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Abstract 

The autism spectrum comprises a substantial 30% of individuals said to be non- or minimally 

verbal. While these produce no phrase-speech by definition, they often do vocalize. However, 

their exact vocal repertoires remain unknown. The present study aimed to advance on this front 

by developing a new annotation scheme for nine such individuals, adapting categories used to 

profile pre-verbal neurotypical children. In a second step, vocalization variables were related 

to microstructural metrics (fractional anisotropy, FA, and myelin water fraction, MWF) of a 

crucial white-matter speech-related tract, the arcuate fasciculus (AF). Results revealed that at 

a group level, participants produced significantly more syllabic, or speechlike, than non-

syllabic vocalizations. The proportion of words marginally exceeded that of word 

approximations. Furthermore, the vowel and consonant repertoire resembled that of 

neurotypical infants. There were no significant correlations between vocalization and either 

FA or MWF in the AF. These new findings refute the expectation that vocalizations in 

individuals with NMVA are predominantly non-speech-like and substantiate the need to look 

for the neural basis of NMVA also in non-speech-related language territory in the brain. 
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1. Background 

1.1. The linguistic phenotype of non-verbal and minimally verbal autism spectrum 

disorder (NMVA)  

Humans have an innate ability to perceive and produce speech as a result of complex neural 

and biological endowments, not fully replicated in non-human primates (Dehaene-Lambertz et 

al., 2006; Oller et al., 2019; Peter 2013; Kent 2022;); yet there are some individuals with rare 

and common neurodevelopmental disorders in which speech and language fail to develop. One 

such phenotype with highly heterogeneous linguistic behavioral expression is autism spectrum 

disorder (ASD), composed of a subset estimated ranging from 25%-50% (Norrelgen et al., 

2015; Hus et al., 2007; Pickett et al., 2009) that will remain non- or minimally-verbal past 

school age (Norrelgen et al., 2015). While definitions and criteria for what constitutes non- or 

minimally verbal are mixed in literature and research (for a review of definitions of non- and 

minimally-verbal ASD see Koegel et al., 2020), those diagnosed with non- or minimally verbal 

autism (herein referred to as NMVA) produce speech only amounting to a few words or fixed 

phrases by school age (Yoder and Stone 2006). Production deficits are not compensated for 

through other means such as gesture or prosthesis (La Valle et a., 2021; Gernsbacher 2004). 

Receptive language has also been found to be highly variable and impaired across the entire 

spectrum (Rapin et al., 2009) and in NMVA, may range from comprehension of single words 

to a few fixed phrases. Plesa Skwerer and colleagues (2016) found over half of minimally 

verbal ASD children tested on the Peabody Picture Vocabulary Test -4 (PPVT-4), a picture-

word matching test, were at floor or unable to reach baseline and ranged from 1.4 to 4 standard 

deviations below the mean of the average neurotypical score. In a study comparing linguistic 

and cognitive profiles of yoXngsWers and adXlWs ZiWh NMVA, SlXãni and colleagXes (2021) 

sample fell 2 standard deviations below the neurotypical average on the PPVT-3. Moreover, 

receptive language ability not only correlated with, but predicted, expressive language ability 
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in both demographics. This expressive and receptive profile was found to be similar across 

both age groups, suggesting that the linguistic profile of NMVA is unlikely to change over the 

coXrse of Wime (SlXãni eW al., 2021). 

 Physical impairment cannot fully elucidate the linguistic confounds in NMVA, as 

gestures and/or prosthetic devices that might aid in signing or written communication do not 

appear to assist such cases. In the case of non-verbal ASD, the auditory network, perception 

and processing remain largely intact ± even showing leftward lateralization as with 

neurotypical infants, although lowered Blood Oxygen Level Dependent responses to speech 

stimuli have been detected (SlXãni 2021; Dehaene-Lambertz et al., 2002; Linke et al., 2021). 

Responses to speech-based stimuli ASD were documented to be the same as with typically 

developing controls (Schwartz et al., 2018), indicating that no deficits have been found yet that 

can explain such severely impacted language by means of a deconstructed phonological loop. 

Recent research has expounded upon a small subgroup within NMVA suffering from oro-

motor deficits including childhood apraxia of speech (CAS) and dysarthria (Chenausky et al., 

2019; Tierney et al., 2015). Dysarthria, a neuromuscular disorder affecting muscle tone in the 

jaw and subsequently the coordination and movement needed to verbalize, does not serve as a 

sole explanatory factor for even expressive language problems, as the little language that those 

with NMVA produce also lacks substantial referentiality (Hinzen et al., 2019). The same can 

be said for CAS, a developmental speech-sound disorder, which impedes articulatory precision 

and control (ASHA 2007; Chenausky et al., 2017). Both diagnoses fall short of illuminating 

the global linguistic impairment in NMVA: vocabulary acquisition, arbitrary semantic usage, 

the inability to communicate via signed or written modalities and hindered receptive language. 

Nevertheless, it is difficult to exclude any rationale for atypical linguistic outcomes in NMVA, 

as the disorder is characterized by an extremely high rate of comorbidities. Levy et al. (2010) 

collected data on 2,568 diagnosed ASD individuals and observed that 82.7% suffered from 
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other comorbidities including unrelated developmental diagnosis, psychiatric diagnosis, 

neurologic diagnosis and a contributing genetic diagnosis.  

The primary aim of this thesis is to characterize developmental outcomes in speech 

production in NMVA through a detailed phonological analysis. Building a phonological 

repertoire of NMVA presents a formidable challenge, as these adults, teenagers and children 

whose vocalizations most resemble pre-verbal infants, still remain functionally different in 

their speech production. Nonetheless, what is known about the neuroW\pical infanW¶s paWhZa\ 

towards the heralded first words can inform the foundations of an annotation scheme developed 

to describe the vocalizations of NMVA.  

 

1.2. The trajectory towards first words 

While the pathway to speech is invisible to the naked eye, it is a long and intensive process that 

begins after fertilization. During gestation, a fetus is harbored in an auditorily and acoustically 

diverse space that provides input from external noise and voicing (Peter 2013). Auditory 

perception develops around the second trimester, as detected by fetal movement and brain 

responses to auditory stimuli (Hepper and Shahidullah 1994; Draganova et al., 2007). Lower 

frequencies like vowels and voiced consonants, are first more permeable to the fetus in 

comparison with higher frequency voiceless consonants (Gerhardt and Abrams 2000). The 

perisylvian region responsible for crucial language processes, including the inferior frontal lobe 

and temporal lobe, are discernable at 6 months gestational age (Mahmoudzadeh et al., 2013). 

AW birWh, Whe infanW¶s respiraWor\ s\sWem Zill make iWs firsW ingressiYe-egressive sequence in 

order to let out their first advancement in linguistic development that also serves as an 

important sign of life, immediately after birth  � the cry, which is already shaped by exposure 

to prosodic features of the ambient language (Mampe et al., 2009).  
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 Around 2 to 4 months of life protophones emerge, i.e. pre-speech vocalizations (Oller 

et al., 2019), in corresponding order to the aforementioned sound frequencies that permeated 

the in-utero environment. These vocalizations will steadily increase in articulatory and acoustic 

complexity, or become more speechlike (Oller 2000), coinciding with social, vocal tract and 

neurological maturation. Phonated protophones will emerge first, as the teeth and other 

articulatory structures, which are needed to form articulated and syllabic vocalizations, are 

absent or not yet in their adult-like position (Peter 2013). Infants will begin with vowel-like, 

or vocalic, sounds, and later consonant-like, or closant sounds (McLeod and Bleile 2003). The 

quasivowel, a foundational phonated protophone crucial for later canonical babbling and 

speech, emerges soon after birth and has been found to be longer in duration in infants with 

severe disorders (Lynch et al., 1995). From 6-8 months, myelination of the left hemisphere 

frontal and temporal lobes, which are key language regions, rapidly occurs and will parallel the 

Wiming of langXage acqXisiWion (PXjol eW al., 2006). The YarieW\ of an infanW¶s Yocal reperWoire 

at this stage has also been found to predict their productive vocabulary at 1 year (Werwach et 

al., 2021). As vocalizations become more tactile and exploratory, infants are able to realize the 

motor-speech representations of their target language (Schoen et al., 2011), which culminate 

in the long-awaited period of canonical babbling, a syllabic consonant-vowel or vowel-

consonant vocalization with a quick transition and timing that resembles mature speech, 

usually emerging around 7 months of age. Anomalous canonical babbling has been found to 

serve as a potential early identification of normally late detected developmental disorders 

(Lang eW al., 2019). LikeZise, Whe laWe onseW of canonical babbling and Whe si]e of a child¶s 

phonetic repertoire have been found to be clinically significant (Eilers and Oller 1994; Davis 

& Velleman 2000).  

By the end of an infanW¶s firsW \ear of life, neXroW\pical infanWs Zill haYe acqXired Whe 

phonetic repertoire of their native language (Dehaene-Lambertz et al. 2006; Werker and Tees 
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1984). The first words will appear between 12 months to 18 months, coinciding with white 

matter maturation of multiple language-related areas including the superior temporal gyrus, as 

measured by Fractional Anisotropy (FA) and Myelin Water Fraction (MWF) (Su et al., 2008; 

Deoni et al., 2015). FA is a blanket measure of microstructural integrity of white matter that 

has been shown to parallel myelination in the first year of life and increase continuously 

through young adulthood (Gilmore et al., 2018). MWF, as with FA, is a microstructural marker 

more sensitized to myelin alone, and in a cohort of infants and young children ages 2 months 

to 48 months, demonstrated a significant relationship to receptive and expressive language 

ability over other cognitive measures (O¶MXirchearWaigh eW al., 2014). 

In a dual stream language model (Hickock and Poeppel 2004) one such dorsal white 

matter tract, the arcuate fasciculus (AF), matures in microstructure enabling advancement in 

phonological awareness, vocabulary knowledge and the fine-tuning of language exposure via 

conversational turn ± all of which lead to increased language skills seen at 4 to 5 years old (Zuk 

et al., 2021; Saygin et al., 2013; Skeide et al., 2016; Romeo et al., 2018). From kindergarten 

until 8 years of old, age-related microstructural changes to the AF can predict receptive and 

expressive language. Beyond childhood, the AF has been implicated in a compendium of 

speech functions including speech repetition, improvised speech, and sound perception to 

articulatory movement (Catani et al., 2005; Saur et al., 2008). 

 

Figure 1. Two Diffusion Tensor Imaging (DTI) depictions of the AF: a lateral view of the left 

AF (left), and an axial view of the bilateral AF (right). 
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Note. Anatomically, the AF connects the perisylvian areas of the temporal, parietal and frontal 

lobes (Catani and Thiebaut de Schotten 2008). DTI images, as with above, are color coded by 

directionality of the fiber bundles: posterior- anterior in green; superior-inferior in blue; left-

right in red. 

 

1.3. The pre-linguistic stage and eventual language outcomes in ASD and NMVA 

Diagnosis of any form of ASD often occurs around four years old (Maenner et al., 2020), as 

there are no associative physical characteristics that serve as an early warning sign. The first 

warning signs are often exhibited by atypical vocalization patterns observed by parents towards 

the end of the first year of life, as well as neurofunctional deviances (Marschik et al., 2017). 

An infant vocalization profile on the NMVA phenotype remains elusive; however, existing 

work on ASD can inform what might be expected in the non- or minimally verbal population. 

  In a home-based longitudinal study, DeVeney and colleagues (2021) revealed no 

significant findings for frequency of vocalizations, frequency of speechlike vocalizations, 

consonant inventory, non-speechlike vocalizations or percent of canonical syllables between 

infants at high and low risk for ASD at 6 months of age; however, at 12 months the low risk 

surpassed the high-risk group in vocalization rate, but did not notably differ on other measures. 

This same progression was confirmed by an additional longitudinal study also observing 

disparities at 12 months between risk groups, not at 6 months, which correlated with diagnosis, 
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receptive and expressive language outcomes and autism severity (Plate et al., 2021). Infants 

later diagnosed with ASD were late and less frequent canonical babblers (Cychosz et al., 2021) 

at 9 to 12 months in comparison with typically developing infants (Patten et al., 2014). 

Babbling in typically developing infants and those with ASD can predict expressive language 

ability (McDaniel et al., 2018), vocabulary size at 18, 24 and 30 months as well as receptive 

vocabulary at 12 and 18 months (Oller 199; Sheinkopf et al., 2000; Mitchell et al., 2006).  

In one study of minimally verbal children ranging from 2 to 4 years old, consonant 

inventory and intentional communication were two predictors of expressive language growth; 

predictors of receptive vocabulary growth also included intentional communication, but not 

consonant inventory (Yoder et al., 2015). In a slightly older cohort of minimally verbal children, 

from 2 to 5 years years old, consonant inventory also correlated with later expressive language 

levels, but not receptive, as well as phonetic repertoire and alphabet score (Saul and Norbury 

2020). Building on Broce¶s and colleagXes (2015) Zork on Whe AF, Chenausky et al., (2017) 

assessed these two tracts in relation to speech and fluency in ten minimally verbal children. 

Speech fluency fractional anisotropy (FA) values correlated with the left AF predicted initial 

consonants correct in imitated speech. In a volume-based metric, a measure purported to reveal 

macrostructural properties white matter, 5 non-verbal children displayed right lateralization of 

the AF as opposed to left lateralization in typically developing controls (Wan et al., 2012). 

Today research within the NMVA population still remains at the precipice and a 

primary research need. Recruitment remains a particular hurdle, which results in small sample 

sizes as seen in Chenausky and colleagues (2017) and Wan and colleagues (2012). 

Standardized tests have posed a difficulty to administer and adapt to NMVA (Chenausky et al., 

2021), therefore, it can be assumed that further difficulties may arise even in a semi-structured 

evaluation such as the Autism Diagnostic Observation Schedule (ADOS; Lord et al., 2012). 

The ADOS is a play-based session in which an examiner assesses the social, communicative 
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and embodiment skills of those suspected of having NMVA or broader ASD diagnosis. Even 

in a semi-structured assessment such as the ADOS, the known social and pragmatic deficits 

that underscore the entire spectrum of this disorder (Tager-Flusberg et al., 2009), NMVA 

individuals may relate to both the examiner and environment in a highly atypical manner that 

inherently make any observation and/or classification challenging.  

 

1.4. Study aims 

This study aims to shed more light on the vocalization profile of children and adolescents with 

NMVA. While research has waded into phonetic and lexical aspects of this phenotype as 

reviewed above (Chenausky et al., 2019; Saul and Norbury 2020), the variation and rate of 

vocalizations of different types remain unknown. At both the phonetic and lexical level, there 

is no current research to my knowledge about the types and tokens of the words and word 

approximations NMVA youths spontaneously produce, or what vowels and consonants are 

present in them. Following compelling evidence regarding the involvement of the AF in typical 

speech development in children and correlations with later linguistic outcomes (Broce et al., 

2015; Zuk et al., 2021) along with emerging research on the AF in minimally verbal autism 

(Chenausky et al., 2017), this study also aimed to elucidate vocal variation within NMVA in 

relation to the AF¶s microstructural markers using FA and WMF. 

 

1.5. Research questions 

With these aims in mind, the following research questions were formed. The first four questions 

will be addressed through annotating and compiling a vocal repertoire of NMVA; the last 

question will be addressed by relating measures of the vocal repertoire with FA and MWF 

values of the left and right AF. 

1. What are the proportions of speechlike to non-speechlike vocalizations in NMVA?  
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2. Do the more pre-speech associated protophones, quasivowels and canonical syllables, 

correlate with word approximations and words?  

3. How many types and tokens of word approximations and words are produced by each 

subject and what are the vowels and consonants present in them? 

4. How do measures of the vocal repertoire of NMVA map onto measures of white matter 

integrity in the AF? 

 

2. Study 1: The vocal repertoire of 9 youths diagnosed with NMVA 

2.1. Methods 

2.1.1. Participants  

The subjects were 9 NMVA youths, all of whom had previously participated in a study by 

SlXãni (2021) and recruited from special schools and daily centers in Barcelona, Spain. At the 

time of initial data collection, inclusion criteria in SlXãni (2021) included: (a) a previous parent 

or center reported ASD diagnosis; (b) absence of functional speech, defined as no words, single 

words or simple fixed phrases as determined by parental, school or center reports and in line 

with professional ASD classification; (c) no compensation for lack of speech with written or 

sign language modalities within Whe parWicipanW¶s home or some other context. 

After inclusion criteria were met, all sXbjecWs¶ ASD diagnosis was re-assessed using 

Module 1 Preverbal/Single Words of The Autism Diagnostic Observation Schedule 2nd Edition 

(ADOS-2; Lord et al., 2012) for those 30+ months of age, or The Adapted ADOS (A-ADOS; 

Bal et al., 2020) for those 13+ years old, as well as The Autism Diagnostic Interview-Revised 

(ADI-R; Rutter et al., 2003). Use of both the ADOS-2 or A-ADOS together with the ADI-R 

have been found to achieve a highly accurate diagnosis in research settings (Lebersfeld et al., 

2021). The ADI-R is a primary caregiver-directed interview that separates ASD from 

symptoms of other pervasive developmental disorders; individuals not found to produce 
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flexible 3-word phrases are described as minimally verbal. The expressive speech ability of all 

subjects was based on ADOS Item A1 which takes into account spontaneous speech with 

communicative intent that is non-echolalic in nature. A binary classification was made deeming 

speech production as few-to-no-words (FNW) or some-words (SW). Subjects producing few 

to no words had less than five types of words or word approximations during the ADOS session, 

and those with some words produced more than five types of words or simple phrases. Subject 

#7 was fluently echolalic and Subject #6 also had a comorbid genetic disorder (22q11.2 

deletion syndrome). Table 1 shows the demographics of participants (N=9); where there exists 

a dash data was either unreported by the primary caregiver or not applicable.  

 

Table 1. Vocal repertoire participant demographics. 

Subject Age in 
Months 

Gender Age at 
ADOS 
Testing 

Handedness Age of 
First 

Words 

ADOS 
Score 

ADOS 
Speech 
Level 

1 98 M 98 L - 15 SW 
2 129 M 129 R 30 18 SW 
3 201 F 201 R 36 22 SW 
4 117 M 117 R 24 23 FNW 
5 100 F 100 - - 22 FNW 
6 131 F 131 R - 14 FNW 
7 170 M 170 R 96 19 FNW 
8 102 M 102 R - 13 FNW 
9 116 M 116 R 18 19 FNW 

 

 

 2.1.2. Annotation scheme design 

An annotation scheme developed by Buder, Warlaumount and Oller (2013) characterizing the 

volitional and communicative vocalizations of typically developing infants was adapted for use 

in clinical cases as with NMVA. The original scheme reflects how infant protophones become 

increasingly speech-like over the first year of life before the onset of words, reaching a peak 

that results in articulated, syllabified and well-timed utterances that blend vocalic and closant 
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elements. Reflexive vocalizations including burps, sneezes, coughs, hiccups and yawns were 

excluded from final coding as they do not provide insight into intentional communication 

through speechlike vocalization, but are merely uncontrolled responses to physiological 

functions (Kent 2022); however, they were included in the bifurcated annotation scheme in 

order to provide a comprehensive overview of vocalizations and guide for the annotation 

process. In Whe adapWed design, cerWain proWophones sXch as Whe ³goo,´ ³raspberr\,´ ³marginal 

babbling´ and ³canonical babbling´ Zere renamed as quasiclosant, bilabial vibrant, marginal 

syllables and canonical syllables respectively, in order to reflect the biological maturity of 

participants past 18 months of age, the time when typically developing children have acquired 

word-level speech. Another proWophone, ³fXsses,´ Zas remoYed enWirel\ for Whe same reasoning 

and the grunt was moved from the reflexive to the volition category. One protophone was 

created for the scheme, the closant, which will be discussed in detail in the following 

paragraphs. Protophones were organized in descending order by post-natal range of onset, 

although this can vary greatly due to a myriad of factors not discussed here.   

 Within the principal branch of interest titled volitional are phonation and articulation, 

the latter category being further divided into non-syllabic and syllabic types. Phonated 

protophones are the earliest and most rudimentary vocalizations, produced by the rapid 

expansion and contraction of the vocal cords coupled with voicing, resulting in vocalic sound 

energy. While articulators modulate movement of the vocal tract and airflow unobstructed, 

sound can also be forced through the nasal cavity which results in nasalization, or damping.

 The first vocalization within the phonation branch is the cry; it can be coupled with a 

sad, angry or fearful affect conveying distress (Oller et al., 2021) as with the yell, a higher 

pitched phonatory vocalization that appears around 4 months to 6 months of age. Quasivowels 

emerge shortly after a cry, around 3 months of age, and can precede or coincide with yells. 

This particular vocalization is produced with a neutral oral cavity whereby unimpeded airflow 
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creates a short, quiet sound that possesses temporal aspects of adult speech (Oller 2000). Full 

vowels can have the same onset time as quasivowels, but are intentionally postured, sounding 

much like an isolated vowel, and emitted with greater force. Squeals and growls are on 

conWrasWing ends of Whe piWch range; sqXeals are WZice as high as one¶s normal piWch regisWer and 

often with excitement or other positive emotional states, whereas growls are lower than a 

normal pitch register with a harsh or coarse quality. The grunt, with a highly variable onset 

from around 3 months to 16 months old, was counted as a volition vocalization due to the 

communicative intent that can be conveyed, such as displeasure or a bid for attention. 

Bordenave and Mccune (2021) found non-verbal children with disabilities used grunts in a 

more communicative fashion than their typically developed peers, while children with pre-

linguistic language levels (level lower than 9 months) did not produce any communicative 

grXnWs. Robb eW al. (2019) also characWeri]ed an infanW¶s e[ercise in lar\ngeal resWricWion, 

necessary to produce a grunt, as a necessary precursor to phonetic skillset. The final phonated 

vocalizations, the whisper and ingressive or ingressive-egresive sequence, lack vocal fold 

vibration and are primarily descriptive of the orientation of airflow via the lungs. Whispers are 

created with expanded vocal folds with agitated phonation resulting in a hushed speech sound; 

an ingressive sequence is gasping of air towards the lungs, as if to communicate shock or 

surprise; and lastly, the ingressive-egressive sequence is an in-out motion of air emanating 

from the lungs that can be quick or paced in timing. 

 Articulated vocalizations are, as the name suggests, a configuration of airflow by the 

articulators (lips, alveolar ridge, hard palate, soft palate, larynx, pharynx) that result in a closant 

sound when not syllabified, or a closant-vocalic blend when syllabified. Non-syllabic 

protophones include the bilabial vibrant, click, quasiclosant and closant. At around 3 months 

old, vocalizations such as the bilabial vibrant, formerly the raspberry, and click appear. Both 

protophones allow for somatosensory and proprioceptive feedback crucial for more complex 
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speech mechanisms (Kearney and Guenther 2019). The bilabial vibrant is a trill of the lips, 

whereas in the click, the tongue body or tip connects with the hard palate and negative pressure 

is then released from the oral cavity. The quasiclosant, a goo in the original annotation scheme, 

and closant are parallel to the quasivowel and full vowel; the first being the more neutral and 

primitive consonant, while the following is stronger in phonatory energy and more clearly 

articulated. In the final branch, phonatory control, vocalic and closant sounds, somatosensory 

exploration and increasing motor skill culminate in the most advanced section of the vocal 

repertoire - syllabic vocalizations. 

 S\llabic Yocali]aWions mark a significanW milesWone in an infanW¶s vocal scheme, as there 

is evidence that syllabification of speech sounds not only rely on growing neural circuitry, but 

external learning. Caregivers may engage more with infants that produce syllabic vocalizations, 

as they are more speechlike in nature; this interaction signals to the infant that producing this 

salient vocalization type results in increased social and auditory feedback (Warlaumont and 

Finnegan 2016). The glottal stop sequence, which can appear at birth, is an opening and closing 

of the glottis that abruptly impedes phonatory airflow; this particular protophone serves as a 

primer for later plosive consonants. Marginal syllables arrive around 3 months to 5 months of 

age, and like quasivowels and quasiclosants, are an underdeveloped variant of canonical 

syllables that follow. Marginal syllables are composed of a CV or VC shape with a slow 

trackable onset and apparent transition within the syllable. The canonical syllable stage has 

been reached once infants produce the same shape with a quick onset and rapid transition C 

and V or V and C, usually around 7 to 10 months of age. Canonical syllables can be variegated, 

with two different syllable shapes occurring next to one another, or reduplicated, two of the 

same shape occurring in tandem; however, in this scheme mono and multisyllabic shapes of 

any form were counted as a single marginal or canonical syllable. Finally, around 12 to 18 

months old children will utter their first words, or a whole phonemically understood part of 
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speech with complete and easily understood phonetic elements in the native language. 

Throughout this period infants in their burgeoning vocal capacity might produce word 

approximations, or a combination of consonants and vowels that are apparent attempts to 

articulate a normal word in their native language (McCurry and Irwin 1953). The full 

annotation scheme used for this study can be found in Appendix A.  

 

2.1.3. Coding criteria 

The following coding protocols were established prior to any data annotation, based on the 

BXder, WarlaXmonW and Oller¶s (2013) scheme. Of oYerarching imporWance Zas for Whe raWer 

to make all coding decisions based on the parWicipanW¶s Zillingness Wo vocalize in a 

communicative manner. In some circumstances, reflexive vocalizations such as a cough, grunt 

or ingressive sequence can be produced with force in the absence of a biological function, 

which required the coder to look at communicative context to determine whether vocalizations 

such as these warrant coding. The rater was required to make coding judgements in line with 

their immediate auditory perception; that is to say if there was a conflict regarding whether a 

vocalization was a growl or grunt, the rater would elect to choose the vocalization type based 

on their first impression (Buder et al., 2013). If two protophones were uttered within the same 

temporal period, the more salient and complex vocalization was coded; for example, if the rater 

heard both a squeal and full vowel, the full vowel would be coded over the squeal as it is the 

more communicatively advanced vocalization. A spectrogram was relied upon for marking 

temporal boundaries of a vocalization, or to make a determination between two competing 

coding possibilities.  

 Other protocols were created spontaneously during the annotation process. A forced 

coding procedure was adopted, as many vocalizations, regardless of whether phonated or 

articulated, were so atypical in prosody that if auditory impression were relied on alone, the 
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majoriW\ of sXbjecWs¶ Yocali]aWions ZoXld be Woo difficult to classify. An unexpected 

vocalization that was not anticipated or included in the annotation scheme, but was present so 

much so that it warranted inclusion, was humming. Humming has been found to be a behavior 

characteristic of NMVA youths, but not those with verbal ASD (Schwartz et al., 2020) as a 

means of self-regulating in a noisy environment, although it can also communicate contentment 

and is nevertheless a vocalization. As such, it was annotated as a marginal syllable as it is 

s\llabified and inclXdes Yocalic soXnds folloZed b\ hXmmed nasal consonanWs /m/, /n/ and /ƾ/ 

(Gregg 2002). The singularly occurring glottal stop was also heard; however, inclusion of the 

glottal stop sequence required a separate coding measure for this vocalization. Due to 

properties such as syllabification and vocalic-closant elements, the singular glottal stop was 

coded as a marginal syllable as well. Finally, a note on the codification of word approximations 

and words. This study did not intend to analyze semantic use and comprehension, 

morphological competence or syntactic structure; therefore, any and all audible word 

approximations and words were annotated regardless of context, morphological or syntactic 

errors. Only clear phonological errors were annotated as word approximations, a clear example 

in Whe sample Zas Whe Zord ³jabyn´ being pronoXnced as ³jamyn.´ 

 

2.1.4. Materials 

Nine video recordings of ADOS semi-structure diagnostic sessions used for SlXãni (2021) were 

used for Study 1, with a mean run time of 31 minutes. Each video was saved in mp4 format 

and then converted into an mp3 sound only files using Audacity®: Free Audio Editor and 

Recorder (v3.1.3; The Audacity Team). The video and sound files were uploaded into the 

linguistic annotation computer software program ELAN (v6.3; Nijmegen: Max Planck Institute 

for Psycholinguistics, The Language Archive) for coding. A controlled vocabulary was created 

WiWled ³NMVA AnnoWaWion Scheme´ which included all vocalizations used in the annotation 
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scheme (both available in the appendix). The NMVA Annotation Scheme controlled 

vocabulary was linked to the ³VoliWional´ Wier only, so that once a time boundary was selected 

the rater could double-click within the boundary and choose the vocalization from the drop-

down list. SXbseqXenW Wiers inclXded ³Word Appro[imaWion,´ ³Word,´ ³VoZel´ and 

³ConsonanW,´ by once again marking the temporal boundaries of a new annotation, clicking 

and typing. Tiers and annotation examples can be seen in Figure 2. 

 

Figure 2. Annotation screen set up in ELAN.

 

 

2.1.5. Analysis 

2.1.5.1. Speechlike complexity across the group 

To answer the first research question regarding the proportion of speech-like vocalizations in 

NMVA, normalized values were calculated by subject using the total number of each category 

of interest, resulting in a positive or negative percentage out of 100. For example, to determine 

the percentage of more speechlike syllabic vocalizations in comparison with less speechlike 

non-syllabic vocalizations, the following formula was used: 

ͳ00 ൈ ቆ
Total syllabic vocalizations ሺxሻ െ Total nonsyllabic vocalizationsሺyሻ
Total nonsyllabic vocalizations ሺyሻ ൅ Total syllabic vocalizationsሺxሻቇ 
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This formula was used to obtain the production proportions for the following less speechlike 

to more speechlike vocalizations: phonation versus articulation, non-syllabic versus syllabic, 

marginal syllables versus canonical syllables and word approximations versus words. 

Normalized values were also checked for normality visually and by performing a Shapiro-Wilk 

test (phonation/articulation = p > 0.71; syllabic/non-syllabic = p < .001; marginal/canonical = 

p < .04; word approximation/word = p < .03). In order to see if a significant difference existed 

from the hypothesized median of 0, the one sample Wilcoxon Signed-Rank test was performed 

on non-parametric data. One-sample t-tests were performed on parametric data.  

 Next, to address the second questions of whether quasivowels and canonical syllables 

independently correlated with the total words and word approximations a subject produced, the 

total count of words and word approximations was input for each subject. Normality of total 

quasivowels and total canonical syllables were assessed visually and via a Shapiro-Wilk test 

(quasivowels = p < .03; canonical syllables = p < .004). A Pearson¶s correlaWion Zas rXn for 

age and total vocalizations to observe whether age might be an influence on the total number 

of vocalizations produced, thereby confounding further analysis; the correlation was not 

significant (p > .64). Since both data points were not normally distributed and a scatterplot of 

the data showed a monotonic relationship, a Spearman¶s correlation was selected.  

 

2.1.5.2. Vocal repertoire by subject 

A vocal repertoire including types, tokens, vowels and consonants, was created for each subject. 

Types and tokens were calculated manually within Microsoft Excel. Vowels and consonants 

were also compiled into an inventory manually based on the types and tokens uttered by each 

participant. A ratio calculation was done on each vowel and consonant to see the percentage 

each was produced out of all 9 subjects; vowels and consonants were first listed individually 

and then by height (for vowels) and manner of articulation (for consonants). Importantly, this 
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study did not seek to NMVA youths¶ phonetic repertoire, which would require a vowel or 

consonant to be present in the same position (initial, middle or final) in at least two different 

words (Stoel-Gammon 1985). Nor could it be reliably assessed whether NMVA individuals 

produce stable phonemes, as then the issue of semantic competence would arise which was not 

within the scope of this study. Therefore, any type or token and the vowels and/or consonants 

present in them were added to the inventory. 

 Statistical analyses were run in IBM SPSS Statistics Version 28.0, and all Shapiro-Wilk 

tests and violin plots (ggplot 2; Wickham 2016) were run in RStudio (RStudio Team 2022). 

 

2.2. Results 

2.2.1. Speechlike vocalizations  

Table 2 summarize the results of all statistical tests that were run in order to answer the primary 

research question of proportions of speechlike complexity in NMVA. It was observed that 

phonation did not differ significantly from articulation, t(8) = 1.51, p = .169. In terms of non-

syllabic and syllabic production, the group made significantly more syllabic than non-syllabic 

vocalizations, z = 2.24, p = .025; there was no statistically significant difference between 

marginal and canonical syllable production, z = -1.48, p = .14. The comparison of the 

proportions of word approximation and words, only reached marginal significance, t(8) = 2.13, 

p = .06. Figure 3 shows plots A-D which represent the percentage of one category produced in 

relation to the other. For the correlation analysis, results revealed that quasivowels, a 

foundational pre-speech vocalization, did not correlate significantly with total word 

approximations and words produced, rs(7) = -1.26, p = .74; however, canonical syllables, a 

speech-like vocalization that occurs later in the first year of life, were significantly correlated 

with total word approximations plus words produced, rs(7) = .69, p = .037.  
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Table 2. Results of the proportion and correlation analyses by test type and test item. 

Proportion 
Analysis One Sample T-Test 

CI of the 
Difference Effect Sizes 

Mean ± Standard 
Deviation t 

Two
-

side
d p 

Mean 
Difference 

95% 
CI 

Lower 

95% 
CI 

Upper 
Cohen's 

d 

95% 
CI 

Lower 

95% 
CI 

Upper 
Phonation 
Articula-

tion 

20.98 
± 

41.60 1.51 0.16 20.98 -10.99 52.96 0.504 -0.206 1.18 
Word 

Approx-
imations 
Words 

30.88 
± 

43.35 2.13 0.06 30.88 -2.43 64.21 0.71 -0.043 1.43 

One Sample Wilcoxon Signed-Rank Test 
                                  Standard Error Sig. z Median 

Non-syllabic  
Syllabic 7.14 .025* 2.24 81.36 

Marginal Syllables  
Canonical 
Syllables 8.44 0.14 -1.48 60.98 

Note. * indicates a significant result at p < .05. Spearman¶s correlaWion is omiWWed from Whe 

table as all values are reported in the text. 

 

Figure 3. Distribution of proportions produced of one vocalization type in relation to another. 

Mean + SE are shown. 
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Note. The y-axis is measured in positive or negative values out of 100 with 0 meaning equal 

proportions of two variables. Plot A. displays Phonation and Articulation; Plot B. displays Non-

Syllabic and Syllabic; Plot C. displays Marginal Syllables and Canonical Syllables; Plot D. 

displays Word Approximations and Words.  

 

2.2.2. Vocal repertoire  

Individual and group results of the vocal repertoire revealed that out of all the volitional 

vocalizations in the group (N = 2,585), only 8.47% were words and 3.4% were word 

approximations. Words also made up a majority of total tokens of word approximations and 

words produced for all subjects (N = 308) at 71.10%. Only Subject 1 and Subject 8 produced 

more word approximations than words; Subjects 5 and 6 produced no word approximations or 

words at all. Looking at the variation in production of word approximations and words across 

the group, 70.78% of word approximations tokens were of various types and word types made 

up 54.79% of all word tokens. 

All 5 vowels and 20 out of 21 consonants were represented within the entire group. The 

high vowel /i/ and mid vowel /e/ had the lowest occurrence, yet still present in over 50% of the 

entire group. The consonant /x/ was absent, and 9 consonants did not reach the 50% threshold: 

/c/, /d/, /f/, k/, /q/, /r/, /v/, /w/ and /z/. Sorted by manner of articulation, this amounts to 4 

plosives, 3 fricatives, 1 liquid and 1 glide. The lowest produced consonants, only reaching 22% 

of the group, were the plosive /k/, fricative /f/ and fricative /v/; at 33% were plosive /d/, fricative 

/z/ and glide /w/ and finally at 44% were plosive /c/, plosive /q/ and liquid /r/. Table 3 shows 

the vocal repertoire for each subject (N = 9), including total word approximation tokens and 

types, total word tokens and types as well as vowels and consonants. 
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Table 3. Vocal repertoire by subject.  

Subject Word 
Approximation 

Tokens 

Word 
Approximation 

Types 

Word 
Tokens 

Word 
Types 

Vowels Consonants 

1 24 9 16 7 a, o, u b, g, h, j, k, 
m, n, p, s, t, 

w, y 
2 12 10 53 34 a, e , i, 

o, u 
b, c, d, f, g, j, 
l, m, n, p, q, 
r, s, t v, y, z 

3 19 10 66 20 a, e , i, 
o, u 

b, c, d, g ,h, 
j, l, m, n, p, 
q, r, s, t, y, z 

4 0 0 1 1 i, o l, s , t 

5 0 0 0 0 - - 

6 0 0 0 0 - - 

7 24 24 66 45 a, e, i, 
o, u 

b, c, d, f, g, 
h, j, k, l, m, 

n, p, q, r, s, t, 
v, y, z 

8 5 5 3 3 a,e ,o, u b, h, j, m, n, 
w, y 

9 5 5 14 10 a, e, i, 
o, u 

b, c, g, h, l, 
m, n, p, q, r, 

s, t, y 
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3. Study 2: Relation of vocal repertoires to white matter integrity of the AF 

3.1. Methods 

3.1.1. Participants 

Participants were eight (N = 8) of the nine youths who participated in the first above study on 

vocal repertoires. Subject 5 did not return for MRI imagine and was therefore excluded from 

this portion; Subject 6 was diagnosed with co-morbid 22q11 deletion syndrome. Table 4 shows 

demographics of each participant. 

 

Table 4. Participant demographics for MRI imaging. 

Subject Age in Months Gender Handedness 
1 99 M L 
2 133 M R 
3 212 F R 
4 113 M R 
- - - - 
6 147 F R 
7 184 M R 
8 114 M R 
9 133 M R 
    

 

3.1.2. Diffusion MRI: data acquisition, preprocessing and estimation 

Diffusion MRI data were acquired for each participant using a 3T Ingenia CX scanner (Philips 

Medical Systems) located at the Hospital Sant Juan de Déu (Barcelona, Spain) with a standard 

32-channel head coil and the following sequence parameters: Field-of-view = 230x230 mm; 

voxel-size = 2.05x2.05mm2; repetition time (TR) = 10.1s; echo time (TE) = 102ms; flip angle 

= 90ၨ; nXmber-of-slices = 64; slice-thickness = 2.1mm;  number of averages = 1; acceleration 

factor = 2; number of shells = 2; b-values = 625, and 1250 s/mm2; number of diffusion gradient 

directions = 36; number of b0 (i.e., b-value=0) images = 3, plus 1 b0 with reverse phase to 

correct for spatial distortions. For each subject, the diffusion MRI data were corrected to 
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remove susceptibility, eddy-current, and head motion distortions using the topup (Andersson 

et al., 2003) and eddy (Andersson & Sotiropoulos, 2016) toolboxes in FSL 

(https://fsl.fmrib.ox.ac.uk/fsl/) (Smith et al., 2004). The FA metric was obtained from the 

computed diffusion tensors, which were estimated by using the dtifit program included in FSL. 

 

3.1.3. Multi-Echo T2 Relaxometry: data acquisition, preprocessing and estimation 

Multi-echo T2 (MET2) data were acquired for all participants during the same scanning session 

described in the previous section by using a gradient and spin-echo sequence (Prasloski et al., 

2012b) with the following parameters: Field-of-view = 240 × 230 mm; acquisition voxel-size 

= 3.5 × 3.5 mm2 , reconstructed voxel-size = 1.6 × 1.6 mm ; number of echoes = 32; echo-time 

spacing (ǻTE) = 8.38 ms; repeWiWion Wime (TR) = 8620 ms; e[ciWaWion pXlse = 900; refocusing 

pulses = 1800; number-of-slices = 40; slice-thickness = 3.5 mm; number of averages = 1; 

acceleration factor (SENSE) = 2; acquisition time = 8:37 min. 

The intra-voxel T2 distribution of relaxation times was calculated by using regularized 

non-negative least squares (Laule et al., 2007; Mackay & Laule, 2012) with a regularization 

term to promote smooth solutions that better represent the distribution expected from tissue 

microstructure (Mackay et al., 1994; Whittall et al., 1997) as described in (Guo et al., 2013). 

The estimation was carried out using the open-source multi-component T2 reconstruction 

toolbox (Canales-Rodrtguez et al., 2021a; Canales-Rodrtguez, Alonso-Lana, et al., 2021b; 

Canales-Rodrtguez, Pizzolato, et al., 2021c) available at 

https://github.com/ejcanalesr/multicomponent-T2-toolbox. The implementation is based on 

the extended phase graph (EPG) model (Prasloski, Mldler, et al., 2012) and uses a T2 discrete 

grid from 10-2000ms (Prasloski, Rauscher, et al., 2012) with p=60 T2 logarithmically spaced 

points. 
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From the estimated T2 distributions, the MWF was calculated as the area under the 

curve for T2 times smaller than the myelin water cutoff T2=40ms, normalized by the total area 

under the curve of the whole T2 distribution (Meyers et al., 2017). 

 

3.1.4. Tract segmentation 

Bundle-specific tractograms were generated using TractSeg (Wasserthal et al., 2018), an 

automatic machine learning algorithm that segments the WM into 72 bundles 

(https://github.com/MIC-DKFZ/TractSeg). It generates tract masks as well as tract orientation 

maps which enable the creation of accurate bundle-specific tractograms. For each subject, the 

mean FA and MWF values over the tract masks were estimated for the following language-

related tracts: the arcuate fasciculus (AF).  

 

3.1.5. Analysis of FA and MWF in the AF  

In order to answer the question of how vocal measures from the NMVA repertoire map onto 

the microstructure of the left and right AF, the analysis included two different metrics of white 

matter integrity, namely FA and MWF. Total articulation and total phonation were selected as 

the vocal measures of interest to map onto the AF metrics, which also related to the overarching 

question of speechlike complexity in NMVA. Additionally, utilizing these two main tiers from 

the coding scheme removed any confound in statistical testing, as other nested vocalization 

types may actually correlate or be predictive of one another.  

Fractional anisotropy (FA) is a Diffusion Tensor Imaging (DTI) metric based on the 

axonal diffusion of water molecules which serves as an informative marker of fiber 

organization and proxy of myelination (Johansen-Berg and Behrens 2013). FA is measured 

from 0 to 1; lower values signify highly isotropic diffusion and therefore lowered white matter 

integrity, while higher values indicate anisotropic diffusion corresponding with greater white 
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matter integrity (DiProspero et al., 2022). A multiple regression model was fit to predict 

whether total phonation and total articulation predicted FA values of the left AF, and then a 

second multiple regression was run with the same regressors, with the outcome variable 

changed to FA of the right AF. Taking into consideration SlXãni (2021; see also Kochunov et 

al., 2012) multi-tract discovery of FA values increasing with age in NMVA, including in the 

left and right AF, age was added as an additional regressor in the models. 

Myelin Water Fraction (MWF) is a measure of myelin water to total water; the former 

being defined as water between myelin bilayers (Laule et al., 2007). Correlation analyses were 

performed with total phonation and total articulation with MWF values of the left and right AF 

respectively. WMF values did not show any correlation with age in NMVA in the same sample 

(SlXãni 2021), and thus were not included in any correlation analysis. A Spearman¶s 

correlation was selected as linearity and normality could not be visually assessed with 

confidence and total articulation was not normally distributed; therefore, the assumptions 

needed to fit a regression model were not met. 

 The Shapiro-Wilk test was run in to assess the normality of total phonation (p = .05) 

and total articulation (p = .001). A Spearman¶s correlaWion for non-normally distributed data 

was performed on total phonation and total articulation to assess whether there would exist a 

confound in conducting multiple regressions on the FA values and vocal repertoire measures. 

The correlation was not statistically significant, rs(7) = .310, p = .417, hence no confound 

would limit running the multiple regression models for FA. 

 The Spearman¶s correlaWion and mXlWiple linear regression models Zere rXn in IBM 

SPSS Statistics Version 28.0 and Shapiro-Wilk tests in RStudio (RStudio Team 2022). 
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3.2. Results of FA and MWF in the AF 

For the left AF, the regressors were not significant predictors of FA values, F(3, 4) = 3.069, p 

= .153, adjusted R2 = .470. The model was significant for age only in the right AF, F(3, 4) = 

10.639, p = .022, adjusted R2 = .805.  

 The Spearman¶s correlaWion for Whe MWF YalXes did not reveal significant correlations 

between total articulation and the MWF of the left AF, rs(7) = -.023, p = .978, or the MWF of 

the right AF, rs(7) = -.395, p = .333. Nor did total phonation significant correlate with the MWF 

of the left AF, rs(7) = .467, p = .132, or the MWF of the right AF, rs(7) = .243, p = .756. 

 

Figure 4. FA masks over a T2 image of the brain showing a sagittal view of the left AF (left) 

and axial view of the bilateral AF (right). 
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4. Discussion 

The first portion of this thesis set out to characterize the vocal repertoire of individuals with 

NMVA, guided by an annotation scheme originally developed for neurotypical infants. In 

summary, results revealed that subjects produced more speechlike than non-speechlike 

vocalizations. Thus, when looking at pairs of distinctive non-speechlike and speechlike 

variables (phonation vs. articulation, non-syllabic vs. syllabic, marginal vs. canonical and word 

approximations vs. words), the non-speechlike vocalizations did not surpass speechlike 

vocalizations in any comparison. In fact, two speechlike vocalizations outweighed their non-

speechlike counterparts with full statistical significance, as with non-syllabic vs. syllabic 

vocalizations, or marginal statistical significance, as with word approximations vs. words. 

Words were verbalized more frequently at over 70% of the summation of word approximations 

and words produced across the entire sample.  

This preliminary finding has foundational implications for how NMVA is 

conceptualized. If the NMVA speech trajectory was fundamentally thwarted by dysarthria or 

CAS, it might be expected that these individuals vocalize largely in phonated protophones like 

quasivowels, and that these might correlate with word approximations and words, but that was 

not seen here. Additionally, if dysarthria or CAS was an explanatory factor in NMVA, 

individuals might even produce more articulated non-syllabic vocalizations, which was also 

not substantiated in this study. While phonated vocalizations were still present in the repertoire 

at a later age than expected, they were secondary in comparison with more speech-like 

vocalizations including marginal and canonical syllables. Proportions of marginal and 

canonical syllables did not reach significance, and word approximations vs. words only reached 

marginal significance, revealing that across the group aspects of neurotypical and atypical 

development continue to comingle alongside one another. In neurotypical development these 

vocalizations become more scaffolded and as a more complex vocalization type appears, the 
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other transitions out of the repertoire. In particular, marginal syllables appear and subtlety 

decline upon the appearance of canonical syllables, which then begin to phase out as word 

approximations and words come into the linguistic picture.  

That canonical syllables correlated with word approximations and words is an aspect 

shared with neurotypical vocal development, whose onset and ratio of canonical babbling has 

been found to be a predictor of lexical development and size in neurotypical infants (Cychosz 

et al., 2021). It must still be contextualized that out of the total vocalizations produced (N = 

2,585) in the entire sample, only 8.47% were words and 3.4% were word approximations.  

The individual vocal repertoires provide further evidence to this emerging depiction of 

NMVA. A relative stability of vowels was seen across the group, with only the high vowel /i/ 

and the mid vowel /e/ failing to reach 50% of production at group level. This aligns in part with 

neurotypical development, whereby low unrounded vowels are produced more frequently in 

the first year of life for neurotypical infants (McLeod and Bleile 2003). As with vowels, 

hallmarks of neurotypical consonant acquisition were observed as well; fricatives and liquids 

were only produced in 22% of the group here and have been found to be later acquired in 

neXroW\pical children¶s repertoire: liquids at ~5 years 11 months and fricatives at ~6 years 11 

months old (McLeod and Crowe 2018). Plosives were unusual here, as they were also produced 

across 22% of the group, but are typically acquired early in neurotypical development, ~3 years 

11 months (McLeod and Crowe 2018).  

 We were unable to find compelling evidence of a relationship between vocal variation 

in NMVA and a speech-related tract, the AF. Vocalization variables including total phonation 

and total articulation did not predict or correlate with two white matter microstructural metrics 

in either hemisphere of the AF. It is worth noting previous research using FA found atypical 

lateralization in the AF within NMVA youths of the same age (SlXãni 2021), and as such we 

expected that total articulation would be a predictor of FA in the right AF; however, based on 
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the present findings, we can conclude that although the AF displays anomalies in NMVA, the 

variation in vocalization repertoires does not relate to FA in the AF. Results for vocal measures 

were not significantly correlate with MWF of the left or right AF; however, there was moderate 

indirect correlation observed between total articulation and MWF of the right AF, and a 

moderate direct correlation between total phonation and MWF of the left AF. Interestingly, the 

same multi-tract study by SlXãni (2021) found that MWF of the bilateral AF did not increase 

with age in NMVA youths, although the opposite has been documented in neurotypical infants, 

children and adults (Deoni et al., 2012; Dvorak et al., 2021). Warlaumont and Finnegan (2016) 

illustrated canonical syllables, a syllabic articulation, are not present at birth and rely not only 

on biological and neXrological maWXraWion, bXW for neXral Wraining Wo occXr Yia Whe infanW¶s 

modulation of caregiver talk into structured syllables that include a vowel and consonant. This 

would offer specific support for a prediction of significance in the lefW AF¶s MWF, insofar as 

myelination is supported throughout the lifespan by the continuous use and adaptation of 

cognitive functions such as speech; yet it was not found here.  

 The totality of our results raises further questions as to variation in the vocalization 

profile of NMVA and how such variation was not found to be related to a key speech-related 

tract (Broce et al., 2015). We surmise that previously purported predictors of expressive 

language in NMVA, such as non-verbal IQ (Saul and Norbury 2020) and non-verbal cognition 

(Yoder et al., 2015), were perhaps responsible for parWicipanWs¶ increasing or decreasing 

speechlike vocalizations. If this is case, it could stand to reason subjects with higher non-verbal 

IQ or non-verbal cognition produced more speechlike vocalizations. Moreover, these 

speechlike vocalizations may not be linguistic in nature, in the sense that the type of 

vocalizations we assessed, articulation and phonation, do not carry coherent semantic meaning 

as with neurotypical vocal production. This could also be an explanation of why these vocal 

measures did not result in significant findings when analyzed with two microstructural metrics 



34 
 

of the AF, a crucial part of the neural speech network (Catani et al., 2005). Nonetheless, it 

cannot be settled that all vocalizations in NMVA are independent of the AF, but this body of 

work points to growing evidence of abnormalities in of the language connectome within 

NMVA (Olivé et al., 2022; SlXãni 2021). 

 Our results were obtained in a sample spanning a wider age range of individuals with 

NMVA, including school-aged children and teens (Saul et al., 2020; Chenausky et al., 2017; 

Chenausky et al., 2018). Previous studies of NMVA have utilized other vocal measures such 

as imitated speech, or relied solely on clinical assessment, with subjects whom had undergone 

some form of speech therapy, in order to investigate white matter integrity in the AF 

(Chenausky et al., 2017; Wan et al., 2012). The use of non-naturalistic and restrictive speech 

sampling may not be fully representative of the biology of the AF and how it may or may not 

be altered in NMVA. By contrast to such sampling, the second above study analyzed sXbjecW¶s 

spontaneous speech in a flexible, play-based setting, which can provide important 

complementary information.  

There is also much more to be done in the way of vowel and consonant inventories in 

NMVA, which form the basis of semantic content and have been found to be predictive of 

neuroW\pical children¶s laWer YocabXlar\ si]e. E[WensiYe speech sampling is dependenW on Whis 

work and was outside the possible timeframe of this study. Further speech sampling and a 

larger sample size would also provide the statistical power needed to confirm whether the 

moderate correlations observed between articulation and phonation, would then reach 

significance with MWF of the right AF and left AF respectively. Furthermore, vocal repertoire 

measures need to be mapped onto other language-related tracts that have yet to be explored in 

detail within NMVA, such as the IFOF and UF, which are ventral stream tracts highlighted in 

Olivé et al., (2022).  
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4.1. Limitations 

This study relied on a small sample size (N = 9 for vocal repertoires; N = 8 for Diffusion MRI) 

and therefore lacked statistical power. Recruitment in special populations, as is the case with 

NMVA, is difficult and therefore much of the previous research that has inspired and been 

cited in this study has had to rely upon small sample sizes in order to begin exploring this 

disorder. Moreover, the investigation into the vocal repertoire of NMVA was annotated by a 

single rater, ergo no inter-rater reliability was conducted. Any results obtained here can only 

serve as an exploratory foundation on which future work can be directed, and excitingly so.  

 

5. Conclusion 

This study proved to be the first in-depth analysis of vocalizations in NMVA, revealing the 

existence of speech-like complexity even in a non- or minimally verbal population. While other 

explanatory factors such as dysarthria or CAS cannot be eliminated as contributing factors to 

the behavioral phenotype of this disorder, it is remarkable that speechlike vocalizations are not 

XniYersall\ be\ond Whis popXlaWion¶s capacity. Future work needs to replicate the vocal 

repertoire study in a larger sample in order to corroborate this finding, while subsequently 

mapping variation in the vocal repertoires to the entire structural language connectome using 

a multi-metric microstructural approach, as was done here. The last word on myelin-related 

measures in NMVA is thus not yet said; and it is important to understand which variation in 

the linguistic phenotype involved, if not in vocalization, variation in myelination relates to. 
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7. Appendix A 

 

NMVA Vocalization Annotation Scheme
Based on the occurence of a single egress, rater's auditory 

impression and the most salient features of the vocalization

Does the vocalization seem to be 
produced as forced response to innate 

physiological functions? 

Volitional

Where does the 
sound originate?

Phonation

Cry

Quasivowel

Full Vowel

Squeal

Growl

Grunt

Laugh

Whisper 

Yell

Ingressive or Ingressive-Egressive 
Sequence

Articulation

Does the vocalization contain 
only closant sounds or vocalic 

and closant sounds? Syllabic or 
non-syllabic?

Syllabic

Glottal Stop Sequence

Marginal Syllables

Canonical Syllables

Word Approximation

Word

Non-
Syllabic

Quasiclosant

Bilabial Vibrant

Click

Closant

Vocalic and 
ClosantClosant Only

GlottisSupraglottis

Vegetative

Burps, sneezes, 
coughs, hiccups, 

yawns

NoYes
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Annotation Manual for Vocalizations 

Adapted from Buder, Warlaumont and Oller (2013) 

Phonation 

Phonation based vocalizations are voiced and considered vocalic (vowel) in nature. Vocal 

cords are set into vibration primarily by the glottis and differ from syllabification/articulation 

related vocalizations as they are not syllabified by any articulatory mechanisms. The 

articulators serve to mold the oral and pharyngeal cavities into the require position for vocalic 

sounds and also push airflow through the nasal cavity (Peter 2013), which can then lead to a 

nasal quality in the vocalization.  

Cry (from birth): A cry is counted as a single occurrence in this scheme, even if syllabified. 

Cries are the first vibration of the vocal cords in healthy newborns, after the lungs take their 

first inhale and exhale of air. In linguistic development, cries reflect the prosodic contours of 

the native/ambient language that are transmitted prenatally and acquired by the fetus (Wermke 

et al., 2009). A vocalic sound, crying also communicates affective states to caretakers including 

sadness, frustration and anger. 

Quasivowel (~3 months): The quasivowel is a foundational vocalic sound that is made as the 

result of egressive airflow producing unforced phonation with the vocal tract in a semi-relaxed 

state. This vocalization can be defined by its short duration, low sound energy and less 

mature/developed production. 

Full Vowel (~3 months): A full vowel is well-defined, with higher sound energy and longer 

in duration. This vocalization is auditorily more mature with a vocal tract shaped in a way that 

produces a more developed and clear utterance. 

Squeal (~3 months): Squeals are high in pitch and considered a functionally flexible 

vocalization (Oller et al. 2019), often associated with excitement. They differ from a yell in 
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that they are not stressed or forced, but rather with a vocal tract that maintains a steadiness at 

twice the level of the individuals normal pitch range. 

Growl (~3 months): The growl consists of a hoarse, abrasive sound quality that goes below 

Whe indiYidXal¶s normal piWch range. 

Grunt (~3-16 months): Grunts are vocalic vocalizations that are made due to physical exertion, 

focused attention or with communicative intent (McCune 2021). Grunts originating due to 

physical effort are annotated here, as they are a sign of respiratory and laryngeal fitness ± while 

in some cases also cuing others for assistance. The grunt sound is made with an open vocal 

tract and restriction of the laryngeal articulator, which in healthy infants is the first articulatory 

apparatus to be controlled prior to developing their phonetic skills (Robb et al., 2019). 

Laugh (~4 months): Laughter is an unarticulated vocalic vocalization most often made in a 

positive emotional state in social contexts. Whether a laugh is produced in one egress or multi-

syllabic, the instance is annotated as a single occurrence. Laughter can be voiced, whereby the 

vocal cords vibrate in a melodic fashion, or unvoiced, which can be perceived as a grunt 

especially in males (Bachorowshi & Owen 2004).  

Whisper (~4-6 months): A whisper is an egressive vocalization whereby the vocal folds of 

the larynx are abducted so that they cannot vibrate.  

Yell (~4-6 months): A \ell is a sWressed or forced soXnd WhaW is high aboYe Whe indiYidXals¶ 

normal pitch range with a functional flexibility that can express fear, excitement, anger, etc.  

Ingressive or Ingressive-Egressive Sequence (~3-8 months): Ingressive sounds are made 

with an inhalation of air towards the lungs ± as opposed to egressive sounds. Ingressive sounds 

can be made in sequence and become syllabified, but are marked as a single occurrence. These 

sounds can be made to emote fear, surprise or shock. Ingressive-eggressive sequences are an 

inhalation and exhalation of air from the lungs that can also be made sequentially in rapid 

succession. 
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Syllabification/Articulation 

Closant (consonant) sounds that are produced when the articulators constrict airflow within the 

pharynx and subsequently within the vocal tract via planned and coordinated motor movements. 

These vocalizations can be syllabified by supraglottal phonation, but also by the glottis. The 

glottal stop sequence is included here, in the syllabification/articulation type of vocalization, 

as the end result is a syllabified vocalization, unlike phonated vocalizations. 

Bilabial Vibrant (~3 months): The lips come together and air is expelled rapidly cause the 

lips to vibrate in rapid succession. This type of vocalization is highly sensory and signals the 

individual is exploring their vocal capacity.  

Click (~3-8 months): The tongue body makes contact with the hard (and occasionally soft) 

palate in a negatively pressurized environment within the oral cavity. This sound emitted is 

primarily articulated and lacks voicing (phonation). 

Quasiclosant (~1-4 months): (Replacing ³goo´) The qXasi-closanW replaces Whe ³goo,´ a 

defining vocalization of infants and their developing ability for speech. The articulation occurs 

primarily in the posterior portion of the oral cavity, but lacks the well-formedness and 

organized structure of a fully developed consonant sound. A quasiclosant instead contains more 

variable features, forming what could be considered a pre-consonant. 

Closant (~5+ months): A full, well-formed consonant occurring without an accompanying 

vowel.  

Glottal Stop Sequence (from birth): Voicing produced within the larynx whereby the 

phonatory pattern of airflow oscillates from interrupted to uninterrupted. This articulatory 

related vocalization is a potential precursor to plosives as control is needed over egressive 

airflow to create this manner of consonant. The vocalization is categorized under 

syllabification as the sequential egressive airflow creates syllable-like timing that is quick with 

identifiable boundaries. 
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Marginal Syllables (~3-5 months): Marginal syllables are supraglottal articulations with a 

slow onset time and a CV or VC shape. Dependent on the syllable shape, this particular syllable 

type can lack a clear nucleus. A marginal syllable can be distinguished by the transcriber as 

being a more advanced vocalization than ones previously mentioned, yet falls short of the rapid 

onset, articulatory complexity and mature timing in the transition from C to V or V to C. 

Canonical Syllables (~7-10 months): The canonical syllable can be easily identified by the 

transcriber as having a smooth, rapid transition from C to V or V to C and a quicker onset. The 

canonical syllable can be clearly perceived by its more mature posture in the vocal tract and 

with a distinguishable nucleus. This syllable type can either be redXplicaWed (sXch as ³baba´) 

or YariegaWed (sXch as ³mani´).  

Word Approximation: A word approximation is an attempt to produce a complete part of 

speech, but is thwarted by an inserted, omitted or mispronounced phonetic element.  

Word (~12-18 months): A complete part of speech and existing phonetic elements in an 

indiYidXal¶s naWiYe langXage. A Zord mXsW be easil\ idenWified and annoWaWed ZiWh near perfecW 

agreement amongst transcribers. Each word is sub-annotated into its vowels and consonants.  

 

 

 


