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Abstract
Background
Speech is the most common modality through which language is communicated, and delayed, disordered, or absent speech production is a hallmark of many neurodevelopmental and genetic disorders. Yet, speech is not often carefully phenotyped in neurodevelopmental disorders. In this paper, we argue that such deep phenotyping, defined as phenotyping that is specific to speech production and not conflated with language or cognitive ability, is vital if we are to understand how genetic variations affect the brain regions that are associated with spoken language.
Speech is distinct from language, though the two are related behaviorally and share neural substrates. We present a brief taxonomy of developmental speech production disorders, with particular emphasis on the motor speech disorders childhood apraxia of speech (a disorder of motor planning) and childhood dysarthria (a set of disorders of motor execution). We review the history of discoveries concerning the KE family, in whom a hereditary form of communication impairment was identified as childhood apraxia of speech and linked to dysfunction in the FOXP2 gene. The story demonstrates how instrumental deep phenotyping of speech production was in this seminal discovery in the genetics of speech and language. There is considerable overlap between the neural substrates associated with speech production and with FOXP2 expression, suggesting that further genes associated with speech dysfunction will also be expressed in similar brain regions. We then show how a biologically accurate computational model of speech production, in combination with detailed information about speech production in children with developmental disorders, can generate testable hypotheses about the nature, genetics, and neurology of speech disorders.

Conclusions
Though speech and language are distinct, specific types of developmental speech disorder are associated with far-reaching effects on verbal communication in children with neurodevelopmental disorders. Therefore, detailed speech phenotyping, in collaboration with experts on pediatric speech development and disorders, can lead us to a new generation of discoveries about how speech development is affected in genetic disorders.
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Background
Spoken language is a uniquely human skill that, when disordered, is often a salient presenting symptom of a neurodevelopmental or genetic disorder (NDD) [71]. For example, of 302 genetic syndromes described in Shprintzen [73], speech was affected at least some of the time in 235 (78%) of them. There has been tremendous growth in research on NDDs since Shprintzen’s book was published. Many newly discovered genetic syndromes associated with speech deficits, resulting from different types of mutations, have been and will continue to be identified at a rapid rate (e.g., [8, 40, 62, 103]). At the same time, the genetic influences on common disorders related to language and literacy, including autism (ASD), developmental language disorder, and dyslexia, are also advancing (for reviews, see [22, 34, 38]). It is clear that most genetic mutations associated with these disorders have widespread effects on the developing brain and influence not only language but also cognitive abilities more broadly. However, phenotyping of the range of speech and language profiles in research on specific disorders varies widely. Many studies simply describe affected children as having “intellectual disability” or “speech delay”, even at times seeming to use these terms interchangeably (e.g., [19, 83]). Others employ more specific measures of IQ (intelligence quotient), language, and speech to produce more detailed and accurate phenotypes (e.g., [82]). But because IQ, language, and speech are separable (though interacting) cognitive domains with distinct (though overlapping) neural substrates, in order to understand the full range of effects of specific genetic mutations, it is necessary to evaluate them all using psychometrically sound measures.
In this review, we focus on the key communication subcomponent of speech production. Our overall argument is that it is critical for studies aiming to characterize language and communication phenotypes in NDDs to collect measures of speech production, in part because speech is the most common modality of expressing language and because early vocalizations are highly predictive of later aspects of language such as vocabulary size (e.g., [101]). To set the stage, we begin by distinguishing speech and language—an important distinction, because the neural substrates associated with speech are different from those traditionally related to language [39]. Thus, speech development is likely to be under the control of some distinct genetic factors. Next, because impaired speech is so common in NDDs, we briefly review a taxonomy of developmental speech disorders.
After establishing this background, we then review the story of the KE family and the discovery of the FOXP2 gene. There, careful phenotyping of speech production was at least as significant as that of language ability in characterizing the family’s overall communication impairment. Their story and that of FOXP2 clearly illustrate the importance of deep speech phenotyping in NDDs, which we define as characterizing behaviors that are specific to speech production, elucidating aspects of typical or disordered speech development, and avoiding conflation of speech with language or cognitive ability. Transitioning to the present day, we then show how a recent computational model of speech production, undergirded by careful speech phenotyping, can accelerate research in developmental speech disorders. We finish by providing guidance on protocols for speech phenotyping.
Throughout, we point out both the work that has already been done to understand how speech development is altered in NDDs, as well as the many areas that still require research. This underscores our theme that careful, thorough descriptions of speech performance are required in order to formulate testable hypotheses about how genes related to language and communication disorders affect brain development and, therefore, speech production. Because neural structures are determined by both genetics and behavior, computational models of speech production have the power to provide explanations at multiple levels and, eventually, link genetics to behavior via neurology and computation. The utility of explanatory models of genetic function, neural development, and speech production fundamentally depends on accurate, high-quality phenotyping data.
Speech vs. language
An important first step is to distinguish speech from language. There is no hard-and-fast definition of either term, but the two can be described as follows: language is an abstract, rule-governed, generative system of symbols that humans use to express ideas. Aspects of language include semantics (meaning), morphosyntax (word and sentence structure), pragmatics (the social use of language), and phonology (pronunciation rules). Language can be expressed through a variety of modalities. These include manual signs as in, for example, American Sign Language; written characters like those you are reading now; and speech. Speech is the spoken mode of language and involves both the auditory and oral-motor systems. It is created by laryngeal vibration and modification of the resulting sound by movement of articulators such as the lips, tongue, and velum [86].
Speech is also the overwhelmingly most common mode of expressing language and thus garners more research emphasis than sign or text. However, in focusing on speech, we do not intend to minimize the importance of these other modalities. Sign and text can tell us much about the human capacity for language and communication and are sorely under-researched, especially as communication modes for people who do not use speech.
Another caveat about speech research is that the bulk of previous work has concerned adults, whether typical speakers (e.g., [86, 94]) or speakers with disorders such as Parkinson’s disease, stroke, or amyotrophic lateral sclerosis (e.g., [25]). There is a growing body of literature on speech production in typically developing children [18, 51], which informs our focus here on the developmental speech disorders that are so common in children with NDDs. Because much less research has focused on the speech of children with NDDs than on other types of speech disorders, however, we should not expect that all conclusions based on these other populations will be borne out in the speech of children with NDDs.
It is likely that models of speech development based on adult neurobiology will not suffice to explain typical or atypical developmental courses, and our call for deep phenotyping of speech development in NDDs is aimed specifically at collecting the kind of detailed information that is required to construct developmental models that accurately reflect the range of speech phenotypes that exist. In addition to the information itself, models such as the Interactive Specialization framework proposed by Mark Johnson [47] will be needed. This model takes behavior-dependent interaction between different brain networks into account to explain how changes in the activity of these networks is associated with the appearance of new skills. It posits that interactions between genes, brain structures, and behaviors are dynamic and bidirectional and that the brain is both self-organizing and activity-dependent. In Johnson’s model, the same behavior may be supported by different neural substrates at different times during development, with a general developmental movement toward increasing specialization and localization of brain regions serving a specific behavior over time, supported by neural process such as synaptic pruning and the plastic reorganization of specific networks and their connections to other networks.
In a related vein, Kent [49, 50] proposed that a series of developmental functional modules for speech can explain the different vocalization types that typically developing infants, toddlers, and children produce at different ages. These modules, which cover the vocal production components of respiratory, laryngeal, mandibular, lingual, labial, velopharyngeal, and pharyngeolaryngeal performance, are based on a series of biological developmental processes that bring about a significant remodeling of the anatomical systems serving speech. Consistent with the Interactive Specialization Framework, these modules rely on computational principles of movement variability, self-organization, and synergy with other modules to achieve stable performance over the course of childhood in typical development. Clearly, more detailed research, including longitudinal studies, is needed to understand how behavior, experience, and neural structures interact over the course of development to produce the range of phenotypes we see across NDDs, especially in cases of atypical development.
Developmental speech disorders
Becoming a competent user of speech requires the intent to communicate, the cognitive ability to formulate a meaningful message, and the oromotor skills to produce the sounds that communicate that message to others. While the great majority of children develop speech without difficulty, approximately 9% of children in the USA have noticeable speech disorders (NIDCD [66], https://​www.​nidcd.​nih.​gov/​health/​statistics/​quick-statistics-voice-speech-language). As mentioned, speech disorders are much more common in NDDs than in the general population and can be caused by a variety of factors. The degree of impairment can range from mild to very severe; in some cases, speech is altogether absent. Speech performance has downstream influences on other areas of development, particularly language and literacy (e.g., [101]).
The American Speech-Language-Hearing Association (ASHA) classifies developmental speech disorders into two major categories, with subdivisions under each (Fig. 1 [2]). Functional, or idiopathic, speech disorders contrast with organic disorders. The former include disorders of articulation, which are distortion or substitution errors that affect individual phonemes—an example might be a misarticulation of “r” that makes it sound like “w” (e.g., “wabbit” for “rabbit”). Another type of functional speech disorder is phonological disorder, which involves predictable, rule-based errors that affect more than one speech sound, such as final consonant deletion.[image: ]
Fig. 1Taxonomy of Speech Disorders (adapted from https://​www.​asha.​org/​practice-portal/​clinical-topics/​articulation-and-phonology/​). Note: “Motor Speech Disorders-Not Otherwise Specified” does not appear on this diagram


Organic speech disorders can be structural, sensory/perceptual, or motor/neurological in origin. Structural speech disorders result from congenital orofacial anomalies such as cleft palate. Sensory/perceptual speech disorders arise as a consequence of conditions like hearing impairment, auditory processing disorder, or somatosensory disturbances. Finally, motor/neurological speech disorders include stuttering (a fluency disorder), childhood apraxia of speech (a motor planning disorder), and childhood dysarthria (a set of motor execution disorders). The category “motor speech disorder-not otherwise specified” (MSD-NOS, not shown in Fig. 1) acknowledges that this list may not be exhaustive.
Comorbid disorders of motor planning are highly relevant to communication development in NDDs, since they are more closely linked with overall language and literacy development than structural disorders, dysarthria, or stuttering and put children at risk for later language and literacy challenges even in those cases where the initial disorder has resolved [46, 56, 65, 85, 90]. Recent comorbidity studies have shown that children with disorders of motor planning plus other NDDs experience more severe communication profiles than children without such comorbidity [10, 14, 16, 43]. Research on how comorbid communication disorders affect each other is in its infancy but promises to reveal much about the underlying genetic, behavioral, and neural differences associated with these disorders [69].
Below, we discuss in more detail two motor speech disorders, childhood apraxia of speech and childhood dysarthria, both of which are common comorbidities in different NDDs.
Childhood apraxia of speech
Childhood apraxia of speech (CAS) deserves particular attention, both because it is persistent and often severe and because of its association with members of the KE family, whom we will discuss below. CAS is defined as “a neurological speech sound disorder in which the precision and consistency of movements underlying speech are impaired in the absence of neuromuscular deficits” ([1], p. 2). It is diagnosed using a motor speech examination, which allows a clinician to observe a child’s speech performance across a set of tasks and stimuli that vary systematically in complexity and length. A number of individual signs may be noted [11, 45, 79, 80, 89], which together indicate (a) inconsistent errors on repeated productions of syllables or words; (b) lengthened and disrupted coarticulatory transitions between phonemes; and (c) disordered prosody, manifest in incorrect application of stress and inappropriate pausing within and between words [1, 11]. As a sole diagnosis, CAS has been estimated to affect 1–2 children per thousand [74]. Like stuttering, CAS is associated primarily with cortical, rather than subcortical, differences [54, 58].
Childhood dysarthria
Childhood dysarthria is also common in NDDs. Classification of childhood dysarthria types is based on models of adult dysarthria, in which observable symptoms are linked to different disorders of the cranial nerves, neuromuscular junctions, cerebellum, basal ganglia, and corticobulbar tracts while the cortical substrates of speech are largely intact [20, 21, 25]. We describe the main types of dysarthria, along with their neurological correlates, as they have been characterized in adults; however, it is unknown how well this taxonomy applies to childhood dysarthria or how dysarthrias associated with developmental disorders evolve over the course of development.
Flaccid dysarthria is associated with lower motor neuron or neuromuscular junction dysfunction and is characterized by weakness, low muscle tone, altered laryngeal vibratory characteristics such as diplophonia, and continuous hypernasality. Flaccid dysarthria is commonly found in disorders such as Prader-Willi syndrome and myasthenia gravis, among others. Spastic dysarthria is due to disorders affecting upper motor neurons and is characterized by slow, effortful speech; tense or harsh voice; and pitch breaks. Hereditary spastic paraplegias and cerebral palsy are often associated with spastic dysarthria in children. Ataxic dysarthria is associated with disorders of the cerebellum, such as spinocerebellar and Friedreich ataxia, and is characterized by irregular interruptions in speech, variable errors, and dysmetric speech movements. Hypokinetic dysarthria is most commonly associated with Parkinsonian syndromes that affect the substantia nigra of the basal ganglia. It is characterized by a reduction in the intensity and range of motion of speech, giving the impression of mumbled, faint, and speeded-up speech. Hyperkinetic dysarthria is related to disorders of the basal ganglia pathway that affect the caudate and/or putamen, such as spasmodic dysphonia. It is characterized by tense speech; rapid fluctuations in volume; and sudden inhalations, exhalations, or speech interruptions. Finally, mixed dysarthrias incorporate features of more than one of the other forms of dysarthria. NDDs such as cerebral palsy or Down syndrome (DS) may be associated with different types of dysarthria (e.g., flaccid and/or ataxic) at the same time or at different points in development [52].
The careful reader will have noticed that many of the characteristics of different dysarthrias bear a similarity to the core impairments in CAS. For example, “lengthened and disrupted coarticulatory transitions between phonemes”, a characteristic of CAS, could be caused by “irregular interruptions in speech”, a characteristic of ataxic dysarthria. For this reason, differential diagnosis is challenging and requires the collaboration of a speech-language pathologist with specific expertise in pediatric motor speech disorders, along with the use of valid assessments. Complicating the situation, CAS and childhood dysarthria can of course co-occur. For example, a recent study of conversational speech samples from adolescents with DS showed that over 97% met criteria for motor speech disorders including CAS, childhood dysarthria, and speech motor delay [102]. While precise figures documenting the co-occurrence of CAS and childhood dysarthria are lacking, Shriberg et al. [81] provided estimates of 4.9% of children with one of eight complex neurodevelopmental disorders meeting criteria for concurrent CAS and childhood dysarthria. A recent retrospective study of comorbidity in 375 children with CAS showed that 6.7% (25) also carried diagnoses of dysarthria [10, 14, 16].
The KE family
We move now to a brief overview of the history of discoveries about the KE family. The story illustrates how deep speech phenotyping in individuals with NDDs not only elucidated the links between genetic mutations and behavioral phenotypes, but also shed light on our understanding of the nature of their communication impairment as well as its neural and genetic bases.
Hurst et al. [41] were the first to report on six members of an extended family who had been referred to a genetic clinic because of their severely impaired verbal communication. The disorder was referred to as “a severe form of developmental verbal apraxia” but was characterized by a variety of abnormal features relating to both speech and language. For example, case study participants were described as having unintelligible speech, but also as showing word-finding problems, using telegraphic speech (speaking in short sentences without morphological inflections), and having below-average language comprehension. The disorder was complex in nature and varied both in severity and in its manifestation across family members.
Soon after, three competing viewpoints emerged. Gopnik and colleagues [32, 33] conceived of the family’s disorder as being mainly one of “dysphasia” – in other words, language-based – after having administered a set of tests for aphasia and examining writing and conversational samples. Underlying the various manifestations of the disorder, in their view, was an inability to “infer general rules about… grammatical features” [32] or “construct an underlying grammar for abstract morphemes like number and tense” [33]. In contrast, Fletcher [27] noted that, while affected family members scored, on average, much lower than unaffected members on tests of grammatical features such as pluralization or past tense, they did sometimes produce the correct form, which could be the result of severe phonological disorder. In other words, what appeared to be a grammatical impairment might actually have been due to a phonological process like final-consonant deletion. Finally, Vargha-Khadem and Passingham [97] pointed out that affected family members’ ability to repeat individual speech sounds, words, nonwords, and sentences were all impaired, as well as their ability to correctly name or identify objects.
The conflicting hypotheses were resolved by further and deeper phenotyping. Using a larger, more detailed set of tasks and stimuli, Vargha-Khadem et al. [98] showed that affected family members made over-regularization errors on past tense (saying “runned” for “ran”, for example), showing that they did possess some grammatical knowledge and making the hypothesis of a profound grammatical deficit less tenable. In addition, family members’ performance on tests of oral and facial movement (including tasks like “click your tongue” or “close your left eye”) showed that, while affected and non-affected family members performed equally well when asked to perform one motion at a time, affected family members were significantly less able to correctly produce sequences of these movements. Following up on these findings, Vargha-Khadem et al. [99] showed that all affected family members (but no unaffected family members) were impaired on three types of task: word repetition, nonword repetition, and performing sequences of orofacial movements. Thus, they concluded, the core impairment in the disorder was not language impairment or phonological disorder but one of verbal dyspraxia—what we now term CAS. Whether affected family members’ associated deficits, such as grammatical, semantic, and nonverbal IQ impairments, represented consequences of CAS or additional core deficits that only affected a smaller number of family members was left an open question. Other studies have documented that language impairment is a common comorbidity in children with CAS [10, 14, 16, 44, 65, 92], though the connection is still poorly understood.
In parallel with the above investigations, other studies sought the genetic basis of the KE family’s disorder. Lai et al. [55] found that genetic differences in a region of chromosome 7 correlated with KE family members’ affectation status. These researchers also coincidentally encountered an unrelated patient whose speech and language impairments closely resembled that of affected KE family members. Part of this patient’s chromosome 7 had broken off and reattached to part of chromosome 5. The break occurred in the same region identified in the KE family correlation analysis. Further investigation revealed that in both cases a gene coding for forkhead transcription factors—later named FOXP2—was affected in both the KE family and the unrelated patient. For the first time, a clear link between spoken language impairment and a genetic mutation had been identified.
Genes associated with motor speech disorders in NDDs
Since the seminal work on FOXP2, multiple studies have found that speech disorders are especially frequent in syndromes associated with specific genomic events at the chromosomal, copy number variant (CNV), or single gene level [6, 26, 61, 63, 64, 77, 78, 81]. With the advent of the human genome project and the rapid growth in technology for identifying mutations, many new rare NDDs have been recognized in which motor speech disorders are quite prevalent [38]. As an aside, it is interesting to note that several of these mutations were initially discovered in cohorts of children ascertained for ASD, even though until recently ASD was not believed to include co-occurring motor speech disorders (c.f [77, 78]., but also [13]). In Table 1, we provide examples of specific genes or CNVs that have been associated with CAS, drawing primarily on the recent review by Guerra and Cacabelos [38] and a detailed genomic investigation of a cohort of probands with CAS [40].Table 1Examples of specific genes or CNVs that have been associated with CAS


	Chromosome
	Locus
	Gene
	Citation

	1
	1p36.33
	GNB1
	[40]

	1q21.3
	POGZ

	2
	2q25
	ZNF142
	[40]

	3
	3p13
	FOXP1
	[38]

	3q29
	ATP13A4

	5
	5p14.3
	CHD18
	[38]

	5p15.1
	MY010

	5q13.2
	NIPBL

	6
	6p22.3
	KIAA0319
	[38]

	7
	7p11.2
	FLCN
	[38]

	7p14.1
	CDK13
	[40]

	7q31.1
	FOXP2
	[38]

	7q35-q36
	CATNAP2
	[38]

	8
	8p11.21
	KAT6A
	[38]

	8q21.13
	ZFHX4

	9
	9q34.12
	SETX
	[38]

	9q34.2
	WDR5

	10
	10q26.2
	EBF3
	[40]

	11
	11p11.2
	SMCR8
	[38]

	12
	12p13.33
	ELKS
	[38]

	15
	15q14
	MEIS2
	[40]

	15q25.1
	ZGRF1
	[38]

	16
	16p11.2
	SETD1A
	[38]

	16p13.2
	GRIN2A
	[95]

	16q13
	GNAO1
	[40]

	17
	17p12-p11
	NCOR1
	[38]

	17p13.1
	CHD3

	17q11.2
	NEK8

	17q21.2
	CATNAP1

	17q21.31
	UPF2
	[40]

	18
	18p11.22
	ANKRD12
	[38]

	18q12.3
	SETBP1
	[40]

	22
	22q13.1
	TNRC6B
	[38]

	Xp11.4
	DDX3X
	[40]




Importantly, many published case study descriptions of NDDs, which are identified on the basis of a genomic event (for a review, see [59]), do not mention the presence of motor speech disorders because they fail to include in the clinical team speech pathologists with the appropriate diagnostic expertise. Instead, most of what we know comes from studies that ascertained cases with motor speech deficits and then carried out genetic testing or were designed to investigate speech in specific genetic cohorts.
Neural substrates associated with speech production
So far, we have shown that motor speech disorders are highly prevalent in NDDs and documented some of the specific genes and CNVs associated with NDD/motor speech disorder comorbidity. But genes are related to behavioral phenotypes via the brain. Therefore, a more complete picture of the significance of speech disorders will result from considering the neural substrates for speech and language. Neural structures associated with speech production are largely (though not exclusively, as we shall see below) located near the Rolandic cortex, the region including and adjacent to the central sulcus [24, 37, 39]. Primary motor cortex, especially the inferior portion of the motor strip just anterior to the central sulcus, generates the motor commands that are sent to the articulators via cranial nerves VII, IX, X, and XII [53]. Primary somatosensory cortex, just posterior to the central sulcus, is responsible for somatosensory feedback-based speech control via cranial nerves V, IX, and X [67, 68]. Primary auditory cortex not only plays a role in perception of heard speech [28], but also in auditory feedback control of one’s own speech via cranial nerve VIII [93]. Auditory feedback plays an especially important role in speech acquisition because it is crucial to establishing the mappings between articulator movement and acoustic output [7, 72].
Somatosensory and motor representations are integrated in the ventral portion of the Rolandic cortex. Neural representations of the speech articulators are arranged dorsally to ventrally, with respiratory structures being represented most dorsally and representations of the larynx, lips, jaw and tongue appearing increasingly ventrally ([17, 48]. Like the motor and somatosensory regions, these representations overlap, which allows for inter-coordination between articulators during speech. Finally, left frontal cortex carries out the highest levels of speech motor planning [37].
The two main white-matter tracts known to be involved in speech production are the arcuate fasciculus (AF) and the frontal aslant tract (FAT). The AF is a horizontal pathway connecting temporal cortex and Broca’s area [70] and is considered responsible for linking auditory representations of speech sounds with the movements required to produce them. The FAT is a vertical pathway that extends from the superior frontal gyrus to the posterior portion of the supplemental motor area (SMA) and the pre-SMA, ending in the inferior frontal gyrus (IFG) [9]. It plays a role in initiating speech and has found to be abnormal in adults with developmental stuttering compared to typically developing controls [54].
Other white-matter tracts that have been associated with speech production are the superior longitudinal fasciculus (SLF [3, 23, 29, 30];) and the corpus callosum [5, 60]. However, the research supporting these tracts’ involvement in speech production is less clear-cut and, in the case of the corpus callosum, illustrative of the phenotyping issues we raise here. In one study, Bartha-Doering et al. [5] examined the relationship of a series of language measures and measures of corpus callosum volume along its full extent in a group of 38 typically developing children. Among the language measures they used was a test of expressive vocabulary, where children name pictures and which is scored according to semantic criteria (i.e., whether the child refers to the picture with the correct word). They found that the posterior subsection volume of the corpus callosum was significantly positively related to expressive vocabulary score. By contrast, Luders et al. [60] compared children with functional speech sound disorders to typically developing controls. Children were assessed with standardized tests of articulation and of language, and a conversational speech sample was also collected. The articulation test, also a picture-naming task, was scored according to whether children could pronounce the name of the picture correctly. If they did not spontaneously produce the correct target word, children were asked to repeat it after the examiner. Both the articulation test responses and the speech sample were coded for speech sound errors. Children with speech sound disorders had corpus callosa that were significantly thinner than those of control children, especially in the anterior third of the tract, which is closely connected to frontal, premotor, and supplemental motor areas of cortex.
It is not possible to know whether the discrepant results from these two studies are due to the tests administered, the participants, or both. What we would like to point out is the difference between tests of language, such as an expressive vocabulary test, and tests of speech, such as an articulation test; and to underscore that even when the task put to the participants is almost identical in both cases (picture naming), how those tests are scored or coded is what determines whether the results pertain to language or speech.
Neural substrates associated with FOXP2 expression
The finding that orofacial and speech apraxia are core deficits in the KE family allowed Vargha-Khadem et al. [99] to formulate hypotheses about the neural basis of these deficits, which they tested using voxel-based morphology (VBM) to identify regions of gray or white matter that differed between affected family members and controls in an effort to understand the neural differences between affected and unaffected family members that would result in the behavioral phenotypes they saw. On the basis of their behavioral data, Vargha-Khadem et al. [99] hypothesized that brain regions related to the motor system would be involved bilaterally in affected family members. Results confirmed these hypotheses: affected family members showed functional abnormalities in pre-supplementary motor area (SMA), Broca’s area and its right-hemisphere homolog, and significantly smaller caudate nuclei. These findings were corroborated by two additional studies [57, 99]. In a PET study, affected family members showed overactivation in the caudate, premotor cortex (with a ventral extension into Broca’s area), and ventral prefrontal cortex; and underactivation of SMA, pre-SMA, and cingulate cortex during speech tasks. Volumetric analyses showed that affected family members’ caudate nuclei were approximately 75% of the size of those in unaffected family members and age-matched control participants [99]. Later fMRI studies involving speech tasks showed significantly less activation in affected family members in Broca’s area, its right-hemisphere homolog, and in the putamen [57].
Abnormalities in Broca’s area and premotor cortex in affected KE family members are thus consistent with difficulties linking auditory representations of speech sounds to articulatory movements, an aspect of motor planning that is disordered in CAS. Recent work supporting this finding has identified AF abnormalities in children with CAS [58]. Other research has shown that minimally verbal children with ASD, a population in which CAS is common [13], have smaller AF volume in the left hemisphere and reversed AF laterality relative to typical controls [100]. Structural abnormalities of the left AF have also been shown to be inversely related to the amount of improvement in speech production that minimally verbal children with ASD and CAS experience after therapy [15], and integrity of the right FAT was related to the degree of syllable insertion errors in the same group of children.
In the almost 20 years since the groundbreaking discovery of FOXP2, its role in human brain development has been investigated more thoroughly. It is expressed in many brain areas: in sensory nuclei, various locations in cortex, and in specific subdivisions of motor regions [96] which led Vargha-Khadem and her colleagues to propose a spoken-language circuit that is dependent on FOXP2. The structure of this circuit and its relevance to the speech deficits experienced by KE family members dovetails with other attempts to link what is known about the neural basis of speech to behavioral aspects of speech production. Figure 2 illustrates many of the cortical and subcortical regions involved in spoken language production, highlighting areas that are also abnormal in affected KE family members and areas in which FOXP2 is expressed.[image: ]
Fig. 2Cortical and subcortical areas related to spoken language. Underlined regions express FOXP2. Regions in italics are structurally or functionally abnormal in KE family members


In addition to studies directly linking imaging and behavioral results in the same individuals, other research has combined what is known from studies of typical and disordered function to construct computational models of speech production. In turn, these models can be used to formulate testable hypotheses about which brain regions are expected to be affected in children with different speech sound disorders. Below, we discuss one such model, the Directions into Velocities of Articulators (DIVA) model [35–37].
The DIVA model of speech production
DIVA is a biologically accurate neural network that models the feedforward and feedback control loops involved in both developing and mature speech production. Its developmental model includes three stages, the first of which approximates infant babbling. In this stage, semi-random motor commands enable the model to learn the mapping between oral movements and their acoustic and somatosensory consequences. The model also acquires the mappings that translate sensory errors into corrective motor commands. These mappings are the core of DIVA’s auditory and somatosensory feedback control systems.
In the second developmental stage, DIVA “learns” to imitate targets containing phonemes from its “native” language. DIVA’s initial attempts to produce the phonemes rely heavily on auditory feedback control, but motor commands are updated after each attempt and stored in synaptic weights that encode feedforward motor programs for the phonemes. In this way, pronunciation improves over repeated attempts, eventually allowing DIVA to produce phonemes with minimal contribution from the feedback system: the learned feedforward commands are then sufficient for error-free production. This is the mature stage of development, in which DIVA relies on the feedforward commands it has refined in order to consistently produce correct utterances.
In addition to modeling typical speech development, DIVA can also model developmental disorders of speech. Terband et al. [91] used DIVA to simulate the effect of two developmental disorders. First, DIVA was given a “motor processing disorder” by adding Gaussian noise to the articulatory velocity/position and somatosensory state maps during its developmental stage (indicated by the red boxes in Fig. 3). The result was speech that was highly distorted (i.e., very different from the target) and highly variable (repeated attempts at the same target resulted in widely different output). Distortion and variability of the model’s speech arose from instability in the motor and sensory commands required to accurately position the articulators, as well as from the model’s attempt to use its auditory feedback to refine its acoustic output and arrive at the correct sound. Next, DIVA was also given an “auditory processing disorder” by adding noise to the auditory state map (indicated by the orange box in Fig. 3). This had the effect of removing DIVA’s ability to use auditory feedback, as well as making phonemes sound more alike to the model. The result in this case was that all the model could produce was “uh”. Extending this work, Chenausky et al. [12] tested these predictions on the speech of a group of 38 minimally verbal children with ASD, some of whom had comorbid CAS. Using both perceptual and acoustic analysis methods, two groups emerged. Twenty-seven children showed distorted, variable speech, corresponding to the “motor processing disorder” version of DIVA. The remaining 11 showed speech that was limited to versions of “muh” and “buh”, more closely resembling the “motor plus auditory processing disorder” version of DIVA.[image: ]
Fig. 3Illustration of the DIVA model and its neural correlates


Taken together, these simulation studies leverage the similarities between the DIVA model and the FOXP2-dependent speech circuit proposed by Vargha-Khadem et al. [96]. There is a high degree of overlap between the regions in which FOXP2 is expressed and those involved in the feedforward control system for speech. The ventral premotor cortex, portions of the cerebellum, the ventral lateral thalamic nucleus, ventral motor cortex, supplementary motor area, putamen, globus pallidus and portions of the substantia nigra, and the ventral anterior thalamic nucleus all appear in both circuits. The DIVA model thus informs us as to what computational aspects of speech are impaired in affected KE family members. Specifically, it offers independent confirmation that affected KE family members experience difficulty with feedforward speech control processes—that is, they have difficulty in knowing how to move their mouths in order to produce the correct sound sequences fluently and intelligibly.
Conclusions and recommendations for future work
Together, all of these lines of research—speech development, developmental motor speech disorders, familial motor speech impairments, the genetic bases of motor speech impairment, imaging studies documenting the specific neural impairments associated with motor speech impairment, and computational modeling of motor speech impairment—tell a complex and informative story about how speech production can be affected in individuals with NDDs. Implicit in the timeline of these discoveries is that they were driven in large part by careful observation of anomalous spoken-language behavior and a desire to understand its neural and genetic origins. In other words, deep speech phenotyping can be a major driver of the discoveries like the ones we have discussed here.
The story of the KE family, viewed in the context of what is now known about the neural bases of speech production and the high prevalence of motor speech disorders in NDDs, makes several other points as well. First, the neural regions associated with speech production are separate from those associated with language per se and are ones in which FOXP2 expression is high. But because the neural regions for speech do interact with those for other aspects of language, it is possible that disruptions to them during the developmental period also affect language development. Specifically, neural developmental differences in the regions involved in creating the forward model of speech production may result not only in problems sequencing speech movements, but also in problems sequencing nonspeech oral movements and in sequencing words within sentences. The more general question of how CAS is related to language and literacy impairments is an open one, deserving of more research.
The discovery that CAS is the core impairment in the affected members of the KE family (whether or not some also experience comorbid disorders) would not have been possible without the detailed, careful phenotyping performed by Vargha-Khadem and colleagues. In this context, precise characterization of the behavioral phenotype drove both the neural and genetic discoveries by enabling them to generate precise, testable hypotheses about the locations of the neural differences in affected and unaffected family members and about the possible genetic source of those differences. Given that the DIVA model predicts that damage to other neural regions will be associated with signs that may be similar to or different from those shown by affected KE family members, equally deep phenotyping of speech performance in other NDDs is necessary if we are to test hypotheses about the links between behavior and neural substrates and between neural substrates and genetic differences. These behavioral investigations should be guided by current models of speech production, neural development, and gene expression.
The knowledge that deep speech phenotyping has revealed about the KE family, FOXP2, and CAS more generally underscores the importance of several lines of research. For example, as suggested by Vargha-Khadem and her colleagues (2005), further research into the nature of the linguistic and sequencing deficits in affected members of the KE family, and in individuals with CAS more generally, is needed in order to determine whether they are a consequence of the core deficit in speech and oral praxis or whether they represent separable comorbidities (c.f [42].). Longitudinal studies of children with CAS or other developmental speech disorders are especially important in this regard, as are imaging studies that can reveal structural and functional neural differences in these children. More precise characterization of the speech production deficits in children with CAS and in children with primary language impairment using kinematic methods may be especially revealing and enable us to identify similarities and differences between these two groups and, thus, provide a better understanding of how speech production and language ability are related. Similarly, research documenting developmental trajectories of speech development in children with other known and novel genetic disorders is sorely needed if we are to link the effects of those genes on neural circuitry and thus on behavior.
The investigations outlined above will only succeed if they are grounded in careful, accurate descriptions of speech production in children with NDDs. The protocol used to elicit speech from children with NDDs will depend on the information needed, and several options are available. Elsewhere, we have detailed methods for eliciting valid speech production data even from minimally verbal children [10, 14, 16]. To specifically diagnose CAS, Strand [87] recommends a protocol including at least a language sample (e.g., [4]), structural-functional oral exam (e.g., [84]), and a dynamic motor speech exam (e.g., [88]). Shriberg and his colleagues [75, 76] describe the Speech Disorders Classification System (SCDS), a detailed protocol including 15 speech tests and tasks that was developed specifically for the purpose of etiologically classifying pediatric speech sound disorders of unknown origin. However, a protocol including a 10- or 15-min spontaneous speech/language sample, a simple syllable repetition task that includes a variety of consonants and vowels from the child’s native language, and, for more able children, a standardized test of articulation (e.g., [31]) and a diadochokinetic task (e.g., “say ‘pataka’ as fast and as accurately as you can on one breath”) can provide enough information to identify the presence of CAS or childhood dysarthria when coded for signs of these disorders. Finally, an estimate of speech severity can be made using, for example, a visual analog scale rating [10, 14, 16].
The added value that these assessments offer to behavioral phenotyping in NDDs is that they will elucidate behavior that is specific to speech and that can be separated from language performance. Communicating by speech includes, but is not limited to, the ability to understand and produce language. Since producing speech also requires oromotor skill and the ability to use one’s own auditory feedback to refine pronunciation, deep speech phenotyping in NDDs can reveal how harnessing these skills for the purpose of communication is affected by genetic differences and shaped by the different behaviors and experiences that those differences engender. Documenting how speech development is affected (or not) and the existence (or lack) of speech disorders in different NDDs will increase our understanding of how the brain networks associated with communication are affected in NDDs. This will offer us deeper insights into the complex and interwoven interactions between genes, the brain, and behavior in speech, this most human of behaviors.
Acknowledgements
N/A

Authors’ contributions
KVC and HTF contributed equally to conceiving the premise for, drafting, and editing the paper. All authors read and approved the final manuscript.

Funding
Supported by the National Institutes of Health R00 DC 017490 (PI KVC, supporting KVC) and P50 DC 018006 (PI H. Tager-Flusberg, supporting HTF and KVC).

Availability of data and materials
N/A.

Declarations
Ethics approval and consent to participate
N/A.

Consent for publication
N/A.

Competing interests
The authors declare that they have no competing interests.


References
	1.
American Speech-Language-Hearing Association. Childhood apraxia of speech [Technical Report]. 2007. Available from www.​asha.​org/​policy.

	2.
American Speech-Language-Hearing Association (n.d.) Speech sound disorders: articulation and phonology. (Practice Portal). Retrieved 6/9/2021 from www.​asha.​org/​Practice-Portal/​Clinical-Topics/​Articulation-and-Phonology/​.

	3.
Barbeau E, Descouteaux M, Petrides M. Dissociating the white matter tracts connecting the temporo-parietal cortical region with frontal cortex using diffusion tractography. Sci Rep. 2020;10:8186.PubMedPubMedCentral

	4.
Barokova M, La Valle C, Hassan S, Lee C, Xu M, McKechnie R, et al. Eliciting language samples for analysis (ELSA): A new protocol for assessing expressive language and communication in autism. Autism Res. 2021;14(1):112–26.PubMed

	5.
Bartha-Doering L, Kollndorfer K, Schwartz E, Fischmeister F, Alexopoulos J, Langs G, Prayer D, Kasprian G, Seidl R. The role of the corpus callosum in language network connectivity in children. Developmental science. 2021;24(2):e13031. https://​doi.​org/​10.​1111/​desc.​13031.

	6.
Baylis A, Shriberg L. Estimates of the prevalence of speech and motor speech disorders in youth with 22q11.2 deletion syndrome. Am J Speech Lang Pathol. 2019;28:53–82.PubMed

	7.
Brainard M, Doupe A. Auditory feedback in learning and maintenance of vocal behaviour. Nat Rev Neurosci. 2000;1:31–40.PubMed

	8.
Brignell A, St John M, Boys A, Bruce A, Dinale C, Pigdon L, et al. Characterization of speech and language phenotype in children with NRXN1 deletions. Am J Med Genet. 2019;1778:700–8.

	9.
Broce I. Fiber pathways for language in the developing brain: a diffusion tensor imaging (DTI) study. FIU Electronic Theses and Dissertations. 2014;1220. http://​digitalcommons.​fiu.​edu/​etd/​1220.

	10.
Chenausky, K.V., Baas, B., Stoeckel, R., Brown, T., Green, J., Runke, C, et al. Comorbidity and severity in childhood apraxia of speech. [Unpublished manuscript] Communication Sciences and Disorders Department, MGH Institute of Health Professions 2022.

	11.
Chenausky KV, Brignell A, Morgan A, Gagné D, Norton A, Tager-Flusberg H, Schlaug G, Shield A, Green JR. Factor analysis of signs of childhood apraxia of speech. J Commun Disord. 2020;87:[106033]. https://​doi.​org/​10.​1016/​j.​jcomdis.​2020.​106033.

	12.
Chenausky KV, Brignell A, Morgan A, Norton A, Tager-Flusberg H, Schlaug G, et al. A modelling-guided case study of disordered speech in minimally verbal children with autism spectrum disorder. Am J Speech Lang Pathol. 2021. https://​doi.​org/​10.​1044/​2021_​AJSLP-20-00121.

	13.
Chenausky KV, Brignell A, Morgan A, Tager-Flusberg H. Motor speech impairment predicts expressive language in minimally verbal, but not low-verbal, individuals with autism spectrum disorder. Autism Dev Lang Impair. 2019;4:1–12.

	14.
Chenausky KV, Gagné D, Stipancic K, Shield A, Green J. The relationship between single-word speech severity and intelligibility in childhood apraxia of speech. J Speech Lang Hear Res. 2022;65:843–57.PubMed

	15.
Chenausky KV, Kernbach J, Norton A, Schlaug G. White matter integrity and treatment-based change in speech performance in minimally verbal children with autism spectrum disorder. Front Hum Neurosci. 2017;11:175.PubMedPubMedCentral

	16.
Chenausky KV, Maffei M, Tager-Flusberg H, Green J. Review of methods for conducting speech research with minimally verbal individuals with autism spectrum disorder. Augment Altern Commun. 2022; in press.

	17.
Correia J, Caballero-Gaudes C, Guediche S, Carrieras M. Phonatory and articulatory representations of speech production in cortical and subcortical fMRI responses. Sci Rep. 2020;10:4529.PubMedPubMedCentral

	18.
Crowe K, McLeod S. Children’s English consonant acquisition in the United States: a review. Am J Speech Lang Pathol. 2020;29:2155–69.PubMed

	19.
D’Angelo D, Lebon S, Chen Q, Martin-Brevet S, Synder L, et al. Defining the effect of the 16p11.2 duplication on cognition, behavior, and medical comorbidities. JAMA Psychiatry. 2016;73:20–30.PubMedPubMedCentral

	20.
Darley FL, Aronson AE, Brown JR. Clusters of deviant speech dimensions in the dysarthrias. J Speech Lang Hear Res. 1969;12:462–96.

	21.
Darley FL, Aronson AE, Brown JR. Differential diagnostic patterns of dysarthria. J Speech Lang Hear Res. 1969;12:246–69.

	22.
Dias C, Walsh C. Recent advances in understanding the genetic architecture of autism. Annu Rev Genomics Hum Genet. 2020;21:20.1-20.16.

	23.
Dick A, Tremblay P. Beyond the arcuate fasciculus: Consensus and controversy in the connectional anatomy of language. Brain. 2012;135(12):3529–50.PubMed

	24.
Dronkers N, Ogar J. Brain areas involved in speech production. Brain. 2004;127:1461–2.PubMed

	25.
Duffy JR. Motor speech disorders: Substrates, differential diagnosis, and management. St. Louis: Elsevier Health Sciences; 2013.

	26.
Fedorenko E, Morgan A, Murray E, Cardinaux A, Mei C, Tager-Flusberg H, et al. A highly penetrant form of childhood apraxia of speech due to deletion of 16p11.2. Eur J Hum Genet. 2016;24:302–6.PubMed

	27.
Fletcher P. Speech and language deficits. Nature. 1990;346:226.

	28.
Friederici A. The brain basis of language processing: from structure to function. Physiol Rev. 2011;91:1357–92.PubMed

	29.
Friederici AD. White-matter pathways for speech and language processing. Handb Clin Neurol. 2015;129:177–86. https://​doi.​org/​10.​1016/​B978-0-444-62630-1.​00010-X.CrossrefPubMed

	30.
Glasser M, Rilling J. DTI tractography of the human brain’s language pathways. Cereb Cortex. 2008;18:2471–82.PubMed

	31.
Goldman R, Fristoe M. Goldman Fristoe 3 Test of Articulation. 3rd edition. Bloomington: NCS Pearson, Inc.; 2015.

	32.
Gopnik M. Feature-blind grammar and dysphasia. Nature. 1990;34:715.

	33.
Gopnik M, Crago M. Familial aggregation of a developmental language disorder. Cognition. 1991;39:1–50.PubMed

	34.
Graham S, Fisher S. Understanding language from a genomic perspective. Annu Rev Genet. 2015;49:131–60.PubMed

	35.
Guenther FH. A neural network model of speech acquisition and motor equivalent speech production. Biol Cybern. 1994;72:43–53 PMID:7880914.PubMed

	36.
Guenther FH. Cortical interactions underlying the productions of speech sounds. J Commun Disord. 2006;39:350–65.PubMed

	37.
Guenther FH. Neural Control of Speech. Cambridge: MIT Press; 2016.

	38.
Guerra J, Cacabelos R. Genomics of speech and language disorders. J Transl Genet Genom 2019;3:9. https://​doi.​org/​10.​20517/​jtgg.​2018.​03.

	39.
Hickok G. The dual stream model of speech and language processing. Handb Clin Neurol. 2022;185:57–69.PubMed

	40.
Hildebrand M, Jackson V, Scerri T, Van Reyk O, Coleman M, Braden R, et al. Severe childhood speech disorder. Neurology. 2020;94(20):e2148-e2167. https://​doi.​org/​10.​1212/​WNL.​0000000000009441​.

	41.
Hurst J, Baraitser M, Auger E, Graham F, Norell S. An extended family with a dominantly inherited speech disorder. Dev Med Child Neurol. 1990;32(4):352–5.PubMed

	42.
Iuzzini-Seigel J. Procedural learning, grammar, and motor skills in children with childhood apraxia of speech, speech sound disorder, and typically developing speech. J Speech Lang Hear Res. 2021;64:1081–103.PubMed

	43.
Iuzzini-Seigel, J., Delaney, A., & Kent, R. Retrospective case-control study of communication and motor abilities in 143 children with suspected childhood apraxia of speech: Effect of concomitant diagnosis. Perspectives of the ASHA Special Interest Groups 2022;7(1): 45-55.

	44.
Iuzzini-Seigel J, Hogan J, Green J. Speech inconsistency in children with childhood apraxia of speech, language impairment, and speech delay: depends on the stimuli. J Speech Lang Hear Res. 2017;60(5):1194–210. https://​doi.​org/​10.​1044/​2016_​JSLHR-S-15-0184.

	45.
Iuzzini-Seigel J, Hogan T, Guarino A, Green J. Reliance on auditory feedback in children with childhood apraxia of speech. J Commun Disord. 2015;54:32–42.PubMed

	46.
Johnson C, Beichtman J, Young A, Escobar M, Atkinson L, Wilson B, et al. Fourteen-year follow-up of children with and without speech/language impairments: Speech/language stability and outcomes. J Speech Lang Hear Res. 1999;42:744–60.PubMed

	47.
Johnson M. Interactive specialization: a domain-general framework for human functional brain development? Dev Cogn Neurosci. 2011;1:7–21.PubMed

	48.
Kearney E, Guenther F. Articulating: the neural mechanisms of speech production. Lang Cogn Neurosci. 2019;34(9):1214–29.PubMedPubMedCentral

	49.
Kent R. Developmental functional modules in infant vocalizations. J Speech Lang Hear Res. 2021;64(5):1581–604.PubMed

	50.
Kent R. The maturational gradient of infant vocalizations: Developmental stages and functional modules. Infant Behav Dev. 2022;66:101682.PubMed

	51.
Kent R, Rountrey C. What acoustic studies tell us about vowels in developing and disordered speech. Am J Speech Lang Pathol. 2020;29:1749–78.PubMedPubMedCentral

	52.
Kent R, Vorperian H. Speech impairment in Down syndrome: a review. J Speech Lang Hear Res. 2012;56:178–210.PubMed

	53.
Kern M, Bert S, Glanz O, Schulze-Bonhage A, Ball T. Human motor cortex relies on sparse and action-specific activation during laughing, smiling, and speech production. Commun Biol. 2019;2:118.PubMedPubMedCentral

	54.
Kronfeld-Duenias V, Amir O, Ezrati-Vinacour R, Civier O, Ben-Shachar M. The frontal aslant tract underlies speech fluency in persistent developmental stuttering. Brain Struct Funct. 2016;221:365–81.PubMed

	55.
Lai C, Fisher S, Hurst J, Vargha-Khadem F, Monaco A. A forkhead-domain gene is mutated in a severe speech and language disorder. Nature. 2001;413:519–23.PubMed

	56.
Lewis B, Freebairn L, Hansen A, Iyengar S, Taylor H. School-age follow-up of children with childhood apraxia of speech. Lang Speech Hear Serv Sch. 2004;35:122–40.PubMed

	57.
Liégeois F, Baldeweg T, Connelly A, Gadian D, Mishkin M, Vargha-Khadem F. Language fMRI abnormalities associated with FOXP2 gene mutation. Nat Neurosci. 2003;6(11):1230–7.PubMed

	58.
Liégeois F, Turner S, Mayes A, Bonthrone A, Boys A, Smith L, et al. Dorsal language stream anomalies in an inherited speech disorder. Brain. 2019. https://​doi.​org/​10.​1093/​brain/​awz018.

	59.
Lintas C, Sacco R, Azzarà A, Cassano I, Gurrieri F. Genotype-phenotype correlations in relation to newly emerging monogenic forms of autism spectrum disorder and associated neurodevelopmental disorders: the importance of phenotype reevaluation after pangenomic Results. J Clin Med. 2021;10(21):5060. https://​doi.​org/​10.​3390/​jcm10215060.CrossrefPubMedPubMedCentral

	60.
Luders E, Kurth F, Pigdon L, Conti-Ramsden G, Reilly S, Morgan AT. Atypical Callosal Morphology in Children with Speech Sound Disorder. Neuroscience. 2017;367:211–8. https://​doi.​org/​10.​1016/​j.​neuroscience.​2017.​10.​039.CrossrefPubMed

	61.
Mei C, Fedorenko E, Amor D, Boys A, Hoeflin C, Carew P, et al. Deep phenotyping of speech and language skills in individuals with 16p11.2 deletion. Eur J Hum Genet. 2018;26:676–86.PubMedPubMedCentral

	62.
Meisler MH, Hill SF, Yu W. Sodium channelopathies in neurodevelopmental disorders. Nat Rev Neurosci. 2021;22;152–166. https://​doi.​org/​10.​1038/​s41583-020-00418-4.

	63.
Morgan A, Braden R, Wong M, Colin E, Amor D, Liégeois F, et al. Speech and language deficits are central to SETBP1 haploinsufficiency disorder. Eur J Hum Genet. 2021. https://​doi.​org/​10.​1038/​s41431-021-00894-x.

	64.
Morgan A, Fisher S, Scheffer I, Hildebrand M. FOXP2-Related speech and language disorders. GeneReviews. 2017; https://​www.​ncbi.​nlm.​nih.​gov/​books/​NBK368474/​.

	65.
Murray E, Thomas D, McKechnie J. Comorbid morphological disorder apparent in some children aged 4-5 years with childhood apraxia of speech: findings from standardized testing. Clin Linguist Phon. 2019;33(1-2):42–59. https://​doi.​org/​10.​1080/​02699206.​2018.​1513565. Epub 2018 Sep 10.

	66.
National Institute of Deafness and Other Communication Disorders (n.d.) Retrieved 6/9/2021 from https://​www.​nidcd.​nih.​gov/​health/​statistics/​statistics-voice-speech-and-language.

	67.
O’Flynn L, Worthley A, Sinonyan K. Neural control of the laryngopharynx. In: Zalvan C, editor. Laryngopharyngeal and Gastroesophageal Reflux. Springer Cham 2020. p. 39–44. https://​doi.​org/​10.​1007/​978-3-030-48890-1.

	68.
Ohashi H, Ostry D. Neural development of speech sensorimotor learning. J Neurosci. 2021;41(18):4023–35.PubMedPubMedCentral

	69.
Pennington B, Willcutt E, Rhee S. Analyzing comorbidity. In: Pennington B, Willcutt E, Rhee S, editors. Advances in child development and behavior V. 33. New York: Academic; 2005. p. 263–304.

	70.
Perani D, Saccuman M, Scifo P, Anwander A, Spada D, Baldoli C, et al. Neural language networks at birth. Proc Natl Acad Sci. 2011;108(45):16056–61.PubMedPubMedCentral

	71.
Reilly S, McKean C, Morgan A, Wake M. Identifying and managing common childhood language and speech impairments. Br Med J. 2015;350.

	72.
Shiller D, Gracco V, Rvachew S. Auditory-motor learning during speech production in 9-11-year-old children. PLoS One. 2010;5(9):e12975. https://​doi.​org/​10.​1371/​journal.​pone.​0012975.

	73.
Shprintzen R. Genetics, syndromes, and communication disorders. San Diego: Singular Publishing; 1997.

	74.
Shriberg L, Aram D, Kwiatkowski J. Developmental apraxia of speech: I. Descriptive and Theoretical Perspectives/. J Speech Lang Hear Res. 1997;40:273–85.PubMed

	75.
Shriberg L, Fourakis M, Hall S, Karlsson H, Lohmeier H, McSweeny J, et al. Perceptual and acoustic reliability estimates for the Speech Disorders Classification System (SDCS). Clin Linguistics Phonetics. 2010;24(10):825–46.

	76.
Shriberg L, Fourakis M, Hall S, Karlsson H, Lohmeier H, McSweeny J, et al. Extensions to the Speech Disorders Classification System (SDCS). Clin Linguistics Phonetics. 2010;24(10):795–824.

	77.
Shriberg L, Paul R, Black L, van Santen J. The hypothesis of apraxia of speech in children with autism spectrum disorder. J Autism Dev Disord. 2011;41:405–26.PubMedPubMedCentral

	78.
Shriberg L, Potter N, Strand E. Prevalence and phenotype of childhood apraxia of speech in youth with galactosemia. J Speech Lang Hear Res. 2011;54:487–519.PubMed

	79.
Shriberg L, Strand E, Fourakis M, Jakielski K, Hall S, Karlsson H, et al. A diagnostic marker to discriminate childhood apraxia of speech from speech delay: I. Development and description of the pause marker. J Speech Lang Hear Sci. 2017:1096–117.

	80.
Shriberg L, Strand E, Fourakis M, Jakielski K, Hall S, Karlsson H, et al. A diagnostic marker to discriminate childhood apraxia of speech from speech delay: II. Validity studies of the pause marker. Speech Lang Hear Res. 2017;60(4):S1118–S1134. https://​doi.​org/​10.​1044/​2016_​JSLHR-S-15-0297.

	81.
Shriberg L, Strand E, Jakielski K, Mabie H. Estimates of the prevalence of speech and motor disorders in persons with complex neurodevelopmental disorders. Clin Linguist Phon. 2019;33(8):707–36. https://​doi.​org/​10.​1080/​02699206.​2019.​1595732.CrossrefPubMedPubMedCentral

	82.
Slušná D, Rodríguez A, Salvadó B, Vicente A, Hinzen W. Relations between language, non-verbal cognition, and conceptualization in non-or minimally verbal individuals with ASD across the lifespan. Autism Dev Lang Impair. 2021;6:1–12.

	83.
Smol T, Thuillier C, Boudry-Labis E, et al. Neurodevelopmental phenotype associated with CHD8-SUPT16H duplication. Neurogenetics. 2020;21:67–72.PubMed

	84.
St. Louis K, Ruscello D. Oral Speech Mechanism Screening Examination-Third Edition. Austin: Pro-Ed, Inc.; 2000. ISBN-0-8391-1665-9

	85.
Stein C, Benchek P, Miller G, Hall N, Menon D, Freebairn L, et al. Feature-driven classification reveals potential comorbid subtypes within childhood apraxia of speech. BMC Pediatr. 2020;20:519–30.PubMedPubMedCentral

	86.
Stevens K. Acoustic Phonetics. Cambridge: MIT Press; 1999.

	87.
Strand E. Appraising apraxia. The ASHA Leader. 2017;22:50–8.

	88.
Strand E, McCauley R. Dynamic Evaluation of Motor Speech Skill Manual. Baltimore: Brookes Publishing; 2019.

	89.
Strand E, McCauley R, Weigand S, Stoeckel R, Baas B. A motor speech assessment for children with severe speech disorders: reliability and validity evidence. J Speech Lang Hear Res. 2013;56:505–20.PubMed

	90.
Tambyraja S, Farquharson K, Justice L. Reading risk in children with speech sound disorder: prevalence, persistence, and predictors. J Speech Lang Hear Res. 2020;63:3714–26.PubMed

	91.
Terband H, Maassen B, Guenther F, Brumberg J. Auditory-motor interactions in pediatric motor speech disorders: neurocomputational modeling of disordered development. J Commun Disord. 2014;47:17–33.PubMedPubMedCentral

	92.
Thoonen G, Maassen B, Gabreëls F, Schreuder R, de Swart B. Towards a standardized assessment procedure for developmental apraxia of speech. Eur J Disord Commun. 1997;32:37–60.PubMed

	93.
Tourville, J. (n.d.) Neural mechanisms underlying auditory feedback control of speech. [Doctoral dissertation, Boston University]. https://​sites.​bu.​edu/​guentherlab/​files/​2016/​09/​Tourville_​Dissertation.​pdf

	94.
Tremblay P, Deschamps I, Gracco V. Neurobiology of speech production: a motor control perspective. In: Hickok G, Small S, editors. Neurobiology of Language. Boston: Academic Press; 2016. p. 741–50.

	95.
Turner SJ, Mayes AK, Verhoeven A, Mandelstam SA, Morgan AT, Scheffer IE. GRIN2A: an aptly named gene for speech dysfunction. Neurology. 2015;84:586–93.PubMedPubMedCentral

	96.
Vargha-Khadem F, Gadian D, Copp A, Mishkin M. FOXP2 and the neuroanatomy of speech and language. Nat Rev Neurosci. 2005;6:131–8.PubMed

	97.
Vargha-Khadem F, Passingham R. Speech and language deficits. Nature. 1990;346:226.

	98.
Vargha-Khadem F, Watkins K, Alcock K, Fletcher P, Passingham R. Praxic and nonverbal cognitive deficits in a large family with a genetically transmitted speech and language disorder. Proc Natl Acad Sci. 1995;92:930–3.PubMedPubMedCentral

	99.
Vargha-Khadem F, Watkins K, Price C, Ashburner J, Alcock K, Connelly A, et al. Neural basis of an inherited speech and language disorder. Proc Natl Acad Sci. 1998;95:12695–700.PubMedPubMedCentral

	100.
Wan C, Marchina S, Norton A, Schlaug G. Atypical hemispheric asymmetry in the arcuate fasciculus of completely nonverbal children with autism. Ann N Y Acad Sci. 2012;1252:332–7.PubMedPubMedCentral

	101.
Werwach A, Mürbe D, Schaadt G, Männel C. Infants’ vocalizations at 6 months predict their productive vocabulary at 1 year. Infant Behav Dev. 2021;64:101588.PubMed

	102.
Wilson E, Abbeduto L, Camarata S, Shriberg L. Speech and motor speech disorders and intelligibility in adolescents with Down syndrome. Clin Linguistics Phonetics. 2019;33(8):790–814.

	103.
Zappa G, LoMauro A, Baranello G, Cavallo E, Corti P, et al. Intellectual abilities, language comprehension, speech, and motor function in children with spinal muscular atrophy type 1. J Neurodev Disord. 2021;13(9):1–11.



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		The importance of deep speech phenotyping for neurodevelopmental and genetic disorders: a conceptual review


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/11689_2022_9443_Fig2_HTML.png
Basal Ganglia
Frontal Aslant Trac

Putamen
Globus Pallidus
(internal segment)

Thalamus (medial dorsal an

d
ventral anterior nuclei)

Broca’s Area

Wernicke’s Area






OEBPS/images/11689_2022_9443_Fig3_HTML.png
Feedforward

Control
Subsystem Feedback Control Subsystem
SPreLr Uy . Somato.sensnry target region
(Left Ventral Premotor Cortex) | Auditory target region
3 M Somat ry Error Map
(Somatosensory Cortex)
Cerebellum
I_ Auditory Error Map
Feedforward TRzl (Auditory Cortex) Somatosensory State Map
commands @ T (Somatosensory Cortex)
0,01 Articulatory Motor Map Auditory State Map ﬁ
’ (Primary Motor Cortex) (Auditory Cortex)

To articulatory
musculature

via subcortical @

nuclei

Auditory feedback via
subcortical nuclei

w«"}' ¥ —

Somatosensory feedback via subcortical nuclei





OEBPS/css/envelope.png





OEBPS/images/11689_2022_9443_Fig1_HTML.png
Speech Sound Disorders

Organic
Developmental or

Functional

No known
cause

e Articulation - Motor/
motor aspects Neurological

Sensory/

Perceptual
® Phonology -
linguistic aspects

® Execution ® Hearing

(Dysarthria) impairment
® Planning Audi

: L
(Apraxial ® Cleft palate/other 3 |torY
: . processing
orofacial anomalies

e Fluency

® Somatosensory

(Stuttering) ® Structural deficits due )
processing

to trauma or surgery





OEBPS/css/sidebar.gif





