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15.1 Setting the stage

In order to appreciate the complexity of speech motor control, the reader is 
invited to visualize professional ice dancing. Assuming this is not your daily prac-
tice, the following impressions probably impose themselves. First, the skating is 
fluent, rapid, and complex. Second, from the perspective of the perceiver/watcher, 
it is extremely difficult to describe or to remember what the ice‐dancing person is 
doing. Third, from the perspective of the producer, it is hard to understand how 
the ice dancer is able to remember this sequence of thousands of complex move-
ments; it is like playing the piano without a music score.

Speaking is a skill at least as complex as ice dancing, which we practice as 
a  daily routine. If listening to speech in a language not known to the listener 
(e.g.,  Japanese), the first striking feature is the fluency, speed, and complexity. 
Second, the listener will not be able to remember or repeat the utterances. Third, 
the listener has a hard time understanding how the foreign‐language speaker is 
able to produce these rapid sound sequences in such a fluent manner. We our-
selves are always impressed hearing 4‐year‐olds speaking Japanese fluently.

What can we learn from these performances about the human motor system? 
From the fluency of the movements we can derive that skating and speech produc-
tion are under the influence of open‐loop, rather than closed‐loop, control. The ice 
dancer produces the series of axel jumps and haircutter spins in an open‐loop 
fashion, which is obvious because any correction that needs ice contact during the 
axel jump is impossible. Furthermore, a feedback‐controlled servo‐system that 
starts calculating the next movement on the basis of the outcome of the previous 
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movement could never produce the rapid sequences required. Figure 15.1 (top) 
shows a closed‐loop effector model producing the series of phonemes p1 to p4, for 
example, the word /stɪk/ (“stick”). Phoneme p1 (/s/) evokes command c1 result-
ing in movement m1. Somatosensory and auditory feedback fb1 informs the motor 
system about the current incomplete alveolar constriction of the tongue tip during 
/s/, then starts calculating the command to produce the next phoneme /t/, result-
ing in the command (c2) for a very small closing gesture (m2). Be aware that c2 and 
m2 would be drastically different if p1 was not /s/ but /ə/ (utterance: “a tick”). 
The alveolar position of /t/ is fed back to the motor system (fb3), compared to the 
next target /ɪ/ (p3) to calculate the specific tongue‐lowering gesture. In closed‐
loop models commands are calculated on‐line, based on the difference between 
current position of the articulators (as signaled by fbn) and the target state for the 
next phoneme pn+1. Considering that the lower limit of simple reaction latencies, 
such as pressing a button as soon as a light switches on, is approximately 100 ms, 
it is clear that a closed‐loop model would be way too slow for speaking (up to 30 
phonemes per second) or playing the piano. In contrast, in the open‐loop model 
plotted in Figure 15.1 (bottom), the commands c1 to c4 for the production of pho-
nemes p1 to p4 are calculated in advance, such that the motor program runs off 
more are less automatically. exactly how far speakers plan ahead – a syllable, a 
word, a phonological phrase? – is still a matter of debate, but a prerequisite for 
being able to plan ahead is practice, much practice, as every pianist knows and 
most speakers have forgotten.

Complex performances indicate that there must be a hierarchy in representa-
tion. All primates produce some natural communicative oral gestures, but during 

p1 p2 p3 p4

m1 m2 m3 m4

c1 c2 c3 c4

Phoneme

Command

Movement

Open loop

p1 p2 p3 p4

m1 m2 m3 m4

c1 c2 c3 c4fb2 fb3fb1

Closed loop: Associative chain 

Phoneme

Command

Movement

Figure 15.1 Diagrams of the associative chain model (top) and open‐loop “comb model” 
(bottom). For explanation see text.
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evolution only homo sapiens was able to develop not only more complex and 
more diverse oral gestures, but also a hierarchical structure to control these: lan-
guage. It is because of language that speech has become the most complex motor 
performance humans perform; in parallel, further refinement of the basic oral ges-
tures has taken place during the evolutionary process.

All models of speech production – or any motor performance for that matter – 
adopt a hierarchy of control. One could (and should) dispute about which model 
gives the best account of all speech phenomena (Levelt 1989; van der Merwe 1997; 
Guenther, Hampson, and Johnson 1998; Goldstein and Fowler 2003), but all speech 
production models agree on a preparatory psycholinguistic process of producing 
a sequence of one or more word forms (a phrase) stored in some short‐term 
memory (buffer), followed by a process that calculates (process of encoding; trans-
coding; planning; programming) the speech movements that must be made in 
order to articulate the sequence (phrase). Also, all models agree that the calcula-
tions themselves from stored word forms to actual movements are hierarchically 
structured.

The decision of the ice dancer to perform an axel jump, rather than a haircutter 
spin, is like lexical selection of a word in speaking. From that decision onward, the 
exact execution of the jump is determined by a series of processing steps, such as: 
determining the current position on the ice track, the current body posture and 
speed, and the target position after the jump. From these calculations at the outset, 
the body movements can be calculated to position the body in the optimal posture 
to make the jump, and the jumping movement itself. The execution of these move-
ments is the final step; the precise parameter settings of the movements (precise 
force and speed) must then be determined. These could not be specified in advance, 
because they depend on factors such as the local (square cm) ice conditions, and 
the sharpness of the blade at the position where it makes contact to the ice. Setting 
these parameters is generally referred to as being part of execution.

Thus, leaving out all the details of dispute, speech production models agree on 
the following stages: (1) selecting lexical elements (word forms), and putting these 
into a memory buffer, somehow organized in phrases; (2) transforming the phrases 
into specifications for articulatory movements; (3) executing those movements, 
thereby taking current circumstances into account.

15.2 Behavioral characteristics of verbal apraxia

Let us now turn to Apraxia of Speech (AOS) and Childhood Apraxia of Speech 
(CAS). All definitions specify stage (2) as the underlying deficit. Thus, Darley, 
Aronson, and Brown (1975) gave the following definition of AOS, as compared to 
dysarthria: “an articulatory disorder resulting from impairment, as the result of 
brain damage, of the capacity to program the positioning of speech musculature and 
the sequencing of muscle movements for the volitional production of phonemes. 
The speech musculature does not show significant weakness, slowness, or incoor-
dination when used for reflex and automatic acts” (639). Definitions of CAS also 
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focus on the transformation process from linguistic code to specifications of artic-
ulatory movements. Thus, Hayden (1994) defined CAS as “a disorder of the ability 
to translate phonemic and linguistic codes to articulatory movements”; Maassen, 
nijland, and van der Meulen (2001) and Mcneil and Kent (1990) as: “an impair-
ment in the mechanism for motor planning and/or motor programming of speech 
production”; and Smith and colleagues (1994) as: “a neurologically based disorder in 
the ability to program movements for speech volitionally.”

Finally, the comprehensive technical report developed by the American Speech‐
Language‐Hearing Association Ad Hoc Committee on Childhood Apraxia of 
Speech gives the following definition:

Childhood apraxia of speech (CAS) is a neurological childhood (pediatric) speech sound 
disorder in which the precision and consistency of movements underlying speech are 
impaired in the absence of neuromuscular deficits (e.g., abnormal reflexes, abnormal 
tone). CAS may occur as a result of known neurological impairment, in association 
with complex neurobehavioral disorders of known or unknown origin, or as an idio-
pathic neurogenic speech sound disorder. The core impairment in planning and/or 
programming spatiotemporal parameters of movement sequences [our italics] results in 
errors in speech sound production and prosody.

(ASHA 2007)

As far as the underlying speech production process is concerned, this definition 
also indicates the planning of speech movements.

15.3 Clinical definitions and diagnosis

Although definitions of AOS and CAS refer to the underlying deficit, clinical 
differential diagnostic and clinical classification procedures are not based on these 
definitions, but rather on speech and language symptoms assessed at the behavioral 
level. Thus, in clinical diagnosis behavioral symptoms such as the “errors in speech 
sound production and prosody” and “the precision and consistency of movements 
underlying speech” are assessed. Furthermore, information regarding etiological 
factors “known neurological impairment [or] complex neurobehavioral disorders 
of known or unknown origin” is collected based on the personal history and a 
physical examination.

remarkably, however, no direct assessments are conducted to assess “the core 
impairment in planning and/or programming spatiotemporal parameters of 
movement sequences,” which can be considered the diagnostic marker of CAS at 
the processing level. All other characteristics, the speech symptoms that are the 
result of the core deficit and the neurological mechanisms or genetic endowment 
that underlie it, can be considered secondary to defining CAS. The clinical impor-
tance is that all other characteristics might not be unique for CAS: speech symp-
toms might be similar across different processing deficits (slow speech rate is such 
a general, non‐specific characteristic), and underlying neurological or genetic 
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deficits might also cause other processing impairments (e.g., oral or limb apraxia) 
and other behavioral symptoms than just CAS (e.g., word‐sequencing difficulties).

We can conclude that apparently clinical practice is not very successful in trans-
forming major parts of the definition of CAS into diagnostic procedures, especially 
those parts that refer to underlying speech production mechanisms. What then, 
are the clinical tools available, and how successful have they been so far? The first 
series of studies have been conducted to make an inventory of speech symptoms 
of CAS, following several approaches.

15.3.1 Diagnostic characteristics based on AOS in adults
The first studies of AOS started from the contrast with dysarthria, and the first 
studies of CAS approached the speech disorder from the perspective of AOS. The 
following line of reasoning was followed. Since the definition of AOS by Darley et 
al. (1975) refers to the underlying programming deficit, as compared to motor exe-
cution deficit in dysarthria, speech characteristics have been described that have a 
certain face‐validity of reflecting these deficits. Thus, place‐of‐articulation errors 
were hypothesized to reflect “an impairment … of the capacity to program the 
positioning of speech musculature” and anticipations, perseverations, and meta-
thetic errors were hypothesized to reflect “the sequencing of muscle movements.” 
In addition, inconsistency in apraxic speech might be related to the specific diffi-
culty with “the volitional production of phonemes.”

Despite the face‐validity these symptoms may have, no methods are available 
to directly validate the mechanisms causing a particular symptom. Therefore, 
studies have been conducted in which speech symptoms of clinically defined 
patients with “pure” AOS were studied. However, this unavoidably introduced a 
circularity since the study participants are diagnosed in part based on their speech 
motor behavior while the study sets out to investigate that same speech motor 
behavior.

15.3.2 Diagnostic characteristics used by clinicians
Two extensive studies aiming to define the diagnostic characteristics of CAS have 
been conducted based on clinical judgments by speech‐language pathologists. In 
the first study 30 diagnostic features of developmental apraxia of speech were 
identified from the literature, and it was investigated to what extent these charac-
teristics applied to a total number of 50 children with pediatric speech sound dis-
order (McCabe, rosenthal, and McLeod 1998). The major finding was that many 
characteristics regarded as diagnostic for developmental dyspraxia occur in the 
general speech‐impaired population. The authors suggest as possible interpreta-
tion the syndromatic nature of CAS, which implies no specific pathognomonic 
features of CAS, and a large overlap with other childhood speech disorders.

The second study presented the criteria to diagnose CAS used by 75 speech‐ 
language pathologists (Forrest 2003). Although 50 different characteristics were 
identified, 6 of these characteristics accounted for more than half the responses. 
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These 6 characteristics (such as increasing difficulty with increased utterance 
length) also are found in other speech‐sound disorders. The authors concluded 
that the diagnostic criteria of CAS are ambiguous, suggesting that no single deficit 
is used among clinicians.

15.3.3 Diagnostic markers
Shriberg and colleagues (Shriberg 2003; Shriberg et al. 2003a, 2003b) proposed a 
research program on the etiological origins of child speech‐sound disorders of 
unknown origin, and thereby adopted a classificatory framework that posits six 
putative subtypes. The clinical aim was to find diagnostic markers that clinicians 
and clinical researchers can use for classification. Two such diagnostic markers 
could be identified that each encompass several diagnostic features. The first is the 
coefficient of variation ratio, which quantifies temporal regularity in speech, and 
corresponds with the isochrony, syllable segregation, scanning speech, and 
staccato‐like rhythmic quality. The 15 children with suspected CAS had higher 
coefficient of variation ratios than 30 children with moderate to severe speech 
delay, and 30 children with normal speech acquisition (Shriberg et al. 2003b). The 
second diagnostic marker was the lexical stress ratio, that quantifies the acoustic 
correlates of stress in two‐syllabic words (Shriberg et al. 2003a). It turned out that 
5 out of 11 children with suspected CAS had an extreme value on lexical stress 
ratio in a distribution composed of 35 children in total. It is noteworthy that the 
diagnostic markers for CAS identified are both related to suprasegmental rather 
than phonemic aspects of speech.

15.3.4 Consensus definition
Three segmental and suprasegmental features that are consistent with a deficit in 
the planning and programming of movements for speech have gained some con-
sensus among investigators in apraxia of speech in children: (1) inconsistent errors 
on consonants and vowels in repeated productions of syllables or words; (2) 
lengthened and disrupted coarticulatory transitions between sounds and sylla-
bles; and (3) inappropriate prosody, especially in the realization of lexical or 
phrasal stress. Also with respect to diagnostic markers, we can ask the question 
about the underlying mechanism.

The basic question to diagnose CAS therefore is not: what are the speech (and 
possibly other) symptoms that belong to the diagnostic category CAS?, but: how 
can we demonstrate that the child with speech sound disorder (SSD) has a deficit 
at the level of speech motor planning and programming? If we had the diagnostic 
tool to make this assessment, the gold standard for CAS would be available, 
against which all other studies on CAS could be validated. For a particular child, 
if defective speech motor planning and programming could be demonstrated, the 
diagnosis speech apraxia is valid. If in addition, for this child, all speech phe-
nomena can be explained on the basis of a planning/programming deficit, the 
diagnosis pure CAS would be valid. In this chapter we advocate this approach as 
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the only way to break through the circularity of having to diagnose a pure case of 
CAS in order to study the characteristics of CAS.

15.4 Challenges in defining the underlying deficit

Speech symptoms are ambiguous with respect to the underlying deficit: a 
particular symptom can be caused by different deficits. 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” (3). Speech motor processes cannot be clearly distinguished from 
cognitive processes because of the interdependent interaction with higher‐order 
psycholinguistic processes. In the case of impaired speech systems, this applies 
even more due to adaptive and compensatory mechanisms. For instance, diffi-
culties in phonological encoding may influence speech motor control processes. 
This is not only due to degraded input (e.g., underspecified 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 
example, slow speech rate is a general, non‐specific feature of speech motor con-
trol disorders, irrespective of the underlying deficit and whether or not it occurs 
as primary symptom or as compensatory response (Duffy 1995, 2010; Weismer 
and Kim 2010).

In the course of speech acquisition/development a particular deficit can have 
effects on other processing levels. This developmental interaction between the 
different cognitive levels of processing constitutes a fundamental challenge in 
isolating the underlying deficit of developmental disorders. Both in normal as 
in disordered development, cognitive functional networks are the outcome of 
development rather than the starting point and the progression to the adult 
system is a gradual and continuous process comprising interactions between 
emerging functional networks (Karmiloff‐Smith 2006; Karmiloff‐Smith, Scerif, 
and Ansari 2003; Karmiloff‐Smith and Thomas 2003). Phonological representa-
tions are dynamic, multilayered structures that besides lexical and auditory 
information, also contain sensorimotor and somatosensory information 
(edwards et al.1999; Maassen, nijland, and Terband 2010; Perrier 2005). As a 
result, a specific underlying impairment on one cognitive level also affects the 
development on adjacent levels, meaning that a particular deficit can disrupt 
the processing at other levels, and thereby cause indirect symptoms. For 
example, we know that a specific speech‐motor impairment can interrupt the 
development of the lexicon, the phonological system, and auditory processing 
(Crary, Landess, and Towne 1984; Marion, Sussman, and Marquardt 1993). Due 
to this developmental interaction there is a strong association between different 
developmental speech disorders at the behavioral level. “Pure” cases are very 
rare and the differences between developmental speech disorders are a matter 
of degree of involvement rather than an issue of diagnostic categories (Terband 
and Maassen 2010).
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15.5 Neuropsychological approach: test batteries

Speaking is a complicated process comprising a series of sequential and parallel 
subprocesses. Since the seminal publication by Levelt (1989), much research has 
been conducted focusing on the sequential psycholinguistic processing steps in 
speech production. Speaking starts with conceptualizing a preverbal message, 
either from memory or from perception, like in picture naming. The next stage 
is formulating a sentence, a process driven by the two steps of lexicalization: 
selecting a lemma, containing meaning and grammatical information, and the 
corresponding lexeme or word‐form, which forms the input for the next stage of 
phonological encoding. Phonological encoding entails specifying the sequence of 
speech sounds together with their syllabic and prosodic structure. Syllables are the 
basic units of articulo‐motor planning and programming; execution is the final 
process of actually performing the articulatory movements resulting in an acoustic 
speech signal.

The speaker continuously monitors his/her own speech, not only at the level of 
lexical selection and formulation, but also at the lower levels of the phonetic plan 
and during motor programming, in addition to external self‐monitoring after the 
utterance has been produced. It has been theorized that many dysfluencies in 
speech in fact are covert repairs, resulting from interventions by the internal self‐
monitoring system that detects and corrects an error before it is overtly produced 
(Postma, Kolk, and Povel 1990). The internal self‐monitoring at the level of motor 
programming allows the speaker to fine‐tune articulatory movements upon, for 
instance, an external distortion like speaking while smoking a pipe (in phonetics 
known as “pipe‐speech”; Kent 1983).

This processing model gives a conceptual basis to analyze speech disorders and 
pinpoint the underlying deficit, and thereby forms the basis for a process‐oriented 
diagnostic classification. Much research has been conducted to validate the model 
against natural speech production data, see for instance Levelt, roelofs, and Meyer 
(1999). However, studies that systematically apply this or a similar model to AOS 
(Ziegler 2005) or CAS (Maassen et al. 2010; nijland 2009; nijland et al. 2003b; 
nijland, Maassen, and van der Meulen 2003a) are scarce. Above, we saw that there 
is general consensus that CAS is a disorder of transforming an abstract phonolog-
ical code into movements of the articulators. In Levelt’s extended model, the 
underlying deficit can thus be localized at the level of phonetic planning, and/or 
motor programming, and/or motor execution, including internal and external 
self‐monitoring systems. The question then becomes: how can we clinically assess 
the contribution of separate processing stages to the symptom profile? One 
approach to tackle this question is the construction of a test battery comprising a 
set of speech tasks that each require different steps in the production process. By 
comparing speech performances obtained from such a battery, the clinician can 
determine which processing steps function normally and which are disrupted.

Figure 15.2 gives a schematic diagram of such a test battery, consisting of four 
tasks: picture naming, word and non‐word imitation, and maximum repetition 
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rate (Mrr). In picture naming, the whole chain of processes is involved, from 
 preverbal visual‐conceptual processing, to lemma access, word‐form selection, 
phonological encoding, motor planning, and articulation (motor execution). In the 
word‐imitation task, the production process of word‐form selection is more 
strongly accessed than in the picture‐naming task: not only from the lemma, if 
the speaker has this lemma stored in her lexicon and recognized meaning of the 
presented word, but also directly from the auditory channel. In contrast, imitation 
of non‐words cannot make use of the lexicon for the obvious reason that the  lexicon 
by definition does not contain non‐words, and thus directly addresses the phono-
logical encoding system, provided the speaker is able to analyze the phonological 
structure of the non‐word, or directly addresses the motor planning system. In the 
latter case, non‐word imitation is similar to imitation of non‐speech sounds. 
Finally, in the Mrr task, also known as diadochokinesis, the speaker is requested 
to produce monosyllabic sequences like /pʌpʌpʌ, tʌtʌtʌ, kʌkʌkʌ/ and multisyllabic 
sequences like /pʌtʌkʌ/ as fast as possible. Mrr tasks are purely motor tasks, and 
do not require any knowledge of words, syllables, or phonemes.

The most detailed and comprehensive test battery for speech assessment in 
 children to our knowledge is the Madison Speech Assessment Protocol (MSAP; 
Shriberg et al. 2010). The MSAP comprises 25 tests and tasks each requiring a 
 different aspect of speech production. Thus, in addition to the Goldman‐Fristoe 
Test of Articulation, the Woodcock‐Johnson III Tests of Achievement, and the 
Kaufman Brief Intelligence Test (2nd edn.), tasks are administered to assess word 

Visual – conceptual
processing

Lemma access

Phonological encoding

Motor planning

Word form selection

Motor execution

Auditory – conceptual
processing

Picture naming Word imitation Nonword imitation

Auditory processing

MRR

‘Humdos’‘Camel’
Task

instruction
& practice

Figure 15.2 Decomposition of speech tasks, indicating which processes are involved in 
which tasks. For explanation see text.

0002263565.INDD   339 1/9/2015   3:23:56 AM



340 Speech Motor Control

and non‐word production (Challenging Word Task, non‐word repetition Task), 
vowel production (Vowel tasks), production of particular consonants (rhotic and 
Sibilants Task), syllable production (Syllable repetition Task), stress patterns 
(Lexical Stress Task, emphatic Stress Task), and utterances (Speech Phrases Task, 
Conversational Speech Sample). This test battery yields a full description of all 
aspects of speech production, scaled on the dimensions labeled Competence, 
Precision, and Stability, which is extremely useful for clinical purposes as descrip-
tion of determinants of communicative ability and intelligibility of speech. In that 
sense, these descriptive dimensions can be considered orthogonal to the process‐
oriented orientation adopted in this chapter. The descriptive and process‐oriented 
approaches are complementary: combining quantitative descriptions of speech 
performance as in the MSAP with analyses of subprocesses by systematically 
 comparing processes, yields an assessment procedure that quantifies relative 
strength of processes.

Following the same paradigm, the Computer Articulation Instrument (CAI) 
has been developed and is currently normalized for Dutch. The CAI consists of a 
battery of speech production tasks based on a series of studies in children with 
developmental and acquired speech sound disorders (Thoonen 1998; nijland 
2003). Applying a naming task, word and non‐word repetition, and diadochoki-
netic tasks, obtained measures allow for differential diagnosis of phonological 
 disorder, dysarthria, and childhood apraxia of speech. Further steps are the 
addition of objective (acoustic) measurements of speech production, the addition 
of different speaking conditions, and the implementation of a process analysis of 
the assessment battery outcomes.

15.6  tests with experimental manipulations  
that affect processes separately

In the past decades, the symptomatology of childhood apraxia of speech has been 
charted to a large extent, and systematically knowledge has been gathered about 
the underlying processes, covering a variety of aspects of speech production and 
perception, and the relation between these two. new techniques and research 
 paradigms played an important role. In this paragraph, we will shortly review 
a number of studies from our own research line that contributed in this respect.

First, Thoonen (1998) 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 a 
feature analysis of phonological errors in consonants, Thoonen and colleagues 
came to the conclusion that the underlying cognitive deficit is a processing rather 
than a representational deficit that emerges during the stage of phonological 
 encoding (Thoonen et al. 1994). nijland (2003) took this idea further and focused 
on the differences between CAS and Phonological Disorder (PD). By means of  fine‐
grained acoustic measurements, she investigated speech motor characteristics 
in  different phonological contexts (same sequences of speech sounds, but with 
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different syllable boundaries) and different articulatory circumstances (articulatory 
compensation for a bite‐block). The results confirmed and further specified the 
findings of Thoonen, indicating that the underlying deficit in CAS resides in the 
difficulty to transform an abstract phonological code into motor speech commands.

Subsequently, this line was continued and Terband (2011) focused on 
 sensorimotor information processing in CAS. In this we used a combination of 
acoustic and kinematic measurements and neurocomputational modeling. The 
results provide important insight into the mechanisms that are involved in 
developmental speech‐sound disorders and into the relation between primary 
deficits, derived, or consequential deficits, and how these express themselves 
in  symptomatology. Auditory perception impairments have been found in 
 children with CAS (e.g., Groenen et al. 1996; Maassen, Groenen, and Crul 2003; 
Marion et al. 1993; nijland 2009), and more in general, many studies have shown 
that in children with developmental speech disorders, there is a close relation 
between perceptual acuity and production symptoms (e.g., edwards et al. 1999; 
edwards, Fox, and rogers 2002; Groenen et al. 1996; Maassen et al. 2003; Marion 
et al. 1993; nijland 2009; raaymakers and Crul 1988). Our modeling studies pro-
vide valuable insight into the exact nature of this relation. A series of computer 
simulations showed that a motor programming deficit predominantly leads to 
deterioration on the phonological level (phonemic mappings) if auditory self‐
monitoring was intact, and on the systemic level (systemic mapping) if auditory 
self‐monitoring was impaired. These findings indicate a close relation between 
quality of auditory self‐monitoring and the involvement of phonological vs. 
motor processes in children with developmental speech disorders. Furthermore, 
these results exemplify how an impairment that apparently resides on the 
 phonological level (stored representations) could actually have a motoric origin 
(Terband 2011; Terband et al. 2014), which was previously found in behavioral 
studies (Crary et al. 1984; edwards et al. 1999; Marion et al. 1993).

Furthermore, in the past years some insight was gathered into possible 
adaptive or compensatory strategies. First, fine‐grained analyses of the kinematics 
and dynamics of articulatory movements suggested that both SSD and subtype 
CAS used the same adaptive strategy where possible, that is, increase movement 
amplitude as a strategy to increase articulatory stability (Terband et al. 2011). 
Larger movement amplitudes involve a stronger neural signal, which is less 
 susceptible to interference of noise and makes it easier to maintain a stable 
coordination between efferent and afferent signals in rhythmic movements (e.g., 
Beek, Peper, and Daffertshofer 2002; Kelso et al. 1998; van Lieshout 2004; Williamson 
1998). Second, a modeling study indicated that slowing down articulation might 
be used as an adaptive strategy (Terband and Maassen 2010; Terband et al. 2009). 
Slow speech rate is a recurrent characteristic in CAS (ASHA 2007; Hall, Jordan, 
and robin 2007; Maassen et al. 2010; Ozanne 2005), and in motor speech disorders 
in general (Duffy 1995, 2010; Weismer and Kim 2010). A first series of computer 
simulations indicated that four of the key phonetic characteristics of CAS (increased 
coarticulation, speech‐sound distortion, searching articulatory behavior, and 
increased token‐to‐token variability) might result from an overreliance on sensory 
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feedback control due to impaired feedforward control (Terband et al. 2009). In 
theory, such disadvantageous consequences of overreliance on feedback could be 
neutralized by giving the speaker ample opportunity to make use of sensory 
feedback, such as by slowing down articulation. A second series of simulations 
indicated that slowing down articulation has a facilitating effect on the learning of 
motor commands in circumstances of CAS/overreliance on feedback control 
(Terband and Maassen 2010).

15.7  Implications for management 
(diagnostic procedure)

Therapeutic intervention methods for SSD are aimed at different parts of the 
speech  production process. Current diagnostic instruments are output‐oriented 
tests of speech performance, yielding a behavioral description of speech symptoms, 
and therefore do not match the requirements for intervention. To get concrete 
 indications for targeted treatment requires the step from behavioral diagnostics 
and classification to process‐oriented diagnostics (Terband and Maassen 2012). 
The analysis of the processes and processing deficits that underlie speech disorders 
can be achieved through the implementation of experimental methodology in 
clinical instruments. In other words, through objective measurements of speech in 
systematically varied speech tasks under systematically varied speaking conditions.

The current assessment protocols Computer‐Articulation Instrument (CAI; 
Maassen et al., in press) and the MSAP (Shriberg et al. 2010) are already a large 
step in this direction. They already provide the necessary variety of speech tasks 
(picture naming, word and non‐word repetition, diadochokinesis). The analysis of 
the CAI and MSAP are based on phonetic transcription, perceptual judgment, and 
limited acoustic analysis, which is an important addition to previous articulation 
tests since it objectifies the analysis and creates the possibility to take context 
into account. Furthermore, the outcome of these assessment batteries is a speech 
performance profile, describing profiles of symptoms to characterize disorders rather 
than focusing on single diagnostic markers. From this, it is only one step further 
to  a speech processing profile describing the processing deficits that underlie the 
 different skills and symptoms.

First, the analysis of speech output can be objectified further by using acoustical 
analysis, through which the speech signal can be analyzed without the interven-
tion of a listener. Acoustic measurements enable the analysis and quantification 
of speech characteristics that cannot be perceived by ear, such as vowel quality, 
coarticulation, and variability. Second, the different parameters should be analyzed 
in different contexts. More specifically, we mean the systematic and controlled 
 variation of speaking conditions and instructions, such as a rate instruction 
(increase or decrease articulation rate), practice (repeated utterances to determine 
the learning effect), auditory feedback masking (by applying noise through head-
phones), and articulatory perturbation (e.g., by fixating a pencil between lower 
and upper jaw). Based on the results of a particular test, a subsequent test or 
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condition is then administered, finally leading to the identification of the impaired 
underlying process. For example, a high variability in vowel quality (excluding 
dysarthria) points at a problem in motor programming. Subsequently, the question 
rises whether the stored motor programs are deviant themselves, or that the 
problem stems from the parameterization and execution. This makes a fundamental 
difference for treatment. A method to investigate this is to present masking noise 
through headphones during speech and compare the acoustical realization of 
speech sounds in the conditions with and without auditory self‐monitoring. If 
there is a difference in the acoustical realization of speech sounds between the 
 conditions with and without auditory self‐monitoring, the problem is in the stored 
motor programs. In the case where there is no difference, the problem is in the 
parameterization and execution of the motor programs.

However, more important than a ready‐to‐go instrument is the implementation 
in clinical practice; a method has no merit if people cannot work with it. This par-
ticularly applies in the case of speech processing profiles. The step from a behavioral 
to a process‐oriented diagnostics and treatment planning requires a different way 
of thinking. Speech pathologists are well educated, but are used to think and work 
according to a model of diagnostic classification, oriented on speech output skills 
and symptoms, and plan treatment according to the corresponding protocol. The 
introduction of a process‐oriented approach starts with the education and training 
of professionals, providing them with the theoretical background and the clinical 
skills to utilize and interpret an instrument based on speech processing profiles.

15.8 Implications for management (treatment)

What is particularly striking is that the possibilities in the treatment of speech‐sound 
disorders appear to be ahead of diagnostics. A wide variety of different treatment 
techniques has been developed for the children that experience speech difficulties 
to help them through the acquisition process, each focusing at different parts of 
the speech production chain. The bottleneck lies in the assessment and treatment 
planning: clear criteria to determine which treatment is the most suitable are lack-
ing. The current diagnostic instruments consist of output‐oriented tests of speech 
performance that assess knowledge and skills (e.g., sentence formulation, lexicon, 
phonological awareness, phoneme inventory, percentage consonants correct). This 
yields a behavioral description of symptoms that suffices to give directions for 
treatment of relatively isolated speech difficulties that are not symptomatic for 
more complex underlying deficits, but is insufficient as a basis for diagnostic 
classification, treatment program and possibly referral to special education. Because 
a behavioral description gives no direct information with respect to the underlying 
impairment, it does not match the requirements for intervention. To get more 
specific indications for targeted treatment requires a step from behavioral diagnos-
tics and classification to process‐oriented diagnostics (Terband and Maassen 2012). 
A process‐oriented approach holds important advantages for the diagnosis and 
treatment of pediatric speech disorders. The switch from perceptually based 
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classification related to behavioral symptoms to a more dynamic process analysis 
allows for a treatment planning tailored to the specific needs of the individual. 
Process‐analysis offers direct leads for treatment aimed at the specific underlying 
impairment and offers a better starting point to evaluate and adjust the therapeutic 
approach in the course of the speech disorder. A more purposeful treatment would 
render therapy more effective and efficient, yielding better outcome and increased 
quality of life. Furthermore, a more effective and efficient treatment may reduce the 
necessary length of therapy, thus leading to a reduction of health care costs.

15.9 Conclusion

Since the critical review of Guyette and Diedrich (1981), the debate about the 
reality of CAS as a diagnostic entity has provided a constant threat to research 
into developmental speech disorders. To be able to investigate the mechanisms 
underlying CAS, “pure” cases are necessary that are selected based on unambig-
uous criteria. Unambiguous selection criteria, however, are only available as a 
result of research, rendering a chicken‐and‐egg situation. This practical‐diagnostic 
circularity is a result of the behavioral, symptom‐oriented approach that is 
employed. Mcneil, Pratt, and Fosset (2004) noted a similar situation with respect 
to AOS. There are clear ideas and theories about what apraxia is and what the 
underlying deficits are, but the progress of research is being held back by “the lack 
of a comprehensive and clear definition that leads to an agreed‐upon set of criteria 
for subject selection” (Mcneil et al. 2004: 389–390). Although the symptomatology 
is unclear, we can conclude that from the perspective of the underlying cognitive 
and neurological processes, it is possible to describe a specific speech‐motor core 
deficit. Additionally, cases have been reported of children with specific speech‐
motor impairments (see, e.g., ASHA 2007 for an overview).

The speech production models have been around for quite some time. recent 
research has further refined these models by adding developmental aspects and 
computational implementations. In addition, tools (acoustic, kinematic, brain 
imaging) have become available that enable a close monitoring of the speech 
 production process. Together, this allows for fine‐tuning diagnosis by (more) 
directly demonstrating the underlying deficit. In addition, current technological 
aids provide better opportunities to make these procedures clinically available.
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