortex). Fur-
thermore, as the readout of the appropriate feedforward commands depends on knowing the
current somatosensory state, a lack of somatosensory information would cause the readout of
feedforward commands to be impaired. Both these mechanisms would cause degraded feed-
forward control in the imitation learning and performance stages and a degradation of the
feedforward motor commands that are acquired. Additionally, the unstable somatosensory-
to-motor projections would lead to degraded somatosensory feedback control in the perfor-
mance stage.

The second hypothesis is inspired by the soft neurological signs that are often observed
as a comorbidity in children with CAS (Hall et al., 2007; Ozanne, 2005). In this view, the core
deficit is a more general deficit and lies in increased levels of neural noise. Neural noise is the
primary factor limiting the possibility of simultaneously rapid and accurate movements and
has been widely associated with the token-to-token variability that characterizes human mo-
tor performance (Fitts, 1954; Harris & Wolpert, 1998; Perkell & Nelson, 1985; Wolpert, Ghahra-
mani, & Flanagan, 2001). In the DIVA model, neural noise could affect all neural maps. During
the babbling stage, uncertainty with respect to the current motor state and the auditory and
somatosensory consequences of babbling would slow down learning, causing weak or un-
derspecified synaptic projections from both auditory-to-motor and somatosensory-to-motor
space. In further stages, this would be expected to result not only in incorrect and/or impre-
cise feedforward commands, but also in poor performance of the auditory and somatosen-
sory feedback control systems. In chapter 3, the two hypotheses are investigated in a series
of simulations with the DIVA model. The involvement of the two deficits is systematically
varied during speech acquisition, and the effects of both deficits on speech production after
(undisordered) asymptotic learning are investigated as control conditions.

Chapter 4 and 5 set out to investigate specific characteristics of functional synergies/coor-
dinative structures for speech movements in human speakers using electromagnetic mid-
sagittal articulography (EMMA). In the DIVA model, the two deficits hypothesized to underlie
CAS presented above would both lead to weak or underspecified synaptic projections from
auditory and somatosensory error mappings to the articulator velocity map in motor cor-
tex. Both hypotheses predict that children with CAS suffer from impairment of the forward
model. First, a pilot study investigates the consistency and the composition of functional
synergies/coordinative structures for speech movements in a group of 7-year-old children
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as compared to adults (chapter 4). Subsequently, the same method is used to analyze the
kinematic data of ten children with developmental speech disorders (five with speech sound
disorder [SSD] and five with subtype childhood apraxia of speech [CAS]) as compared to age-
matched normally developing controls (chapter 5). The study focuses on movement data
of fluent speech motor behavior of perceptually correct utterances in a reiterated speech
task comprising the words /spa:/ and /pa:s/. The stability of speech motor execution is as-
sessed by the cyclic spatiotemporal variability index (cSTI) of the movement trajectories of
jaw, lower lip and tongue tip. The cSTI is a measure that captures the variability of direction-
specific cyclic movement patterns (Van Lieshout, Bose, Square, & Steele, 2007; Van Lieshout
& Moussa, 2000; Van Lieshout, Rutjens, & Spauwen, 2002). The composition of synergies is
assessed by the amplitudes of the movement components of tongue tip and lower lip in the
realization of the constrictions for respectively the [s] and the [p] and the amplitude of jaw
opening during the production of [a:].

In chapter 6, we advocate our modeling approach and show how this approach can be
utilized to derive further predictions that can be tested empirically in behavioral experiments
and to deduct possible new angles for clinical intervention. In the DIVA model, poor feedfor-
ward control will lead to an overreliance on the feedback control subsystem (as is discussed
elaborately in chapter 2). Parallels with stuttering research suggest that by giving the system
ample opportunity to make use of auditory feedback (such as by slowing down articulation),
otherwise disadvantageous consequences of overreliance on feedback could be neutralized.
More specifically, in DIVA slowing down articulation, and thereby facilitating the use of audi-
tory feedback, would enhance the learning of motor commands. A small computer simula-
tion with the DIVA is presented to exemplify this mechanism.

Finally, chapter 7 presents a general discussion and conclusions in which the results of the
experiments are summarized and discussed in the light of our objectives and perspectives for
future research.
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