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Chapter 7

General discussion and conclusions
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General discussion and conclusions

7.1 Introduction

Speech constitutes the primary channel for human social interaction and infants possess an
inborn capacity to learn verbal communication. Yet, the production of speech constitutes
one of the most complex skills that humans perform. Speaking involves an intricate spatio-
temporal coordination of the muscular structures controlling respiration, resonance, phona-
tion, and articulation, requiring the integration of multiple streams of information (auditory,
somatosensory, and motor) at multiple cognitive levels. It takes years to acquire the prag-
matic, linguistic, and perceptual- motor knowledge and skills that are necessary for the fluent
and effortless production (and perception) of speech. Although the process of speech acqui-
sition is lengthy, most children come through successfully, and, given the complexity of the
skills involved, with remarkable ease. The apparently effortless nature of the achievement is
one of the motives behind the classic nature-nurture debate of speech and language acquisi-
tion, which is still afoot today (e.g., Dehaene-Lambertz, Hertz-Pannier, & Dubois, 2006; Rosen
& Iverson, 2007; Sebastián-Gallés, 2007; Vouloumanos & Werker, 2007a, 2007b).

However, not all children come through successfully and apparently effortless and some
keep struggling at the stage where they want to produce the first phonemes of meaningful
speech. Prevalence and incidence estimates of developmental speech sound disorders range
from 1.1% to 6.4% (Broomfield & Dodd, 2004; Law, Boyle, Harris, Harkness, & Nye, 2000;
McKinnon, McLeod, & Reilly, 2007; Shriberg, Tomblin, & McSweeny, 1999; note that these
figures do not include stuttering or speech delay and only concern children with a speech
disorder in the absence of any other physical or cognitive impairment). Methods of interven-
tion have been developed for the children that experience speech difficulties to help them
through the acquisition process. A number of different treatment techniques have been de-
veloped, each focusing at different parts of the speech production chain. A subgroup that
shows a remarkable resistance to any kind of therapy is formed by children with Childhood
Apraxia of Speech (CAS). Although CAS is typically defined as “a neurological childhood (pe-

diatric) speech sound disorder in which the precision and consistency of movements underly-

ing speech are impaired in the absence of neuromuscular deficits” (ASHA, 2007, pp. 3-4), it
remains highly controversial as a clinical entity with respect to both clinical signs and under-
lying neuro-motor deficit. The differential diagnosis between children with CAS and children
with other, phonological, speech sound disorders constitutes one of the main questions in
the field of language- and speech pathology. CAS has been associated with a wide variety of
diagnostic descriptions and has been shown to involve different symptoms during successive
stages of development (Maassen, 2002; Maassen, Nijland, & Terband, 2010).

The aim of the present thesis was to reveal and trace back the diversity of psycholinguis-
tic and perceptual-motor symptoms of CAS to specific stages of sensorimotor information
processing and to identify the potential neurological deficits that underlie them. This work
follows on the line of the theses of Geert Thoonen (1998) and Lian Nijland (2003). Thoonen
focused on the differential diagnosis between children with CAS and children with spastic
dysarthria and provided an objective and quantitative description of speech characteristics
in children with CAS. Based on this characterization, Thoonen and colleagues hypothesized
that the underlying cognitive deficit is a processing rather than a representational deficit
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that emerges during the stage of phonological encoding (Thoonen, Maassen, Gabreëls, &
Schreuder, 1994). Subsequently, Nijland took this idea further and investigated speech motor
characteristics by means of fine grained acoustic measurements of coarticulation and articu-
latory compensation for a bite-block using different phonological contexts (same sequences
of speech sounds, but with different syllable boundaries). The results confirmed and further
specified the original hypothesis, indicating that the underlying deficit in CAS resides in the
difficulty to transform an abstract phonological code into motor speech commands.

In the present thesis, we took this another step further and focused on sensorimotor in-
formation processing in CAS. In this we used a combination of behavioral (acoustic and kine-
matic) data and computational neural modeling. The results deepen and expand our in-
sight into the neurological processes that are involved in developmental speech sound disor-
ders and into the relation between primary symptoms and compensatory responses. Subse-
quently, the obtained knowledge can be used for the adjustment and development of diagnos-
tic methods and clinical intervention. For studying the sensorimotor information processing
involved in speech production, neurocomputational models like DIVA can provide a valuable
reference frame (See Introduction and thesis outline). 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 com-
puter simulations that generate articulatory and acoustic data, which can be compared to
behavioral data. Our modeling approach comprises three steps forming a cycle. First, based
on existing approaches and behavioral data, specific hypotheses about the underlying deficits
are generated. 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 provide possible new directions for clinical intervention.

7.2 Thesis summary

In a series of studies we have utilized our modeling approach and used a computational neu-
ral model of speech acquisition and production called DIVA to associate the speech-motor
symptoms of CAS to particular stages of information processing. In a first study (chapter 2),
we tested the hypothesis that the speech production system in CAS suffers from weak/unstable
feedforward control, consequently causing an increased reliance on the feedback control sub-
system. In terms of psychomotor function, the deficit CAS can be summarized as a deficit
of generating robust motor speech commands. In the DIVA model, the motor commands
for different speech sounds are stored in feedforward projections that specify model articu-
latory trajectories that will produce the intended auditory target. A problem in generating
motor speech commands thus corresponds to poor feedforward control in the DIVA model.
Since the introduction of errors due to poor (incorrect and/or imprecise) feedforward con-
trol evokes the feedback control subsystem, the model predicts the speech motor control of
children with CAS to rely more heavily on feedback control. In our study, we conducted a
series of computer simulations in which the reliance on feedback control was systematically
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increased during production attempts in the acquisition of forward commands. The simu-
lations accounted for four key characteristics of speech production in CAS: stronger coartic-
ulation, distorted productions of speech sounds, searching articulatory behavior, and high
variability across productions. As to what could be causing the degraded forward control in
CAS, two possible core deficits were suggested: reduced somatosensory information and in-
creased levels of neural noise.

These two hypotheses were further investigated in a subsequent series of simulations with
the DIVA model (chapter 3). Increased levels of neural noise was implemented by adding
noise to the motor-, auditory-, and somatosensory state representations. In the case of re-
duced/degraded somatosensory information, we added noise to the somatosensory-, and
motor state representations (since in DIVA a poor estimate of the somatosensory state will
cause a poor estimate of the motor state). The involvement of the two deficits was systemat-
ically varied during speech acquisition, and the effects of both deficits on speech production
after undisordered asymptotic learning were investigated as control conditions. The simula-
tion results showed increased severity of four key symptoms of CAS for both deficits –deviant
coarticulation, speech sound distortion, searching articulation, and increased variability-, but
for different reasons. Whereas increased levels of neural noise predominantly led to deteri-
oration on the phonetic level (systemic mapping or forward model), reduced/degraded so-
matosensory information predominantly led to deterioration on the phonological level (phone-
mic mappings). Lacking a quantitative comparison with observations in children with CAS,
the results do not allow differentiating directly between the two hypotheses but the results
did yield directly testable predictions for auditory and articulatory perturbation experiments.
Furthermore, since the main difference between the two underlying deficits is the quality
of the auditory state representations, the results imply that in children with speech sound
disorders the involvement of phonological vs. motor processes is largely dependent on the
quality of the system for self-monitoring auditory errors. These findings correspond to be-
havioral experiments indicating that there is a close relation between perceptual acuity and
production symptoms in children with developmental speech disorders (e.g., Edwards, Fox,
& Rogers, 2002; Groenen, Maassen, Crul, & Thoonen, 1996; Munson, Edwards, & Beckman,
2005; Nijland, 2009; Raaymakers & Crul, 1988).

Chapter 4 and 5 investigated specific characteristics of functional synergies/coordinative
structures for speech movements in human speakers using electromagnetic midsagittal ar-
ticulography (EMMA). A first pilot study analyzed the consistency of movement trajectories
and the composition of oral closures in a reiterated speech task comprising the words /spa:/

and /pa:s/ in a group of 7-year-old children as compared to adults (chapter 4). The stability of
speech motor execution was assessed 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 was 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:]. Results showed higher
variability in children for tongue tip and jaw, but not for lower lip movement trajectories.
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Furthermore, the relative contribution to the oral closure of lower lip was smaller in children
compared to adults, whereas in this respect no difference was found for tongue tip. These
results support and extend findings of non-linearity in speech motor development and illus-
trate the importance of a multi-measures approach in studying speech motor development.

Subsequently, we applied this method on kinematic data of the reiterated productions
of syllables /spa:/ and /pa:s/ by ten 6-to-9-year-olds with developmental speech disorders
(five with speech sound disorder [SSD] and five with subtype childhood apraxia of speech
[CAS]) and six normally speaking children (chapter 5). Results showed a higher variability of
tongue tip movement trajectories and a larger contribution of the lower lip relative to the jaw
in oral closures for the five children with CAS compared to normally developing controls, in-
dicating that functional synergies for speech movements in children with CAS may be both
delayed and less stable. Furthermore, the SSD-group showed a composition of tongue tip
movements that is both different from CAS and controls. These results suggest that the dif-
ferences in speech motor characteristics between SSD and subtype CAS are qualitative rather
than quantitative. At the same time, the results suggest that both SSD and subtype CAS in-
crease movement amplitude which may act as an adaptive strategy to increase articulatory
stability (comp. Van Lieshout et al., 2007; Van Lieshout et al., 2002). Although in direct com-
parisons no exclusive characteristics were found to differentiate subtype CAS from the group
of children with SSD and from normally developing children, these preliminary results are
promising for quantifying the role of speech motor processes in childhood speech sound dis-
orders. Overall, the findings correspond to the idea that children with CAS suffer from a disor-
dered development of the coordinative structures that underlie speech motor coordination,
thus reflecting impairment of the forward model.

In chapter 6, we advocated our modeling approach and showed how this approach can
be utilized to derive further predictions that can be tested empirically in behavioral experi-
ments and provide possible new angles for clinical intervention. An important methodolog-
ical issue in modeling studies is the specificity of the results. The previous simulations with
the DIVA model (see chapters 2 and 3) exemplify that different core deficits can have simi-
lar consequences. Due to developmental interaction between the different cognitive levels
of processing (“vertical”), and the different parts of the sensorimotor system (“horizontal”), a
certain overlap in symptomatology is inevitable. To decide between deficits, measurements of
speech production under specifically manipulated circumstances are needed. We proposed a
behavioral experiment in which auditory feedback is masked and in addition an articulatory
perturbation is applied. Furthermore, we suggested that slowing down articulation rate un-
der specific conditions may offer opportunities for clinical intervention for CAS. In the DIVA
model, poor feedforward control leads to an overreliance on the feedback control subsystem.
By giving the system ample opportunity to make use of auditory feedback (such as by slow-
ing down articulation), otherwise disadvantageous consequences of overreliance on feedback
can be neutralized. This mechanism was exemplified by a small computer simulation with the
parameters of DIVA set to overreliance on feedback in combination with decreased articula-
tion rate. Results showed that the model needs less iteration for learning to become asymp-
totic when the articulation rate is slowed down. These findings suggest that in CAS, slowing
down articulation, and thereby facilitating the use of auditory feedback, might enhance the
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learning of motor commands.

7.3 DIVA simulations: specificity

7.3.1 Deciding between hypotheses

The findings reported in this dissertation demonstrate that through the possibility of manip-
ulating parameters independently and systematically, computational modeling studies can
provide valuable insight into the potential relationship between core deficit, derived or con-
sequential deficits, and adaptive strategies. An important issue in computational modeling
studies, however, is the specificity of the simulation results. Are the symptoms that were
found the only symptoms that result from the hypothesized deficits, or do they also have other
consequences that do not correspond with CAS? Furthermore, can these symptoms also be
explained by other motor control deficits? Many examples have shown that different under-
lying disorders may produce similar symptoms (Maassen et al., 2010; Weismer & Kim, 2010).
As brought forward in chapter 6, a certain overlap is inevitable in this respect.

A link with stuttering?

Stuttering provides a parallel that has come up in the discussion on multiple occasions. The
present findings suggest that overreliance on feedback plays an important role in the speech
profile of CAS. Similarly, as discussed in chapters 2 and 6, overreliance on feedback control
has been proposed as a basic mechanism that may be involved in stuttering (Civier, Tasko, &
Guenther, 2010; Max, Guenther, Gracco, Ghosh, & Wallace, 2004).1 In this view of stuttering,
the overreliance on feedback is also thought to be due to impaired readout of feedforward
control, but it should be noted that according to our hypotheses in CAS, this is not the only
sensorimotor processing deficit involved. Furthermore, a crucial difference is that in the case
of stuttering, the overreliance on feedback is combined with a reset function. Simulations
with the DIVA model similar to the simulations reported in this thesis have shown that over-
reliance on feedback control (combined with a reset function) leads to production errors that
can cause the motor system to reset and repeat the current syllable if the error exceeds a cer-
tain threshold (Civier et al., 2010; Max et al., 2004). This exemplifies that similar deficits may
be involved in different disorders: depending on the parameter values of feedback and reset,
an overreliance on feedback control can result in different phenomena, respectively grop-
ing (as in the our CAS-simulations) or syllable repetitions (as in Max et al., 2004). Despite a
considerable amount of research in this respect, the jury is still out about the underlying neu-
rological problems that may cause stuttering behavior (and, in the DIVA simulations, the in-
volvement of impaired readout of feedforward control). Recent studies (on adults) have found

1It should be noted, however, that it has been disputed that this is a permanent feature of the speech sys-
tem in people who stutter (Van Lieshout, Hulstijn, & Peters, 2004). Furthermore (as noted in chapters 2 and 6
respectively) this mechanism only explained syllable repetitions and could be compensated by slower speech
rates. In section 5.3, the reduction of speech rate as a compensatory mechanism is discussed in more detail in
the context of CAS.
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differences in white matter tracts (Sommer, Koch, Paulus, Weiller, & Buchel, 2002; Watkins,
Smith, Davis, & Howell, 2008), elevated dopamine levels (Wu et al., 1997) and signs that may
point to a dysfunction of the basal ganglia (Alm, 2004), but it is not clear whether these are
cause or consequence of a lifelong experience of stuttering.

Behavioral experiments

The simulation results in this study provided clear differences in the effect that the two deficits
hypothesized to underlie CAS have on the speech system: reduced/degraded somatosensory
information during acquisition stages led predominantly to deterioration at the phonological
level, whereas increased levels of neural noise led predominantly to deterioration at the pho-
netic level. However, after the completed acquisition process both deficits led to deteriorated
speech output with similar characteristics. Thus, the simulation results did not differentiate
directly between the two deficits hypothesized to underlie CAS and further research is needed
to decide between the two hypotheses. In this respect, the present findings provide directly
testable predictions for auditory and articulatory perturbation experiments and a variety of
examples were described in chapters 3 and 6.

In addition, another possibility is to compare speech production in the condition of nor-
mal sensory feedback with a condition in which proprioceptive feedback is blocked by mas-
seter tendon vibration, which is applied through a tool altering the activity of muscle spindles
(comp. Loucks & De Nil, 2001; Namasivayam, van Lieshout, McIlroy, & De Nil, 2009). Since
the estimation of the motor state largely depends on proprioceptive information, perturbing
this information through tendon vibration would impair the readout of feedforward com-
mands, thus causing articulatory errors. Experimental data of jaw-opening movements of
normal speakers showed that tendon vibration typically causes a reduction in the amplitude
and velocity, or movement undershoot (Loucks & De Nil, 2001). In such an experiment, the
noise in proprioceptive information is predicted to affect speech output more negatively if
the core impairment is in the forward model, with the stored motor commands (relatively)
intact, than if the stored motor commands are impaired with the forward model (relatively)
intact. The reasoning behind this is simple: If the forward model is intact, the speech system
can use auditory feedback to compensate for the introduction of errors.

7.3.2 Other models of speech production

Another opportunity for further research is to expand the scope of the simulation studies to
higher processing levels of speech production. Due to the limitations of the particular com-
putational model that was used –DIVA is a model of speech motor control and does not en-
compass the level of phonological planning (target selection and sequencing)–, the phono-
logical and suprasegmental characteristics of CAS (e.g., many and inconsistent speech sound
substitution errors, disrupted prosody) could not be investigated (chapter 2). The analysis
was therefore limited to a selected number of speech-motor symptoms. In chapter 3, we pre-
sented a number of possibilities to expand the scope of the simulation studies to phonolog-
ical and suprasegmental processing levels of speech production. For example, phonological
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planning and sequencing could be investigated with the gradient order DIVA model (GO-
DIVA; Bohland, Bullock, & Guenther, 2010), a neural model that extends the existing DIVA
model with the assembly of multisyllabic speech plans and their serial order sequencing.
The GODIVA model features paired content (phonological sequence) and structure (syllabic
frames) subsystems that provide parallel representations of a forthcoming speech plan (cf.
frame/content theory, MacNeilage & Davis, 1990). Furthermore, the model contains an inter-
face with DIVA’s speech sound map to select the sensorimotor programs that are necessary to
produce the multisyllabic speech plans. Each of these three components features a so-called
competitive queuing architecture and consists of a planning and a choice layer. In the plan-
ning layer multiple candidates for forthcoming items are co-activated by use of a primacy gra-
dient. The choice layer realizes a repetitive competitive process that allows only the strongest
input to remain active and suppresses the activation of its representation in the planning
layer. In this way, relative activation level codes for the relative order in the sequence. The
model furthermore features a basal ganglia-mediated planning loop that receives its input
from the structural frame choice layer, and serves as an input gate for the phonological con-
tent and speech sound map choice layers. A detailed description of the model can be found
in Bohland et al. (2010). GODIVA has been used successfully to model certain aspects of AOS
(Ames, 2009) and stuttering (Civier, 2010) and the model would allow us to model character-
istics of CAS that are thought to originate in phonological planning and sequencing, such as
(inconsistent) speech sound substitution errors, prolongation of speech sounds and prevo-
calic groping.

A rival neurocomputational model that shows overlap with DIVA and GODIVA is the action
based ACT model (Kröger, Birkholz, Lowit, & Neuschaefer-Rube, 2010; Kröger, Kannampuzha,
& Neuschaefer-Rube, 2009). ACT focuses on the acquisition of a set of motor plans for the syl-
lables of a model language. The motor plans for frequent syllables are stored in phonetic
maps, the set of which forms the phonemic map of the model language. Infrequent syllables
are produced without training (Kröger et al., 2010). At the moment, the models computa-
tional implementation does not feature a functional feedback control system (Kröger, 2010),
so the possibilities in modeling sensorimotor information processes are limited. However,
ACT has been used successfully to model the acquisition of syllabic and phonemic categories
and contrasts (Kröger, Kannampuzha, Lowit, & Neuschaefer-Rube, 2009).

A fundamental difference between ACT and DIVA is that in DIVA the auditory signal is the
teaching signal, whereas in ACT articulatory actions function as targets. The idea of articu-
latory actions as units of phonological planning is based on The Linguistic Gestural Model
(LGM; Browman & Goldstein, 1992, 1997; Saltzman & Munhall, 1989). LGM and its compu-
tational implementation TADA (TAsk Dynamics Application; Nam et al., 2007) form a third
possibility to expand the scope of the simulation studies to phonological and suprasegmental
processing levels of speech production. In the theoretical framework of LGM, linguistic ges-
tures function as the basic units of speech production (and perception). Gestures are defined
as task-specific neural activation patterns that control a flexible assembly or set of individual
articulators to create a local constriction within a specific location of the vocal tract (Brow-
man & Goldstein, 1992). The constriction actions or gestures are organized into temporally
overlapping structures. Three hierarchically layered levels of gestural coordination are iden-

145



Chapter 7

tified: the gestural score, tract variables, and articulator sets. At the level of the gestural score,
neural activation patterns govern the overall degree and location of vocal tract constrictions.
In the latest version of the model (Goldstein, Byrd, & Saltzman, 2006; Saltzman & Byrd, 2000),
coordination at this level (inter-gestural coordination) specifies a sequence of gestures whose
temporal (and spatial) relationships are based on the coupling of a set of limit-cycle plan-
ning oscillators, each of which is associated with a gesture. Gestural coupling is specified in
terms of relative phase, taking advantage of intrinsically stable modes of coordination –in-
phase and anti-phase (e.g. Haken, Kelso, & Bunz, 1985; Van Lieshout & Goldstein, 2008). Each
coupling has a certain complexity that is dependent on the ratio of movement frequencies
for the coupled structures, which together with the speed at which the coupling needs to be
maintained determines the coupling strength (e.g. Goldstein & Fowler, 2003; Van Lieshout
& Goldstein, 2008). At the next level, tract variables specify the degree and location of task
implementations of the vocal tract constrictions. For example, the gestural task specifica-
tion bilabial closure consists of two components: lip aperture and lip protrusion, which are
dimension-specific task implementations. At the lowest level of coordination (intra-gestural
coordination), each tract variable is mapped onto specific articulator sets. The specific task
lip closure, for example, requires a downward movement of the upper lip and upward move-
ments of the lower lip and jaw. For a detailed description of LGM we refer to Browman &
Goldstein (1992, 1997) and Van Lieshout & Goldstein (2008).

The computational implementation of LGM (TADA; Nam et al., 2007) consists of three
models that are connected:

1. The syllable structure-based gestural coupling model specifies the gestures composing
the target utterance and the coupling relations among the gestures’ timing oscillators
(producing an abstract phonological encoding of the target utterance called coupling
graph).

2. The coupled oscillator model of inter-gestural coordination specifies activation intervals
in time for each gesture (gestural scores).

3. The task dynamic model of inter-articulator coordination generates the motions of the
vocal tract constriction variables and the articulatory degrees of freedom (tract variables
mapped to articulator sets).

In order to produce an acoustic signal, the model controls the movements of an articulatory
synthesizer (Rubin, Baer, & Mermelstein, 1981).

Utilizing GODIVA, ACT or TADA, a future project could investigate if and how the two hy-
pothesized deficits can account for the phonological and suprasegmental characteristics of
the speech of children with CAS. Apart from being based on different theoretical principles,
each model has its specific scope. ACT could be used to model the acquisition of syllabic
and phonemic categories and contrasts, GODIVA to investigate phonological planning and
sequencing, and TADA phonological planning and gestural coordination. The two hypothe-
sized deficits (reduced/degraded somatosensory information and increased levels of neural
noise) could be implemented by adding noise in specific parts of the model, in a way similar
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to how they were implemented in DIVA in the studies described in this thesis. In the case of
reduced/degraded somatosensory information, noise could be added only to those compo-
nents that are dependent on somatosensory information and/or tied to the read-out of the
articulatory state. Increased levels of neural noise could be implemented as a general back-
ground noise, which affects all model components. Subsequently, we could run simulations
and compare the results to behavioral data, in a way similar to our work with the DIVA model.

7.4 Neuroanatomy of CAS

7.4.1 Predictions from neuroimaging studies

In addition to neuropsychological and neurocomputational modeling studies, neuroimaging
forms a necessary next step in the search of the alleged underlying neurological deficit of
CAS. Although several imaging studies are reported in the areas of e.g., developmental lan-
guage disorders (e.g., Jancke, Siegenthaler, Preis, & Steinmetz, 2007; Preis, Jancke, Schittler,
Huang, & Steinmetz, 1998; Preis, Steinmetz, Knorr, & Jancke, 2000), stuttering (e.g., Chang,
Erickson, Ambrose, Hasegawa-Johnson, & Ludlow, 2008; Sommer et al., 2002), and normal
neurodevelopment (e.g., Paus et al., 1999; Snook, Paulson, Roy, Phillips, & Beaulieu, 2005),
this type of study has not yet been carried out for CAS specifically. Nevertheless, a number of
imaging studies are relevant and might be able to provide some reference for the search of a
neuroanatomical pathology in CAS.

The KE-family studies are a famous series of studies of a large family with a genetic dis-
order of speech and language (for an overview, see e.g., Morgan, Liégeois, & Vargha-Khadem,
2010; Vargha-Khadem, Gadian, Copp, & Mishkin, 2005). In this family, half of the members of
the first three generations are affected by a developmental disorder of speech and language
that manifests itself early in childhood and persists throughout adulthood. The disorder in-
volves impaired control of the oral musculature for both speech and non-speech movements
and furthermore affects the processing and expression of phonology and syntax (Vargha-
Khadem et al., 1998; Watkins, Dronkers, & Vargha-Khadem, 2002; Watkins, Vargha-Khadem
et al., 2002). With respect to speech production, the disorder is similar to both adult AOS and
CAS (Morgan et al., 2010). Imaging studies revealed both functional and structural abnormal-
ities in the affected members of the KE family as compared to the non-affected family mem-
bers. Positron emission tomography (PET) showed both under- and overactivation in sev-
eral cortical and subcortical motor-related areas of the left frontal lobe, while magnetic res-
onance imaging (MRI; voxel-based morphometry) showed structural abnormalities in both
hemispheres (Vargha-Khadem et al., 1998). More specifically, MRI revealed abnormally low
levels of grey matter density in the inferior frontal gyrus (Broca’s area), the head of the caudate
nucleus, the precentral gyrus, the temporal pole, and the cerebellum, whereas the posterior
superior temporal gyrus (Wernicke’s area), the angular gyrus, and the putamen showed an ab-
normally high gray matter density (Liégeois et al., 2003). In a recent review, Morgan, Liégeois
and Vargha-Kadem (2010) interpretated the KE family imaging studies to “highlight the role of

the fronto-striatal network in the early acquisition of speech motor sequences that are critical
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for the typical development of intelligible speech. ... Thus, in the KE family bilateral cortico-

striatal abnormality may be the main cause of persistent speech and orofacial dyspraxia” (pp.
102-103). Although it should be noted that their impact on CAS research is limited by issues of
sensitivity and specificity (ASHA, 2007, p. 58), based on the imaging studies of the KE-family,
we would expect to find abnormalities in the cortico-striatal pathway bilaterally in the brains
of individuals with CAS.

This prediction is substantiated and expanded by a case study by Le Normand, Vaivre-
Douret, Payan, and Cohen (2000), who described a 51/2 year old left-handed girl diagnosed
with developmental dyspraxia exhibiting severe impairment of speech production together
with a mild delay in motor development (but otherwise developing normally with no intel-
lectual impairment or behavioral disorder). The MRI’s showed a thin, incompletely myeli-
nated corpus callosum and moderately enlarged ventricles. All other structures, including
the basal ganglia, appeared to be intact (Le Normand et al., 2000), but it should be noted that
the moderately enlarged ventricles found in this case study suggest incomplete myelination
of the cortico-striatal pathways.

In summary, the reported literature of neuroimaging in children with developmental and
language disorders that contain a motor component predicts the brains of children with CAS
to show some degree of white matter abnormalities in the cortico-striatal pathway bilaterally
and corpus callosum. Note that bilaterality of the structural abnormalities is an important
aspect in this prediction. As Morgan and colleagues (2010) observed “While unilateral lesions

of the left hemisphere in adults can lead to chronic speech dyspraxia as a result of disruption

of the planning/programming system, such an outcome is seen in children only after bilateral

pathology of the critical networks” (p. 111). Speech profiles of children after hemispherectomy
(disconnection or removal of an entire cerebral hemisphere) suggests that speech planning
and coordination can be subserved by a single cerebral hemisphere and/or intact regions of
the cerebellum throughout early childhood (Liégeois et al., 2010). In other words, unilateral
abnormalities in motor related brain areas can often be overcome during development by
functional reorganization, but bilateral abnormalities cannot.

7.4.2 Neurobiological reality of CAS in DIVA

The question that arises next is how these neurological data would work in the DIVA model
and, more specifically, how these findings relate to the simulation studies reported in this
thesis?

A preemptive note on white matter imaging

The majority of white matter MRI studies use a technique called diffusion tensor imaging
(DTI). DTI provides information about the organization of white matter by quantitatively
measuring the movement of water molecules along neural fibers by mean diffusivity (MD)
and fractional anisotropy (FA). An increase in MD has been considered to reflect edema, de-
myelization and axonal loss, while lower FA-values indicate reduced white matter integrity,
i.e., disruption in the organization of white matter fiber tracts. A reduced integrity of the white
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matter pathways between brain areas can be interpreted as noise in the signal going from one
region to another.

Neural correlates of DIVA

The DIVA model strives to be biologically plausible and its components have been associated
with regions of the cerebral cortex and cerebellum based on existing imaging data published
in the literature (Guenther, Ghosh, & Tourville, 2006). The production process in the DIVA
model starts with the activation of a speech sound map cell. DIVA’s speech sound map corre-
sponds to the level of the syllabary in Levelt’s model (Levelt & Wheeldon, 1994) and contains
motor programs and their sensory expectations for overlearned phonemes and syllables. Ac-
cording to the DIVA model, the speech sound map cells reside in the left ventral premotor
cortex (BA 6), activation of the speech sound map is therefore left dominant (Guenther et al.,
2006). This is derived from lesion data of acquired apraxia of speech (AOS) and aphasia, which
indicate that both are left lateralized (e.g., Ackermann, Riecker, & Wildgruber, 2004; Dronkers,
1996). When a speech sound map cell is activated, the motor program is sent to the motor cor-
tex for parameterization and subsequently via the subcortical nuclei (more specifically the
basal ganglia) to the articulatory musculature for execution. At the same time the sensory tar-
gets are sent to the auditory and somatosensory error maps, according to the DIVA model lo-
cated respectively in superior temporal cortex and inferior parietal cortex. In the case the au-
ditory and somatosensory feedback (incoming through the subcortical nuclei) does not cor-
respond with the sensory targets, a corrective command is calculated by the cerebellum and
sent to the motor cortex where it is integrated with the feedforward command, after which it
is sent, again, via the basal ganglia to the articulatory musculature for execution. Functional
imaging data indicates that the brain activation patterns involved in such feedback based cor-
rections are more right lateralized (Tourville, Reilly, & Guenther, 2008; Toyomura et al., 2007).

Cortico-striatal pathway

Cortico-striatal pathway refers to the connection between the cortex and the subcortical nu-
clei (basal ganglia). More specifically, the fronto-striatal pathway connects the frontal lobe
of the cortex, which includes primary motor cortex, premotor cortex, supplementary motor
area and inferior frontal gyrus (Broca’s area), with the subcortical nuclei. In DIVA, the basal
ganglia are involved in issuing onset signals, a function to gate the motor commands before
sending them to the neurons controlling the articulatory musculature. Reduced white mat-
ter integrity or incomplete myelination in the fronto-striatal pathway would cause the motor
commands not being sent to the periphery in the proper time, order or gain.

Involvement of the corpus callosum

The corpus callosum is a midsagittal white matter brain region that is important for inter-
hemispheric communication and coordination. As indicated above, imaging data suggests

149



Chapter 7

that feedforward control is more left lateralized while feedback control is more right lateral-
ized (Guenther et al., 2006; Tourville et al., 2008; Toyomura et al., 2007). Therefore, a disrup-
tion of interhemispheric connectivity by reduced white matter integrity or incomplete myeli-
nation in the corpus callosum would lead to problems with the integration of feedback and
feedforward control. In DIVA, this would lead to errors in the motor commands, thus causing
articulatory errors. In addition, the introduction of errors would also cause the system to rely
more heavily on the sensory feedback control subsystems, which –as was shown in chapter
2– could result in deviant coarticulation, speech sound distortion, searching articulation and
increased variability.

7.5 Clinical implications

7.5.1 The diagnostic dilemma revisited

Many authors have claimed that focusing on pure cases by following the double dissociation
logic is the one and only solid way to proceed to find the core characteristics or diagnostic
markers of a disorder. In contrast, clinicians must reckon with comorbidity, because in clin-
ical practice the pure cases are a minority (if they exist at all). By restricting research to pure
cases, for methodological considerations, we risk throwing out the baby with the bath water.
Why would dyspraxia in the minority of pure cases of CAS be representative for all children
with CAS, including those with an additional phonological disorder, auditory processing dis-
order, dysarthria, etc.? (Let alone general behavioral comorbidities such as autism spectrum
disorders and ADHD.) In fact, if a developmental speech motor disorder can lead to deficits at
different levels of speech production, such as poor phonological processing and lexical rep-
resentation (see chapter 1), one could argue that CAS and phonological disorder more often
than not occur in combination. This would imply that a phonological disorder (i.e., the pres-
ence of the marker signaling a phonological disorder) should not be an exclusion criterion for
the diagnosis of CAS, but rather be accepted as comorbidity. As was pointed out in the intro-
duction, in developmental disorders a dissociation of underlying deficits is unlikely, forcing us
to accept this type of comorbidity. Phonological representations are dynamical, multilayered
structures, comprising auditory, motor, somatosensory and lexical information. The point
is that there is a specific, intricate relationship between development of speech motor con-
trol and phonology, and thus a strong association between deficits within the two domains.
(Maassen et al., 2010)

This strong relation is exemplified in chapter 5, both in the diagnostic intake data of the
participants and in the experimental results. First, a high overlap in symptomatology be-
tween SSD and subtype CAS is clearly visible in the diagnostic intake data and differential
diagnosis required an extensive battery of standardized speech perception and production
tests –including word and non-word auditory discrimination, a maximum performance task
(diadochokinesis), and a phonological error analysis of picture naming, and word and non-
word repetition tasks–, together with the elaborate assessment of oral-motor movement skills
and clinical inventory of typically apraxic and phonological characteristics. Second, the ex-
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perimental results showed important similarities in the speech motor characteristics between
SSD and subtype CAS. Although results showed qualitative differences in the consistency
and composition of functional synergies for speech movements with respect to lower lip and
tongue tip, they also indicated that both groups suffer from similar underlying problems. Both
groups showed instability of articulatory control (SSD tongue tip; CAS lower lip and tongue
tip) and appeared to use the same strategy to overcome these problems (i.e. increase move-
ment amplitude in order to increase articulatory stability).

7.5.2 Dynamic symptom profiles

A high overlap in symptomatology appears to be the rule rather than the exception, making
differential diagnosis of developmental speech disorders a precarious exercise. This calls for
an approach that aims at describing profiles of symptoms to characterize disorders rather
than focusing on single diagnostic markers (Maassen et al., 2010). Furthermore, since the
study of developmental speech disorders deals with speech systems in the process of onto-
genetic development, the approach should aim at dynamic profiles (i.e., profiles that cap-
ture/show change over time).

In this respect, the experimental results reported in chapter 5 provide a promising contri-
bution. At the level of functional synergies for speech movements, the results of this study re-
vealed clear differences between SSD and subtype CAS that constituted a double dissociation
(at a particular stage in development). Furthermore, as was pointed out above, the specific
pattern of the results suggested that both groups use the same strategy to overcome a simi-
lar underlying problem of articulatory instability. The qualitative differences that were found
between groups thus suggest a gradual difference in articulatory instability. These findings
provide valuable insight into the relationship between core deficit and adaptive strategies,
and how these express themselves in the symptomatology of different patient groups.

Besides precise information about symptomatology, a profiling of developmental speech
disorders requires detailed knowledge about the relation between (disordered) development
of speech motor control and phonology. The DIVA simulations from the modeling study re-
ported in chapter 3 provide interesting suggestions about the nature of this relation. The sim-
ulation results showed that there is a close relation between perceptual acuity and production
symptoms in the DIVA model. More specifically, impairment of the feedforward control sub-
system led to problems at the phonological level if the auditory feedback control subsystem
was intact, while it led to problems at the phonetic level if this system was also impaired. Al-
though these findings are yet to be verified in children, they highlight that profiling develop-
mental speech disorders requires a wide range of linguistic and cognitive neuropsychological
data, including a detailed assessment of perceptual skills.

The necessity to rely on dynamic profiles is also expressed in the resistance to therapy that
is characteristic for CAS, an important feature that is mentioned in many studies. Resistance
to therapy constitutes the most clear and objective feature that distinguishes CAS from other
developmental speech disorders. Thereby resistance to current therapies de facto provides
a diagnostic marker. This observation contains the important implication that a method for
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differential diagnosis of developmental speech disorders should measure progress and there-
fore include a learning task.

In the context of the DIVA simulations, this makes sense. The viewpoint is that in SSD,
the impairment resides at the phonological level in the phonemic mappings or stored motor
commands, whereas the impairment in CAS is located at the phonetic level in the systemic
mapping or forward model. The after-effect in auditory and somatosensory perturbation ex-
periments, showing the adaptation to a perturbation to be persistent even after removal of the
perturbation (e.g., Houde & Jordan, 1998; Tremblay, Shiller, & Ostry, 2003; Villacorta, Perkell,
& Guenther, 2007), indicates that the feedforward sensorimotor programs (phonemic map-
pings in DIVA; see chapter 1, section 4.3 for a detailed description) can be modified in a very
short time-span. A robust forward internal model (systemic mapping in DIVA; a detailed de-
scription can be found in chapter 1, section 4.2) on the other hand, takes much more time to
establish. No direct evidence is available for this claim, but note that in the DIVA model, the
training of the forward model requires 4000 speech items or iterations to become asymptotic
while the acquisition of a phonemic mapping reaches asymptotic learning at 5-7 iterations.
Furthermore, note that delay in the adaptation of the internal model to structural changes in
the vocal tract has been associated with a decrease in speech performance that is found for
example in developmental stuttering (Max et al., 2004).

7.5.3 Intervention

In the end, the goal of any research into neuropsychological pathologies is to help people who
suffer them to improve their skills. The aim of this dissertation was to unravel the potential
neuropsychological mechanisms underlying developmental speech disorders, thus providing
a theoretical basis for future development of methods for clinical intervention. In this respect,
we proposed in chapter 6 that (further) slowing down articulation might provide an option for
speech therapy in CAS. Slow speech rate is a recurrent characteristic in CAS (ASHA, 2007; Hall,
Jordan, & Robin, 2007; Maassen et al., 2010; Ozanne, 2005), and in motor speech disorders in
general (Duffy, 1995, 2010; Weismer & Kim, 2010), but not in typical phonological disorders
(Dodd, 2005; Shriberg & Kwiatkowski, 1994). There are two ways in which slowing down artic-
ulation could facilitate speech motor control in developmental motor speech disorders.

First, slowing down speech rate could facilitate the application of adaptive strategies. The
findings in chapter 5 suggested that both the children with SSD and subtype CAS increased
movement amplitude in order to achieve relatively stable movement coordination. Since
movement duration and peak velocity necessarily increase when amplitude is increased while
maintaining the same acceleration, slowing down speech rate would facilitate speakers to in-
crease movement amplitude as a strategy for increasing control stability. In other words: it is
easier to make a larger movement if there is more time at hand.

Second, the reduction of speech rate is thought to aid speakers with motor speech impair-
ments in general by giving the speaker ample opportunity to make use of sensory feedback,
e.g., as suggested for stuttering (Civier et al., 2010; Van Lieshout, Hulstijn, & Peters, 1996; Van
Riper, 1982) and dysarthria (Duffy, 1995, 2010; Yorkston, Beukelman, Strand, & Bell, 1999).
As suggested in chapter 6, the same would apply for CAS (and in fact for developmental mo-
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tor speech disorders in general). Impaired feedforward control leads to the introduction of
errors, which causes the system to rely more heavily on the sensory feedback control sub-
systems (chapter 2). Slowing down articulation facilitates the use of sensory feedback by re-
ducing the influence of the signal processing delay of the sensory feedback control loops (as
this delay becomes relatively smaller), thus neutralizing otherwise disadvantageous conse-
quences of overreliance on feedback control. Simulations with the DIVA model in the context
of stuttering have shown that slowing down speech production reduces error size (Civier et
al., 2010).

From motor literature it is known that during particular phases of the acquisition pro-
cess, production errors can interfere with the learning process and that taking measures to
prevent errors renders practice more effective (Wolpert, Ghahramani, & Flanagan, 2001). A
simple computer simulation with the DIVA model exemplified this mechanism, indicating
that under circumstances of overreliance on feedback control, facilitating the use of feedback
control by slowing down articulation rate improves speech output and enhances the learning
of motor commands (phonemic mappings; chapter 6). Stabilizing articulatory coordination
by increasing the amplitude of articulatory movements is expected to render the same effect.
Unfortunately, it was not possible to simulate this due to limitations of the DIVA model. In
this respect, it should be noted that in normal speech motor development the control over
the jaw stabilizes first, followed by the lower lip-jaw-, and then the tongue tip-jaw synergies
(as was demonstrated in chapter 4). This order should be maintained in treatment, simply
because it is not useful to to stabilize lower lip or tongue tip control if the jaw does not yet
provide a stable platform for coordinating lip or tongue tip movements (Hayden & Square,
1994).

Regarding the acquisition of the forward internal model (systemic mapping), a similar
mechanism would apply in that practice mainly consisting of correctly executed motor com-
mands would be more effective (Wolpert et al., 2001). In addition, feedback based motor
control would enhance forward model acquisition because it provides more information for
updating the model. In this respect, exercises with singing (which is predominantly feedback
based) are also predicted to help establishing a more robust forward internal model. Only
a single case study is reported in the literature that investigated the use of singing for thera-
peutic purposes in CAS (Beathard & Krout, 2008). Unfortunately the study lacked objective
(acoustic, kinematic or perceptual) measurements of speech production, but the authors re-
ported the clinical observation of a beneficial effect of the singing exercises on speech motor
skills (Beathard & Krout, 2008). Based on the theoretical perspective outlined above, it seems
worthwhile to further investigate the benefit of singing exercises on speech motor control in
CAS. It should be kept in mind, however, that the acquisition of a robust forward model takes
time and practice, especially in the developmental situation of ongoing structural changes in
the vocal tract.

7.5.4 Concluding remarks

In clinical practice, the treatment of developmental speech disorders requires an individual
approach. In addition to innate features, development itself creates variation, which leads to
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individual differences in the expression of deficits and comorbidities (Karmiloff-Smith, 1998).
An approach in which for each individual speech-disordered child, all relevant factors are as-
sessed based on the recognition of the particular underlying deficit or level of breakdown,
would therefore be most useful for therapeutic purposes (Thoonen, 1998). The current line of
research has warranted the need for such an individual approach on a variety of aspects, i.e.,
transcription data (speech errors; Thoonen, 1998), acoustic data (coarticulation and articu-
latory compensation for a bite-block using different phonological contexts; Nijland, 2003),
kinematic data (stability and composition of functional synergies for speech movements;
chapter 5) and modeling studies (DIVA simulations of possible underlying deficits; chapters
2 and 3). The knowledge gathered in this line of research provides a more stable theoretical
basis to put this approach of individual profile analysis into practice.
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Appendix A

A.1 Model parameters

Name Default Value Description

α
f f

0.9 Contribution of feedforward command to total command; feedfor-
ward gain

α
f b

0.1 Contribution of the feedback command; feedback gain

τ
M Ar

5ms Transmission delay from motor cortex cell activity to physical move-
ment of articulators

τ
ArS

10ms Transmission delay from movement of articulators to feedback sig-
nals in somatosensory cortex

τ
Ar Au

25ms Transmission delay from movement of articulators to feedback sig-
nals in auditory cortex

τ
PM

5ms Transmission delay from premotor (speech sound map) to motor
cortex

τ
PS

20ms Transmission delay from premotor to somatosensory cortex

τ
PAu

35ms Transmission delay from premotor to auditory cortex

τ
SM

5ms Transmission delay from somatosensory to motor cortex

τ
Au M

5ms Transmission delay from auditory to motor cortex
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Appendix A

A.2 Model equations

Equation Description

M (t ) =M (0)+α
f f

t
∫

0

Ṁ
f f
(t )g (t )d t + α

f b

t
∫

0

Ṁ
f b
(t )g (t )d t Motor cortex position map

Ṁ
f b
(t )=∆Au (t −τ

Au M
)z

Au M
+ ∆S(t −τ

SM
)z

SM
Feedback motor command

Ṁ
f f
(t )=P(t )z

PM
(t )−M (t ) Feedforward motor command

∆Au (t ) = Au (t )−P(t −τ
PAu
)z PAu (t ) Auditory error map activity

∆S(t ) = Au (t ) − P(t −τ
PS
)z PS (t ) Somatosensory error map activity

Au (t ), S(t ) Auditory, somatosensory state activity

z
Au M

, z
SM

Synaptic weights that transform auditory
and somatosensory error into corrective
motor velocities for a speech sound

z
PM

Synaptic weights encoding feedforward
commands for a speech sound

z
PAu

, z
PS

Synaptic weights encoding auditory and
somatosensory expectation for a speech
sound

P(t ) =
1 If sound is being produced or perceived

Speech sound map activity
0 otherwise

g (t ) Go signal

α
f f

and α
f b

were varied systematically in the simulation series reported in Chapter 2. Further
details concerning the parameters and equations can be found in Guenther et al. (2006).
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Computation of coarticulation, speech

sound distortion, searching articulatory

behavior, and variability indices
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Appendix B

B.1 Legend

Parameter/function Description

C A Coarticulation index

SSD Speech sound distortion index

SA B Searching articulatory behavior index

VAR Variability index

V1j Vowel 1
j={/a/,/i/,/u/}

Ck Consonant
k={/b/,/d/,/g/}

V2l Vowel 2
l={/a/,/i/,/u/}

S = {V1j
,Ck , V2l

} S = list of all speech sounds

Wj ,k ,l = V1j
Ck V2l

W = list of all possible words
(e.g., W1,1,1 is /aba/; W2,k ,l are all words beginning with /i/)

Fi ,m (S〈Wj ,k ,l 〉) Formant i at measurement point m of speech sound S in the
context of word W (Note that the formant values measured in Hz
were normalized using a log10(x )-transformation.)

i = {F 1, F 2, F 3}
m = {b e g i nni n g , m i d d l e , e nd }

T = Target(F ) Target value of formant F

St De v =

q

∑n

i=1(x i−x̄ )2

n−1
Standard deviation of set x with number of elements n
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B.2 Calculations

Mean formant frequency

V1: Fi (V1j
〈Wj ,k ,l 〉) = 1/3
∑3

m=1 Fi ,m (V1j
〈Wj ,k ,l 〉)

C : Fi (Ck 〈Wj ,k ,l 〉) = 1/3
∑3

m=1 Fi ,m (Ck 〈Wj ,k ,l 〉)

V2: Fi (V2l
〈Wj ,k ,l 〉) = 1/3
∑3

m=1 Fi ,m (V2l
〈Wj ,k ,l 〉)

Anticipatory coarticulation

V1: CA(V1j
〈Wj ,k 〉) = 1/3
∑3

i=1 1/3
∑3

l ,l ′=1(Fi (V1j
〈Wj ,k ,l 〉)− Fi (V1j

〈Wj ,k ,l ′ 〉)) with l 6= l ′

C : CA(Ck 〈Wj ,k 〉) = 1/3
∑3

i=1 1/3
∑3

l ,l ′=1(Fi (Ck 〈Wj ,k ,l 〉)− Fi (Ck 〈Wj ,k ,l ′ 〉)) with l 6= l ′

Carry-over coarticulation

C : CA(Ck 〈Wk ,l 〉) = 1/3
∑3

i=1 1/3
∑3

j ,j ′=1(Fi (Ck 〈Wj ,k ,l 〉)− Fi (Ck 〈Wj ′ ,k ,l 〉)) with j 6= j ′

V2: CA(V2l
〈Wk ,l 〉) = 1/3
∑3

i=1 1/3
∑3

j ,j ′=1(Fi (V2l
〈Wj ,k ,l 〉)− Fi (V2l

〈Wj ′ ,k ,l 〉)) with j 6= j ′

Speech sound distortion

V1: SSD(V1j
〈Wj ,k ,l 〉) = 1/3
∑3

i=1 |Fi (V1j
〈Wj ,k ,l 〉)−T (Fi (V1j

〈Wj ,k ,l 〉))|

C : SSD(Ck 〈Wj ,k ,l 〉) = 1/3
∑3

i=1 |Fi (Ck 〈Wj ,k ,l 〉)−T (Fi (Ck 〈Wj ,k ,l 〉))|

V2: SSD(V2l
〈Wj ,k ,l 〉) = 1/3
∑3

i=1 |Fi (V2l
〈Wj ,k ,l 〉)−T (Fi (V2l

〈Wj ,k ,l 〉))|

Searching articulatory behavior

V1: SAB(V1j
〈Wj ,k ,l 〉) = 1/3
∑3

i=1 St De v ({Fi ,1(V1j
〈Wj ,k ,l 〉), Fi ,2(V1j

〈Wj ,k ,l 〉), Fi ,3(V1j
〈Wj ,k ,l 〉)})

C : SAB(Ck 〈Wj ,k ,l 〉) = 1/3
∑3

i=1 St De v ({Fi ,1(Ck 〈Wj ,k ,l 〉), Fi ,2(Ck 〈Wj ,k ,l 〉), Fi ,3(Ck 〈Wj ,k ,l 〉)})

V2: SAB(V2l
〈Wj ,k ,l 〉) = 1/3
∑3

i=1 St De v ({Fi ,1(V2l
〈Wj ,k ,l 〉), Fi ,2(V2l

〈Wj ,k ,l 〉), Fi ,3(V2l
〈Wj ,k ,l 〉)})

Variability

V1: VAR(V1j
) = 1/3
∑3

i=1 St De v ({Fi (V1j
〈Wj ,k ,l 〉)}) with k , l = 1, ..., 3

C : VAR(Ck ) = 1/3
∑3

i=1 St De v ({Fi (Ck 〈Wj ,k ,l 〉)}) with j , l = 1, ..., 3

V2: VAR(V2l
) = 1/3
∑3

i=1 St De v ({Fi (V2l
〈Wj ,k ,l 〉)}) with j , k = 1, ..., 3
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Description of diagnostic tasks
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A
p

p
en

d
ix

C
Task/assessment Description

Apraxic characteristics Unintelligible speech for parents and others; inconsistency in articulation errors; groping or searching articulation;
slow progress in therapy; articulation errors comprise simplifications but also more complex patterns. Score is
percentage characteristics present.

Phonological characteristics Unintelligible speech for others, but not for parents; consistency in articulation errors; consonantal errors mostly
comprising simplifications. Score is percentage characteristics present.

Palpa Auditory discrimination task from the Dutch translation of the PALPA (Bastiaanse, Bosje, & Visch-Brink, 1995).
Score is proportion correct.

Words 36 pairs of CVC-words that were either the same (18 pairs), differed on one consonant (initial or final; 12 pairs), or
were metatheses of each other (6 pairs, e.g. “lor” vs. “rol”).

Non-words 36 pairs of CVC-non-words that were either the same (18 pairs), differed on one consonant (initial or final; 12
pairs), or were metatheses of each other (6 pairs, e.g. “tus” vs. “sut”).

Oral-motor movement assessment Percentage correctly executed oral motor tasks.
Isolation Positioning of the lips in rest; lip protrusion; lip spreading; stick out the tongue; move the tongue to corners of the

mouth; move tongue up; move tongue down; click with the tongue. Score is proportion correct.
Sequential Lips protrude and spread; move tongue left and right; move tongue up and down; open and close the jaw; check

whether velum closes when blowing; check whether velum closes when sucking. Score is proportion correct.
Seq. fast Same tasks as sequential, but in higher tempo.

Diadochokinesis Maximum performance task using utterances of /pataka/. The children were first asked to produce /pataka/ once
and when they succeeded they were asked to produce /pataka/ in a sequence of several repetitions of /pataka/.
After that, the children were asked to speed up while producing a sequence of /pataka/.

PTK-score 0=/pataka/ could not be produced; 1=/pataka/ could be produced.
PTK-judgment 0=perfect; 1=/pataka/ in sequence in normal rate, but no acceleration; 2=/pataka/ in sequence incorrect ([t] or

[k] could not be pronounced), but speeding up on two different consonants ([pata], [taka]) was possible; 3=no
fluent /pataka/, not in sequence; 4=no /pataka/ production either in isolation or in a sequence of two.

Picture naming 1 (50 words logo-art) This task consisted of 50 images depicting words with different consonants, consonant clusters and vowels at
various positions (initial, medial, final). Most words are derived from the Dutch word list based on the research by
Hodson and Paden (1981).

Picture naming 2 (10 words) Same task as Picture naming 1, but with ten words with complex consonant patterns.

Word repetition (10 words) Repetition task using the same ten words as in Picture naming 2. The words were presented through headphones
and the children were asked to repeat them.

Non-word repetition (10 non-words) Same task as Word repetition, using ten non-word stimuli with complex consonant patterns. The non-words had
similar syllable structures as the words and consisted of syllables that did not exist as words in Dutch.

Atypical substitution processes Backing; abnormal stopping; denasalization; h-zation. Score is the proportion of atypical consonantal substitu-
tions relative to the total number of consonantal substitutions.

Syllable structures correct CV; VC; CVC; CCV; VCC; CVCC; CCVC; CCVCC. Score is proportion correct.
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Overview of the children that participated
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A
p

p
en

d
ix

D
Subject

ID
Classification

Age

(y;m)
Sex

Clinical

judgment

Apraxic

characteristics

Phonological

characteristics

Diadochokinesis

(/pataka/)
Oral-motor movement assessment

score judgment
isolation

(proportion
correct)

sequential
(proportion

correct)

seq. fast
(proportion

correct)

122 CAS 7;3 Male CAS 100% 67% 0 3 1 1 0.8

123 CAS 7;3 Female CAS 100% 67% 1 3 0.96 0.83 0.4

111 CAS 8;9 Female CAS 80% 0% 1 2 0.67 1 -

112 CAS 7;7 Female CAS 100% 100% 0 4 0.86 0.5 -

114 CAS 7;2 Male CAS 80% 100% 0 4 1 0.92 -

110 SSD 8;2 Male SSD 80% 67% 1 2 1 0.92 -

115 SSD 8;9 Male SSD 100% 100% 0 2 0.86 1 -

119 SSD 6;5 Female SSD 80% 100% 1 3 0.93 0.83 -

120 SSD 7;1 Male SSD/CAS 100% 67% 1 0 1 1 -

121 SSD 6;2 Male SSD 20% 0% 1 0 1 0.83 -

203 Control 7;11 Female - 0% 0% 1 0 0.86 0.83 -

209 Control 7;4 Male - 0% 0% 1 0 1 1 -

210 Control 7;3 Female - 0% 0% 1 2 1 1 -

214 Control 9;8 Male - 0% 0% 1 0 0.79 1 -

222 Control 6;4 Female - 0% 0% 1 0 1 0.92 -

200 Control 6;4 Male - 0% 0% - - - - -

Subject

ID
Classification Palpa

Picture naming 1

(50 words logo-art)
Picture naming 2

(PN2; 10 words)
Word repetition

(WR; 10 words same as PN2)
Non-word repetition

(10 non-words similar to WR)

words
(proportion

correct)

non-words
(proportion

correct)

atypical
substitution

processes
(proportion)

syllable
structures

(proportion
correct)

atypical
substitution

processes
(proportion)

syllable
structures

(proportion
correct)

atypical
substitution

processes
(proportion)

syllable
structures

(proportion
correct)

atypical
substitution

processes
(proportion)

syllable
structures

(proportion
correct)

122 CAS 0.89 0.97 0.03 0.92 0 0.86 0 0.78 0.04 0.65

123 CAS 0.83 0.89 0 0.95 0 0.73 0.04 0.87 0 0.68

111 CAS - 0.89 0 0.94 0 0.81 0 0.96 0.1 0.92

112 CAS - 0.58 0 0.77 0 0.67 0 0.56 0.04 0.75

114 CAS - 0.47 0.01 0.77 0 0.62 0.03 0.79 0.23 0.65

110 SSD - 0.83 0.02 0.79 0 0.71 0 0.92 0.08 0.74

115 SSD - 0.89 0.03 0.88 0.06 0.79 0.09 0.8 0 0.93

119 SSD - 0.83 0.02 0.62 0 0.63 0 0.71 0.04 0.52

120 SSD - 0.92 0 0.79 0 0.73 0 0.83 0.05 0.68

121 SSD - 0.97 0 0.85 0 0.7 0 0.88 0 0.78

203 Control - 0.83 0 0.83 0 0.92 0 0.92 0.03 0.88

209 Control - 0.97 0 0.85 0 0.97 0 1 0.04 0.92

210 Control - 0.81 0 0.81 0 0.95 0 0.83 0 0.85

214 Control - 1 0 0.80 0 0.96 0 1 0 1

222 Control - 0.92 0 0.84 0 0.89 0 0.87 0 0.64

200 Control - - - - - - - - - -175






