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Abstract

Introduction: Childhood apraxia of speech (CAS) is a childhood motor speech disorder
characterized by poor planning and/or programming of speech sound sequences in which the
precision and consistency of the movements underlying speech are impaired, in the absence of
neuromuscular deficits (ASHA, 2007). Although CAS is primarily defined as a motor disorder,
recent research suggests that it is a more complex disorder that also includes language

impairment (i.e., phonological deficits).

Aim: This study had three general objectives. Since this is the first study of CAS in Croatian,
the first goal of this study was to explore speech motor and phonological abilities and also to
provide comprehensive data on CAS in another language with a set of speech tasks representing
all the processes assumed in speech production (i.e., with reference to the Cascade model;
Ozanne, 1995). The second goal was to better understand the cascading effect of motor-speech
difficulties on a child's phonological abilities, and the third goal was to distinguish subgroups

of children with CAS based on their phonological abilities.

Methods: Children with childhood apraxia of speech (n=30) and typically developing children
(n=28) aged 64 to 91 months participated in this study. Exclusion criteria for participants were:
neurological or physical cause of the speech sound disorder, motor impairment, cognitive
impairment, hearing impairment, and inadequate receptive language skills. For this study, a test
battery was created with a series of speech tasks representing different steps in the speech

production process.

Results: The present study showed that children with CAS exhibit difficulties at both linguistic
and motor levels (i.e., throughout the speech production process), beginning with phonological
representations (vowels), phonological awareness, rapid automatized naming, whole-word
variability, novel word learning, consonant deletion/substitution, maximum repetition rate, and
accurate phoneme productions. In addition, this study showed that the effect of speech motor
production on phonological awareness tasks was much more pronounced in children with CAS;
that is, they were significantly more successful as long as they did not have to implement motor
planning and programming. Third, within the CAS group, three subgroups were identified that
showed differences in complex phonological awareness abilities, bi and trisyllabic repetition

rates, and correct consonant production.

Key words: childhood apraxia of speech; motor speech disorder; phonological abilities;

motor planning; processing level; speech sound disorder



ProSireni sazetak

Uvod

Govor je vrlo kompleksan mentalni i fizicki process te predstavlja jedan od najucestalijih
jezi¢nih modaliteta. Veéini ljudi govor predstavlja jednostavnu i automatiziranu aktivnost,
stoga rijetko razmisljaju o njegovoj slozenosti. Naime, da bi dijete savladalo govor mora nauciti
percipirati 1 izgovarati suglasnike 1 vokale, suglasniCke skupine, prozodijska svojstva te
fonoloska pravila jezika kojem je izlozeno kako bi u konacnici imalo razumljiv govor (van
Haaften et al., 2020). Nazalost, nisu sva djeca jednako brza i uspjesna u savladavanju navedenih

prepreka te se tada kod djece javljaju teSkoce u izgovoru.

Poremecaji izgovora glasova (eng. speech sound disorders - SSD) krovni je pojam Koji
ukljucuje teskoce s proizvodnjom glasova, njihovom percepcijom i/ili fonoloskim
reprezentacijama (Limbrick, McCormack & McLeod, 2013). Ova heterogena dijagnosticka
kategorija ukljucuje djecu s artikulacijskim poremeéajima, fonolo$kim poremecaja i dje¢jom
govornom apraksijom glasova te ¢ini vise od 70% ukupnog broja slucajeva u logopedskoj
praksi (Waring i Knight, 2013). Djecja govorna apraksija (DGA) ve¢ dugi niz godina
predstavlja kontroverzan entitet u znanstveno-istrazivackim krugovima. Opéeprihvac¢enu
definiciju daje Odbor za djecju govornu apraksiju Ameri¢kog udruZenja logopeda ASHA
(2007) koji ovaj poremecaj definira kao neuroloski djecji govorni poremecaj u kojem su
naruSeni preciznost 1 dosljednost pokreta na kojima se govor temelji, bez prisustva
neuromi$i¢nih odstupanja (neprimjereni refleksi i tonus). Osnovni je problem u planiranju i/ili
programiranju prostorno-vremenskih parametara slijeda pokreta koji posljedi¢no rezultiraju
greSkama u govornoj proizvodnji i1 prozodiji. lako do danas ne postoji dogovoreni popis
znacajki specificnih za DGA, za sljedece tri znaCajke postignut je konsenzus medu stru¢njacima
te predstavlja svojevrsni zlatni standard u identificiranju DGA (ASHA, 2007; luzzini-Siegeli i
sur., 2017): (1) nekonzistentne greske u izgovoru suglasnika i vokala prilikom visestrukog
ponavljanja odredenog sloga ili rije¢i, (2) produZena i oteZana koartikulacijska tranzicija

izmedu glasova i slogova; (3) neprimjerena prozodija.

Napretkom fonoloskih istrazivanja, istraZivaci su pokusali identificirati procese u pozadini
govora te su u skladu s tim pretpostavkama formirali razlic¢ite modele ¢ija nam deduktivna
priroda omogucava interpretaciju procesa u pozadini govorne proizvodnje. Svi se modeli
govorne proizvodnje slazu oko sljedecih procesa: odabir primjerenih rije¢i (na semantickoj
razini), biranje fonoloskih reprezentacija i njihova pretvorba u motori¢ke reprezentacije te u

konacnici izvedba tih pokreta (Maassen & Terband, 2015).



Ovo se istrazivanje priklanja hijerarhijskom modelu govorne proizvodnje to¢nije Kaskadnom
modelu planiranja i programiranja govornog izlaza (Ozanne, 1995; 2010) koji detaljnije
nadopunjuje model Levelta i suradnika (Levelt, Roelofs, & Meyer, 1999), kod kojih je
artikulacijska mrezu zavrsna razina govorne proizvodnje, dok Ozanne (1995) detaljnije razlaze
ovu zavrSnu motoricku razinu u dvije: motoricko programiranje i motoricka izvedba.
Komunikacija medu pojedinim razinama uglavnom je jednosmjerna, no ovaj model za razliku
od nekih je dvosmjeran te ostavlja moguénost i obrnutog pravca - utjecaj nizih razina na vise.
Taj je utjecaj u Modelu predstavljen i1 graficki; strelice pokazuju protok u oba smjera
ostavljaju¢i moguénost medusobnog utjecaja jedne razine na drugu, pri ¢emu nije razja$njeno

utjecu li govorno-motoric¢ka odstupanja na fonoloske sposobnosti.

Phonological rules

Phonological plan/
template

FLOW-BACK

EFFECT '\
CONSISTENT

SUBGROUP DEVIAN

T \
INCONSISTENT
DEVIANT

Phonetic programme
assombly

Motor-speech programme
implementation

FLOW-ON
EFFECT

Execution of motor
\ programme
ARTICULATORY

DYSPRAXIA

SPEECH-MOTO
PROGRAMMING

DYSARTHRIA

I DEVELOPMENTAL VERBAL DYSPRAXIA I

Slika 1. Kaskadni model planiranja i programiranja govornog izlaza (Ozanne, 2010, p.81)

Ovaj model (slika 1) sugerira da djeca s DGA pokazuju odstupanja na tri razine, a to su
fonoloski plan ili predlozak, sklapanje fonetskog plana 1 implementacija motoricko-govornog
programa, tj. da se porijeklo problema nalazi u tranziciji fonoloskog koda u artikulacijsko-
motoricki izlaz. Prva se razina odnosi na fonoloSko/jezi¢no odstupanje, a preostale dvije na
govorno-motoricko odstupanje. Nadalje Ozanne (2005) postavlja tezu da ¢e sva djeca s DGA
imati odstupanja na dvije govorno-motoricke razine, dok ¢e samo neka djeca pokazati
odstupanja i na razini fonoloSkog planiranja. Iako ovaj model predlaze odstupanja samo na

hijerarhijski nizim razinama modela (motoricke razine), mnoga istrazivanja pronasla su dokaze
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u prilog odstupanjima i na hijerarhijski viSim razinama modela tj. na fonolo§kim razinama
(fonoloska pravila i sklapanje fonetskog plana). Pa su tako istrazivanja pokazala da djeca s
DGA pokazuju teSko¢e s auditivnom diskriminacijom vokala (Maassen, Groenen,& Crul,
2003), zatim da imaju teSkoca s proizvodnjom rime (Marion, Sussman, & Marquardt, 1993),
fonoloskom svjesnos¢u na razini sloga (Marquardt, Sussman, Snow, & Jacks, 2002) kao i sa
sveukupnom fonoloskom svjesnoséu (McNeill, Gillon, & Dodd (2009). Nadalje,
nekonzistentnost u govoru ¢esto se navodi kao jedno od obiljezja DGA (ASHA, 2007), a dokaz
je teSkoca s fonoloSkim planiranjem. Pa tako Iuzzini-Seigel, Hogan, i Green (2017) u svom
istrazivanju navode da je upravo nekonzistentnost u govoru osnovno obiljezje DGA, jer ne
moze biti objasnjeno jezi¢nim odstupanjima. S obzirom da 75% spoznaja 0 DGA dolazi iz
engleskog jezika, pitanje je koliko su ta obiljezja primjenjiva na hrvatski jezik zbog razli¢itosti

u fonoloskim sustavima

Ciljevi istraZzivanja

Ovaj komplicirani 1 preklapaju¢i odnos izmedu fonoloSkog 1 motorickog razvoja govora
otezava potencijalno izoliranje razina na kojoj se javlja teskoca, stoga ne cudi Cinjenica da
trenutno ne postoji slaganje oko pitanja supostojanja tesko¢a na fonoloskim razinama kod djece
s DGA. Ovim se istrazivanjem ne dovodi u pitanje postojanje teSkoca na govorno-motorickoj
razini ve¢ se uklju¢ivanjem svih razina govorne proizvodnje Zeli proSiriti spoznaja o
fonoloskim vjestinama djece s DGA. Stoga je prvi cilj ovog istraZivanja bio sustavno ispitati
sva obiljezja govorno-motorickih 1 fonoloskih sposobnosti djece s dje¢jom govornom
apraksijom u hrvatskom jeziku koriste¢i Kaskadni model kao uporiste za identifikaciju razina
u procesu govorne proizvodnje. S obzirom na to da je pri ispitivanju fonoloSkih sposobnosti,
posebno na zadacima fonoloske svjesnosti gdje je potrebno dati verbalan odgovor (tj. ukljucuju
govorno-motoricku izvedbu), ovim se istrazivanjem zelio ispitati odnos fonoloskih 1 govorno-
motorickih razina tj. interakcija izmedu zadataka fonoloske svjesnosti koji ukljucuju i ne
uklju¢uju davanje verbalnog odgovora (tj. govorno-motoricku izvedbu). S obzirom na
heterogenost ove skupine, treci cilj ovog istrazivanja bio je ispitati postojanje podskupina djece,
posebno hoce 1i se formirati skupina djece s obzirom na odstupanja na fonoloskim razinama

govorne proizvodnje. U skladu s tim postavljenje su sljedece hipoteze:

H1: Djeca s dje¢jom govornom apraksijom postizat ¢e znacajno loSije rezultate na svim
razinama govorne proizvodnje (fonoloska pravila; fonolosko planiranje; fonetsko
programiranje; implementacija govorno-motorickog programa; izvedba) u odnosu na djecu

urednog razvoja.



H2: Djeca s dje¢jom govornom apraksijom postizat ¢e loSije rezultate na zadacima za
ispitivanje fonoloske svjesnosti kada oni uklju¢uju govorno-motoricku izvedbu (verbalni

odgovor) u odnosu na zadatke koji ju ne ukljucuju (bez verbalnog odgovora).

H3: Identificiranjem obiljezja odstupanja na fonoloskim razinama formirat ¢e se dodatne

podskupine djece unutar skupine djece s dje¢jom govornom apraksijom.

Metodologija

Ispitanici: U istrazivanju je sudjelovalo ukupno 58 ispitanika: djeca s DGA (n=30) i djeca
urednog razvoja (n=28). Dob ispitanika varirala je izmedu 5;04 i 7,07, s prosje¢nom dobi od
6;04. Grupe se nisu razlikovale po dobi, no pregledom raspodjele po spolu uoc¢en je dominanto
muski spol u skupini djece s DGA (26 djecaka i 4 djevojcice). U istrazivanje nisu ukljuc¢ena
djeca s intelektualnim tesko¢ama, receptivnim jezi¢nim teSkocama, neuroloSkim odstupanjima
te motorickim 1 senzorickim poremecajima. Svi su ispitanici bili jednojezi¢ni govornici
hrvatskog jezika, redovito ukljuceni u odgojno-obrazovnu ustanovu, dok su sva djeca s DGA

bila ukljuc¢ena u kontinuirani logopedski tretman.

Materijali: Prije provodena baterije zadataka koja ispituje sve razine govorne proizvodnje,
ispitanici su testirani na koloriranim progresivnim matricama (Raven, 1999) za procjenu opce
inteligencije te na testu razumijevanja gramatike (Bishop, Kuvac Kraljevi¢ et al., 2014) kojim
se procjenjivalo jezi¢no razumijevanje. Potom su ispitani na bateriji zadataka koja ispituje sve
razine govorne proizvodnje prema Ozanne (1995). Zadaci za ispitivanje fonoloskog plana
ukljucivali su AX zadatak diskriminacije vokala te zadatke fonoloSke svjesnosti preuzete iz
Testa za procjenjivanje predvjestina ¢itanja i pisanja (predCiP; Kuva¢ Kraljevi¢ i Lendek,
2011). To su raspoznavanje rime, proizvodnja rime, slogovno stapanje, slogovna ras¢lamba,
fonemsko stapanje i fonemska raSclamba. Zadaci slogovnog i fonemskog stapanja za potrebe
ovog istrazivanja su konstruirane na nac¢in da ne zahtijevaju davanje verbalnog odgovora vec je
dovoljno pokazati to¢an odgovor od Cetiri pokudena (jedna tocan i tri distraktora). Zadaci za
ispitivanje fonoloskog plana ukljucivali su zadatak brzog imenovanja (predCip), dva zadatka
konzistentnosti: zadatak uzastopnog ponavljanja rije¢i i zadatak uzastopnog ponavljanja
pseudorijeci, konstruirani za potrebe istrazivanja po uzoru na CAI tets (Maassen i sur., 2019)
te zadatak ucenja novih rijeci (konstruiran po uzoru na Dodd 1 sur., 2010). Ispitivanje fonetskog
programiranja ukljucivalo je postotak to¢no izgovorenih suglasnika u inicijalnoj 1 finalnoj
poziciji u slogu te postotak suglasnika koji nisu ispusteni u ponavljanju 10 rijec¢ii 10 ,,Jogatoma“

prema testu artikulacije (Vuleti¢, 1990). Ispitivanje implementacije govorno-motorickog plana



ukljucivalo je zadatak govorne dijadohokineze, zadatak preuzet iz CAIl testa (Maassen i sur.,
2019), a razina govorne izvedbe ukljucivala je postotak to¢no izgovorenih suglasnika i vokala

u ponavljanju 10 rijeéii 10 ,,logatoma‘ prema testu artikulacije (Vuleti¢, 1990).

Postupak i obrada podataka: Cijeli postupak ispitivanja trajao je izmedu 90 i 100 minuta po
ispitaniku. Baterija zadataka procesa govorne proizvodnje trajala je izmedu 45 i 60 minuta s
kratkim pauzama (5 min) izmedu zadataka, ovisno o potrebama djeteta. Postupak je proveden
u izoliranoj i tihoj sobi jer su se neki odgovori snimali. Nakon prikupljana svih podataka,
provedene su sve potrebne predradnje za unoSenje i analizu podataka u programu SPSS

Statistics, verzija 25.0.

Rezultati i rasprava

Rezultati ovog istrazivanja potvrdili su prvu hipotezu kao i pretpostavku Kaskadnog modela
govorne proizvodnje a to je da ¢e djeca s DGA pokazati odstupanja na motorickim razinama
modela. Naime, djeca s DGA pokazuju statisti¢ki znacajno veci broj supstituiranih ili ispuStenih
suglasnika u inicijalnoj 1 finalnoj poziciji u slogu kao i ukupno u broju ispustenih suglasnika.
Djeca s DGA znacajno su sporija na zadatku govorne dijadohokineze, i to na svim razinama:
jednosloznim (/pa/ta/ka/), dvosloznim (/pata/, /taka/) i trosloznim (/pataka/) sekvencama, s tim
da ¢ak 53% djece s DGA nije moglo proizvesti trosloznu sekvencu. Nadalje, djeca s DGA
pokazuju znacajne teSkoce s postotkom uspjeSno izgovorenih suglasnika (69,9%) i vokala
(93.2%) u usporedbi s djecom urednog razvoja (suglasnici = 98.2%; vokali = 99.8%). Ovi
rezultati potvrda su teSkoca s motori€¢kim planiranjem 1 programiranjem djece s DGA, no
pokazali su i da djeca s DGA znacajno odstupaju i na fonoloskim razinama modela, pocevsi od
najvise razine — diskriminacije vokala. Naime, djeca s DGA manje su uspje$na razlikovanju
vokala od djece urednog razvoja. Nadalje, djeca s DGA postizu znacajno niZe rezultate na svim
ispitanim aspektima fonoloske svjesnosti. lako u usporedbi s djecom urednog razvoja postizu
znacajno niZe rezultate na razini rime, njihovi prosje¢ni rezultati na razini rime (9.1) su unutar
grani¢nog postignuca. Razlikuju se i na zadatku brzog imenovanja gdje u prosjeku imenuju 0.8
slika u sekundi, dok djeca urednog razvoja imenuju u prosjeku 1 sliku u sekundi. Djeca s DGA
takoder pokazuju znacajno veéu razinu nekonzistentnosti u govoru; na zadatku uzastopnog
ponavljanja rijeci, zadatku uzastopnog ponavljanja pseudorijeci, kao i na zadatku uc¢enja novih
rijeci. Na zadatku ucenja novih rije¢i osim nekonzistentnosti pokazuju i znac¢ajno vecu razinu

neto¢no proizvedenih rijeci.



Drugom hipotezom ocekivano je da ¢e djeca s DGA postizati loSije rezultate na zadacima
fonoloske svjesnosti kada oni uklju¢uju govorno-motoricku izvedbu u odnosu na zadatke koji
ju ne ukljucuju. Djeca su testirana uparenim zadacima na istim razinama fonoloske svjesnosti:
plitka (slogovna ras¢lamba i slogovno stapanje), plitka-duboka (prepoznavanja i proizvodnja
rime) i duboka (fonemska ra$¢lamba i fonemsko stapanje). Zadaci prepoznavanja rime te
stapanja ne ukljucuju govorno-motoricku izvedbu, dok zadaci proizvodnje rime i ras¢lambe
ukljucuju govornu proizvodnju. Iako je razvojno ocekivano i potvrdeno da ¢e i djeca urednog
razvoja biti bolja na zadacima koja ne uklju¢uju govorno motoricku izvedbu, taj je efekt
govorno-motori¢ke izvedbe izrazeniji kod djece s DGA, S§to rezultira veéim porastom
uspjesnosti u zadacima koji ne ukljucuju govorno-motori¢ku izvedbu u odnosu na one koji ju
ukljucuju. Istrazivanje je pokazalo da razlika ne postoji samo na razini sloga, §to upucuje na to
da djeca s DGA pokazuju odstupanja na dubljim razinama fonoloSke svjesnosti te da izvedba
sloZzenog govornog zadatka moze utjecati na visu, jezi¢nu razinu procesa govorne proizvodnje,
no daljina istrazivanja fonoloske svjesnosti kod djece s DGA su potrebna kako bi potvrdio taj

zakljucak, no je ovo istrazivanje prvi korak u tom smjeru.

Tre¢om hipotezom pretpostavljeno je da ¢e se identificiranjem obiljezja odstupanja na
fonoloSkim varijablama formirati dodatne podskupine djece unutar skupine djece s dje¢jom
govornom apraksijom. Nakon provedene klasterizacije, algoritam k-means identificirao je tri
skupine djece s DGA (klaster 1, N=9; klaster 2, N=7; klaster 3, N=13), nakon Cetvrte iteracije.
Varijable koje razlikuju klastere su: proizvodnja rime, fonemska ras¢lamba, govorna
dijadohokineza (dvoslozne i troslozne sekvence), postotak to¢no izgovorenih suglasnika, te
postotak tocno izgovorenih vokala u inicijalnoj 1 finalnoj pozivciji u slogu. Klaster 3 predstavlja
skupinu djece koja pokazuje nesto losije rezultate od klastera 1 i sliéne rezultate kao klaster 2
u proizvodnji rime 1 ra$¢lambi slogova, medutim pokazuju znaCajno bolje rezultate u
proizvodnji suglasnika i na zadatku govorne dijadohokineze dvosloznih i trosloznih sekvenci.
Klaster 2 predstavlja skupinu s najlo$ijim postignu¢ima na svim spomenutim mjerama. U
konac¢nici moZzemo re¢i da je tre¢a hipoteza djelomicno potvrdena jer navedene varijable

predstavljaju i fonoloske i motoricke aspekte procesa govorne proizvodnje.

Zakljucak

Ovim su doktorskim istrazivanjem po prvi put sustavno ispitana obiljezja govorno-motorickih
1 fonoloskih sposobnosti djece s DGA u hrvatskom jeziku. Uvidom u procese koji prema

Kaskadnom modelu (Ozanne, 10995) predstavljaju sve razine govorne proizvodnje mozemo

zakljuciti da djeca s DGA pokazuju odstupanja na svim razinama govorne proizvodnje, i
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jezi¢nim i motorickim tj. hijerarhijski vi§im i1 nizim razinama. Nadalje pokazana je interakcija
govorno motoricke izvedbe i fonoloske svjesnosti koja ukazuje na kompleksan odnos izmedu
jezi¢nih i motori¢kih razina koji nije nuzno jednosmjeran, te implicira da kod djece s DGA
mozemo ocekivati odstupanja i na viSim razinama. Jedno od ograniCenja ovog istrazivanja je
da nisu ukljuc¢ene druge skupine djece kao Sto su djeca s fonoloskim teskocama stoga nije
moguce donositi generalne zakljucke koliko su ova odstupanja specifi¢na isklju¢ivo za djecu s
DGA. Otkrivanjem podskupina djece s DGA joS§ je jednom ukazalo na heterogenost ove
skupine, no i potvrdilo da su svim podskupinama zajednicke teSkoc¢e u motorickom planiranju
1 programiranju. Kao teorijsko polaziste u ovom se istrazivanju, za kreiranje konstrukta procesa
govorne proizvodnje, koristio Kaskadni model (Ozanne, 1995), no moguce je da su pojedina
odstupanja odraz viSestrukih odstupanja. Primjerice u ovom je modelu postotak to¢no
izgovorenih suglasnika i vokala mjera zavrSne razine govorne izvedbe, no moguce je da je
smanjena toc¢nost posljedica i teSkoca s fonoloSkim planiranjem 1 teSkoca s govornom
izvedbom. No, ispitivanjem svih razina i njihovim medusobnim korelacijama dobivena je §ira
slika o procesima u pozadini DGA ¢ime se u konacnici doprinosi kvalitetnijem identificiranju

1 tretmanu djece s dje¢jom govornom apraksijom.
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1. INTRODUCTION

It is true that humans, and only humans, have evolved a complex set of voice, hearing, and
brain-processing skills enabling very sophisticated vocal communication, also known as
speech. Speech usually refers to the ability of humans to produce sounds that are used to convey
a message. Speech is only one modality for the expression of language; however, it is not
surprising that the broader meaning of speech (freedom of speech) has been recognised as one
of the fundamental human rights in the Universal Declaration of Human Rights and in the

international human rights laws of the United Nations.

Speech as a modality has a special importance because it is the primary, first-learned modality
for hearing language users. It represents a system that consistently relates the meanings of a
language with the speech sounds by which the language is communicated (Kent, 2017). Speech
sounds may be viewed from two perspectives - as motor production (articulation perspective)

and as units that facilitate the expression of meaning (language perspective) - phonemes.

Speaking is a highly complex physical and mental process, "at least as complex as ice dancing”
(Maassen & Terband, 2015, p. 331), even though we rarely think of it that way, because for
most of us it is like breathing, we do not think about it and barely acknowledge its complexity.
The development of speech sounds can be described as the acquisition of individual speech
sounds and the organization of those sounds into speech patterns that include both phonetic
(i.e., articulatory) and phonological (i.e., phonemic) development (van Haaften et al., 2020). It
involves learning a language (its syntax, semantics, and phonology) - a speech code that links
meaning to sound, as well as a motor skill by which the speech organs are controlled to produce
rapid and overlapping movements (Kent, 2020), but it is because of language that speech has
become the most complex motor performance humans perform (Maassen &Terband, 2015).

From the moment children are born, they vocalize. Infants acquire control over the movements
of its speech organs by establishing a mapping between articulator movements and their
auditory and somatosensory consequences (Terband, 2011). The transition from vocalization to
intelligible speech takes many years as children's body structures develop and their perception
and production systems become more and more sophisticated and attuned to their language
(McLeod, 2017). Therefore, it is not surprising that a developing speech differs from adult
speech in misarticulations, slower speech rates, greater variability (errors) in production, and

reduced anticipation in articulatory sequencing (Kent, 2020).
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1.1. Speech sound disorders

Children’s acquisition of speech involves mastery of the perception and production of
consonants, vowels, consonant clusters, tones, prosodic features, and phonological rules of the
language(s) they are exposed to, with the outcome of intelligible speech (van Haaften et al.,
2020). However, not all children acquire spoken language at the same rate; they differ in age of
speech onset, rate of development, and types of developmental errors (Dodd, Holm, Crosbie &
Hua, 2010). Although most children resolve those differences, unfortunately it is not the case

for all of them.

Speech sound disorders (SSD) are not a new area of research; in fact, one of the first papers by
Samuel Potter, entitled Speech and its defects, appeared in 1882, and since then, a growing
concern about speech sound difficulties and other communication disorders led to the founding
of the American Academy of Speech Correction in 1925, the forerunner of the American
Speech-Language-Hearing Association (ASHA) (Bankson, Bernthal & Flipsen, 2017). It was
no longer enough to focus on correcting a lisp; the underlying nature of these problems needed
to be understood. In the 1970s, thanks to linguistics, there was a shift in perspective that
indicated that SSD should be viewed not only from the perspective of motor production, but
also from the perspective that such difficulties may reflect a child's lack of phonological

language rules (Bankson et al., 2017).

The foundations of assessment, classification, and intervention for children with SSD have been
heavily influenced by psycholinguistic theories (Namasivayam, Coleman, O'Dwyer, & van
Lieshout, 2020). With these advances, several systems for classifying SSD subtypes have
appeared, such as the Psycholinguistic Framework by Stackhouse and Wells (1997), the Speech
Disorders Classification System (Shriberg et al., 2010), and the Model of Differential Diagnosis
(Dodd, 2014).

Since then, a growing body of research suggests that SSD is an umbrella term that refers to
problems with speech sound production, perception, and/or phonological representation that
can impede language comprehension as well (Limbrick, McCormack & McLeod, 2013). SSD
can be characterized as a disorder that ranges from something "mild" (such as interdental
production of the /s/ sounds) to one that is so severe that speech is completely unintelligible.
Typically, SSD are most common in the paediatric population. SSD typically occurs in children
younger than 8 years of age, but errors in speech sound production can persist beyond this age

and continue into adulthood (Bankson et al., 2017). In addition, research shows that children
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with SSD account for between 56 percent (Bankson et al., 2017) and 70 percent (Waring &
Knight 2013) of the total clinician caseload.

Children with SSD are often divided into two relatively large groups. The first group is organic
disorders whose difficulties with speech sound are associated with an obvious aetiology or
cause, and the second group is those whose difficulties have no obvious cause (Flipsen, Bernthal
& Bankson, 2017a). This second SSD group has been referred to over the years as functional
articulation disorders, developmental phonological disorders, idiopathic speech sound

disorders, and speech delay of unknown origin. (Flipsen et al., 2017a).

Children with SSD vary in terms of severity, underlying cause, features of the language
disorder, and involvement of other aspects of the language system (Dodd, 2011). According to
Bowen (2015), children with SSD may exhibit a number of features, including poor
stimulability, system and substitution errors, syllable structure errors, consonant distortions,
vowel deviations, atypical prosody, unusual tonality, and inappropriate timing. In addition, any
or all of these language features may occur singly or in combination, so that children's
difficulties may include a mixture of phonetic (articulatory), phonemic (phonological or
cognitive-linguistic), structural (craniofacial or syndromal), perceptual, or neuromotor bases
(Bowen, 2015).

Even though the term SSD is theory-neutral, this complex relationship between the aetiology
(distal), processing deficits (proximal) and the behavioral levels (speech symptoms) is under-
specified (Terband, Maassen & Maas, 2019). When we speak of SSD today, there are three
main terms that fall under this umbrella term: Phonological Disorder, Articulation Disorder,
and Childhood Apraxia of Speech (Bowen, 2015).
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1.2. Childhood apraxia of speech (CAS)

Childhood apraxia of speech is a controversial speech sound disorder whose actual existence,
nature, and cause continue to be debated. An ever-growing number of studies attempt to
illustrate the heterogeneous nature and underlying causes of children with CAS and the
changing face of this disorder over time. This chapter reviews current thinking on terminology,
definition, causes, epidemiology, and theoretical perspectives on the core problem of CAS.

1.2.1. Terminology and definition of CAS

When one begins to look at the literature on childhood apraxia of speech (CAS), one is likely

to feel discouraged after reading the first sentences of the various books and articles:

,,Childhood Apraxia of Speech (CAS) is a controversial diagnostic label in the literature

of communication disorders...* (Ozanne, 2010, p. 71).

,Developmental verbal dyspraxia is a controversial speech disorder with continued

debate over its existence, nature, and diagnosis.* (McNeill, 2013, p. 49).

,,One of the least understood SSD categories is childhood apraxia of speech (CAS).”
(Flipsen et al., 20173, p. 132).

This condition was first described in 1954 by Morley et al, who used the term "developmental
dyspraxia” to describe a group of children whose speech features resembled those of adults
after brain injury. Thus, the term "dyspraxia” was borrowed from adult literature. Since then,

this condition has also been known by various other names.

Originally, the term "Developmental Apraxia of Speech (DAS) " was used to indicate that the
problem has been evident from speech/ language onset and that the disorder is not caused by
hearing impairment, autism spectrum disorder, intellectual disability, or neuromotor disorder
such as cerebral palsy, muscle weakness, or incoordination, although it can co-occur with all of
these disorders (Ozanne, 2010). Later, the term developmental was replaced by the term
childhood to differentiate it from the adult form and to clarify that it does not resolve with age
and without intervention (Ozanne, 2010). Terms such as "Developmental Articulatory
Dyspraxia (DAD)" and DAS emphasize the articulatory aspect of the disorder, whereas the
term "Developmental Verbal Dyspraxia (DVD)" used by Stackhouse (1992) refers to the

language features often seen in children with CAS. Today, the majority of research uses the
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term CAS, which was adopted by the American Speech-Language-Hearing Association
(ASHA) in 2007, although the term DVD can still be found in the literature, particularly in the
United Kingdom (McNeill, 2013). In the present study, the term CAS is used.

Aside from the terminological confusion, there appear to be two other difficulties that have
contributed to the controversy with this diagnosis. First, the lack of consensus on the specific
distinguishing features of this disorder or, in the past, even whether such features exist at all
(Flipsen et al., 2017a).

In 2002, ASHA established an ad hoc committee on this particular topic. This committee was
tasked with reviewing the extensive and sometimes conflicting literature in this area. It
presented its findings in a technical report (ASHA, 2007). This document is still widely used
as a reference point for CAS today. In addition, ASHA states that CAS is a unique diagnostic
category as a subgroup of children with SSD of unknown aetiology. ASHA defines CAS as

follows:

“Childhood apraxia of speech (CAS) is a neurological childhood (paediatric) speech sound
disorder in which the precision and consistency of movements underlying speech are impaired
in the absence of neuromuscular deficits (e.g., abnormal reflexes, abnormal tone). CAS may
occur as a result of known neurological impairment, in association with complex
neurobehavioral disorders of known or unknown origin, or as an idiopathic neurogenic SSD.
The core impairment in planning and/or programming spatiotemporal parameters of movement

sequences results in errors in speech sound production and prosody.” (2007, pp. 3-4).

1.2.2. Causes and epidemiology of CAS

Although ASHA (2007) defines CAS as a result of neurological problem, it can also be
comorbid with galactosemia, Rett syndrome (Flipsen et al., 2017a), fragile X syndrome
(Spinelli et al. 1995), and Down syndrome (Kumin 2006). At one point, autism spectrum
disorder (ASD) was included in this list, but a study by Shriberg, Paul, Black, and van Santen
(2011) that examined the speech and prosody profile of 46 verbal children with ASD showed
that the speech errors observed in this population differed from those observed in CAS, however
CAS and ASD are often comorbid, with the frequency of CAS being increased in children with
ASD (Tierney et al. 2015). To date, the most common origin of CAS is idiopathic (unknown).
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Childhood apraxia of speech (CAS) has been described as a highly heritable condition with
strong family aggregation (Lewis et al. 2004). Some evidence of familial aggregation and
transmission of CAS has been noted in the K.E. family, where the primary impairment in
affected members was the inability to sequence oral movements, a hallmark of CAS (Watkins
etal., 2002). However, Lewis et al. (2004) point out that it is not known whether the K.E. family
is representative of families with CAS in the general population. Later, it was shown that
mutations of FOXP2 were associated only with a specific phenotype of CAS and language
impairment without intellectual disability, whereas other genotypes associated with CAS (such
as BCL11A, KANSL1, GRIN2A) could lead to a broader phenotype in which CAS may occur
as part of the broader spectrum of the condition (Morgan & Webster, 2018).

A study by Liegeois and Morgan (2012) examined the neurological functioning of 45 children
with CAS described in 12 studies and found that the majority (96%) of descriptions of CAS
with neurological findings were from children with concomitant neurobehavioral diagnoses.
Considering that most MRI brain scans did not reveal abnormalities, the authors concluded that
neurologic abnormalities in CAS may lie at the sub-macroscopic, metabolic, and/or

neurotransmitter levels.

Epidemiological data for CAS is rather limited and inconclusive. An exact prevalence has not
been determined, and no systematic population studies have been conducted (ASHA, 2007).
One of the most commonly used and cited prevalence studies for this population is a study by
Shriberg, Aram, and Kwiatkowski (1997a). They calculated an overall prevalence of 1 to 2
cases per 1000 children, but based solely on clinical referrals. In addition, Broomfield and Dodd
(2004) identified only two potential cases of CAS among 936 referrals in the United Kingdom
study. Although the exact prevalence may vary depending on the definition of CAS, gender
ratio analysis continuously shows that CAS is more prevalent in males than females (McNeill,
2013). Lewis et al. (2004) reported a 2:1 ratio of males to females (sample of 22 children) while
Hall, Jordan, and Robin (1993) reported that 74% of 229 cases of CAS reported in the literature

were male.

1.2.3. The core problem of CAS

In addition to the controversy over terminology, causes, epidemiology, and symptomatology,
there is an ongoing debate about the core problem of CAS. Traditional theoretical viewpoints
have been divided into motor and linguistic perspectives (McNeill, 2013).
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Traditionally, the underlying nature of CAS was thought to be motoric (Ozanne, 2010). This
perspective supports the idea that symptoms are due to a core problem in speech motor planning
and/or programming processes (McNeil & Kent, 1990; Shriberg et al., 1997a). Proponents of
this perspective do not deny the broader language impairments observed in CAS, but view these
difficulties as concomitant or simply a consequence of speech motor control involvement
(McNeill, 2013).

However, with advances in phonological research, a debate arose as to whether the nature of
the impairment is in fact phonological (Ozanne, 2010), prompting further discussion as to
whether CAS should be classified as a "syndrome" or solely as a motor-speech disorder (Stein
et al., 2020). This representational and speech motor control perspective of CAS was developed
in an effort to conceptualise the more linguistic features of CAS as part of the core problem of
the disorder, as opposed to the purely motor perspective (McNeill, 2013). This perspective is
supported by the research showing co-occurring language impairments among children with
CAS (Stackhouse & Wells, 1997; luzzini, 2012; Lewis et. al., 2004; Gillon & Moriarty, 2007;
Thoonen et. al.,1997).

Therefore, it is not surprising that to date there is no validated list of pathognomonic features.
As Flipsen et al. (2017a) noted, identifying CAS features forces us into a circularity problem
where we want to know what features make this group distinct, but we need to know what those
features are in order to select the right children to look for those features. Still, the ASHA
technical report (2007) identified three segmental and suprasegmental features that are
consistent with a deficit in the planning and programming of movements for speech that have
gained some consensus among researchers in the field of childhood apraxia of speech (Maassen
& Terband, 2015):

(1) inconsistent errors on consonants and vowels in repeated productions of syllables or
words;

(2) lengthened and disrupted coarticulatory transitions between sounds and syllables;

(3) inappropriate prosody.

Maassen and Terband (2015) noted an important shift in perspective that the fundamental
question about CAS should not be which of the speech (and possibly other) symptoms belong
to the diagnostic category of CAS, but we should be asking how can we prove that the child
with a speech sound disorder (SSD) has a deficit at the level of speech motor planning and

programming.
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1.3.  Speech production in children with CAS

Despite the lack of agreement on the core problem of CAS, research continues in this
population. There is a similar ongoing debate in the field of acquired apraxia of speech (AOS)
in adults, where McNeil, Pratt, and Fosset (2004) do not question that AOS belongs to motor
rather than linguistic levels of processing, but argue that there is a lack of criteria to distinguish
between speech motor and linguistic (i.e., phonological) symptoms. The complexity of speech
performance suggests that there must be a hierarchy in representation (Maassen & Terband,
2015), which is confirmed by the clinical manifestations of CAS as they occur at a higher level
(a higher level than dysarthria) in planning or programming movements for speech (Duffy,
2013). The simultaneous acquisition of well-organised linguistic structures and motor-
coordinative commands overlaps in typical development (Nip et al., 2011), which further

complicates isolating processing steps in order to identify underlying deficits.

With the development of cognitive neuropsychological and psycholinguistic models of speech
production and perception processes, we are beginning to better understand CAS (Maassen,
2002). All models of speech production, like in any motor performance, assume a hierarchy of
control (Maassen & Terband, 2015). It is debatable which model best describes all aspects of
the speech phenomenon and provides the best insight into the speech motor and linguistic
aspects of speech production. However, according to Maassen and Terband (2015) all speech
production models agree on “a preparatory psycholinguistic process of producing a sequence
of one or more word forms (a phrase) stored in some short-term memory (buffer), followed by
a process that calculates (process of encoding; transcoding; planning; programming) the
speech movements that must be made in order to articulate the sequence (phrase). Also, all
models agree that the calculations themselves from stored word forms to actual movements are

hierarchically structured” (p. 333).

Kent (2004) considers speech as a cognitive-motor accomplishment and questions the
modularity of motor control processes, while Maassen and Terband (2015) note that speech
motor processes cannot be clearly separated from cognitive processes due to interaction with
higher order psycholinguistic processes, especially in the case of impaired speech systems

where this is even more true due to adaptive and compensatory mechanisms.

According to the Information processing model of speech perception and production (Levelt,
1989), speech production begins with the selection of the appropriate word and is followed by

phrase planning, which unfolds incrementally with the retrieval of its phonological form and
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its assembly into a complete phonological phrase, and ends with the transformation of this last
level into an articulatory representation that triggers the motor commands for speech
production. Phrase planning occurs in parallel with speech motor programming and articulation
(Maassen, 2015). The speaker continuously monitors his or her own speech, not only at the
level of lexical selection, but also at lower levels of the phonetic plan and during motor
programming, including external self-monitoring after the utterance has been produced
(Maassen & Terband, 2015). It is therefore justified to ask whether motor deficits influence

phonological development or phonological awareness.

Kinematic studies have indeed confirmed that the precision and consistency of movements
underlying speech are impaired in children with CAS, but it is less clear which upstream and
downstream speech production processes are affected (Maassen, 2015). Upstream processes
such as phonological abilities and lexical storage provide the input for phonemic and lexical
representations, memory processes that store and retrieve these representations, and transcoding
processes for planning and programming motor gestures, while downstream effects lead to
speech sound errors that are classified at the perceptual level as substitutions or distortions
(Maassen, 2015).

The scheme proposed by Shriberg et al. (1997a) (Figure 1) is based on classical models of
speech and speech/language processing (e.g., Dell, 1986; Garrett, 1980; Levelt, 1989), but is
intentionally relatively underdeveloped because its research function is useful only for
considering speech processing at discrete "stages" or "levels." There are two sets of dichotomies
that recur in theoretical approaches to apraxia of speech and are represented by brackets in
Figure 1: Comprehension/Decoding versus Production/Encoding processes, with
organizational processes necessarily involved in both activities and Cognitive-
Linguistic/Phonological/Planning processes versus Motor-Speech/Phonetic/Programming
processes (Shriberg et al., 1997a). In addition, Shriberg et al. (1997a) mention that newer
studies may address one or more of the top five levels of language processing (i.e., auditory-
temporal, perceptual-memorial, representational, transformational, selection-retrieval),
whereas older studies generally address only the lowest levels of output (i.e., prearticulatory

sequencing).

23



— Auditory-Temporal -

I
|
]
: Perceptual-Memorial
]

Comprehension | ~~~~~ 77 1 ‘‘‘‘‘‘‘‘‘
Decoding 3 ORGANIZATION : S
: i | Cognitive-Linguistic
: Representational | > Phonological
| I | Planning
i 1
"—:— Transformational :
1
- L ___ |
Production 1
Encoding DI ————————
Jl OUTPUT !
1
i Selection-Retrieval ——
I
I
]

| Prearticulatory Sequencing

__________________ Motor-Speech

Phonetic
Articulatory
Execution

Programming
Figure 1. Array of cognitive-linguistic and motor-speech loci implicated in the pathogenesis
of suspected CAS. p. 277, Shriberg et al. (1997a, p. 277)

Because there is no obvious physical marker for CAS (luzzini-Seigel & Murray, 2017) and
speech and language symptoms vary considerably from person to person and over the course
of development (luzzini-Seigel, Hogan, & Green, 2017), it is difficult to determine exactly
which levels of speech production processes are affected. Stackhouse and Wells (1997) note
that the deficit in speech motor skills observed in CAS can have implications for a child's
language and literacy development (“flow on" effect). One of the most consistent features of
the speech of children with CAS is its inconsistency, which may provide inadequate input to
the child's developing language system and thus affect auditory processing and later vocabulary
knowledge (Stein et al., 2020). Thus, one effect of motor-speech impairment on language and
literacy might be that poor speech output impairs accurate encoding of complex words, which
in turn affects the child's language system (Stackhouse & Wells, 1997).

This effect of motor-speech difficulties on a child's phonology in CAS could be explained by

the Cascade model of speech output processing (Ozanne 1995). This processing model provides
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a conceptual basis for identifying the underlying deficit in CAS. This model of speech
production is conceptually very similar to Level's model, except that Ozanne elaborates further

on motor levels of speech production (Figure 2).

The model assumes three levels of deficit in children with CAS: 1. the phonological plan or
template; 2. the assembly of the phonetic program/plan; 3. the implementation of the motor-
speech program. The first level reflects a phonological deficit, while the other two levels reflect
speech motor deficits (Ozanne 1995). Some children with CAS exhibit difficulties at all three
levels. However, to be diagnosed with CAS, a child must have a deficit at the motor levels of
the model. An important premise of this model is the "flow-on" and "flow-back™ effect between
levels, which is graphically represented by arrows in Figure 2. This means that this hierarchical
model hypothesizes that these processes can influence each other, but to our knowledge there

IS a gap in understanding whether motor deficits influence phonological development.
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Figure 2. Cascade model of speech output processing (Ozanne, 2010, p.81)
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1.4. CAS - more than a motor speech disorder?

Current theories emphasize the complicated relationship between phonological and motor
speech development and make the coexistence of features at different levels of speech and
language development an expected outcome of an underlying impairment in the planning and
programming of speech production (Maassen et al. 2010). Weismer and Green (2015) point out
that there is a downside to model-building efforts, which is often confusing with respect to
difficult-to-interpret experimental data from individuals with motor speech disorders and the
uncertain relationships between these data and the model. In this chapter, the findings from
several studies of children with CAS are summarized and explained in terms of the
aforementioned speech production models.

1.4.1. Evidence of difficulties with phonological rules

Although the cascade model of speech output processing is viewing CAS as containing deficits
at both the linguistic (i.e., phonological plan impairment) and motor levels (i.e., phonetic
programming and execution impairments), in order for a child to be diagnosed with CAS, he or
she must have a deficit at motor levels of the model (Ozanne, 2010). In addition, this model
does not indicate difficulties at the highest level of speech processing (i.e., phonological rules
in the Cascade model). However, research has shown that the highest level at which the
underlying deficit of CAS was found is the level of lexical representation (i.e., phonological

rules).

Shriberg et al. suggested that there is a deficit in phonological representational processes in
their 1997 research series. Their results (Shriberg et al., 1997c) showed that children with CAS
do not show much self-correction regarding stress, suggesting that representations are not
correct and therefore are not perceived as errors. In addition, they found that the production of
inappropriate stress does not decrease with speech development, also suggesting a deficit at the
representational level. Groenen et al. (1996) performed a categorical classification task on
children with CAS and compared it to typically developing children. They found similar results
in both groups of children, from which they concluded that children with CAS do not show
difficulties in phonetic processing. However, children with CAS showed poorer discrimination
results which the authors believed indicated poor auditory processing skills. This was confirmed

by the results of a later study by Maassen, Groenen, and Crul (2003).
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Maassen et al. (2003, p. 464) asked an important question: "Do children who misarticulate
vowels have difficulty forming stable target representations, or is the problem related to
inadequate motor control?" Their research (Maassen et al. 2003) showed that auditory
perception of vowels is impaired in children with CAS, which in turn affects both production
and perception. However, in Lenoci et al.'s (2020) study, high levels of cross-subject variation
were found in variability as well as in vowel variability and distinctiveness. Individual variation
was found not only in CAS children but also in the speech of typically developing children.
Furthermore, speakers with CAS were consistent in showing generalized reduction in F1
distinctions, suggesting that vowels are more centralized and less distinct along the height
dimension, indicating the critical nature of height distinctions for speakers with CAS (Lenoci
et al., 2020).

Access to a phonologically based representational system is also required to successfully
recognize or produce a rhyme, along with: auditory processing of the input target sound and
holding it in auditory short-term memory; selection of a unit from the internalized auditory
encoded representation that matches the vowel of the input string; and use of this phonological
match to drive articulatory output of a rnymed word (Marion, Sussman, & Marquardt, 1993).
The Marion et al. (1993) study showed that children with CAS could not produce rhymes,
recognize rhymes, or respond to vocalic nuclei in CVCs that represented near-versus-distant

rhymes, again confirming difficulties at the phonological level.

Although phonological awareness (i.e., the ability to consciously reflect on and manipulate the
subunits of spoken language such as rhymes and syllables) and phonemic awareness (i.e. the
ability to discriminate and manipulate individual speech sounds—phonemes) are poorly studied

in children with CAS, available data show difficulties with phonological abilities.

Marquardt, Sussman, Snow, and Jacks (2002) showed that children with CAS exhibit problems
with phonological awareness at the syllable level: segmenting syllables, judging intra-syllabic
sound position and constructing single and consonant cluster arrangements. Furthermore,
children with CAS in the McNeill, Gillon, and Dodd (2009) study exhibited poorer
phonological awareness than the inconsistent speech disordered group (Dodd, 2005). The
performance of the CAS group was inferior to that of the inconsistent group on the measure of
receptive phonological awareness, whereas the performance of the two groups on the
phonological representation task was comparable. In contrast, there was no difference in the

groups' performance on the phonological representation judgement task, which may suggest
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that the inconsistent group's performance was hindered by inadequate phonological assembly,
whereas the CAS group's performance was hindered by their underspecified representational
systems. Based on these results, CAS can be viewed as a disorder characterized by an

impoverished phonological representation system.

However, all phonological awareness tasks have three main features: (a) the linguistic nature
of the stimuli, (b) the phonological complexity of the stimuli, and (c) the response mode (which
is almost always a verbal response) (Cunningham et al., 2015). For instance, children who have
difficulties in articulating certain phonemes may score poorly on the task despite accurately
representing those phonemes. Knowing that variations in performance may result from the
effects of each factor, children with CAS are in an unfavourable situation considering the verbal
response mode and their problems with speech motor skills. In addition, some studies suggest
that phonological tasks requiring a nonverbal response predict reading to the same extent as
those requiring a verbal response (Carroll et al., 2003, Gayan & Olson, 2003). The present study
aimed to address this methodological problem by including nonverbal responses to

phonological tasks.

1.4.2. Evidence of difficulties with phonological planning

Ozanne (1995) conducted a cluster analysis of behaviours that might be indicative of motor
programming/planning disorder. The first cluster included behaviours such as inconsistent
production of the same word, increased errors with increasing performance load, errors that
could not be explained by general articulation or phonological process errors, poor maintenance
of phonotactic structure, and vowel errors. The underlying deficit postulated for this group of
children is likely to be difficulty assembling the phonological plan for the word or utterance,
similar to the children described as having inconsistent phonological disorder in Dodd's model

for differential diagnoses.

Children with variable speech (i.e., variable production of phonemes, words, or utterances
across multiple repetitions) are likely to be less intelligible because of the unpredictability of
their speech production (Holm, Crosbie, & Dodd, 2005). Although speech intelligibility
improves with age and intervention, according to Gillon and Moriarty (2007), children with
CAS may evidence difficulties when their system is loaded with more complex phonological
production tasks. Similarly, Lewis et al. (2004) found that older children with CAS generally

have intelligible speech but have difficulty pronouncing new and/or complex multisyllabic
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words correctly which is then associated with poor learning of speech sound targets in

treatment.

Speech inconsistency is indeed the most commonly reported feature across childhood speech
disorders by clinicians and researchers (luzzini-Seigel, Hogan, & Green, 2017). However, word
variability (i.e., variability in repeated production of the same word) is particularly important
because it has been associated with CAS (ASHA, 2007) and inconsistent disorders (Dodd,
2005). According to Macrae, Tyler, and Lewis (2014), word variability is shown to peak during
developmental change, with a general trend toward decreasing word variability in both typical
and disordered speech development.

luzzini-Seigel et al. (2017) raise the question of whether speech inconsistency could instead be
driven by a higher-order deficit leading to difficulties in sequencing phonological units and
acquiring morphological rules. Moreover, reports on speech inconsistency as a defining feature
of CAS are inconclusive. Shriberg et al. (1997b) found that error consistency (i.e., the ratio of
the most common error class produced per lexical item to the total number of items produced)
did not distinguish children with suspected CAS from children with other speech disorders.
Similarly, Betz and Stoel-Gammon (2005) found that although children with CAS produced
more errors than children with phonological disorders (PD), error consistency did not differ,
indicating an equal level of speech inconsistency. luzzini (2012) investigated inconsistent
performance in preschool-aged children with CAS and phonological disorder and showed that
token-to-token inconsistency assessment was less effective than phonemic inconsistency in

differentiating between these groups.

King, Jakielski, and Malone (2001) examined variability in repeated productions of connected
speech samples in children with CAS and found that of 52 lexical types produced, only two
were produced consistently, while the remaining 50 types varied in token production. luzzini-
Seigel et al. (2017) found that two CAS subgroups (CAS and CAS + language impairment)
were equivalent on all speech inconsistency measures (token-to-token inconsistency for mono-
and multisyllabic real words and repeated production of the phrase “buy Bobby a puppy”),
suggesting that speech inconsistency is a core feature of CAS and cannot be attributed to
language impairment in this population, whereas children with a language impairment exhibited
high levels of sentence inconsistency (i.e., repetition of the sentence "Buy Bobby a puppy™).
Similarly, Marquardt, Jacks, and Davis (2004) showed that the disorder is characterized by high
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levels of total token and error token variability including low levels of word target stability and
token accuracy.

Children with CAS have shown some other behaviours that may indicate a disorder at the
phonological level. For example, research by Lewis et al. (2018) found significant differences,
with the CAS group performing more poorly on rapid automatized naming (RAN) than the
SSD-only group and the no SSD/LI group. RAN requires naming a small set of randomly
presented colours, objects, numbers, or letters as quickly as possible (Lewis et al., 2018).
Although most studies have examined the relationship between RAN performance and reading
skills, rapid access to and retrieval of phonological information and oral motor skills are also
associated with RAN - all skills that may be impaired in children with SSD (Norton & Wolf,
2012; Treiman, 2017) including children with CAS. In the current study, we used the RAN test
with pictures of highly frequent one- and two-syllable Croatian words (e.g., clock, dog, heart...)
(rather than letters) to eliminate orthography from this measure.

Although the studies that have examined speech variability in CAS are limited in scope and use
different methods to capture speech inconsistency, they suggest that variability may be a

defining feature of the disorder.

1.4.3. Evidence of difficulties at phonetic programme assembly

There are several models of speech production that suggest that the causal factor is to be found
somewhere in the transition from a phonological code to articulomotor output, i.e., phonetic
planning, motor programming, or motor execution (Ozanne, 1995; van der Merwe, 1997;
Velleman & Strand, 1994). In compliment to the model of Levelt and colleagues (Levelt,
Roelofs, & Meyer, 1999), who proposed an articulatory network as the final level of speech
production, others (e.g., Ozanne, 1995; Van der Merwe, 1997) further elaborated on this final
level into two stages: motor programming and motor execution. Based on Ozanne’s (1995)
research, two clusters emerged reflecting a deficit in motor programming, which she subdivided

into: phonetic programme assembly and motor speech programme implementation.

The underlying deficit of CAS is often thought to be at the level of phonetic programming
(Schmidt & Lee, 1999; Van der Merwe, 1997), which can be summarized as the inability to
translate an abstract phonological code into motor speech commands (Nijland, 2003). This

means that the gesture (defined during phonetic planning) only defines the task of the
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articulators in an abstract way and does not delineate the exact means to accomplish this task
(Nijland, 2003).

Breakdowns at the phonetic programming level include: consonant deletion (i.e., whenever a
consonant is omitted in syllable-initial or syllable-final position); spontaneous production of
phonemes in words they cannot imitate; use of phonemes in words that do not contain that
phoneme; and groping (e.g., trial and error movements on the imitation of single sounds)
(Ozanne, 1995).

Research suggests that consonant omissions may be distinctive for children with CAS (Lewis
et al., 2004, Shriberg et al., 1997b). Shriberg et al. (1997b) reported that 42% of consonant
errors in younger children with CAS were omissions, compared to 25% in children with speech
delay. In addition, Lewis et al. (2004) found a high proportion of initial and final consonant
deletion, syllable deletion, and cluster reduction in children with CAS compared to children
with isolated speech disorders and children who had both speech and language disorders.
Overall, 90% of the CAS group deleted syllables, compared with 8% in the isolated speech
impairment group and 15% in the speech and language impairment group, respectively. Similar
results were confirmed in the study by Jacks, Marquardt, and Davis (2006), in which omission
errors were almost exclusively attributed to the deletion of the final consonant in words,
regardless of the number of syllables, providing a consistent pattern of syllable errors. Although
CAS has been extensively studied in the clinical literature, most of the evidence for impairments
in syllable structure production in this population comes from English. A case study by Canault,
Thai-van, and Le Normand (2021), based on a two-year longitudinal follow-up of a French boy
with CAS, found similarities to previous English studies (Jacks et al., 2006; Lewis et al., 2004)
in terms of poorer precision of coda-singleton consonant in coda position and a higher rate of

deletions compared to onset-singleton consonant at ages 5 and 6 years.

Another breakdown of the phonetic programming level involves articulatory groping. Although
groping is often associated with CAS, not all children with CAS exhibit this feature (luzzini-
Seigel & Murray, 2017). In Lewis et al.'s (2004) study of children with CAS, speech disorder,
and combined speech and language disorders, 5 out of 9 participants with CAS demonstrated
groping in a preschool-age conversational sample. There was no data on participant groping at
school-age follow-up. In a study by luzzini-Seigel et al. (2017), only 1 out of 20 children with
CAS showed groping while responding to the GFTA-2, but they hypothesize that it is possible
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that more children would show this feature on more complex speech tasks (e.g., a polysyllable
word test).

In contrast to the two aforementioned studies, Murray et al. (2015) found that articulatory
groping accurately identified 54% of preschool-aged participants with CAS, whereas non-
speech oral motor groping identified 29% of participants with CAS compared to participants
with other speech sound disorders, emphasizing that within-speech groping is associated with
CAS, whereas non-speech groping may occur due to oral apraxia (Murray et al., 2015).
luzzini-Seigel and Murray (2017) suggest that groping should not be considered mandatory to
obtain a CAS diagnosis. Furthermore, groping is based on expert judgement and does not easily
meet the requirement of being operationalized, so it was not included in the present study.

1.4.4. Evidence of difficulties with motor speech programme implementation

Motor programming is the level of speech production in which phonetic plans characterizing
the spatial and temporal targets of articulatory movements are translated into context-dependent
motor specifications for the articulators (Nijland, Maassen & van der Meulen, 2003), which are
then executed in the motor execution stage (Ozanne, 1995). A breakdown at the level of motor
speech programme implementation occurs when the correct motor programme is selected but
the wrong timing and force parameters are chosen (Schmidt & Lee, 1999), and it is
characterised by slow diadohokinetic (DDK) rates and poor sequencing ability of DDK tasks
(Ozanne, 1995).

DDK or maximum repetition rate (MRR) is a task that involves rapid repetition of syllables that
are usually a part of a speech mechanism examination that is intended to evaluate oral motor
skills independent of phonological abilities (Icht & Ben-David, 2021). This specific task
includes successive movements (e.g., syllable to syllable) of connected speech entailing
constant approximations of specific articulatory targets because no absolute or static positions
are associated with speech sounds (Flipsen, Bernthal, & Bankson, 2017b). That specific
overlapping movement involved in producing sequential motor speech elements presents a
problem for children with CAS.

Almost 50 years ago, Yoss and Darley (1974) suggested that DDK performance was one of the
factors that could distinguish motor speech disorders from other speech sound disorders. Later,

Williams and Stackhouse (1998) investigated diadochokinetic abilities in three children with
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various SSD and paediatric motor speech disorders. One child with developmental verbal
dyspraxia showed lower overall scores on two of the measures-accuracy and consistency; one
child with specific phonological delay showed a very consistent DDK profile and there were
no differences on the rate measures, whereas the third child showed a mixture of dysarthric and
dyspraxic features on all three measures-accuracy, rate and consistency. Thoonen et al. (1999)
confirmed that CAS can be diagnosed on the basis of maximum fricative prolongation, in
combination with difficulty in sequencing speech movements as measured by performance on
trisyllabic repetition task. Similarly, Shriberg et al. (2012) confirmed a significantly lower score
on the syllable repetition task in CAS children, confirming the idea of a core impairment in
motor planning or programming of speech in speakers with CAS.

Meloni et al. (2020) did a study in French-speaking children which showed that there is no
significant difference between children with phonological disorders (PD) and typically
developing children, but a significant difference between children with CAS and typically
developing (TD) children. These results suggest that children with CAS can be distinguished
from TD children on the DDK task, whereas children with PD cannot, confirming the premise

that children with CAS struggle in specifying timing and force parameters of the motor plan.

In addition to the aforementioned differences, there is also acoustic evidence suggesting deficits
in the temporal control of speech. It has been reported that children with CAS produce longer
acoustic durations of segments (Nijland et al., 2003) and words (Bahr, 2005) than control
subjects. It has been suggested that the degree of variability in the duration of pauses and speech
events may distinguish children with CAS from children with other speech disorders (Shriberg
et al., 2003).

Even though MRR is a highly language-neutral task there is a big variety in methods that are
being used across languages and research groups (see Diepeveen et al., 2019). Therefore, the
current MRR computerized protocol (Maassen et al., 2019) in this study aimed at providing an

objective and comprehensive insight which can later be used for cross-linguistic comparison.

1.4.5. Evidence of difficulties with speech execution

In the final phase of motor execution, motor plans and programs are translated into speech
movements. Nevertheless, it can be argued that the motor execution of phonemes depends on

all the preceding processes and cannot be studied separately without knowing the cause of the
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breakdown at this level. For example, a phonemic selection error may be perceived as an
execution error (e.g., stopping - production of a stop consonant instead of a fricative or
affricate), whereas some phonetic distortions may result in errors that fall into a different
phonological category and are perceived as phoneme substitution errors (Ziegler, 2008). Speech
execution difficulties have indeed been reported multiple times in children with CAS as
articulation difficulties (Ozanne, 1995; Ozanne, 2010) and as severe and persistent speech

disorders that prove resistant to speech and language therapy (McNeill, 2013).

Accurate productions are defined as consonant and vowel productions that are free of errors
such as distortions, omissions, and substitutions. Speech errors occur when a speaker intends
to produce a word but misproduces one or more speech sounds in the word (MacKay & James,
2004). During development, children lack the articulatory control to produce phonemic
distinction in the same manner as adults, however, Croatian children are expected to produce
all sounds of the Croatian language correctly by the age of 5;06 (Vuleti¢, 1990). Although
consonants are articulatorily more difficult than vowels and they are more susceptible to
distortions and substitutions in TD children (Galluzzi, Bureca, Guariglia & Romani, 2015) and
the accuracy of vowels reaches adult levels well before that of consonants (Pollock, 2002),
children with CAS have been reported to have difficulty producing vowels and vowel errors
have been documented in various auditory and acoustic studies (Lenoci et al., 2020).
Furthermore, Pollock and Hall (1991) showed that children with CAS have problems with
rhoticised vowels and diphthongs. Similar results were obtained in a longitudinal study by
Davis, Jacks, and Marquardt (2005), which showed that children with CAS were able to
produce almost all vowels but had a high number of vowel errors, resulting in much lower
accuracy levels than expected for their age. In addition, speakers with CAS also showed smaller
vowel spaces and less pronounced vowel contrasts, both in articulation and acoustics, compared

to matched controls (Lenoci et al., 2020).

Regardless of the cause, research has shown that children with SSD (including CAS) have less
mature speech motor patterns compared to their typically developing (TD) peers (Case &
Grigos, 2018). For example, in his study, Terband (2011) showed an increase in speech sound
distortion (as well as coarticulation, searching articulatory behaviour, and variability) with
increasing dependence on feedback control in a series of computer simulations, which could
result from increased reliance on auditory feedback control due to incorrect and/or imprecise

feedforward commands. In addition, a study by Case and Grigos (2018) suggests that, while
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children with CAS show improvements in accuracy of speech production (percentage of
consonants correct - PCC and percentage of vowels correct - PVC), they may require more
intensive practice over time to facilitate changes in articulatory movement, which could explain
why children with CAS have difficulty retaining newly acquired speech targets and

generalizing what they learn in untreated contexts.

This lack of agreement on the cause of production errors in CAS affects our ability to specify
the phenomenology of CAS and the theoretical implications of production errors (i.e., where

the breakdown occurs in the speech production process).

1.4.6. Conclusions

All the studies discussed in this section confirm the initial statement that CAS is indeed a highly
controversial and complex entity. Although various psycholinguistic theories attempt to isolate
the processing steps involved in speech production, these results are puzzling and make it
difficult to determine the underlying deficit. The processing levels at which deficits have been
identified comprise the entire speech production chain, from the highest levels such as lexical
storage and retrieval to the lowest level (i.e., speech execution). However, there are only few
studies in which psycholinguistic models have been systematically applied to apraxia of speech
(Ziegler 2005) or CAS (Maassen et al. 2010; Nijland, 2009; Maassen & Terband, 2015), which
weakens the theoretical basis for delineating the core processing deficit as well as the clinical
basis for differentiating CAS from other speech sound disorders. In addition, the sample sizes
in these studies were predominantly small, usually up to 15 children of varying ages.
Furthermore, the classification criteria for a number of these studies do not include a detailed
classification protocol, particularly with regard to receptive language measures, making it

difficult to generalize conclusions regarding CAS.
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2. PRESENT STUDY

The development of the language, cognitive, and neurological systems complicates our
understanding of the causes of speech disorders in children. This developmental interaction
between different levels of cognitive processing presents a fundamental challenge in isolating
the underlying deficit of developmental disorders (Maassen & Terband, 2015).

Although CAS is primarily defined as a motor disorder, recent research suggests that it is a
more complex disorder that includes language impairment (i.e., phonological deficits). Despite
the dispute over pathognomic features, there is more or less agreement on the core features of
CAS (i.e., the "golden standard" proposed by ASHA, 2007). These features are consistent with
a deficit at the level of planning and programming speech sounds; however, CAS has been
associated with a variety of features and has been shown to involve different difficulties during
successive stages of development (Terband, 2011; Maassen, 2002).

Explanations for CAS range from a disturbance localized at the level of phonological
representation to those at the level of motor programming and execution. In addition, not all
children exhibit the same symptoms, and symptoms change over time, so a checklist approach
to CAS is not an ideal solution. This study follows the premise of Maassen and Terband (2015)
by constructing a test battery with a set of speech tasks that represent different steps in the
speech production process (i.e., with reference to the Cascade model; Ozanne, 1995) using
current technological aids. By comparing speech performances obtained with such a test
battery, our aim is to determine which processing steps are functioning normally and which are
impaired. The current study was limited to comparing the speech production of children with
CAS with typically developing children (this study did not include differential diagnoses with
other speech sound disorders), while controlling for receptive language impairments.

Considering that most of the data on CAS come from English-speaking children, it is difficult
to determine which of these features are relevant in other languages, as there are differences
between the various phonological systems, especially in terms of the inventory of consonants
and vowels. Therefore, one of the goals of the current study was to provide data on CAS in

languages other than English.

The present study does not question the presence of speech motor difficulties in children with
CAS, but rather aims to further investigate speech motor abilities as well as phonological
abilities, taking into account the involvement of both speech motor production and speech

perception processes, and to distinguish subgroups of children with CAS based on these distinct
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processing levels in order to gain insight into the processes underlying speech production
difficulties in children with CAS.

2.1. Questions

Given the complex developmental interactions between processing levels and in order to

understand the core of the underlying deficit(s) in CAS, the following questions are posed:

1. Do children with CAS differ compared to TD children at all levels of speech production? In

particular, do these two groups differ in terms of:

1.1. Phonological rules; i.e., is there a significant difference in the AX discrimination task
and phonological awareness tasks (rhyme recognition; rhyme production; syllable

synthesis; syllable analysis; phonemic synthesis; phonemic analysis)?

1.2. Assembling the phonological plan for the word or utterance; i.e., is there a significant
difference in the RAN test, the word repetition task, the non-word repetition task and in

the word learning task?

1.3. Phonetic programme assembly; i.e., is there a significant difference on errors in syllable-

initial consonants (PCCI), in syllable-final consonants (PCCF) and consonant deletion.

1.4. Implementation of the motor-speech programme; i.e., is there a significant difference in
the MRR tasks (monosyllabic, bisyllabic, and trisyllabic repetition)?

1.5. Speech execution, i.e., is there a significant difference in the accuracy of consonant
(PCC) and vowel (PVC) production?

2. Is there an effect of motor speech production on phonological tasks, i.e., do children with
CAS perform worse on phonological awareness tasks that require motor speech production
(verbal response) than on tasks that do not require motor speech production (nonverbal

response)?

3. Is it possible to identify a subgroup of children with CAS considering higher levels of speech

production (phonological abilities)?
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2.2. Hypotheses

H1: Children with CAS perform worse at all levels of speech production.

H1.1: Children with CAS perform worse at the phonological rules level, i.e., there is a
significant difference in the AX discrimination task and the phonological awareness

tasks.

H1.2: Children with CAS perform worse at the level of assembling the phonological plan for
the word or utterance; i.e., there is a significant difference in the RAN test, the word

repetition task, the non-word repetition task, and the novel word learning task.

H1.3: Children with CAS perform worse at the level of phonetic programme assembly, i.e.,
there is a significant difference in the correctly produced consonants in syllable-final
position (PCCF) and syllable-initial positions (PCCI) as well as in the number of

omitted consonants (PCnD).

H1.4. Children with CAS perform worse at the level of implementation of the motor-speech
programme, i.e., there is a significant difference in the maximum repetition rate

(MMR), in monosyllabic, bisyllabic, and trisyllabic repetition.

H1.5: Children with CAS perform worse at the level of speech execution; i.e., there is a
significant difference in the accuracy of consonant (PCC) and vowel (PVC)

production.

H2: Children with CAS perform worse on phonological tasks requiring motor speech
production (verbal response) than on phonological tasks not requiring motor speech
production (nonverbal response), i.e., there is an interaction between motor speech

production and phonological tasks.

H3: By identifying difficulties at the phonological levels of speech production, subgroup of
children with CAS is formed.
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3. METHOD
3.1 Participants

This study included a total of 58 participants: children with childhood apraxia of speech (n=30)
and typically developing children (n=28). After being informed about the study, parents signed
a written informed consent form emphasizing that participation was voluntary and that children
could withdraw from the study at any time. In addition, parents could ask for information at any
time during data collection by e-mail or telephone. Ethical approval for this study was obtained

from the Ethical Review Board of the Faculty of Education and Rehabilitation Sciences.

The age of the participants ranged from 64 to 91 months (5;04 to 7;07 years). The mean age of
the participants was 76.17 months (6;04 years). The two groups didn't differ statistically in age,
and there were no gender differences in age. However, the gender pattern shows that males
predominated in the CAS group (Table 1).

Table 1. Participant's gender structure

TD group CAS group
Total
f % f %
Male 15  36.6 26 63.4 41
Gender
Female 13 765 4 23.6 17
Total 28  100.0 30 100.0 58

3.1.1. Typically developing participants (TD)

Typically developing children (TD) were recruited from two mainstream kindergartens in
Zagreb. In addition, they were recruited by two speech-language pathologists working in these
kindergartens. The children had no history of speech and language disorders, motor or cognitive
impairments. All children had normal or corrected vision and normal hearing (based on the
results of neonatal screening). Only children with the results within the normal range on Raven's
Colour Progressive Matrices Test (CPM; Raven, 1999) and on the Test for Reception of
Grammar (TROG-2:HR; Bishop, Kuva¢ Kraljevi¢ et al., 2014) participated in the study (SR

>85). All children were monolingual speakers of Croatian.
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3.1.2. Participants with childhood apraxia of speech (CAS)

Participants with CAS were recruited via letters to the speech and language therapist of the
Croatian Logopedics Association (kindergarten section and private practice section) or referred
directly to the Centre for Rehabilitation, the clinical unit of the Faculty of Education and
Rehabilitation Sciences. Participants with CAS were recruited mainly in Zagreb and its
surroundings, but there were also children from Zadar, Trogir and Split. The tests were
conducted in the Centre for Rehabilitation of the Faculty of Education and Rehabilitation
Sciences or in the kindergartens. All tests took place in quiet rooms in one of the above

mentioned institutions, with each participant sitting next to the researcher.

Exclusion criteria for participants were: neurological or physical cause of the speech sound
disorder (e.g., cleft palate), motor impairment, cognitive impairment, hearing impairment, and
inadequate receptive language skills. Motor abilities was tested trough Croatian version of The
Developmental Coordination Disorder Questionnaire (DCDQ-HR; Sangster Joki¢, Knezevi¢ &
Wilson, in preparation). The Raven's Colour Progressive Matrices Test (Raven, 1999) was used
to assess nonverbal cognitive abilities. Only children whose scores were within the normal
range (SR >85) participated in the study. To assess receptive language, the Test for Reception
of Grammar (TROG -2: HR; Bishop, Kuva¢ Kraljevi¢ et al., 2014) was used. Only children
whose scores were in the normal range (receptive language scores above -1.25 SD at TROG -
2) participated in the study. All parents completed a case history form (Appendix A). All
children regularly attended kindergarten and one child attended first grade, and they were all

monolingual Croatian speakers.

All participants with CAS had a previous CAS diagnosis or were suspected of having CAS. For
the purposes of this study, the diagnostic classification for CAS was additionally based on the
presence of the three in ASHA (2007) (1) inconsistent consonant and vowel errors, (2) difficulty
forming articulatory transitions between sounds and syllables, and (3) prosodic errors. The
diagnostic classification for CAS was determined as proposed by Grigos, Moss, and Lu (2015)
by the researcher and one experienced SPL. Children diagnosed with CAS showed these
features in more than one speech context and within at least three different words (or
sounds/syllables in the sequencing task): inconsistent errors were defined as consonant and
vowel errors that differed in repeated productions of the same word (e.g., /svjetiljka/ Eng. /lamp/
produced as /sletika/, /sletilka/, /sletitka/ by the same speaker; difficulties in articulatory
transitions were characterized by poor coarticulation, especially when it included phonemes
that were present in the child's repertoire (e.g., difficulty in combining the consonant /s/ with
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different vowels, even though /s/ and the vowels can be produced correctly in other contexts);
prosodic errors were identified as incorrect lexical and/or phrasal stress. In addition to the three
core features, children with CAS exhibited at least four of the following features throughout
different tasks: metathesis (e.g., production of /poklopac/ Eng. /lid/ as /klopopac/), vowel errors
(e.g., production of /poklopac/ as /paklopac/), voicing errors (e.g., voiceless sound is replaced
by a voiced sound), phoneme distortions, articulatory groping (e.g.., visual struggle
accompanying phoneme production), reduced phonetic inventory, and poorer expressive than

receptive language skills.

At the time of the study, all children with CAS were undergoing speech and language therapy

(at least one year), and none of them had received occupational therapy or physical therapy.
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3.2. MATERIALS

For each participant, the procedure lasted between 90 and 100 minutes in total. The first part
(tests for exclusion criteria) took between 20 and 30 minutes. A series of tasks representing
different steps in the speech production process lasted between 45 and 60 minutes with short

breaks (5 minutes) between tasks, depending on the needs of the participants.

3.2.1. Tests for exclusion criteria

Raven's Coloured Progressive Matrices (CPM; Raven, 1999) are suitable for testing general
cognitive abilities from the age of 5 to 11 years. This test measures the ability to make
perceptive and logical conclusions and offers insight into perceptual, problem solving and
learning abilities. The test consists of 12 tasks grouped in 3 sets (36 in total). On each task the
participant is presented with a coloured drawing in which one section has been left blank. The
participant must choose the image that best fills the white frame in the main drawing. The

testing was conducted by a psychologist.

The Test for Reception of Grammar (TROG-2:HR; Bishop, Kuva¢ Kraljevi¢ et al., 2014) was
used for assessing receptive language of Croatian grammar with respect to inflexion, functional
words, and word order. The TROG-2 consists of 80 items made up of sentences of varying
complexity that are ordered from lower to higher complexity. The participant must select one
of four images that corresponds to the sentence presented in the item. The testing was conducted
by an SLP.

Motor abilities was tested trough Croatian version of The Developmental Coordination
Disorder Questionnaire (DCDQ-HR; Sangster Joki¢, Knezevi¢ & Wilson, in preparation).
DCDQ (Wilson, Kaplan, Crawford & Roberts, 2007) is a questionnaire developed to identify
subtle motor problems in children aged 5-15 years. Caregivers assess their child’s coordination
in comparison with other children of the same age and rate it on a 5-point Likert scale. This
questionnaire represents a standardized method for measuring a child's coordination in daily,
functional activities. It assembled out of 15 items that examine: control during movement, fine
motor and handwriting skills, and general coordination. The Cronbach’s alpha coefficient for
the total test is .88. The DCDQ was also significantly correlated with the total impairment score
of the Movement ABC (r = - .59, p <.0001) (Wilson, Kaplan, Crawford, Campbell & Dewey,
2000).
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3.2.2. Materials and tasks representing different levels of speech production

The following section explains the tasks and materials used in the mail part of the study.

Table 2. Measured constructs, variables, and materials/tasks used in the present study

Measured ) ) Verbal
Measured variables Materials & tasks
constructs response
Phonological o
_ AX discrimination task x
representations
Rhyme recognition (predCiP) x
Phonological Rhyme production (predCiP) v
rules _ Syllables blending (predCiP) x
Phonological awareness i _
Syllables segmentation (predCiP) v
Phonemic blending (predCiP) x
Phonemic segmentation (predCiP) v
Retrieval of phonological y
) ) RAN test (predCiP) v
information
Phonological | Whole-word variability Word repetition task (CAI) v
planning Whole-word variability Non-word repetition task (CAI) v
Novel word consistency )
Novel word learning task v
and correctness
Phonetic PCCI
Consonant
programme ) o PCCF v
deletion/substitution
assembly PCnD
Motor speech Monosyllabic repetition (CAI) v
programme Maximum repetition rate Bisyllabic repetition (CAl) v
implementation Trisyllabic repetition (CAI) v
Speech Accurate phoneme PCC
v
execution productions PVC
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3.2.3. AX discrimination task

To reduce the load on auditory memory, the AX discrimination task was adopted for the present
study. This discrimination task requires phonemic judgment based primarily on phonetic
properties and features. It required a response of “same™ or "different” on each presented trial.
Participants were presented with two consecutive speech tokens (vowels). Vowels were used
because they appear to be more sensitive than consonants in terms of auditory-phonetic
discrimination (Maassen et al., 2009). Speech tokens were synthesized considering the F1
frequency of vowels in the Croatian language (Table 3; Skari¢, 1991). The task was conducted

in E-Prime, a stimulus presentation software that recorded both accuracy and total reaction time.

Table 3. F1 frequencies for vowels in Croatian language (Skari¢, 1991, p. 186)

| € a (0] u
F1 360 500 700 450 380
F2 2200 1800 1400 1150 750

The participant had to listen to each pair and select the v key on the keyboard if the presented
vowels were ,, the same®, and % key on the keyboard if the vowels were ,,different. There were
a total of 16 trials (Table 4). Vowels are usually distinguished by vowel height and vowel
backness. Vowel height refers to the vertical position of the tongue (low-1, middle-2, high-3),
and vowel backness refers to the position of the tongue relative to the back of the mouth (front-
1, middle-2, back-3).

Table 4. Vowel pairs in the AX discrimination task

Vowel Vowel
Trial ~ Stimulil  Stimuli 2 height backness
1 A A 11 22
2 A E 12 21
3 E E 22 11
4 E I 23 11
5 I | 33 11
6 I A 31 12
7 0 0 22 33
8 O E 22 31
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9 U U 33 33
10 U A 31 32
11 A @) 13 23
12 I U 33 13
13 @) I 23 31
14 @) U 23 33
15 E U 23 13
16 @) A 21 32

All pairs were randomly ordered with a duration of 1000 ms, with the interpair interval of 5000
ms. Prior to the task, there was a preparatory section in which participants had to complete 5
trials to familiarise themselves with the procedure and to ensure that they had fully understood
the task. Participants were motivated by the small robot that appeared on the screen, as if it was
producing the synthesised vowels. At the end, a winner's trophy appeared on the screen as a
reward for helping the robot. Participants never received any differential feedback for their
responses, only verbal reinforcement ("You are doing great,” "Well done"). Correctness and
reaction time from onset to last response were calculated for each participant for both conditions

(vowel height and backness).

3.2.4. Test for the Assessment of Reading and Writing Prerequisites (PredCiP)

Phonological awareness is the ability to consciously think about a spoken word in terms of its
basic phonological units - syllable, rhyme, and phoneme (Ouellette & Haley, 2013). In the
present study, participants were assessed with the Test for the Assessment of Reading and
Writing Prerequisites (PredCiP; Kuvaé Kraljevi¢ & Lenéek, 2012), a standardized test of pre-
reading skills and abilities. It consists of language tasks (rapid automatized naming,
phonological awareness tasks, letter knowledge, and narration) and visual perception tasks
(recognition and copying). The PredCiP tasks used in the study relate to phonological
awareness. Syllables and phonemic blending require a verbal response in this test, but for the
purposes of this study, verbal response was excluded in these particular tasks and the task was
presented differently from its original form. Each item received a binary score, with "1"

representing correct responses and 0" representing incorrect responses.
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3.2.4.1. Rhyme recognition

In the rhyme recognition task, participants were presented with two words. They had to
recognise whether two words rhymed with a yes or a no, verbally or nonverbally (e.g. seka-teka
- correct answer: yes, or a nod of the head). There were seven pairs, and for each correct answer

the participant received one point.

3.2.4.2. Syllable blending

In the syllable blending task, the ability to blend syllables to form words was tested using seven
words (as in the predCiP test), but without the answer having to be given verbally. The
participant was presented with the syllabically segmented version of the word (ka-men, Eng.
stone) and had to point to the correct answer. The participant was presented with four responses:
correct answer (kamen), phonological distractor (kamin, Eng. fireplace); semantic distractor
(drvo, Eng. tree); unrelated distractor (olovka, Eng. pencil) (Figure 3). The list of words consists
of four two-syllabic, two three-syllabic, and one four-syllabic word. All graphics were created

by the researcher in Canva, a graphic design platform.

Figure 3. Example of the non-verbal syllable blending task
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3.2.4.3. Phonemic blending

In phonemic blending task, the ability to blend phonemes to form words was tested using seven
words (as in the predCiP task), but without the answer having to be given verbally. The
participant was presented with the phonemically segmented version of the word (k-o-l-a-¢, Eng.
cake) and had to point to the correct answer. The participant was presented with four responses:
correct answer (kolac), phonological distractor (kotac, Eng. wheel); semantic distractor
(sladoled, Eng. ice-cream); unrelated distractor (sunce, Eng. sun) (Figure 4). The list of words
consists of seven words, ranging from simple CVC words with three phonemes to more
complex CCCVCV words with six phonemes. All graphics were created by the researcher in

Canva, a graphic design platform.

Figure 4. Example of the non-verbal phonemic blending task

3.2.4.4. Rhyme production

In the rhyme production task, participants were asked to produce words that rhyme with the
presented word (seven in total) regardless of their meaning. For example, participants were
presented with the word most (Croatian for bridge) and could give several correct answers, such
as kost (Croatian for bone) or post (Croatian for fasting), all of which rhyme with most.
However, they could also answer bost, which is a correct answer, although it has no meaning
in Croatian. If the child consistently omitted, substituted, or distorted certain sounds, he or she
was not penalized for doing so. For example, if the participant substitutes /r/ with /j/ and answers
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kjv (instead of krv, meaning blood) for the presented word crv (Eng. worm), it was accepted as

a correct answer.

3.2.4.5. Syllable segmentation

In syllable-related tasks representing shallow phonological awareness (Kuva¢ Kraljevié,
Lencek & Matesi¢, 2019), participants were asked to segment seven words into syllables. For
example, participants were given the word kugla (Eng. sphere) and had to segment it into
syllables (ku - gla). The list of words consists of four two-syllabic, two three-syllabic, and one
four-syllabic word. Similar to the rhyme production task, the child was not penalized for

continuously making omissions, substitutions, or distortions of specific sounds.

3.2.4.6. Phonemic segmentation

In phonemic related tasks, representing deep phonological awareness (Kuvac Kraljevic¢ et al.,
2020), participants were asked to segment seven words into phonemes. For example,
participants were given a word vuk (Eng. woolf) and they had to segment it into syllables (v-u-
k). The answer was accepted as correct if they produced all segments of the word presented.
The list of words consists of seven words, ranging from simple CVC words with three
phonemes to more complex CCCVCV words with six phonemes. Similar to the rhyme
production and syllable segmentation task, the child was not penalized for consistently making

omissions, substitutions, or distortions of certain sounds.

3.2.4.7. Rapid automatized naming (RAN)

Wolf et al. (2000) refer to rapid naming as a combination of different subprocesses that begins
with attentional, perceptual, and memory processes, then moves into conceptual, phonological,
and semantic representations, and ends with motor subprocesses, each of the components
having precise timing. In this study, Rapid automatized naming (RAN; Kuva¢ Kraljevi¢ &
Lencek, 2012) was conducted to assess lexical retrieval and speed of processing phonological
information. The test consists of 20 items (drawings) representing frequent and well known

one- and two-syllable Croatian words (e.g., clock, dog, heart...). Before starting the test, the
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participant was asked to name all items to ensure that all items were known to the participant.
After timing each participant, the number of items per second was calculated.

3.2.5. The Computer Articulation Instrument (CAl)

To gain insight into the underlying causes of the child's difficulties, it is necessary to conduct a
comprehensive analysis of the child's performance on a range of speech tasks reflecting
different levels of processing (van Haaften et al. 2019a). Based on these premises, the Computer
Articulation Instrument (CAI) was developed (Maassen et al., 2019). CAl is a computer-based
speech-production test developed by Maassen et al. (2019) in the Netherlands. Its psychometric
properties indicate that CAl is a reliable and valid instrument for assessing typical and delayed
speech development in Dutch children (van Haaften et al., 2019a). It is modular in design and
requires interactive administration. Tasks targeting phonological and speech motor skills in
children aged 2-7 years include (a) picture naming, (b) non-word imitation, (c) word and non-

word repetition, and (d) maximum repetition rate (MRR).

CAI captures the entire chain of speech processes (see Figure 5), from preverbal visual-
conceptual processing through lemma access, word form selection, phonological encoding,
motor planning, and articulation (motor execution) (van Haaften et al., 2019a). The evaluation
of speech production in CAl is based on phonetic transcriptions and acoustic measurements,
both computer-implemented. With the author's permission, the word imitation, non-word

imitation, and MRR tasks have been translated into Croatian and implemented in CAL.

The assessment was administered using a laptop and a headset with a microphone in a quiet
room (or a room with as little background noise as possible) to ensure a good sound level. The
acoustic signal was automatically stored on the computer's hard drive in one recording for each
of the different tasks. Before each task, the participant was asked to make sure that both the

playing and the recording of the sound were working correctly.
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Picture Naming Word Repetition : Nonword Repetition "
: : repetition rate
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Figure 5. The speech production processes assessed by The Computer Articulation Instrument
(based on Maassen & Terband, 2015, Figure 15.2).

3.2.5.1. Word repetition task

The word repetition task aims to assess the variability in speech production that occurs when a
child uses multiple productions of the same word (van Haaften et al. 2019b). As explained by
Ingram and Ingram (2001), the most efficient way to measure whole-word variability is to elicit
a pre-set number of productions for a pre-selected set of words. In this task, a participant is
asked to repeat a given word 5 times without visual support. There were 5 blank dots on the
screen that turned white as soon as the participant produced the item to help him count the
number of repetitions. In the Dutch version, the word and non-word conditions contained three
two-syllable and two three-syllable items with equal, complex consonant structures (CVC-
CCVC, CCVC-CVC, CVCC-CCVCC, cve-cv-ceV, CV-CV-CVC). To follow the premise
of complex consonant structure for the Croatian version, less frequent syllable structures were
chosen (Table 5). The selected consonant structures are based on the research of Keli¢ (2017),

who conducted corpus analyses on the frequency of syllable structure in Croatian.
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Table 5. Frequency of Croatian syllabic structures in corpus samples, Kelic¢ (2017)

Structure: Frequency:
Frequent CVv 58.34%
CCcvVv 15.2%
Less frequent \ 10.30%
CvC 8.75%
CCVvC 2.65%
VC 1.46%
CcCccv 1.06%
CvCC 0.33%
CCCcvC 0.18%
CCvCC 0.14%
VCC 0.07%
CvCCC 0.02%

Two-syllable items were formed from two less frequent syllables, while the three-syllable items
were formed from two less frequent syllables and one frequent syllable (Table 6). The items
were recorded by a trained female native Croatian speaker in the Acoustics laboratory of the
Department of Speech and Language Pathology. They were digitized at a sampling rate of 44

kHz and a resolution of 16 bits.

Table 6. The list of words in the Croatian version of the CAl word and non-word task

Word structure (Croatian)  \Words Non-words
CveC-cve CIRKUS (Eng. circus) VAJLON
ccve-cve KRUMPIR (Eng. potato) BRUZLJEN
v-ceve OBLAK (Eng. cloud) OKRUM
cccv-cve-cv SVJETILIKA (Eng. lamp) STRUMARDA
ccve-ve-cv KLIZALJKE (Eng. ice-skates) BRIZONGE

In the word repetition task, the number of different word forms was determined after each
session. A production was identified as "different” if at least one phoneme of the target word
was replaced, deleted, or added. For example, the words /KRUMPI/ and /KRUMPIN/ are two
forms of the target word /KRUMPIR/, neither of which is correct, but this was not measured in
this task. Consistency was calculated for each target word by dividing the number of repetitions
(5) minus the number of word forms by 5 (representing the proportion of whole-word

variability).
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3.2.5.2. Non-word repetition

Unlike picture naming and word repetition, a child cannot rely on his or her lexicon in this task
and therefore either analyses the phonological structure of the non-word directly or follows the
auditory-motor planning pathway (van Haaften et al. 2019b). Similar to the word repetition
task, the child is asked to repeat a presented non-word five times, but this time with visual
support. Each non-word is accompanied by coloured pictures of "nonsense characters” (Figure
6) displayed on the computer screen to make the task more attractive, especially for younger

children.

O 0 O O O

Figure 6. An example of visual support used for the non-word imitation task

The selected non-word items have the same structure as the items in the word repetition task
(Table 6). In selecting the non-word items, a small pilot study was conducted to control for
wordlikeness (i.e., similarity to actual words in the listener's native language). Wordlikeness
has a strong influence on how quickly and accurately non-words are processed (Frisch, Large
& Pisoni, 2000). In the preparatory study, first-year students of speech and language pathology
at the University of Zagreb (N=55) had to rate the presented non-words on a scale from 1 (this
word could never be a Croatian word) to 5 (this word could absolutely be a Croatian word).
The words were presented in written form via Google forms. Only items with ratings from 1 to
3 were selected for the non-word task. The items were then recorded by a trained female native
Croatian speaker in the acoustics laboratory of the Department of Speech and Language

Pathology. They were digitized at a sampling rate of 44 kHz and a resolution of 16 bits. As in
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the word repetition task, the number of different non-word forms was determined to be
"different” if at least one of the phonemes of the target word was produced differently or
deleted.

3.2.5.3. Maximum repetition rate (MRR)

Diadochokinesis (DDK) is one of the few objective assessments of motor speech performance.
DDK is considered a particularly sensitive index of motor speech impairment because it
requires maximum performance (Ziegler, 2002), which is why it is often referred to as
maximum repetition rate (MRR). In the CAI instrument it is referred to as MRR.

MRR is a task that includes the repetition of syllables composed of a consonant and a vowel as
quickly as possible in a clear manner (Diepeveen et al, 2019). MRR tasks are purely motor
tasks, and do not require linguistic knowledge (Maassen & Terband, 2015). It has two
components: alternating motion rates (AMR) - repetition of monosyllabic sequences (/pa/, /ta/,
/ka/) and sequential motion rates (SMR) - repetition of multisyllabic sequences (/pataka/).
These stop consonants /p/, /t/, and /k/ are the consonants that occur in most languages of the
world (Schwartz, Boé, Badin & Sawallis 2012) and are among the first acquired consonants
(McLeod & Crowe, 2018). These consonants, in combination with a vowel, represent different
places of articulation, so MRR protocols typically have multiple components that increase in

complexity (Diepeveen et al., 2019).

MRR performances were elicited via a computerized protocol consisting of spoken instructions
and examples starting from monosyllabic sequences and ranging from normal to faster speech
rates. All instructions were translated from Dutch into Croatian and recorded by a trained
female native Croatian speaker in the acoustics laboratory of the Department of Speech and
Language Pathology. They were digitized at a sampling rate of 44 kHz and a resolution of 16
bits.

The participant was first given an instruction (“you are now going to hear a strange word”,
“you have to repeat it exactly as you hear it ) and then an audio sample (Table 7). For the last
two instructions, participants were asked to produce the items faster. The first of those two
instruction was: "Good job! Can you do it faster?" and it included an audio sample (12 syllables
at a faster rate). The second instruction asked children to produce the syllable sequences as fast

as possible without an audio sample.
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Table 7. Assessment protocol for the MRR for mono-, bi-, and trisyllabic sequences (based on
Diepeveen et al., 2019, p.241, Figure 15.2)

Sequence Audio target Speech rate
pa 3x Yes Normal speech rate
pa 6x Yes Normal speech rate
pa 12x Yes Faster speech rate
pa >9x No As fast as possible
ta 3x Yes Normal speech rate
ta 6x Yes Normal speech rate
ta 12x Yes Faster speech rate
ta >9x No As fast as possible
ka 3x Yes Normal speech rate
ka 6x Yes Normal speech rate
ka 12x Yes Faster speech rate
ka >9x No As fast as possible
pataka 3x Yes Normal speech rate
pataka 6x Yes Normal speech rate
pataka 12x Yes Faster speech rate
pataka >9x No As fast as possible
pata 3x Yes Normal speech rate
pata 6x Yes Normal speech rate
pata 12x Yes Faster speech rate
pata >9x No As fast as possible
taka 3x Yes Normal speech rate
taka 6% Yes Normal speech rate
taka 12x Yes Faster speech rate
taka >9x No As fast as possible

Only the last two sequences of the MRR task were analysed (those containing the instructions
"faster" and "as fast as possible™). The first and last syllables were excluded from the analysis,
and only sequences with a remaining minimum of 3 syllables were included in the analysis
(Diepeveen et al., 2019). As explained by Diepeveen et al. (2019) first and the last syllables
were excluded because speakers often produce the first syllable with a longer duration and
higher intensity, and the last syllable is often lengthened. The fastest correctly produced syllable
sequence is used for further analysis. All productions were analysed in the CAl adapted Praat
script (Figure 7). Before extracting the syllable durations and MRR, the marked syllable onsets
were depicted in the waveform and inspected visually. MRR was calculated by dividing the

total number of syllables by the duration of the trial; it is expressed in syllables per second.
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Scoring syllables/s (diadochokinesis) X
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ta
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Number of syllables: 18
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Duration [ms]: 4168

Rate [syllables/s]: 43
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Cancel Apply OK

Figure 7. Example of the analysis with the CAl instrument for sequence /pa/, faster attempt

A sequence is marked as fail (0) if the child refused to complete the sequence, if not enough
syllables were detected (minimum of 3), if an irregular rhythm (distinct pause) was executed,
or if the child made errors (e.g., /pakata/ in- stead of /pataka/). All the further details of the
standardized protocol for MRR assessment in young children in Dutch was presented by
(Diepeveen et al., 2019).

3.2.6. Novel word learning task

A word learning task assesses children's ability to create and execute motor plans for nonsense
words (Dodd et al., 2010). This task is an adaptation of Bradford and Dodd's (1996) and Dodd
et al.'s (2010) novel word learning tasks.

Learning a word means having a well-formed phonological representation after repeated
auditory exposure and being able to produce the word correctly and not confuse it with a similar
sounding word (Alt et. al, 2019). The cognitive load in this task is higher because the child must
store information while engaging in other cognitively demanding activities and then create, sort,
and select the correct representation and create a phonetic program for a given word (Alt et al.,

2019). Therefore, the phonological component of word learning may be the most prone to error.

An appealingly illustrated story of "The Three Little Pigs" was used in this study. Each pig was
given a two-syllable nonsense name (CVCV) following the phonotactics of the Croatian

language (Table 8), using different consonants (taking into account the manner and place of

55



articulation). In the selected book, there are visually different little pigs depicted three times
before the story and twelve times during the story.

Table 8. Two-syllabic nonsense names in the novel word task — Three little pigs
1st little pig 2nd little pig  3rd little pig

New name Cuni Lugo Zapo
Syllabic structure CvCv CvCv Ccvcv
Number of mentions in the 3 3 3
instruction
Number of mentions in the story 12 12 12
Manner of Stop v v
articulation: Fricative v
Affricate v
Nasal v
Lateral v
Glide
Place of articulation: Bilabial v
Labiodental
Dental v
Alveolar v v
Palatal v
Velar v

The story was recorded in a storytelling manner by a trained actress, a native speaker of
Croatian, in the Acoustics Laboratory of the Department of Speech and Language Pathology.
These recordings were converted into Microsoft PowerPoint along with the book illustrations
(Figure 8). Children's comprehension of the names was tested by asking them to point to the

named characters after receiving the instruction:

"You will hear a story about three little pigs. You have probably heard this story before.
This time your task is to remember their names. | will ask you their names after the end of the
story. Here they are: Cuni, Lugo and Zapo (the researcher points to them while naming them).
Cuni is the oldest and the smartest brother, Lugo is the one with the blue shirt and Zapo is the
one with the yellow one. Can you show me Cuni? Lugo? Zapo? (the researcher makes sure that
the participants can distinguish them). I will ask you their names after the story is finished."”
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Figure 8. Microsoft PowerPoint outlook of the Three little pigs

After the story ended, the production of each test word was elicited five times. Each participant
was asked to answer the questions (Table 8). If there was no response, participants were
prompted with the first syllable (CU); if there was still no response, they were given the whole

test word (CUNI). All responses were recorded and later transcribed.

Table 9. Eliciting questions for the novel word learning task

Eliciting question Answer

Can you tell me the names of the three little pigs? Cuni, Lugo Zapo
What is the name of the oldest brother who is very hardworking? Cuni

What are the names of the little pigs who were having fun all day Lugo, Zapo
long?

Who built a house out of straw? Lugo

Who built a house out of sticks? Zapo

Who built a house out of rocks? Cuni

Who had to run away from the wolf because he blew away his house? | Lugo, Zapo
(And who else)
Who built such a strong house that wolf couldn't blow away? Cuni

At the end of the story, who was jumping with happiness and Cuni, Lugo, Zapo

laughing to wolf?
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Consistency and correctness were calculated for each participant. The production was identified
as "different" if at least one phoneme of the target word was substituted or deleted. Consistency
was calculated for each target word by dividing the number of repetitions minus the number of
word forms by five (which corresponds to the proportion of whole-word variability), as in the
word and non-word repetition task. Correctness scores were calculated depending if the
production was spontaneous or prompted (Table 10). The maximum score was 30, which means

that the participant spontaneously produced both syllables correctly five times.

Table 10. Correctness scoring system for word learning task

Production: Correct syllables Score Example (Lugo)
Spontaneous production two-syllables 6 Lugo
Syllable prompted two-syllables 5 Lu — Lugo
Word prompted two-syllables 4 Lugo — Lugo
Spontaneous production one-syllable 3 Luno
Syllable prompted one-syllable 2 Lu — Luko
Word prompted one-syllable 1 Lugo — Lulo
Spontaneous production zero 0 Loki
Syllable prompted zero 0 Lu — Loki
Word prompted zero 0 Lugo — no answer

3.2.7. Articulation test

Accurate productions are defined as consonant and vowel productions that are free of errors
such as distortions, omissions, or substitutions. The idea of articulation tests is to compare the
child's utterances to the target word, while percentage of consonants correct (PCC) and
percentage of vowels correct (PVC) are measures developed to address the need for a

quantitative, relational inventory of mastered phonemes (i.e., measures of phonetic accuracy).

PCC and PVC represent the percentage of consonants and vowels produced correctly,
calculated as number of correct consonants/vowels divided by the total number of
consonants/vowels and multiplied by 100. Considering the literature review and the
impairments in syllable structure production in children with CAS, three additional measures
were calculated: the percentage of correct consonants in syllable-initial position - PCCI, the
percentage of correct consonants in syllable-final position - PCCF, and the percentage of

consonant deletion. Because the child must create a phonetic program while relying on the
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auditory-motor planning pathway to reproduce less familiar and complex words, and especially
non-words, this task can be used to isolate motor programming skills (Vance, Stackhouse &
Wells 2005).

Because the focus of our study was on phonological rather than phonetic development,
consonant distortions were scored as correct, with only omissions and substitutions considered
errors, similar to the PCC-Revised calculation described by Shriberg et. al. (1997c) and van
Haaften et al. (2019).

The Vuleti¢ articulation test (1990) is the only standardized articulation test in Croatian. It
consists of description of pictures on different topics (children's room, playground, kitchen) and
word and non-word imitation tasks. For this study, we chose the word and non-word imitation
task because the picture description task is more difficult to administer, inefficient, and
unattractive to the child (old-fashioned black and white photographs). The list of words ranges
from simple two-syllable words to gradually more complex five-syllable words, from open to
closed syllables, and from no consonant cluster to more complex consonant clusters. The words
are ranked from familiar to less familiar words (Vuleti¢, 1990). The task required participants
to reproduce pre-recorded words (N=10) and non-words (N=10) (Table x). For the calculation
of phonemic speech sound inconsistency, 101 consonant possibilities were included. Of the 25
possible consonant phonemes in Croatian, 14 were represented in three possible positions
within the word (initial, middle, and final), representing all possible places and manners of
articulation (31 consonants in syllable-initial position and 10 consonants in syllable-final
position). All five vowels were also included in different positions within the word, giving the
children 64 possibilities to produce them.
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Table 11. Word and non-word list, Vuleti¢ articulation test (1990)

Word list Non-word list
DEVET TEDEV
LOPTA TOLPA
KLUPA PLAKU

TRAKTOR KROTKAR
POKLOPAC PLOCOPAK
SLIKARSTVO PLISTVORKA
KAZALISTE LAKASTELIZ
USISAVAC ASACUVIS
KUPAONICA PAUNOCIKA
ZAKISELJENOST ISKELJEZANOST

Participants' responses were recorded and transcribed using the International Phonetic Alphabet
(IPA) and The Extended Speech Assessment Methods Phonetic Alphabet (X-SAMPA) in SSA
(Spontane Spraak Analyse, Eng. Spontaneous Speech Analysis), the Dutch program for
analysing transcribed spontaneous speech. It is based on two existing instruments: The
Computer Articulation Instrument (CAI; Maassen, 2019) and the Phonological Method for
Dutch (FAN; Beers, 1995). After completing the transcriptions, the program calculated PCC,
PVC, PCCI, PCCF and PCnD.
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3.3 Data analysis

As a prerequisite for data analysis and hypothesis testing, some preliminary analyses and data
checks were performed, including checking for missing values, identifying and handling
univariate or multivariate outliers, analysing descriptive data, and creating a matrix of bivariate
correlations of the composite variables. Data were analysed using SPSS Statistics, software

version 25.0.

3.3.1. Missing values

Analysis of the missing values in the database of 58 participants showed that the problem of
missing values was not an issue in this study. In addition, the only missing values for the AX
discrimination task was for the variable reaction task - RTtime. When analysing the missing
values in this variable, it is noticeable that in 10 out of 32 vowel pairs the percentage of missing
values exceeds 10%, but the percentage of missing values does not exceed 20%. The highest
percentage of missing values (19%) was found for the vowel pair O/U, which could mean that
the participants had the greatest problems in discriminating the vowels O and U (more on this

in the discussion).

3.3.2. Qutliers

For most variables in this study, there are no significant univariate outliers. All univariate
outliers identified were participants with CAS. Given the procedure and participant group (CAS
group), it is apparent that these observed results represent the abilities of the participants, which

is why they remain in the database and were included in further analysis.
Detected univariate outliers with low scores:

e One outlier on variable Vowel height and Correctness in the AX discrimination task.
e One outlier on variable Phonemic segmentation
e Five outliers on variable Word repetition_ OBLAK

e Four outliers on variable Two-syllabic_PATA in the Maximum repetition rate task
Detected univariate outliers with high scores:

e One outlier on variable Consistency_Lugo in the Word learning task
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Detection of multivariate outliers was performed by regression testing for Mahalanobis
distance. The Mahalanobis distance is the distance of a case from the centroid of the remaining
cases, where the centroid is the point that lies at the intersection of the means of all variables
(Tabachnick & Fidell, 2013). With the value of p <.01, df = 31 (number of variables), there
were no multivariate outliers. All data were stored in the database and included in further

analysis.

3.3.3. Composite variables

In this study, some composite variables were created. For RT in the AX discrimination task
there were three composite variables - the average times of each participant for the vowel height
condition (AX_RTtime_height), the vowel backness condition (AX_RTtime_ backness), and
the average time based on vowel height and backness (AX_RTtime_average). The same was
done for the correctness variable (ACC). Average results were also formed for the consistency
measures of the word repetition task (WR_Cons) and the non-word repetition task
(NWR_Cons). For the MRR, two composite variables were formed based on the average scores
for monosyllabic and two-syllable tasks of each participant (MRR_mono; MRR_bi). Although
the three-syllable task (MRR_tri) had a single score, it was retained in Table X for clarity. In
addition to composite variables, this study also used scalar data representing a single value.

3.3.4. Testing for normality

Formal statistical tests for normal distribution are not the first choice because they lead to
rejection of the null hypothesis even when the distribution does not deviate significantly from
the normal distribution (Tabachnick & Fidell, 2013). Analysis of skewness and kurtosis
indicates that all values that are above + 1.5 are not normally distributed (Tables 12 and 13).
Gravetter and Wallnau (2014) and George and Mallery (2010) indicate that it is acceptable if
skewness and kurtosis are both within +2. In addition, Berman (2022) points out that in order
to perform the independent samples #-test it is sufficient that the data are only slightly
asymmetric, there is no significant number of divergent data, and the group sizes are between

16 and 40. If these criteria are met in this study, we could parametric tests to test the hypothesis.
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3.3.5. Correlations

Defining the various constructs used in this study is an important part of the exploratory
analysis. In this sense, the relationships (correlations) between the measured variables were
tested. Since some variables did not have a normal distribution, Spearman's rank correlation
was used. The correlations for all participants are presented in Table 14, while the specific
correlations for the two groups studied (CAS and TD) can be found in the Appendix 3 and 4,
for which scatter plots were also prepared (available upon request), indicating a linear

relationship. These results will be referred to in the following sections.
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Table 12. Descriptive statistics for composite variables of all participants (N=58)

Variables: Minimum Maximum M SD Skewness? Kurtosis® Cronbach a
AX ACC_ backness 4 16 13.2 2.7 -1.52 1.79 78
AX ACC height 4 16 13.2 2.7 -1.53 1.78 .79
AX ACC 8 32 26.5 54 -1.53 1.790 .90
AX RTtime height 127.3 248.4 161.3 22.1 1.720 4.285 8l
AX RTtime backness 133.5 248.4 161.8 21.7 1.850 4.625 .808
AX RT 132.7 248.4 161.5 21.9 1.802 4.479 .907
WR .32 .80 v A -0.759 -0.527 .802
NWR 24 .80 .6 2 -0.663 -0.539 .835
MRR_ Mono 3.53 6.13 4.7 0.5 0.205 0.054 .874
MRR_Bi .00 6.45 4.2 1.7 -1.312 0.897 .769
MRR_ Tri .00 8.30 3.8 24 -0.772 -0.868 -

aStandard Error of Skewness is 0.314
bStandard Error of Kurtosis is 0.618

Note. AX_ACC_backness = correctness score on the AX task with regard to vowel backness; AX ACC_height = correctnesscorrectness score on the AX task with regard to
vowel height; AX ACC = average correctness score on the AX task for both conditions; AX RTtime height = reaction time from onset to last response on the AX task with
regard to vowel height (sec); AX RTtime backness = reaction time from onset to last response on the AX task with regard to vowel backness (sec); AX RTtime = average
reaction time from onset to last response for both conditions (sec); WR = word repetition consistency, max. = 0.80 (5 repetitions minus the number of word forms divided by
5); NWR = non-word repetition consistency, max. = 0.80 (5 repetitions minus the number of word forms divided by 5); MRR Mono = monosyllabic maximum repetition

rate (syllable/sec); 20. MRR_Bi = bisyllabic maximum repetition rate (syllable/sec); 21. MRR_Tri = trisyllabic maximum repetition rate (syllable/sec)
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Table 13. Descriptive statistics for variables of all participants (N=58)

Variables: Minimum Maximum M SD Skewness? Kurtosis®
RAN 37 1.57 9 3 0.174 -0.192
Rhym_Rec 3 7 6.3 1.1 -1.791 2.425
Rhym_Prod 0 7 4.8 2.4 -0.960 -0.492
Syll_Seg 0 7 5.9 1.7 -1.796 2.797
Syll_Blend 1 7 6.3 1.0 -2.917 12.587
Phon_Seg 0 7 3.6 2.9 -0.054 -1.783
Phon_Blend 1 7 5.3 2.1 -0.946 -0.580
Cuni_Corr 0 30 20.3 8.7 -0.481 -0.939
Cuni_NoWf 0 .8 .6 2 -0.869 0.696
Lugo_Corr 6 30 16.3 6.7 0.752 -0.185
Lugo_NoWf 0 .8 .6 2 -0.593 -0.477
Zapo_Corr 0 30 175 9.8 0.006 -1.202
Zapo NoWf 0 .8 .6 2 -1.248 1.232
PCC 39 100 84.9 17.3 -1.046 -0.100
PVC 89 100 98.1 2.9 -1.575 1.576
PCCI 52 100 88.7 14.3 -1.171 0.212
PCCF 10 100 75.3 26.6 -0.918 -0.414
PCnD 77 100 97.6 4.6 -2.622 7.807

aStandard Error of Skewness is 0.314
®Standard Error of Kurtosis is 0.618

Note. RAN = rapid automatized naming (items per second); Rhym_Rec = rhyme recognition, number correct (max.=7); Rhym_Prod = rhyme production; Syll_Seg =
syllable segmentation; Syll_Blend = syllable blending; Phon_Seg = phonemic segmentation; Phon_Blend = phonemic blending; Cuni_NoWf; Lugo NoWf; Zapo_NoWf=
novel word learning consistency (5 repetitions minus the number of word forms divided by 5); Cuni_Corr; Lugo_Corr; Zapo_Corr = novel word learning correctness
score; PCC = percentage consonant correct; PVC = percentage vowels correct; PCCI = percentage correct consonants in syllable initial position; PCCF = percentage
correct consonants in syllable final position; PCnD = percentage consonant not deleted
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Table 14. Spearman’s rank correlation for all the measured variables (N=58)

Variables: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1. AX_RT 1.00

2. AX_Acc 13 1.00

3. Rhym_Rec A1 467 1.00

4. Rhym Prod .14 50" .62° 1.00

5. Syll_Seg 05 23 29° 21 1.00

6. Syll_Blend .16 29" 357 .23 14 1.00

7. Phon_Seg .20 .50™ 67 617 .29" .24 1.00

8. Phon_Blend .05 62" 617 .63 .18 377 .83 1.00

9. RAN 15 49™ 37 32" 317 43 .58™ .60™ 1.00

10. WR_Cons 12 577 72 .59™ .38™ .38 .69™ 62" 49™ 1.00

11. NWR_Cons 12 .59™ 737 .60™ 407 29" 747 727 55" .89 1.00

12. WL_Cons -.07 49™ 62" 49™ 417 40" 49™ 55" AT 67" 73" 1.00

13. WL_Corr -.02 45 55" 467 48™ 27" 517 52" 54" .69™ .80™ a7 1.00

14. PCC .01 45" 707 .59™ 357 .24 727 .68™ 40" .82™" .81 .64™ 67" 1.00

15. PVC .00 357 617 52" 32" .04 53" 417 .22 .70™ .65™ 55" .50™ 71 1.00

16. PCCI 15 AT 71 62" .29" 22 747 64" .38 .82 .80™ 56" .64™ .93 74 1.00

17. PCCF 15 427 .60™ 617 .24 .20 71 .60™ 45" 74" 79 57 .64™ .82™ .68™ .81 1.00

18. PCnD .09 427 63" .66™ .19 .34 .64™ .58™ 33" .64™ .66™ .50™ 517 757 46™ a7 70™ 1.00

19. MRR_Mono -.06 .36™ AT 377 43" .24 A4 .39 377 577 .56 .60™ .60™ 517 52" 55" 49™ .38 1.00

20. MRR_Bi -.08 .39 48™ 48" .30" .20 517 .50™ .36™ .59™ .61 57 .59™ .59™ 48™ 59" 61 62" .68 1.00
21. MRR_Tri .07 .39 56" 49™ 32" 12 56" 497 .39 .66™ .66™ 52" 52" .69™ .50™ .69™ 58" 63" .53 .65™ 1.00

*p<.05, ** p< .01

Note. 1. AX_Acc = Ax discrimination task, correctness score; 2. AX_RT = Ax discrimination task, total reaction time; 3. Rhym_Rec = rhyme recognition; 4. Rhym_Prod = rhyme production;
5. Syll_Seg = syllable segmentation; 6. Syll_Blend = syllable blending; 7. Phon_Seg = phonemic segmentation, 8. Phon_Blend = phonemic blending; 9. RAN = rapid automatized naming;
10. WR_Cons = word repetition consisntency; 11. NWR_Cons = non-word repetition consistency; 12. WL_Cons = word learning consistency; 13. WL_Corr = word learning correctness; 14.
PCC = percentage consonant correct; 15. PVC = percentage vowels correct; 16. PCCI = percentage correct consonants in syllable initial position; 17. PCCF = percentage correct consonants in
syllable final position; 18. PCnD = percentage consonant not deleted; 19. MRR_Mono = monosyllabic maximum repetition rate; 20. MRR_Bi = bisyllabic maximum repetition rate; 21.
MRR_Tri = trisyllabic maximum repetition rate
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4. Results
4.1. Differences in phonological and speech motor abilities

Five constructs were measured to analyse all levels of speech production (see Table 2 in the
materials). The Independent Samples t-test was conducted to examine whether the two groups
of participants differed significantly, while the Mann-Whitney U test was used as a

nonparametric equivalent to the t-test for variables that deviate from the normal distribution.

4.1.1. Phonological rules

For the first level of speech production (i.e., phonological rules), AX discrimination task and
phonological awareness tasks (rhyme production; syllable blending; syllable segmentation;

phonemic blending; phonemic segmentation) were measured.

As mentioned previously, for the AX task, correctness (ACC) and the reaction time from onset
to last response (RTtime) were calculated for each participant under two conditions (vowel
height and backness). The results show that the groups differ on the correctness variable (Table
15), on both conditions (AX_ACC_backness; AX_ACC_height), and on average (AX_ACC).

Table 15. Differences between the groups on AX discrimination task (Mann-Whitney U test)
Mann-

Variable Group Meanrank Sum of ranks Whitney U test
TD 38.7 1085

AX_ACC_backness CAS 20.9 627 161.5**

AX_ACC_height I:is 2?3 1603775 171.5%*
D .

AX_ACC CAS gg.; 1602883 163.07

AX_RTtime_height -(r:i S ggi ;22 342.0
D .

AX_RTtime_backness CAS ggg ;22 340.0
D .

AX RTtime CAS ggi ;22 342.0

p*<.05, **p<.01

Children with CAS were indeed less accurate at discriminating vowels than TD children - they
could correctly differentiate 12.2 out of 16 vowel pairs, in contrast to TD children who could

correctly differentiate 14.4 out of 16 pairs. In addition, there were some vowel combinations
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that were more difficult than others. 24/30 children with CAS and 20/28 TD children could not
correctly discriminate the vowels /o/ and /u/, while 13/30 children with CAS could not
discriminate the vowels /e/ and /i/, but only 1/28 TD children had difficulty discriminating this
pair. Furthermore, there were no significant differences between CAS and TD children on
correctly recognizing same vowel pairs /a-a/, /e-e/, /i-i/, /o-o/, /u-u/, additionally confirming
difficulties with differentiating vowels (Table 16).

Table 16. Differences between the groups on same vowel recognition (Mann-Whitney U test)

Mann-

Variable Group Meanrank Sum of ranks Whitney U test
TD 29.

AX_AA e o - 408.0
TD

AX_EE CAS 22; 282 3369
TD

AX_II CAS 222 222 3610
TD 2.

AX 00 o 27'2 222 351.0
TD

AX_UU CAS 223 :23 3950

p*<.05, **p<.01

As can be seen in Table 15, the groups also did not differ in total reaction time (i.e., the time
they needed to complete the task). However, the total reaction time does not correlate with

correctness.

In addition, two way-mixed ANOVAs were performed for accuracy and total reaction time in
relation to vowel height and backness. Results from ANOVA show that there is a significant
main effect of group (F(1,56)=11.78; p<.01), with TD children performing better (M= 14.4;
SD=0.47) compared to CAS children (M=12.1; SD=0.45), but no significant interaction was
found between vowel height and backness (F(1,56)=0.93; p>.05). Height and backness showed
no significant interaction with participant group (F(1,56)=0.93; p>.05), as shown in Figure 9.
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Figure 9. Vowel height and backness interaction with the participant group.

When testing for differences in phonological awareness tasks, the t-test was used for rhyme
production, phonemic segmentation, and syllable blending, while the Mann-Whitney U test was
used for rhyme recognition, syllable segmentation, and phonemic blending. The results showed
that children with CAS performed significantly worse on all phonological abilities tasks
compared to TD children (Table 17).

Table 17. Differences between the groups on rhyme production and phonemic
segmentation and blending (t-test)

Variable Group M SD  Mdn Whilt\::z;t test t- test E:if;gt
Rhyme recognition ERS g; 2;8 28 136.5**
Rhyme production -(I;,EA)\S gi (2)2; 28 5.62**  3.532
Syllable blending -(E,EA)\S gg 2;’3 28 2.52* 1.372
Syllable segmentation gis gg ;8;1 28 247.0**
Phonemic blending ERS 22 ;ig ;8 133.0**
Phonemic segmentation ™ >8 17160 7.71%%  2.04°

CAS 16 234 05

**p<.01; *p<.05; M — mean; SD — standard deviation; Mdn - median; ? — Glass's delta; >~ Cohen's d
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Although syllable blending is the simplest level of phonological ability, and children with CAS
correctly blended 6 of 7 words presented, they were still statistically different from TD children
(6.7 of 7) in this task. In addition, they recognized 5.7 out of 7 presented rhymes, whereas the
TD children achieved an average of 6.7 correctly recognized rhymes. In the syllable
segmentation task, the CAS children segmented 5.3 and the TD children segmented 6.5 of 7
presented words correctly. Children with CAS had difficulty in rhyme production with only 3.4
out of 7 rhymes produced, while this task was not as difficult for TD children with 6.3 rhymes
produced correctly. In the phonemic tasks, children were dealing with smaller units than
syllables, which made these tasks even more difficult. As expected, children with CAS
performed significantly worse on both phonemic blending and segmentation. Thus, children
with CAS successfully blended 4.2 words and segmented only 1.6 out of 7 words, in contrast

to TD children who blended 6.5 words and segmented 5.8 words on average (Figure 10).

]

m Rhyme_rec

m Rhyme_prod

B Syllable_seg

B Syllable_blend
Phonemic_seg

B Phonemic_blend

Mean
E-N

[§]

1D CAS

Figure 10. Average scores on phonological awareness tasks for TD and CAS children

For this study, the syllable and phoneme blending tasks were reconstructed so that no verbal
response was required, similar to the study by Janssen et al. (2016), and therefore an age-
matched control group was used for comparison instead of the available norms. Since the
rhyming task was performed in its original form, as suggested by the PredCiP test (Kuvaé
Kraljevi¢ & Lencek, 2012), we can conclude that children with CAS, although performing

worse than TD, are within the average range expected for children of this age - based on the
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available norms. Their average score on both rhyme recognition and rhyme production when
added is 9.1, which is within typical range (from 9 to 14) and represents normal performance.

These results suggest that although children with CAS have lower scores on phonological
awareness tasks compared to TD children, their phonological abilities related to rhymes are

within the range of typical performance for preschool children.
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4.1.2. Phonological planning

For the second level of speech production (i.e., phonological planning), RAN test, the word
repetition task, the non-word repetition task, and the novel word learning task were measured.
Results were normally distributed for both groups, except for Lugo_NoWf and Zapo NoWf.
Furthermore, all phonological planning tasks show positive correlations (Table X).

When compared on RAN test, analysis revealed that children with CAS produced significantly
fewer items per second than did the TD children, with a large effect (Table 18). CAS children
produced less than one item per second on average (M=0.77), whereas TD children produced
one item per second on average (M=1.03).

Table 18. Differences between the groups on RAN test, word repetition task, the non-word
repetition task (t-test)

Variable Group M SD t- test E?;ect
WR_total ™ 17 0.03 10.33** 6.65°
- CAS 57 0.11 ' '
NWR_total ™ 35 0.05 11.07** 5.63?
- CAS 48 0.12 ' '
RAN D 1.0 0.23 411 L 100
CAS 0.8 0.23 ' '

**p<,01; *p<.05; M — mean; SD — standard deviation; t- statistic t-test; ® — Glass's delta; *- Cohen's d

Furthermore, token-to-token inconsistency was calculated for repeated productions of words
and non-words. The results show that there is a statistically significant difference between CAS
and TD children, with CAS children being more inconsistent (Table 18). In the word repetition
task, TD children (M=0.77) showed more consistency in repeated productions than CAS
children (M=0.57) with large effect sizes. The same results were found for non-word repetition,
where TD children (M=0.75) were also more consistent than CAS children (M=0.48), with large
effect sizes. This is also evident in Figures 11 and 12, where lower scores represent more
inconsistencies. A score of 0 means that the child produced 5 different word forms in 5
repetitions, while a maximum score of 0.8 means that the child produced 1 word form in 5
repetitions. Children with CAS produced an average of 2.15 distinct word forms and 2.55
distinct non-word forms in five consecutive repetitions, whereas TD children produced an
average of 1.15 word forms and 1.25 non-word forms, suggesting that TD children have little

more than one word from five consecutive repetitions.
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Figure 11. Boxplot of word repetition scores  Figure 12. Boxplot of non-word repetition
for TD and CAS children scores for TD and CAS children

In addition, word and non-word consistency showed a high positive correlation with the other
variables representing phonological planning, as well as with consonant and vowel production
(PCC, PVC, PCCI, PCCF, PCnD) and monosyllabic, bisyllabic, and trisyllabic MRR (Table
14).

In the novel word learning task, consistency (number of word forms - NoWf) and correctness
(Corr) were calculated for each word (Cuni, Lugo, Zapo). The results show that the difference
between the two groups was statistically significant for both consistency and correctness (Table
19).

Table 19. Difference between the groups on novel word learning task (t-test and Mann-
Whitney U test)

Variable Group M SD Mdn Wt:\/litir;;-u t t- test Effect size
est
Cuni_Corr -CI—:,[D)\S iig 22; iig 5.70** 1.95°
Lugo_Corr -CI;,[O)\S ig; 22(7) gg 4.17** 1.10°
Zwo.Con Cas 13 708 10 R
Cuni_NoWf 228 ; ;g g 2.90** 0.77°
Lugo_NoWf 228 ; ;g Z 4.31** 1.06°
Zapo NoWf -Crll[D)\S 2 ;g_) 2 178.0**

**p<.01; *p<.05; M — mean; SD — standard deviation; Mdn - median; ? — Glass's delta; >~ Cohen's d

The elicited productions of all three target words were statistically less correct for children with

CAS, and for all three words, with large effect sizes. In addition, their productions were more
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inconsistent (Table 19) than the productions of TD children (word Cuni with large effect size).
Correctness and consistency for all three words Cuni, Lugo, and Zapo showed a high positive
correlation (Table 20). However, correctness and consistency values for the word Lugo did not
correlate with correctness and consistency of the words Cuni and Zapo. This could be due to
the articulation movement, which is more similar for the words Cuni and Zapo, while Lugo was
the most articulatory difficult word due to the transition from the front (alveolar - /I/) to the

back (velar - /g/) of the mouth, which distinguishes it from the other two words.

Table 20. Spearman's rank correlation for the novel word learning task

Variables: 1 2 3 4 5 6
1. Cuni_Corr 1.00

2. Cuni_NoWf 65™ 1.00

3. Lugo_Corr .23 -.05 1.00

4. Lugo_NoWf 37 A4 52" 1.00

5. Zapo_Corr 50 407 21 33 1.00

6. Zapo NoWf 38" 12 14 18 54 1.00

**p<.01; *p<.05

In summary, children with CAS performed significantly worse on all phonological planning

tasks.
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4.1.3. Phonetic programme assembly

For the third level of speech production (i.e., phonetic programme assembly), the percentage of
correct consonants in syllable-initial position — PCCI, the percentage of correct consonants in
syllable-final position — PCCF and PCnD — percentage consonants not deleted were calculated.
The results were normally distributed for PCCF, but not for PCCI and PCnD.

Children with CAS evidenced statistically significant difficulties in production of consonants
in final position (M=54) compared to TD children (M=95.4), with a large effect size (Table 21).
Mann Whitney U test revealed similar results in production of consonants in initial position
(M=76.3), showing that children with CAS also exhibit more omissions and substitutions (Table
21) then TD children (M=98.8) implicating that children with CAS have difficulties with
consonants in syllable structure production (i.e. with phonetic programme assembly).
Furthermore, the analysis of a specific measure targeting consonant deletion showed that TD
children do not delete consonants (M=100) while CAS children show statistically more
consonant deletions (M=95.3) throughout their production (Table 21). PCnD shows a high
positive correlation with word and non-word consistency, while PCCF and PCCI show an even

higher positive correlation with word and non-word consistency.

Table 21. Percentages correct on PCCF, PCCI and PCnD for both groups

. Mann- Effect
Variable Group M SD Mdn Whitney U test t- test size
PCCF TD 95.4 5.08 100.0 * .

CAS 540 26.08 55.0 8,24 159
PCCI TD 98.8 2.73 100.0 38.0%*

CAS 76.3  20.02 81.0 '
PCnD TD 99.9 0.76 100.0 150 5%*

CAS 95.3 5.67 96.00 '

**p<.01; *p<.05; M — mean; SD — standard deviation; Mdn - median; ? — Glass's delta; ®- Cohen's d

Note. PCCF = percentage consonants correct in syllable-final position; PCCI = percentage consonants correct in syllable-initial position;
PCnD: percentage consonants not deleted. Higher values mean better performance, i.e., fewer omissions and deletions.

75



4.1.4. Motor speech programme implementation

Variables for the fourth level of speech production (i.e. motor speech programme
implementation) were formed based on the average scores (syllable per second) for
monosyllabic (/pa/, /ta/ and /ka/) and bisyllabic task (/pata/ and /taka/) of each participant. Only
the child's best attempt was included in the analysis (regardless of whether the instruction was

"fast" or "as fast as possible"). The results were normally distributed.

According to the data, as expected, the monosyllabic repetition is the least demanding task,
while the trisyllabic repetition is the most demanding. In addition, there is an apparent trend
toward slower rates in children with CAS as the complexity of the sequence increases, with
more children unable to reproduce more complex repetitions; 16 children with CAS were
unable to produce the correct three-syllable sequence (Figure 13), and their results were marked
as missing values. In contrast, TD children were able to successfully reproduce all sequences

regardless of complexity, performing faster as sequence complexity increased.

Ability to Perform the MRR Task in CAS children
30
20

15

10

Ipal Ital Ika/ Ipata/ [taka/ /pataka/
CAS

msuccessful  m unsuccessful

Figure 13. Overview of the ability to perform monosyllabic (/pa/, /ta/, /ka/); two-syllabic
(/pata/ and /taka/) and three-syllabic task (/pataka/).

Differences between mean syllable rates for each of the successive sequences revealed that
children with CAS had statistically significantly slower maximum repetition rates for both
alternating movement rates (i.e., repetition of one-syllable sequences) and sequential movement

rates (i.e., repetition of multisyllabic sequences), with large effect sizes for all tasks (Table 22).
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Table 22. Difference between the groups on maximum repetition rate tasks (t-test)

Variable Group M SD t- test ISEi];;ect
TD 5.0 0.49 o b
MRR_Mono CAS 44 0.43 4.93 1.29
. TD 53 0.55 o a
MRR_BI CAS 39 192 5.76 3.84
: TD 55 0.79 - a
MRR_Tri CAS 21 5 35 7.50 4.31

**p<.01; *p<.05; M — mean; SD — standard deviation; t- statistic t-test;  — Glass's delta; - Cohen's ¢

In addition, a high positive correlation was found between performance on monosyllabic,

bisyllabic, and trisyllabic repetition tasks (Figure 14). As the monosyllabic rate increases, both

the two- and three-syllabic rates increase. The highest correlation was found between mono-

and bisyllabic and bi- and trisyllabic rates. Interestingly, this positive correlation was not found

in children with CAS between mono- and bisyllabic and mono- and trisyllabic rates, while the

correlation between bi- and trisyllabic rates was moderate.

MRE_Muono

MRR_Bi

MRR_Tri

Figure 14. Scatterplot matrix for mono-, bi- and tri- syllabic repetition rates (N=58)

1

MRR_Maono

MRR_Bi

MRR_Tri
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4.1.5. Speech execution
Final level of speech production was measured as percentage of consonants (PCC) and vowels
(PVC) productions that are free of omissions or substitutions. Since the two variables are not

normally distributed Mann-Whitney U test was used to test for differences.

The analysis showed significant differences between children with CAS and TD children on
PCC and PVC (Table 23). Children with CAS had more errors in the production of consonants
and vowels and showed an overall less consistent phoneme pattern compared to the TD

children.

Table 23. Difference between the groups on PCC and PVC (Mann-Whitney U test)

] Mean Mann-
Variable Group rank Sum of ranks Whitney U test
PCC TD 44.1 1236
10.5**
CAS 15.9 476
PVC ™ 40.0 1121 125, 0%*
CAS 19.7 590 '

**p<.01

Children with CAS produced an average of 69.6% correct consonants, in contrast to TD
children who had an average of 98.2% (Figure 15 and 16). They were much better at vowel
production, with 93.2%, opposed to TD children, who produced 99.8% vowels correctly. PCC
and PVC have a positive moderate to high correlation with all measured variables except total

reaction time and syllable blending.

100,00 _— 100,00 ?

2
*

93,00
14

80,00
96,00

94,00

PVC
PCC

60,00

92,00

3,00

0 CAS D CAS

Figure 15. Mean PVC scores for TD and Figure 16. Mean PCC scores for TD and CAS
CAS children children
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4.2. Speech motor production in phonological tasks

Classical tasks on phonological aspects in the speech production process challenge both
phonological input and output processes, but the available standardized phonological tasks in
Croatian all require a verbal response (PredCiP; Kuvaé Kraljevi¢ & Lenéek, 2012). This study
aimed to further investigate phonological processes while controlling for the mode of response,
which can be given verbally or nonverbally.

If the child had difficulty articulating certain phonemes (omissions, substitutions, or distortions)
but recognized the phonological segment under study (i.e., had an accurate representation of
the syllable or phoneme), the response was considered correct.

To examine differences between different tasks with different phonological awareness level
with and without verbal response, a dependent-samples t-test was performed, except for the
syllable blending and segmentation tasks. Due to the non-normal distribution, the Wilcoxon

signed-rank test was performed for these variables. The results are presented in Table 24.

Table 24. Differences between the phonological awareness tasks with and without verbal response -

CAS children
e Phonological Verbal M . .
awareness level  response

Rhyme recognition (predffiP) shallow-deep x 5.7 1.29 -
Rhyme production (predCiP) shallow-deep v 34 2.65

Syllable blending (predCiP) V shallow x 6.0 1.27 153
Syllable segmentation (predCiP) shallow v 5.3 2.03

Phonemic blending (predCiP) deep x 4.2 2.15 S—
Phonemic segmentation (predCiP) deep v 1.6 2.34

**p<.01

M- mean; SD- standard deviation,; t- statistik t-test; ® Wilcoxon Signed-Rank Test for Syllables blending
Note. Difficulty level represents the degree of difficulty of the presented task, E = easier, D = more difficult (e.g. blending is easier than
segmentation); Verbal response x = the task does not require a verbal response; Verbal response v = the task requires a verbal response.
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As developmentally expected children with CAS had more success in recognizing rhymes than
in producing them (t= 5.29; df= 29; p<.001). Similarly, they were more successful in phonemic
blending than in phonemic segmentation, (t= -7.55; df= 29; p<.001). However, there were no
differences in the syllables task (t=-1.53, df= 29; n.s.); children with CAS performed equally
well on syllable blending and syllable segmentation. In contrast to the rhyme and phonemic
awareness tasks, which showed high positive correlations, the syllable awareness tasks showed

no correlation at all (Table 25).

Table 25. Spearman's rank correlation for the phonological awareness tasks with and without
verbal response (CAS children)

Variables: 1 2 3 4 5 6
1. Rhyme recognition 1.00

2. Rhyme production 55" 1.00

3. Syllable segmentation -.05 .16 1.00

4. Syllable blending .28 24 .05 1.00

5. Phonemic segmentation ~ .37" 517 .00 .05 1.00

6. Phonemic blending 42" .64™ -.00 .38" a1 1,00
**p<.01; *p<.05

Differences on the same tasks were also analysed for TD children, as a control (Table 26).
Similar to the children with CAS, the TD children were statistically more successful (t=4.16,
df= 27; p<.001) at rhyme recognition (M=6.9; SD=0.19) than at rhyme production (M=6.3;
SD=0.08). As expected, TD children also performed better (t= -3.21, df= 27; p= .003) at
phonemic blending task (M=6.5, SD=1.23) then at the phonemic segmentation task (M=5.8,
SD=1.71). There were no differences in the syllable tasks (t=-0.56, df= 27; n.s.).

Table 26. Differences between the phonological awareness tasks with and without verbal
response -TD children

Phonological Verbal
Variable SD t
awareness level response

Rhyme recognition (predCiP) shallow-deep x 6.9 0.19 16"
Rhyme production (predCiP) shallow-deep v 6.3 081 ’
Syllable blending (predCiP) shallow x 6.7 0.48 0.56°
Syllable segmentation (predCiP) shallow v 6.5 1.04 '
Phonemic blending (predCiP dee x 6.5 1.23

! 9 (? )V p 321w
Phonemic segmentation (predCiP) deep v 5.8 1.71

**p<.01

M- mean; SD- standard deviation,; t- statistik t-test; - Wilcoxon Signed-Rank Test for Syllables blending
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In contrast to the CAS children, only phonemic blending and segmentation showed a high
positive correlation in the TD children, whereas the results at the other levels of phonological
awareness did not correlate (Table 27).

Table 27. Spearman's rank correlation for the phonological awareness tasks with and without
verbal response (TD children)

Variables: 1 2 3 4 5 6
1. Rhyme recognition 1.00

2. Rhyme production -.20 1.00

3. Syllable segmentation .35 -.29 1.00

4. Syllable blending .28 19 .09 1,00

5. Phonemic segmentation .19 .08 27 15 1.00

6. Phonemic blending -.10 .36 -11 18 63” 1.00

**p<.01; *p<.05

In addition, to determine whether there was an effect of verbal response, a total score for three
tasks representing equal phonological awareness levels with and without speech motor
performance was calculated as a simple linear combination of the scores for these tasks. To
determine whether there was an effect of speech motor performance on phonological

awareness, a two-way analysis (ANOVA) was conducted.

The results indeed showed a significant main effect of speech motor production (verbal
response) (F(1,56)=81.508, p<.001). Moreover, the interaction between the group (TD and
CAS) and the condition was also significant (F(1,56)= 25.203, p<.001). Although the effect of
speech motor production is seen in both groups, it is more pronounced in children with CAS

(Figure 17), with higher success on tasks that do not involve speech motor performance.
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Figure 17. Main effect of the group and speech motor performance (verbal response) and their
interaction

Furthermore, performances of TD children between different levels of phonological awareness
do not differ. They are equally successful on rhyme (shallow-deep) and syllable (shallow) level
(t(27) = 0.26, p=n.s.), rhyme (shallow-deep) and phonemic (deep) level ( t(27) = 2.07, p=n.s.),
and syllable (shallow) and phonemic (deep) level (t(27) = 1.71, p=n.s). In contrast to TD
children, children with CAS differ statistically between all three levels: rhyme (shallow-deep)
and syllable (shallow) level (t(29) = -3.25, p<.001.), rhyme (shallow-deep) and phonemic
(deep) level (t(29) = 5.88, p<.001), and syllable (shallow) and phonemic (deep) level (t(29) =
6.85, p<.001). However, further analysis showed that there is no difference only between rhyme
recognition and syllable blending, both of which are tasks without verbal response but with

different levels of phonological awareness (Table 28).
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Table 28. Differences between different phonological awareness levels with the same verbal

response — CAS children

) Phonological Difficulty Verbal
Variable SD t
awareness level level response
Rhyme recognition shallow-deep E x 57 129
) ) 4.03**
Phonemic blending deep E x 42 215
Rhyme production shallow-deep D v 34 265
) ) 4.26**
Phonemic segmentation deep D v 16 234
Rhyme recognition shallow-deep E x 57 129 11
Syllable blending shallow E x 6.0 1.27 '
Phonemic blending deep E x 42 215
-4.92%*
Syllable blending shallow E x 6.0 127
Phonemic segmentation deep D v 16 234
) -6.52**
Syllable segmentation shallow D v 53 203
Rhyme production shallow-deep D v 34 265
) -3.27**
Syllable segmentation shallow D v 53 203

**p<.01

M- mean; SD- standard deviation; t- statistic t-test

Note. Difficulty level represents the degree of difficulty of the presented task, E = easier, D = more difficult (e.g. blending is easier than
segmentation); VVerbal response x = the task does not require a verbal response; Verbal response v = the task requires a verbal response.

In summary, when compared on the same phonological awareness level with different response
models, there is no statistical difference at the syllable level (shallow), while there are
significant differences at the rhyme level (shallow-deep) and especially at phonemic level
(deep) for both groups of children, although this effect of verbal response at the rhyme and
phoneme levels is much larger for the CAS children. Moreover, TD children are equally
successful at different levels of phonological awareness. However, they are less successful on
tasks that require a verbal response and have a higher level of difficulty. CAS children, on the
other hand, differ on tasks with different levels of phonological awareness, with the phonemic
level (deep) being the most difficult, but they do not differ on two easier levels (rhyme

recognition and syllable blending) that do not require a verbal response.

It is evident that children with CAS have more difficulty at deeper levels of phonological
awareness and with more difficult tasks such as segmentation of smaller units that require a
verbal response. Thus, one might conclude that having to perform a (difficult) speech task
affects the phonological processing in children with CAS, which in turn may affect the
linguistic levels of speech production processes. However, further research on phonological
awareness is needed to establish this relationship.
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4.3. Clusters of children with CAS

The idea of cluster analysis is to measure the distance between each pair of children with CAS
in relation to the variables proposed in the study, and then to group children who are similar to
each other. One of the aims is to give a better insight into the differences in phonological

abilities.

There are a number of algorithms that can be used, however, there is no universal clustering
algorithm, so it is important to decide on appropriate clustering techniques. Considering that
there are no known subgroups of children with CAS, K-Means clustering was chosen. The K-
Means clustering algorithm finds observations in a data set that are similar to each other and
assigns them to a group. After calculating K centroids based on Euclidean distance, data points
are assigned to the closest centroid that forms the cluster, and this process is repeated until there

IS no change in centroid position (Kansal, Bahuguna, Singh & Choudhury, 2018).

Of the 30 children with CAS, 29 children were included in the cluster analysis (data were
missing for participant 63). The initial analysis involved hierarchical cluster analysis, whereas
dissimilarity was determined using Euclidean distance. Before performing the regression
analysis, all values were converted to z-scores to make the data comparable. An examination
of the resulting agglomeration schedules and dendrograms suggested two cluster solutions (see
Appendix 5 and 6).

Further investigation of group membership and sizes and subsequent analysis involved a non-
hierarchical K-Means clustering algorithm. Cluster identification was based on the dissimilarity
of all previously mentioned variables testing all theorized processes of speech production,
except for total reaction time and percentage consonant non deleted, as there were no
differences between groups in RT time and the variable PCnD was less informative than PCCI
and PCCF. The K-Means cluster algorithm confirmed the three-cluster solution as the most
appropriate - cluster 1 (N=9), cluster 2 (N=7), and cluster 3 (N=13). Convergence was reached
with the fourth iteration (Table 29).

Table 29. Iteration history (K-means clustering for three-segment solution)

Change in cluster centers

Iteration 1 2 3

1 27.305 19.036 27.922
2 5.663 2.995 5.774
3 4.580 .000 2.812
4 .000 .000 .000
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Table 30 summarises the descriptive data for each cluster. Cluster 1 appears to represent
children with CAS who have better phonological skills and fewer vowel and consonant errors.
Cluster 2 appears to represent children with significant consonant errors as well as difficulties
with rhyme production, phonemic blending, and segmentation. Children in cluster 2 also show
a slower rate of repetition in bisyllabic and trisyllabic sequences. Cluster 3 represents the largest
cluster, and children in this cluster are slightly better in consonant production and phonological

skills than in cluster 2, but worse than children in cluster 1 (Figure 18).

Table 30. Cluster description
Cluster 1 (N=9) Cluster 2 (N=7) Cluster 3 (N=13)

Variables: M SD M SD M SD F Sig.
RAN 9 0.17 8 0.29 v 0.23 0.68 516
Rhym_Rec 6.0 1.23 5.9 0.69 5.6 1.45 0.27 767
Rhym_Prod 5.2 2.28 1.4 1.99 35 2.40 5.48 .010*
Syll_Seg 4.7 2.449 5.1 1.95 5.8 1.88 0.76 AT7
Syll_Blend 6.0 .866 5.3 2.14 6.5 .66 2.42 .108
Phon_Seg 3.3 2.739 3 49 1.2 2.12 4.71 .018*
Phon_Blend 5.3 1.803 3.3 2.21 4.0 2.16 2.09 144
WR_Pcorr .6 A1 5 0.04 .6 0.10 2.01 155
NWR_Pcorr 5 0.10 4 0.14 5 0.09 3.82 .035
AX_Acc 12.9 2.51 12.1 2.12 12.2 3.00 0.24 .786
MRR_Mono 4.5 0.32 4.3 0.40 4.5 0.45 0.76 479
MRR_BI 4.3 1.26 1.6 1.70 3.9 1.71 6.52 .005**
MRR_Tri 2.1 2.45 .6 1.63 3.6 2.09 4.50 .021*
PCC 81.3 11.24 51.6 7.96 76.5 10.93 18.30  .000**
PVC 97.8 2.49 95.1 3.13 96.2 3.72 1.37 271
PCCI 89.6 8.31 60.86 7.67 81.4 10.46 19.81  .000**
PCCF 84.4 8.82 24.3 9.76 53.1 9.47 82.63  .000**
WL_Cons 5 0.07 5 0.15 .6 0.09 1.73 198
WL_Corr 5 0.15 A4 0.18 5 0.14 0.72 494

**p<.01; *p<.05
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Figure 18. Final cluster centres

To further validate the structure of the cluster solution, a comparison between clusters was

performed. Because the cluster sizes were small, the nonparametric Kruskal-Wallis test was

used to determine if there were differences, and pairwise comparison (significance values

adjusted by Bonferroni correction) was used to further determine differences between clusters.

The results are presented in Table 31.

Table 31. Differences between clusters (Kruskal-Wallis test)

Variables: Cluster Mean Rank x2 Sig.

Pairwise comparison

(BN

18.0
13.6
13.7

RAN 1.621 445

16.8
13.9
14.4

RhymRec .691 .708

20.7
8.0
14.8

RhymProd 9.007 .011*

1-2 (.008)
2-3(n.s.)
3-1(ns.)

12.8
13.3
17.4

SyliSeg 2.060 357

13.0
11.9
18.0

SyliBlend 3.532 A71

W N FRPW NP OWDNEPWDNERPRWDN
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PhonSeg

214
10.4
13.0

9.038

.011*

1-2 (.017)
2-3(n.s.)
3-1(.045)

PhonBlend

19.2
11.3
141

3.723

155

WR_Pcorr

15.2
9.1
18.1

5.317

.070

NWR_Pcorr

16.2
9.1
17.3

4,579

,101

AX_Acc

171
13.0
14.7

979

613

MRR_Mono

16.3
12.6
154

.806

.668

MRR_Bi

19.1
6.4
16.8

9.940

.007**

1-2 (.009)
2-3 (.026)
3-1(n.s.)

MRR_Tri

14.3
9.0
18.7

6.810

.033*

1-2 (n.s.)
2-3 (.029)
3-1(ns.)

PCC

19.6
4.4
175

14.547

.001**

1-2 (.001)
2-3(.003)
3-1(n.s.)

PVC

18.1
11.2
14.9

2.677

262

PCCI

21.4
4.7
16.1

15.776

.000**

1-2 (.000)
2-3(.013)
3-1(n.s.)

PCCF

24.9
4.2
13.9

24.072

.000**

1-2 (.000)
2-3(.043)
3-1 (.008)

WL_Cons

13.4
11.3
18.1

3.522

172

WL_Corr

W N PFPIOWDNEP WDNERPWDNPERPOWONRPRPOWODNDNEP WDNPRPWONPONDNEPWODNPERPWODNPEPOLODNDPODNDERPWDNPE

15.2
10.5
15.2

2.888

236

**p<.01; *p<.05
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The results show that there are statistical differences in rhyme production and phonemic
segmentation, both representing more complex phonological abilities. Cluster 1 performed
statistically better than cluster 2 on both tasks, but compared to cluster 3, they were statistically
better only on phonemic segmentation, while there were no differences on rhyme production.
There were no differences between clusters 2 and 3 on the aforementioned tasks. Furthermore,
there were statistical differences in bi- and trisyllabic maximum repetition rate, with both
clusters 1 and 3 performing better than cluster 2, and in bisyllabic maximum repetition rate,
cluster 3 performed better than cluster 2. The third aspect in which differences were significant
was consonant production. Clusters 1 and 3 performed better than cluster 2 on both the PCC
and PCCI, while cluster 1 performed better than clusters 3 and 2, but cluster 3 performed better
than cluster 2 (Figure 19). In summary, cluster 3 does not differ significantly from cluster 2 in
the phonological awareness tasks, but it does differ from cluster 2 on the (significant)
production tasks. Thus the largest group (n=13) with overall intermediate scores, is relatively
poor (similar to cluster 2) on phonological awareness.
—— Rhyme_prad
.
= MRR_tri

PCC

1,00 m—PCCI
PCCF

0,50

s \
L
= gm /
\ -
0,50
4,00
4,50
1 2 3

Cluster Number

Figure 19. Significant variable differences between the clusters

These three comorbid subgroups could be divided by severity into mild (cluster 1), moderate
(cluster 3), and severe (cluster 2) based on performance on the above mentioned measures. This
is also supported by the fact that the clusters did not differ with respect to age H(2)=0.89,
p=.642, which means that these differences cannot be attributed to maturation. On all other
variables, these three groups showed similar performance.
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5. DISCUSSION

The main goal of this study was to investigate phonological abilities as well as speech motor
abilities following the premise of the process-oriented approach using a series of speech tasks
representing different steps of the speech motor process (i.e., Cascade model; Ozanne, 1995) in
order to better understand speech processing deficits in CAS. To describe a speech production
process, one could argue about which model best describes the speech phenomena (Levelt 1989;
van der Merwe 1997; Ozanne; 1995). All of these symbolic models agree that an abstract
linguistic phonological form is planned before a more specified motor plan is encoded
(Laganaro, 2012). In compliment to the model of Levelt and colleagues (Levelt et al.,1999),
who proposed an articulatory network as the final level of speech production, Ozanne (1995;
2010) further elaborates on this final level: motor programming (which she further subdivides
into: phonetic programme assembly and motor speech programme implementation) and motor
execution. These models are modular and imply that there is a flow of information between
these processes, usually in one direction. However, in the Cascade model (Ozanne, 1995; 2010),
the flow is assumed to be bidirectional, which means that these processes can influence each
other. The following section discusses the results of this study, as well as other similar studies

conducted to determine processing levels underlying CAS.

5.1. Speech production processes in children with CAS
5.1.1. Phonological representations and phonological awareness in children with CAS

Although the Cascade model does not recognize the highest level of speech production (i.e.,
phonological rules) as the level at which children with CAS have difficulty, the results
presented in the previous chapter are inconclusive. This is not surprising given that phonology
IS not a single construct-according to Ramus, Marshall, Rosen, and van der Lely (2013), it has
at least two components: phonological representations and phonological abilities. The problem
is that any task tapping phonological abilities necessarily involves phonological
representations, so deterioration in phonological representations would degrade performance

on all phonological abilities (Ramus et al., 2013).

The relationship between perception and production is well established, and several studies
have shown a relationship between consonant perception and speech sound deficits. Vowels
appear to be more sensitive to auditory/phonetic discrimination than consonants (Maassen et
al., 2003).
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The present study shows that children with CAS differ from TD children in vowel
discrimination, suggesting that children with CAS do not have a correctly encoded phonological
representation of vowels. Although they have difficulty with vowel discrimination, the speed
with which they responded on each trial was similar to that of TD children. It would be expected
that if they are unsure whether the two vowels are different, they would need more processing
time to make a response. However, this is not the case, that is children with CAS did not differ
in total reaction time, which could lead us to conclude that they do not have processing

problems but access incorrectly encoded phonological representations of vowels.

These results confirm the findings of Maassen et al.'s (2003) study in which children with CAS
showed impaired auditory perception of vowels, suggesting that production difficulties in
children with apraxic speech are related to target representations of vowels. These results are
similar to the study by Groenen et al. (1996), who found no difference in categorical
identification between CAS and TD, but poorer discrimination in CAS children. In addition,
children with CAS have generally been shown to have difficulty detecting differences in vowel
duration (Ingram, Reed & Powell, 2019).

In the present study, children with CAS were found to have difficulty distinguishing two
specific vowel pairs. The first pair is /o/-/u/. Both /o/ and /u/ have the back position of the
tongue and are relatively close regarding height (/o/ middle; /u/ high), yet this pair was also
difficult for TD children. In addition, Lenoci et al. (2020) also found individual vowel
production variation not only in CAS children but also in TD children's speech in Italian.
However, the /e/-/i/ pair was difficult only for CAS children (13/30 did not differentiate these
vowels). Similar to the previous pair, this pair also shares the position of the tongue (front) and
height (/e/ middle; /i/ high). In this study, however, no significant interaction was found
between vowel height and backness and group, in contrast to the study by Lenoci et al. (2020),
which suggests that vowels are more centralized and particularly less distinct along the height
dimension, indicating a critical nature of height distinctions for speakers with CAS. However,
the difference between these two studies is that Lenoci et al. (2020) investigated the consistency
of vowel production, whereas the present study tested only vowel discrimination. Further
studies should therefore include both vowel discrimination and vowel production to better
understand whether the inconsistencies in vowel production are a consequence of poor vowel

discrimination or vice versa.
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Furthermore, Zuk et al. (2018) showed no measurable differences between children with CAS
and their typically developing peers on speech perception tasks when children with co-
occurring language impairment were excluded from the sample (Zuk et al., 2018). On the
contrary, Nijland (2009) did control for language comprehension and still found that both
children with CAS and children with phonological disorders performed worse on the
discrimination task compared to TD children. Similar to Nijland (2009), the present study also
found differences between TD and CAS children on the vowel discrimination task when

controlling for language comprehension.

These equivocal findings could be explained by differences in the phonological systems of
different languages. Lenoci et al.'s (2020) stated that vowel impairments need to be documented
in speakers with different vowel systems in order to draw more general conclusions about
auditory perception of vowels in CAS. For instance, vowel spaces in non-German languages
are overall less crowded, and their diphthongs tend to be more distinct (Lenoci et al., 2020). In
contrast to Croatian (non-German language), which consists of five vowels and one diphthong
(Figure 20), Dutch has a more complex and crowded vowel structure with monophthongs and
diphthongs (Figure 21). In this complex Dutch vowel system, there is less contrast between
high and low and front and back vowels, making it more difficult for children to differentiate
vowels. For Croatian children discrimination is easier because there are fewer vowels and they
are less crowded which makes them easier to differentiate. Regardless, Croatian children with

CAS still show difficulty in vowel discrimination.

This study suggests that vowel discrimination may be an important feature in CAS diagnosis
and adds to the body of research on speakers of languages with less crowded vowel systems

such as Italian (Lenoci et al., 2020).

A XD

Figure 20. Vowel chart for the Standard Figure 21. Vowel chart for the Northern
Croatian (Landau et al., 1999; p.67) Standard Dutch (Gussenhoven, 1992; p. 47)
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In addition, phonological and phonemic awareness were also investigated in the present study.
Phonological awareness refers to the ability to manipulate units of speech larger than a single
phoneme, such as words, syllables, onsets, and rhymes (the vowel and remaining consonants in
aword or syllable). Phonemic awareness, on the other hand, is a special case of the more general
phonological awareness (at the phoneme level) and refers to the ability to discriminate and
manipulate phonemes. These two phonological abilities refer to a continuum that includes
attending to, recognizing, discrimination, and manipulating lexical representations (Pufpaff,
2009). Phonological skills are thought to underlie speech, language, reading, and spelling, and
poor phonological awareness can lead to inaccurate mappings of phonemes to graphemes
(Lewis et al., 2018). Phonological skills require the successful storage, retrieval, and
manipulation of phonological codes, and unlike phonological representations, they require
additional cognitive processes such as attention, metacognitive processes, and working memory
(Ramus et al., 2013), and to develop phonological awareness, one must have good phonological
skills.

Phonological difficulties at the phoneme, rhyme, and syllable levels have been reported in
children with CAS compared to their typically developing peers on receptive and expressive
tasks (Stackhouse & Snowling, 1992; Marion et al., 1993; Marquardt et al. 2002; McNeil et al.,
2009; Nijland, 2009). Stackhouse and Snowling (1992) first highlighted the involvement of
lexical representation in rhyme studies and indicated that the deficit in phonological
representation may interfere with the development of phonological awareness in children with
CAS. Their study showed impaired rhyme production and rhyme identification skills in two
CAS children aged 10;07 and 11;00 years at baseline and four years later at follow-up. Similar
to these findings, Marion et al. (1993) found severe deficits in rhyme production and rhyme
identification in four CAS children aged 5 to 7 years compared to TD children, leading them to
conclude that deficits in speech motor programming cannot explain such phonological
incompetence. Even when controlling for language comprehension, Nijland (2009) found that
children with CAS had significantly lower scores on the rhyming task compared to the typically
developing children. The results of the present study confirmed the previously mentioned
findings. Children with CAS showed poorer performance on rhyme discrimination and rhyme
production compared to TD children, but their group average on rhyme tasks was still within
the typical developmental range for preschool children based on test norms. This suggests that
rhyme difficulties in children with CAS, are not a difficulty but rather a diversity that can be

explained by their core problem - assembling the phonological plan and its implementation.
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Furthermore, Marquardt et al. (2002) addressed the issue of syllable structure, i.e., whether
children with CAS show age-appropriate metalinguistic awareness of the syllable. They studied
three children with CAS between the ages of 6 and 8 years and three TD children of the same
age. Each child had to detect syllables, judge intrasyllabic position, and judge intrasyllabic
structure. A general pattern emerged in all tasks: the CAS children performed poorer. However,
they performed better on syllable detection then on the other tasks (i.e., judging intrasyllabic
position and judging intrasyllabic structure), with one CAS child achieving the same accuracy
as the TD children. This participant had a significantly higher percentile rank on the Peabody
Picture Vocabulary Test-Revised, a normal developmental history, and the highest score on the
cognitive test of all three children with CAS. The present study examined the ability to blend
syllables in words and segment a target word into syllables. The results showed that children
with CAS performed worse on both tasks than TD children. Still, CAS children were similar to
TD in that both groups were most successful in the syllable synthesis task (averaging 6 correct
words out of 7 presented), a task similar to syllable detection task in the study by Marquardt et
al. (2002).

As the phonological complexity of the tasks increased, children with CAS had more difficulty
completing the tasks, but this was developmentally expected, as children's sensitivity to
phonological units follows a hierarchy that begins with syllable awareness (at age 3 to 4 years),
followed by rhyme awareness (at age 4 to 5 years), and lastly phoneme awareness (Goswami
& Bryant, 1990). In a study by Kuva¢ Kraljevi¢ et al. (2020), a factor analysis examining the
rhyme variable (recognition and production) suggested that rhyme was evenly distributed
between syllabic and phonemic awareness, representing shallow and deep phonological
awareness, and thus could play a role in the transition from syllabic to phonemic awareness
during the preschool years. Further analyses confirmed that syllabic phonological awareness
reflects shallow phonological awareness and phonemic awareness reflects deep phonological

awareness.

In the present study, as expected, children with CAS had the most difficulty with the phonemic
task, in which they successfully segmented an average of 1.6 out of 7 words, whereas TD
children segmented an average of 5.8 words. Phonemic awareness represents the endpoint of
phonological awareness and reflects the child's ability to organize at the finest level of
phonology. This may be of concern, as phoneme awareness is considered a better predictor of

later reading skills than awareness of larger sound units (Hulme et al., 2002). In addition,
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McNeil et al. (2009) compared the phonological abilities of children with CAS, children with
inconsistent speech disorder (ISD), and TD children. TD children performed better on rhyme
awareness, alliteration, and phoneme identity than CAS and ISD children, as expected.
Although both groups exhibited comparable receptive vocabulary levels, CAS children
performed more poorly than the ISD children on the phonological awareness measures, but no
difference was found between the groups on the letter knowledge and reading measures.
Furthermore, there was no difference between CAS and ISD children on phonological
representation judgement task, with both groups performing poorer then TD children.
Researchers indicated that children with CAS are likely to experience more severe phonological
awareness deficits than children with other SSD. In contrast to previous studies, children with
a standard score of less than 77 on the PPVT receptive vocabulary test were not included in this
study, meaning that phonological awareness of participants in this study could not be attributed

to significant receptive vocabulary deficits (i.e. receptive language).

Furthermore, children who fail to use phonological information efficiently for decoding are
more likely to have persistent reading difficulties (Hogan, Catts & Little, 2005). Using this
premise, Lewis et al. (2004) compared the school-age outcomes for children with CAS, SSD
only (SSD), and SSD with concomitant language impairment (SSD + L1). Results showed that
speech articulation and single word decoding were significantly reduced in children with CAS
compared to children with SSD and children with SSD + LI. The severity, persistence, and
inconsistency of the speech production difficulties observed with CAS may account for the
greater reading difficulties in these children. However, there was no control for language
impairment in the CAS group, unlike in the SSD group, in which criteria for language
impairment included a scale score of less than 8 on two or more subtests of the Test of Language
Development - Primary. In their later study (Lewis et. al, 2018), they confirmed that participants
with severe disorders such as CAS + LI in middle childhood and adolescence performed worse
on a spelling measure than other participants, including those with other forms of SSD (SSD-
only and SSD + LI /no CAS) and those without these disorders (no SSD/LI). Similar to previous
studies, there was no CAS-only group (i.e. without language impairment), which is very
important because not all children with CAS have concomitant language difficulties and
consequent reading problems, although a more recent study by Miller et al. (2019), which
examined school-aged children and adolescents (ages 7-18) diagnosed with either CAS or SSD
who were not CAS, showed that 65% of participants with CAS compared with 24% of
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participants with other SSD were classified as low-proficiency readers based on nonsense and
single word decoding.

In the present study, children with CAS performed significantly worse than TD children on all
phonological awareness tasks. However, their performance on the rhyme task was within the
typical developmental range for pre-schoolers, and they were also quite successful on the
syllable task, suggesting that CAS children can process larger phonological units. For example,
if a child runs more slowly than the other children in the class, it does not automatically mean
that the child has a motor impairment, only that he or she runs somewhat more slowly. A similar
analogy can be applied to children with CAS - their performance on the rhyme tasks does not
automatically indicate an impairment, but rather that they are somewhere within the normal
range, as if they were "running slower" i.e. delayed rather than deviant. However, they showed
considerable difficulty at the phonemic level, suggesting that CAS children have problems with

more precise processing of the smallest unit - the phoneme.

5.1.2. Phonological planning in children with CAS

According to Ozanne (1995), CAS results from an impairment somewhere in the transition from
word form retrieval to final articulo-motor output. Most authors agree that a core feature of
CAS is inconsistency, suggesting a processing rather than a representational deficit (Nijland,
2003). Difficulty in assembling the phonological plan for a word or utterance is reflected as
speech inconsistency. Although the analysis of speech inconsistency might seem
straightforward, things are not so simple. As luzzini-Seigel et al. (2017) point out, assessing
speech inconsistency is a research challenge that first requires choosing the appropriate level
of analysis (e.g., token-to-token vs. phonemic) and other stimulus features (e.g., short words
vs. longer words or phrases, words vs. non-words). In the present study, token-to-token
inconsistency was chosen as the most efficient method for measuring whole-word variability
(Ingram & Ingram, 2001) in multisyllabic words and non-words because children with CAS
often produce more errors as the number of syllables increases (Davis et al., 1998). Other
functions such as verbal short-term memory and attention also contribute to phonological
planning, but the contribution of memory processes in responding to non-word repetition tasks
is beyond the scope of this study. Nevertheless, the results of these two tasks show a very high

positive correlation, suggesting that the same construct is being studied.
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Although occasional errors in multisyllabic segmental accuracy are to be expected even in TD
children (Benway & Preston, 2020), for example, TD children in the present study showed
slightly more than one form in five repetitions (1.15 for words and 1.25 for non-words).
However, the present study also confirmed that children with CAS showed statistically greater
variability in both word and non-word repetition tasks (2.15 forms in five word repetitions and
2.55 in non-word repetitions), in contrast to TD children who were significantly more consistent

in their production.

Similar to a study by luzzini-Seigel et al. (2017), the present study examined only multisyllabic
words and non-words with complex structure. In their study, token-to-token inconsistency was
calculated based on two repetitions, and all impaired groups were more inconsistent on
multisyllabic words than the TD group; however, children with CAS and CAS and language
impairment (LI) were more inconsistent than children with only LI. Both studies confirm the
findings of Marquardt et al. (2004), showing that the overall token and error token variability

in children with CAS was high compared with expected levels of functioning in TD children.

It has been argued that tasks such as rapid automatized naming (RAN) address several cognitive
abilities, including rapid access to phonological representations and retrieval of phonological
information (Alves et al., 2016). There are not many studies examining RAN in CAS children.
Lewis et. al (2018) showed that the CAS + LI group had significantly lower scores on RAN
than the no SSD/LI and SSD only groups. The present study provided similar results where
CAS children (without language impairment) scored lower on the RAN test than the TD group,
suggesting difficulties in retrieving phonological information and efficiently assembling a

phonological plan.

Another task targeting phonological planning was the novel word learning task, which targets
output processing and phonological planning (Dodd, Holm, Crosbie & Mclntosh, 2010). As
supported by a number of researchers (Ballard, Robin, McCabe & McDonald, 2010; Van der
Merwe, 2011), novel word stimuli can be used to directly address underlying planning deficits.
Several research studies have shown that children with CAS often have difficulty generalizing
newly acquired sounds to new speech contexts. This is evident in studies of CAS treatment
when segments that are produced accurately within treatment stimuli do not remain accurate
when combined with other segments in different words (Ballard et al., 2010; Davis et al., 1998;
Grigos & Kolenda, 2010; Maas, Butalla & Farinella, 2012; Case & Grigos, 2018).
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The novel word learning task differs from non-word repetition because the cognitive load is
higher - the child must store information while engaging in other cognitively demanding
activities, and then create, sort, and select the correct representation and create a phonetic
program for a given word (Alt et al., 2019). The Dodd et al. (2010) study used an appealingly
illustrated book with the story "The Three Little Pigs" in which each pig was given a two-
syllable nonsense name; production of each test word was elicited five times. The same

methodology was used in the present study.

The inconsistent speech disordered group in the study of Dodd (2005) performed worse on the
expressive naming task than the other three groups. The control, delayed, and consistent groups
performed equally well. However, no CAS group was included in this study. They concluded
that children who make inconsistent errors have a more general motor planning problem. By
this definition, CAS children and the group of children with inconsistent speech disorders might
have the same type of deficit, which raises the question of the nature of their deficit and whether
they represent different diagnostic categories at all, especially knowing that "pure™ cases are
very rare and, as Maassen and Terband (2015) noted, differences between developmental

speech disorders are more a matter of degree of involvement than diagnostic categories.

In the present study, children with CAS performed worse on the novel word learning task,
exhibiting difficulties in both target word correctness and consistency, similar to the
inconsistent speech disordered group in the Dodd et al. (2010) study. Children with CAS had
difficulty remaining consistent especially in the repetition of the word Lugo, where the
movement starts at the alveolar ridge and ends at the posterior part of the tongue against the
soft palate, which made motor execution very difficult, and only in this particular task
correctness and consistency did not correlate. Similar results were presents in Bradford and
Dodd (2009) study where they found that CAS children made significantly more errors than
TD children when imitating new words, and that they did not improve their accuracy with

successive imitation attempts.

Although this task had a much higher cognitive load, it highly correlated with consistency in
the non-word repetition task and weakly to moderately with the word repetition task, leading
us to conclude that the phonological component is the most error-prone and that children with
CAS have difficulty selecting and sequencing phonemes (i.e., assembling a phonological
template or plan for producing an utterance). Presented findings add to the growing body of

evidence on linguistic components of the disorder, confirming that children with CAS have
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difficulties with phonological planning, which represents a linguistic aspect according to the
speech processing model, and that speech inconsistency is one of the central features of the
CAS profile (e.g., Marquardt et al., 2004; luzzini-Seigel et al., 2017).

5.1.3. Consonant deletion and substitution

According to Ozanne (1995), children with CAS may have difficulty selecting and sequencing
phonemes (i.e., assembling a phonological template or plan for producing an utterance). Under
this premise, consonant deletion and substitution are both phonological processes that represent
difficulties at the level of phonetic programming. They indicate that a child has a problem
translating an abstract phonological code into motor speech in which he or she either omits or
substitutes the target phoneme. Different studies suggest that consonant errors affecting syllable
structure (e.g. syllable reduction, initial and final consonant deletion) are more common in CAS
than in other speech sound disorders (Shriberg et al., 1997b; Lewis et al., 2004; Jacks et al.,
2006).

Shriberg et al. (1997b) reported that 42% of consonant errors were omissions in younger
children with CAS (4;10 to 7;00 years) compared to 25% in children with speech delay.
Children with CAS in the present study also exhibit more consonant deletions throughout their
production compared to TD children. More precisely the present study showed that children
with CAS had statistically more errors in consonants in syllable-final position (PCCF=54%)
and syllable-initial position (PCCI=76%) than TD children (PCCF=95%, PCCI=99%). In the
Jacks et al. (2006) study, simple monosyllables were found to be the only syllable form that
was consistently produced correctly, while omission errors were almost exclusively due to the
deletion of the final consonant in words, regardless of the number of syllables, reflecting a
deficit in syllable construction rather than sound-specific errors, resulting in a consistent pattern
of syllable errors. The present study also confirmed that the distribution of phonemic errors was
not uniform across syllable positions, with children with CAS omitting or substituting nearly
half of the consonants in syllable-final position. Furthermore, 73.5% of syllable structures in
the Croatian corpus have CV and CCV structures (both ending in a vowel). Based on this
language specificity, it can be concluded that children with CAS have difficulty with phonetic
programming of less frequent and more complex syllable structures and clusters of Croatian
(CVC, CCVC, CVCC, CCCV), confirming that the error rate increases with increasing
utterance complexity (Maassen, 2002). Similar observations have been made in adults with
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apraxia of speech (AQS); Staiger and Ziegler (2008) found a significant effect of syllable
complexity; moreover, AOS patients made 54% more errors on complex (occurrence of at least

one cluster) than on simple low-frequency syllables.

Considering those are complex syllables and consonant clusters, we cannot be sure that these
errors are exclusively due to a disorder of phonetic programming; they could also be caused by
a disruption at higher levels of processing, e.g., an unstable phonological representation or
phonological planning of a complex production. Ozanne (1995) reached a similar conclusion,
stating that consonant deletions alone are not sufficient evidence for a phonetic programming
deficit.

5.1.4. Multiple repetition rates in children with CAS

A breakdown at the level of motor speech programme implementation occurs when the correct
motor programme is selected but the wrong timing and force parameters are chosen (Schmidt
and Lee, 1999). Diadohokinetic rate (DDK) or maximum repetition rate (MRR) is one of the
few objective assessments of motor speech performance used in differential diagnosis to assess
breakdowns in underlying motor planning and programming difficulties specifically in CAS
differentiation (Thoonen et al., 1996; 1999; Shriberg et al., 2010; 2012).

Although there are various MRR protocols, two task types are most common: alternating
motion rates (AMR) - repetition of monosyllabic sequences (/pa/, /ta/, /ka/) and sequential
motion rates (SMR) - repetition of multisyllabic sequences (/pata/, /taka/, /pataka/). Both tasks
primarily address the transition between sounds and syllables, and aim at motor programming
in which spatial and temporal targets for articulatory movements are translated into context-
dependent motor specifications for the articulators, which is considered problematic in children
with CAS (Nijland et al., 2003).

Present study showed that children with CAS were indeed statistically slower on the mono-, bi-
, and trisyllabic sequences). The monosyllabic performances showed a high correlation with
the bisyllabic performances and a slightly lower but still high correlation with the trisyllabic
performances. The problem with MRR is that there are no universal rates for TD children as a
reference point, so it is difficult to determine whether the sequence presented is statistically
slower than expected for a given age. However, there have been initial attempts to investigate

the universality of speech rates and whether they might be language-independent. For example,
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research by Diepeveen, Knezevi¢, and Maassen (2022) on differences between TD children in
MRR in different languages showed that there were no significant differences between
Croatian, German, and Dutch children (5-6 years), except for the sequence /ta/ between
Croatian and German. Further research is needed to determine if the norms of one language are
transferable to another language. Present study showed that all children with CAS could
produce monosyllabic sequences, but more than half of them (16 out of 30) could not produce
the trisyllabic sequence, just as in the Thoonen et al. (1996) study, where not all children with
CAS could produce a correct trisyllabic sequence, as originally expected by Aram and Glasson
(1979). The trisillabic sequence is more difficult to execute because it requires rapid and
accurate sequencing and a front-to-back transition, using the lips, tip of the tongue, and back of
the tongue to produce the consonants. Although the trisillabic sequence is more difficult to
produce, none of the TD children in this study had problems with it, just as in the study by
Thoonen et al. (1996). This could explain the fact that performance on monosyllabic tasks in
children with CAS does not correlate with bi- and trisyllabic tasks, whereas in TD children,
monosyllabic performance highly correlates with bisyllabic performance and moderately with
trisyllabic performance. Although children with CAS can successfully produce monosyllabic
sequences in the present study, their rates were still significantly slower than the rates of the
TD children, which is in contrast to the results of Thoonen et al. (1996).

These results are consistent with the second study by Thoonen et al. (1999), in which they
concluded that children can be reliably identified with CAS primarily because they are unable
to produce the trisyllabic sequence or because they have a slow rate; sensitivity was reported
as 100% and specificity as 91%. More recently, Murray, McCabe, Heard, and Ballard (2015)
advised using an oral motor assessment, including the trisyllabic sequence /pataka/, to diagnose
CAS. In addition, these findings are consistent with a study by Meloni et al. (2020) of French-
speaking children with CAS, showing that they can be discriminated from TD children on the
MRR task, whereas children with PD cannot. These studies suggest that MRR rate seems to be
a relevant marker for CAS in French speakers, as well as in English, Dutch, and Croatian

speakers, regardless of language.

On the other hand, the study by Williams (2015) rather MRR is a marker for speech difficulty
in general and not a specific marker for CAS. A very recent study has shown that while both
non-word imitation and three-syllable MRR may have utility in identifying CAS, their
concurrent validity is not high (Preston, Benway, Leece & Caballero, 2021). However, in this

study, a high positive correlation was found between the bi- and tri-syllable MRR and
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consistency in word and non-word repetition, suggesting an underlying deficit in both
phonological planning and motor programming in children with CAS.

Although only rate (syllables per second) was used as a measure in the present study, Yaruss
and Logan (2002) reported that very few disfluencies occurred in the transcripts of MRR
productions of typically developing children aged 3-7 years, whereas MRR consistency might
allow us to distinguish children who use consistent simplification patterns from those who are
inconsistent in their responses. Further studies should focus on both rate and fluency and

consistency of the sequences produced to gain a more comprehensive insight.

5.1.5. Accurate phoneme production in children with CAS

Children with CAS have difficulties producing sounds and syllables consistently and precisely
in order to speak words and sentences in a clear manner (Morgan, Murray & Liégeois, 2018).
When speech symptoms are reported in CAS, they usually involve a restricted phonemic
repertoire, vowel errors, and unusual or atypical speech errors (ASHA, 2007). Crary, Landess,
and Towne (1984) reported a high frequency of consonant omission, cluster reduction, and
consonant substitution in the speech of children with CAS. Later, Thoonen et al. (1997) reported
a large difference between CAS and TD, finding that children with CAS produced an overall
higher rate of consonant errors (substitutions, omissions, distortions) and cluster errors (cluster
reductions) than TD children. In a very recent study, Chenausky et al. (2022) found that
consonant errors accounted for most of the variance in the severity and intelligibility of single-

word speech, which is largely consistent with previous work.

The results presented in this study are consistent with the previously mentioned studies.
Children with CAS differed in consonant (PCC = 69.6%) and vowel (PVC = 93.2%) accuracy
from TD children, as expected. Grigos and Case (2018) reported very similar decreased
consonant (PCC =69.7%) and vowel accuracy (PVC = 86.1%) in American children with CAS
at five to six years of age in connected speech. Moreover, Barrett, McCabe, Masso, and Preston
(2020) found that there was a strong correlation between PCC in single words and PCC in
connected speech in children with CAS. The average PCC in their study was 80 and PVC was
88 (Barrett et al., 2020).

In the present study, vowel accuracy showed a high positive correlation with non-word

repetition and word repetition, while consonant accuracy showed an even higher positive
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correlation with non-word repetition and word repetition. However, when focusing only on
CAS children, vowel accuracy correlated only moderately with word repetition and not at all
with non-word repetition, while consonant accuracy correlated highly with both word and non-
word repetition. This is in contrast to a study by Chenausky et al. (2022), in which they reported
that vowel errors were significantly correlated with single-word severity and intelligibility and
may function as a pathognomonic feature of CAS, or to the study by Malmenholt, McAllister,
Lohmander, and Ostberg (2022), in which a measure of vowel consistency showed promising

potential for discriminating between Swedish-speaking children with and without CAS.

Although showing significant differences compared to TD children, Croatian children with
CAS seem to have fewer problems with vowels than expected. This is not consistent with
Randazzo's (2019) study, which showed that vowel errors are the third most important
distinguishing feature for CAS among clinicians, and some authors argue that vowel errors are
a key diagnostic feature of CAS (e.g., Jacks et al., 2013). Since more than 75% of CAS studies
have been conducted on English-speaking children (Murray et al. 2021), it is quite difficult to
determine which markers from English are relevant in other languages, as mentioned by Meloni
et al. (2020), because differences between phonological systems may limit the applicability of
markers. Although we found that Croatian children with CAS show impairment in auditory
perception of vowels, they still show higher vowel accuracy than children in other languages.
Further studies are needed to determine whether vowel errors may be the central diagnostic

feature for Croatian children, as hypothesised on the basis of English CAS studies.

Comparing the PCC index scores proposed by Shriberg and Kwiatkowski (1982), which include
four levels of severity: mild (more than 85% of consonants correct), mild to moderate (between
85% and 65%), moderate (between 50% and 65%), and severe (below 50%), children with CAS
would correspond to mild to moderate phonological disorder. In addition, lower consonant
accuracy would also be expected in other children with SSD and motor speech disorders, so
this feature alone cannot contribute to the differential diagnosis of CAS, but should always be
included. A more detailed look would potentially give us a deeper insight into consonant errors,
but this is beyond the scope of this paper.
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5.2. Speech motor performance in phonological awareness tasks

Franck Ramus (Ramus & Szenkovits, 2008; p. 129) asked himself an important question, ,,If at
least some individuals with dyslexia had auditory deficits, how could I expect them to perform
normally in phonological tasks requiring auditory perception of the stimuli, and how would |
be able to unambiguously interpret my data? . A similar question could be applied to children
with CAS.

It is well known that all phonological awareness tasks have three main features: (a) the linguistic
nature of the stimuli, (b) the phonological complexity of the stimuli, and (c) the response mode
(Cunningham et al., 2015), and that performance variability can result from the effects of each
factor, children with CAS are in a potentially unfavourable situation when considering the
response mode-which is almost always a verbal response. As Ramus and Szenkovits (2008)
noted, choosing the appropriate task was not trivial when examining different aspects of
phonology. Although the previous section provided data demonstrating that children with CAS
exhibit difficulties in phonological processing and phonological awareness, as suggested by
previous research (Marion et al., 1993; Marquardt et al., 2002; McNeill et al., 2008), one of the
the sources of uncertainty is the response mode in phonological tasks, which may influence

associations with the outcome.

In Croatian, the available standardized phonological tasks all require a verbal response
(PredCiP; Kuvag Kraljevié & Lendek, 2012); for the purposes of this study, phonological tasks
(syllable and phonemic blending) were reconstructed to not require a verbal response, a
methodology similar to the study by Janssen et al. (2016). For this reason, the matched control
group was used for comparison rather than the available norms. In order to control for the
phonological rather than the motor (articulatory) aspect of this task, errors in speech production
(omissions, substitutions, distortions) were not scored as errors in phonological awareness if a

child showed them continuously.

Not all phonological awareness tasks are equally easy or difficult; they follow a specific
hierarchy that begins with syllable blending, followed by rhyme recognition, syllable
segmentation, rhyme production, phonemic blending, and phonemic segmentation (Kuvaé
Kraljevi¢ et al., 2020). These tasks represent three different levels of phonological awareness -
the syllable level (shallow), the rhyme level (shallow-deep), and the phonemic level (deep). For
each of these levels, there are two tasks: the easier one like blending, which also does not require

a verbal response, and the more difficult one like segmentation, which does require a verbal
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response. TD children are expected to perform better on phonological tasks that require
synthesis (or blending) because they developmentally precede segmentation tasks.

Although Stackhouse and Wells (1997) hypothesised long ago that poor speech production may
affect accurate encoding of complex words, which in turn affects the child's developing lexicon
and language system, the unique contribution of speech motor performance to phonological

awareness in children with CAS remains unknown.

The present study confirmed that all children performed better in rhyme recognition and
phoneme blending than in rhyme production and phoneme segmentation, with a significant
main effect of speech motor production (verbal response) in both groups. However, there was
no difference between syllable blending and segmentation in either group. This could mean that
children with TD and children with CAS have the same level of phonological awareness at the
shallow level. (i.e., that they have mastered the level of syllabic phonemic awareness), which

Is not the case for the higher levels (i.e., rhyme and phonemic awareness).

Although present in both groups, the effect of speech motor production was much more
pronounced in children with CAS. They showed a significant higher success in easier
phonological tasks without verbal response (rhyme recognition and phonemic blending); i.e.,
they were significantly more successful as long as they did not have to implement motor
planning and programming (verbal response). This contrasts with participants with dyslexia,
who had more difficulty on discrimination tasks than on repetition tasks, highlighting their

deficit in input representation (Ramus & Szenkovits, 2008).

These results suggest that children with CAS have more difficulty at deeper levels of
phonological awareness and with more difficult tasks such as segmentation of smaller units
requiring verbal response. Thus, one might conclude that having to perform a speech task
affects the phonological processing in children with CAS, which in turn may affect the
linguistic levels of speech production processes indicating a close relationship between
phonological awareness and motor aspects of speech production at the deeper levels of
phonological awareness. Although further investigation of segmentation and blending is needed
to draw conclusions, these results are somewhat consistent with the idea of a "flow-back™ effect
suggested by the Cascade speech production process, in which motor deficits in children with
CAS may affect phonological development (Ozanne, 2010), as well as with the previously
mentioned hypothesis of Stackhouse and Wells (1997). Miller et al. (2019) recently showed
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that significant predictors of low reading proficiency in SSD and CAS groups were oral
language, phonological awareness, multisyllabic word repetition, and MRR, indicating that
motor speech deficits may also increase risk for reading difficulties, although to a lesser degree.
These results are not consistent with the theory that poor phonological awareness in children
with CAS cannot be accounted for by motor speech planning difficulties (Marion et al. 1993,
Marquardt et al. 2002) and that indistinct phonological representations underlie the speech,
language, and reading difficulties associated with CAS proposed by McNeill et al. (2009).

In summary, indistinct phonological representations may indeed be the result of CAS and then
play a role in further speech and language development and symptomatology, whereas
phonological awareness and motor aspects of speech production may have a more complex

relationship than the classical one direction hierarchical relationship.
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5.3. Subgroups of CAS children

As mentioned earlier, the present study did not question the presence of motor aspects of this
disorder, but rather aimed to investigate the entire speech production process, taking a more
process-oriented approach. There are many previously mentioned studies that have
characterized the speech deficits associated with CAS, but there are fewer studies that have
explicitly and systematically examined these other clinical features, particularly the
phonological aspects that might help us understand the core problems in CAS and potentially

play a role in the further development of speech and the symptomatology.

Previous attempts to divide children with SSD into subgroups relied on various classifications
of features of the child's speech, and there was one factor that seemed to distinguish subgroups
of SSD-the presence or absence of comorbid LI (Lewis etal., 2011). Similarly, the classification
of CAS into subgroups has long been of interest because it can lead to better differential
diagnosis and more successful treatment (Stein et al., 2020), and it also suggests that children

with similar types of errors share a common aetiology.

In their study, Stein et al. (2020) investigated whether there are comorbid subgroups within
CAS that can be defined by language and reading ability and the presence of certain clinical
symptoms. Their analysis revealed three subgroups with deficits of varying severity in language
and reading skills. The results suggest that the severity of comorbid subtypes within CAS is
manifested in deficits in language and phonological processing skills associated with reading

impairment.

Nijland (2003) also tested the homogeneity of the groups by clustering individuals within the
research groups based on motor functioning, memory, sensory functioning, and attention.
Although cluster analyses showed that the CAS group was more heterogeneous than the TD
group, they were more heterogeneous on most cognitive functions, except for sequential tasks,

where they were homogeneously impaired.

In the present study, we investigated whether there was a subgroup within the CAS group that
could be identified by the presence of difficulties in phonological abilities. Similarly, to Stein
et al. (2020), this study also revealed 3 clusters of children with CAS. Cluster 1 represents mild
group that exhibits better results on deep phonology (rhyme production and syllable
segmentation) and correct consonant productions. Cluster 3 represents moderate group that
exhibits somewhat poorer results than cluster 1 and similar results to cluster 2 on rhyme

production and syllable segmentation. However, they exhibit better results than cluster 2 on
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correct consonant productions and bi- and trisyllabic repetition rates. Cluster 2 represents severe
group that exhibits the poorest results on mentioned measures. There was no significant
difference across clusters with respect to age. On other variables, these three groups showed
similar performance, suggesting that the difficulties in phonological planning and motor
programming are the same for all three subgroups. Although there were no significant
differences on other variables, consonant productions are one of the core features of CAS and
highly correlate with several other parameters such as word and non-word consistency and
MRR, suggesting that the groups may differ in terms of the severity of phonetic planning and
motor programming. The group that showed significantly better results in the phonological
awareness tasks (rhyme production and phoneme segmentation) also performed best in
consonant production, indicating once again the complex relationship between phonological

and motor aspects of speech production.

Although our findings support the notion of CAS as a heterogeneous disorder, for which
symptoms have been reported to vary considerably across individuals and over the course of
development (luzzini-Siegel et al., 2017), this study found that these three CAS subgroups are
still a fairly homogeneous group, exhibiting similar difficulties, especially in aspects of
phonological planning and motor programming, while differing in their phonological abilities
and consonant production, which cannot be attributed to difficulties with receptive language.
In the present study, the idea of comorbidity of CAS and language impairment is not discarded,
but the main aim was to investigate CAS as a primary speech motor disorder with phonological
features that are not due to a higher level language impairment in order to better understand the
relationship between higher and lower levels of speech process in CAS, which is why we

controlled for receptive language.

In the absence of accepted pathognomic diagnostic criteria, it is not surprising that there is a
high degree of clinical disagreement among practicing SLPs regarding their criteria for
diagnosing CAS (Forrest, 2003), leading to the variability/heterogeneity of diagnoses across
different studies. As suggested in previous studies (Malmenholt, Lohmander, & McAllister,
2017), in addition to an invitation to participate in this study, SLPs in this study were sent a
detailed description of the core diagnostic criteria and accompanying difficulties (with
examples) recommended in the CAS literature (including some phonological aspects) before
participants were recruited. Three core features suggested by ASHA had to be met, whereas
additional phonological aspects were not crucial for participant inclusion (i.e., they were not

mandatory). This inclusion of the phonological aspects may have helped to create a more
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homogeneous group of children with CAS. This was recognized as an important step because
a previous study on CAS features in Croatia showed that out of 70 SPLs, only 25.7% recognized
phonological difficulties and 35.5% recognized cluster reduction as a CAS feature (Blazi,
KneZevié, Sari¢ & Blazi, 2019). The inclusion of phonological difficulties in CAS description
allowed us to see a bigger picture and make them a common feature of CAS in Croatian - not
an exclusion criterion. Considering the course of speech development, and the fact that a
particular deficit can have effects on other levels of processing (Maassen & Terband, 2015),
the use of the checklist approach that do not include phonological deficits limits participants
with CAS to difficulties at the motor level, which makes it difficult to obtain a more
comprehensive picture and to understand the possible effects of these difficulties on higher
processes. If we focus only on the three features proposed by ASHA (2007), we run the risk of
limiting our knowledge of CAS. As Terband (p. 150, 2011) has nicely explained — “if a speech-
motor disorder can lead to deficits at different levels of speech production, such as poor
phonological processing and lexical representation, one could argue that CAS and
phonological disorder more often than not occur in combination. This would imply that a
phonological disorder should not be an exclusion criterion for the diagnosis of CAS, but rather

be accepted as comorbidity.”.
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5.4. Cascade model of speech output processing and CAS

Cascade model of speech output processing Ozanne (1995) proposed that children with CAS
exhibit difficulties at three levels of motor speech control: phonological planning, phonetic
programming, and speech motor control, but to be diagnosed with CAS, a child only needs to
exhibit difficulties at the motor levels of the model (phonetic programming and motor
programming). The presence of motor speech difficulties is indeed a necessary prerequisite for
the diagnosis of CAS; however, several studies have shown that CAS is not limited to the

presence of motor speech difficulties.

By comparing speech performances obtained from a battery targeting all processing stages, we
were able to determine which processing stages were functioning normally and which were
impaired (Maassen & Terband, 2015). Based on the data presented, we can conclude that the
Cascade model of speech output processing is a good theoretical model for understanding CAS.
By systematically applying this model, we conclude that, in contrast to Ozanne (2010), the
children with CAS in the present study show difficulties at all levels of speech processing, as
shown in Table 32. Beginning with difficulties in discriminating vowels and extending to
difficulties in auditory processing and phoneme selection and manipulation (i.e., phonemic
awareness). In addition, they show significant whole-word variability in word and non-word
repetition tasks, as well as in the novel word task, where they also provide fewer correct
productions. Finally, they produce fewer items per second on the RAN task. The transcription
analysis showed that they have difficulty sequencing and producing consonants in syllable-
initial and syllable-final positions. Also, as expected, they have significantly lower maximum
repetition rates at all three levels (monosyllabic, bisyllabic, and trisyllabic repetition) and show
less accurate phoneme production for both consonants and vowels compared to TD children
whose speech patterns resemble those of adults. Thus, in the present study, we found evidence
of deficits in CAS at both linguistic and motor levels (i.e., throughout the speech production

process).

109



Table 32. Difficulties exhibited by children with CAS at different levels of the Cascade
model of speech output processing.

) Exhibiting
Cascade model (Ozanne, 1995) Measured variables -
difficulties
) Phonological representations (vowels) yes
Phonological rules )
Phonological awareness yes
Rapid automatized naming yes
Phonological planning Whole-word variability yes
Novel word learning yes
Phonetic programme assembly Consonant deletion/substitution yes
Motor programme implementation ~ Maximum repetition rate yes
Speech execution Accurate phoneme productions yes

An important assumption of other models of speech production is that information travels
between levels in one direction (e.g., Levelt, 1989), but this model assumes the possibility of
bidirectionality. Moreover, further controlling for the receptive language and response mode in
phonological tasks, as shown above, could provide a good empirical argument for a "flow back™
effect of speech production (i.e., lower levels) on phonological processes (i.e., higher levels),
indicating that motor deficits can affect phonological development and not just vice versa.
These findings justify Maassen et al. (2010) to question the traditional notion of a separation
between phonological and motor issues. Moreover, these findings are not only theoretically
important, but could also lead to treatment that targets the specific underlying impairment,

which is ultimately most important.
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6. VERIFICATION OF THE HYPOTHESES
H1: Children with CAS perform worse at all levels of speech production.
This hypothesis is accepted (see below).

HZ1.1: Children with CAS perform worse at the phonological rules level, i.e., there is a

significant difference in the AX discrimination task and the phonological awareness tasks.

This hypothesis is accepted. Significant differences were found in discriminating vowels,

and on all phonological awareness tasks children with CAS children performing worse.

H1.2: Children with CAS perform worse at the level of assembling the phonological plan
for the word or utterance; that is, there is a significant difference in the RAN test, the word

repetition task, the non-word repetition task, and the novel word learning task.

This hypothesis is accepted. The results showed that children with CAS performed worse on

the RAN test, on word and non-word repetition task, and novel word learning task.

H1.3: Children with CAS perform worse at the level of phonetic programme assembly, i.e.,
there is a significant difference in the correctly produced consonants in syllable-final and

syllable-initial positions as well as in the number of omitted consonants.

This hypothesis is accepted. The present study showed that children with CAS produced
statistically more consonant omissions, errors in consonants in syllable-final position and

syllable-initial position than TD children.

H1.4: Children with CAS perform worse at the level of implementation of the motor-speech
programme, i.e., there is a significant difference in the MRR tasks, in monosyllabic,

bisyllabic, and trisyllabic repetition.

This hypothesis is accepted. Children with CAS performed worse on all MRR tasks, i.e.,
they had statistically lower repetition rates on monosyllabic, bisyllabic, and trisyllabic

repetition.

H1.5: Children with CAS perform worse at the level of speech execution; i.e., there is a

significant difference in the accuracy of consonant (PCC) and vowel (PVVC) production.

This hypothesis is accepted. Children with CAS had lower accuracy in the production of

consonants and vowels.
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H2: Children with CAS perform worse on phonological tasks requiring motor speech
production (verbal response) than on phonological tasks not requiring motor speech production
(nonverbal response), i.e., there is an interaction between motor speech production and

phonological tasks.

This hypothesis is partially accepted. Children with CAS and TD children performed better on
two tasks without motor speech production-rhyme recognition and phonemic blending-than on
tasks with motor speech production-rhyme production and phonemic segmentation. However,
there was no difference in the syllable task with respect to motor speech production. In addition,
there was a significant interaction between motor speech production and phonological task,

which was more pronounced in children with CAS.

H3: By identifying difficulties at the phonological levels of speech production, subgroup of
children with CAS is formed.

This hypothesis is partially accepted. Three clusters were identified based on differences at the

phonological level and the level of phonetic and motor programming.
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7. LIMITATIONS AND IMPLICATIONS FOR FURTHER RESEARCH
AND CLINICAL WORK

The present study once again underlined the complexity and multidimensionality of the speech
production process in children with developmental speech disorders. And although it provided
for the first time some valuable answers regarding CAS in Croatian, it opened new questions

that need to be further explored.

The results of the present study show that children with CAS have difficulties at all levels of
speech production, because we did not limit children with CAS to the speech motor aspect of
the disorder, but also included the phonological aspect, as suggested in the literature. However,
we did not include other developmental domains such as fine and gross motor skills, short-term
memory, and procedural learning skills. Future research should go beyond speech motor
abilities and examine other perceptuo-motor and cognitive functions, as speech motor and
phonological abilities are not the only closely related functions (Nijland et. al, 2015).

In the present study, we investigated children with CAS without additional language
impairment and compared their results with those of typically developing children. Because we
did not include children with other speech sound disorders such as phonological disorders or
with specific language disorders, we cannot draw conclusions about the specificity of the results

for CAS. Further research should include more groups with developmental speech disorders.

Another limitation is that there are no standardized tests targeting different aspects of speech
production in Croatian. For this study, several tasks and procedures were constructed and
translated for Croatian, but they need further testing and validation to fully generalize the results
and disseminate their use. However, this study was a response to a limitation mentioned in the
study by van Haaften et al. (2019) regarding the Computer Articulation Instrument, which is
currently only available in Dutch, and represents a first step towards the translation of CAl into
other languages. However, further research is needed to evaluate this adaptation.

Future research should broaden our knowledge on phonological and reading abilities of school
children with CAS, to better understand if phonological abilities are just delayed rather than

deviant i.e. do they persist into school age and affect reading?

As noted earlier, over 75% of CAS studies were retrospective studies, case-control studies,
and/or studies with English-speaking children (Murray et al. 2021). The present study
contributes to a better understanding of CAS in languages other than English, while further
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studies should make a more detailed comparison of the structural commonalities and
differences between English and Croatian in order to better understand which features from
English are relevant in Croatian (e.g., vowel discrimination in Croatian children with CAS).
Future research should implement similar measurements so that results are comparable across

languages and continue to optimize assessment stimuli.

Clinicians have reported difficulties in identifying and differentiating CAS from other
developmental disorders in several studies (Forest, 2003; Malmenholt et al., 2017); in the study
by Blazi et al. (2019), 61.5% of Croatian SLPs reported difficulties in differentiating CAS from
phonological disorders. This study confirms that children with CAS - in addition to the expected
difficulties in the motor domain - also show difficulties with phonological abilities. Spencer,
Davison, Boucher, and Zuk (2022) note that in addition to evidence-based intervention
targeting accurate and consistent speech production for children with CAS, SLPs should always
do a comprehensive assessment of speech perception, language, and emergent literacy skills.
These findings will hopefully focus clinicians' attention on the inclusion of phonological skills
in the assessment and treatment of CAS. In addition, we hope to shed light on the process-
oriented approach as opposed to the checklist approach, as this approach gives a complete
characterization of the speech profile so that underlying processing deficits can be identified
and effectively treated (Maassen & Terband, 2015).
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8. CONCLUSIONS

This study had three general objectives. Since this is the first study of CAS in Croatian, the first
goal of this study was to explore speech motor and phonological skills and also to provide
comprehensive data on CAS in another language with a set of speech tasks representing all the
processes assumed in speech production. The second goal was to better understand the
cascading effect of motor-speech difficulties on a child's phonological abilities, and the third

goal was to distinguish subgroup of children with CAS based on their phonological abilities.

First, by comparing performance from a battery that targeted all levels of speech processing,
the results showed that children with CAS performed worse compared to typically developing
children at all levels of speech production. Consistent with the predictions of the Cascade model
(Ozanne, 1995), this study confirmed that children with CAS exhibit difficulties at the proposed
levels (i.e., phonological planning, phonetic programming, and speech motor skills) as well as
in phonological representation and phonemic awareness (i.e., phonological rules) which
represents the highest level of the model. As expected, children with CAS consistently showed
difficulty with token-to-token inconsistency and retrieval of phonological information (i.e.,
phonological planning); they exhibit more consonant errors affecting syllable structure (i.e.,
phonetic programming); their monosyllabic, bisyllabic, and trisyllabic maximum repetition
rates were significantly slower when they could produce the sequence (i.e., motor
programming); they exhibit less accurate consonant and vowel production (i.e., speech
execution). It is important to emphasize that these specific tasks are not unidimensional and
that, for example, less accurate consonant and vowel productions can be attributed not only to
difficulties in speech execution but also to phonological planning. However, for the purpose of
testing the Cascade model, they were arranged as the model suggests (i.e., testing specific

levels).

Second, the present study, along with the previously mentioned studies (Stackhouse &
Snowling, 1992; Marion et al., 1993; Marquardt et al., 2002; McNeil et al., 2009), provided
convincing evidence that children with CAS have difficulty with phonological abilities,
although it was difficult to determine whether their performance was merely delayed or deviant.
Moreover, by eliminating the effect of verbal response in common phonological abilities tasks,
this study showed that the effect of speech motor production in phonological tasks was much
more pronounced in children with CAS; that is, they were significantly more successful as long

as they did not have to implement motor planning and programming (verbal response)-
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providing an empirical argument for a "flow back" effect of speech production (i.e., at lower

levels) on phonological processes (i.e., at higher levels).

Third, within the CAS group three subgroups were identified, evidencing differences on
complex phonological awareness abilities (rhyme production and phonemic segmentation), bi
and trisyllabic repetition rate, and correct consonant production (PCC, PCCIl and PCCF). These
three comorbid subgroups could be classified by severity as mild (cluster 1), moderate (cluster
3), and severe (cluster 2) based on their phonological awareness abilities and phonetic planning

and motor programming

In summary, the results of the present study support the framework for speech processing
proposed by Ozanne (1995; 2010) in that it allows for a more detailed view of the motor aspect
of speech processing, but this study has revealed a broader range of difficulties in CAS than
originally proposed by the Cascade model. Focusing on the speech features and viewing CAS
only as a paediatric speech motor disorder one may miss the bigger picture and all the processes
underlying these speech features. There is a specific, complex relationship between speech
motor control and phonology and thus a strong association between deficits in both domains
(Maassen et al., 2010), which means that one does not exclude the other and that phonological

difficulties should not be considered an exclusion criterion for the diagnosis of CAS.
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Appendix 1. Case history form

e TR L, s S |
Povjerljivest informacio o ident

ng taj nacin b

| je zajamcena, Neposredne nakon prikuplianja, podatci ce biti kedirani te ce

B AN T BT TR o+ Finmika fctrgEenn
Zosticena sWa pravd | GnonRimrost sudlomkg s ."m.-.-l:'.._'l:'.

AnamnestiCki upitnik

Ime i prezime djeteta:

Spol: M £

Datum rodenja:

Prvi jezik djeteta

[dominantni jezik kojim se dijete sluZi):

le li dijete izloZeno jod nekom jeziku?

Dijete je ukljuteno u predSkolsku ustanovu: Ca Ne
Dijete ide samo u malu Skolu: Da Me
Dijete ide u Skolu: Da Ne
Je li dijete ukljué eno u neki oblik terapije? Da Me

Ako da, koju i koliko dugo?

TRUDMDCA! POROD | PERINATALMI PODACI:

Tijek trudnofe:
Ako je trudnota bila rizitna, koje uredan rizitan
su se teSkote javile?

Tjedan gestacije (oznatiti) - |:| Prijevremeni porodaj (prije 28. tjedna)

|:| Prijevremeni porodaj (izmedu 28.132. tjedna)
O Prijevremeni porodaj (izmedu 32. to 37. tjedna)
O Porodaj u terminu (iza 38. tjedna)

Je li porod bio uredan?
Ako nije, koja vrsta komplikacije
se javila?

APGAR:

Ostalo mogute tedkote ili
napomene:

RANI PSIHOMOTORICKI RAZVOJ:

U kojoj je dobi dijete prohodalo?

RANI JEZICNO - GOVORNI RAZVOJ:

kKada je dijete pofelo brbljati:

Prva rijet sa znafenjem:
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Deieic rlfiarer informmeiin o i
FovjerifvosD INformacia o iaen

na taj nacin bi

e zojomcena, Neposredno nokon prikupljanja, podatci ce biti k

ticena sva prava | gnonimnpaost sudionika istrazivanja.

Spajanje rijeti:

Je li bilo duZih zastoja/nazadovanja u
jezit no-govarnom razvoju?

*Ako da, Sto je primijetenc?

Je li dijete zainteresirano za slikovnice?

Je li dijete zainteresirano za crtanje/pisanje?

TESKOC E/KOMPLIKACIJE:

Komplikacije s hranjenjem:

kom plikacije sa sisanjem/gutanjem/Zvakanjem:

Hospitalizacije (kada, gdje, za5to?):

Ceste upale uha, grla, nosa?

Ima li vade dijete dodatnih teSkota ili nekih
medicinskih dijagnoza (epilepsija, neurcloSke
bolesti, kegnitivne teSkote, o5tefenja sluha, vida,
motoritke teSkote.. )

*Ako da, koje?

Da

Ne

Ostalo:
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Appendix 2. General characteristics of children with CAS

AGE TROG-2: HR SLP Additional
SaiS Cioll aaileIs (months) score threapy difficulties

1 CAS F 69 106 yes no
2 CAS M 69 92 yes no
4 CAS M 73 108 yes no
5 CAS M 84 97 yes no
7 CAS F 86 103 yes no
8 CAS M 77 84 yes no
9 CAS M 71 86 yes no
19 CAS M 79 91 yes no
26 CAS F 64 90 yes no
29 CAS M 75 89 yes no
31 CAS M 76 99 yes no
32 CAS F 80 88 yes no
42 CAS M 80 97 yes no
44 CAS M 87 85 yes no
48 CAS M 67 90 yes no
51 CAS M 65 99 yes no
52 CAS M 78 109 yes no
53 CAS M 87 93 yes no
54 CAS M 71 95 yes no
56 CAS M 71 89 yes no
57 CAS M 75 103 yes no
59 CAS M 67 95 yes no
60 CAS M 84 85 yes no
61 CAS M 68 84 yes no
62 CAS M 68 92 yes no
63 CAS M 90 85 yes no
64 CAS M 91 98 yes no
68 CAS M 85 98 yes no
69 CAS M 82 85 yes no
71 CAS M 86 88 yes no
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Appendix 3. Spearman's rank correlation for all the measured variables for CAS children

Variables: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1. AX_RT 1.00

2. AX_Acc .26 1.00

3. Rhym_Rec 14 26 1,00

4. Rhym_Prod 21 .35 557 1,00

5. Syll_Seg -15 .09 -05 .16 1,00

6. Syll_Blend 14 417 .28 .24 .05 1,00

7. Phon_Seg .25 .33 377 51" .00 005 1,00

8. Phon_Blend A7 .53 42" .64™ .00 ,38" 717 1,00

9. RAN .22 51 .09 .33 14 ,38" AT 527 1,00

10. WR_Cons .07 48" 51" 51 .23 ,50™ .34 ,48™ 37" 1,00

11. NWR_Cons .18 40" 54 61 .10 45" 52 75" 37 ,80™ 1,00

12. WL_Cons -.14 12 .28 27 .34 ,39" -.04 .20 -.03 51 51" 1,00

13. WL_Corr -.05 31 .20 42" 21 45" A1 40" .33 45" 577 487 1,00

14. PCC .09 .35 42" 57 .03 21 VAR Y 14 ,66™  ,60™ .27 31 1,00

15. PVC -.03 17 .36 AT .18 -.09 .04 .06 -.09 45" 22 .25 -.01 497 1,00

16. PCCI .26 .36" 43" 61" -.05 .18 .66™ 55" .20 ,59™  59™ .18 .36 ,93™ 44" 1,00

17. PCCF .38" .26 .28 .65™ -.05 .10 .54™ 43" 19 .25 .35 -.01 .25 ,66™ ,38" 737 1,00

18. PCD 15 .20 37 .58™ -.06 .29 51 AT 12 ,40" AT .26 .20 73" 19 747 657 1,00

19. MRR_Mono .02 17 .16 .30 .32 .20 .05 .07 .20 ,48™ 31 .32 .50™ .24 31 .29 A3 -.03 1,00

20. MRR_Bi -.03 .34 21 417 21 .23 41" 42" .25 ,56™ 58" .38" 44" .59™ .28 ,53™ .60 58 27 1,00
21.MRR_Tri .06 .08 19 .34 15 -.01 .35 A7 .01 .35 ,38" A3 12 ,40" A5 42 .23 .38" -.10 .38" 1,00

*p<.05, ** p< .01
Note. 1. AX_Acc = Ax discrimination task, correctness score; 2. AX_RT = Ax discrimination task, reaction time; 3. Rhym_Rec = rhyme recognition; 4. Rhym_Prod = rhyme production; 5.
Syll_Seg = syllable segmentation; 6. Syll_Blend = syllable blending; 7. Phon_Seg = phonemic segmentation, 8. Phon_Blend = phonemic blending; 9. RAN = rapid automatized naming; 10.
WR_Cons = word repetition consisntency; 11. NWR_Cons = non-word repetition consistency; 12. WL_Cons = word learning consistency; 13. WL_Corr = word learning correctness; 14.
PCC = percentage consonant correct; 15. PVC = percentage vowels correct; 16. PCCI = percentage correct consonants in syllable initial position; 17. PCCF = percentage correct consonants in
syllable final position; 18. PCD = percentage consonant deletion; 19. MRR_Mono = monosyllabic maximum repetition rate; 20. MRR_Bi = bisyllabic maximum repetition rate; 21. MRR_Tri
= trisyllabic maximum repetition rate
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Appendix 4. Spearman'’s rank correlation for all the measured variables for TD children

Variables: 1 2 g 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1. AX_RT 1,00
2. AX_Acc .00 1,00
3. Rhym_Rec .01 -.04 1,00
4. Rhym_Prod .02 46" -.20 1,00
5. Syll_Seg A1 .02 34 -29 1,00
6. Syll_Blend .18 .01 .28 19 .09 1,00
7. Phon_Seg 14 11 19 .08 27 15 1,00
8. Phon_Blend -12 .38" -.10 .36 -11 18 63" 1,00
9. RAN .09 .08 .23 -.09 .18 .33 417 .36 1,00
10. WR_Cons .27 .09 -.18 12 .02 -.01 -.02 -.07 -.02 1,00
11. NWR_Cons .09 19 -.10 -.08 .26 -41" .10 -.03 .18 .34 1,00
12. WL_Cons -29 .21 .34 .24 .01 14 .09 11 37 -19 -.01 1,00
13. WL_Corr -.06 -.06 -.06 -.09 .35 -24 .05 -15 .29 .01 40" .38" 1,00
14. PCC -.25 -.23 -.09 -.07 13 -24 -.08 .09 -15 -.07 -.06 -.05 -.02 1,00
15. PVC 14 -.06 -.05 -.06 11 -19 11 -14 .07 12 .23 .00 .24 12 1,00
16. PCCI A2 -12 =11 -.05 .03 -.23 -.16 -13 -.27 12 -.04 -.34 -.03 .58™ 517 1,00
17. PCCF -13 -.28 -.18 -.06 -.20 -.18 .00 -12 19 -.01 .33 13 .18 .15 .30 -.04 1,00
18. PCD -.20 -.04 -.04 12 -11 -13 -19 -.10 -.32 -.18 -.24 =27 -.16 .20 -.05 .30 -.18 1,00
19. MRR_Mono -22 .07 .23 -.05 .16 .05 .01 .04 15 -.26 -12 .23 .18 -.31 .10 -.10 -.08 13 1,00
20. MRR_Bi -14 .07 .18 12 -12 -13 .20 .23 .00 -14 .02 21 A1 -.16 .07 -.03 .05 .32 .64™ 1,00
21.MRR_Tri .04 -.10 .27 .03 -.05 -.23 .02 .04 A2 -.03 -.06 -.04 -.06 12 -.09 .26 .02 .32 39" 45" 1,00

*p<.05, ** p< .01
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Appendix 5. Agglomeration Schedule

Cluster Combined

Stage Cluster First Appears

Stage Next Stage
Cluster 1 Cluster 2 Coefficients Cluster 1 Cluster 2
1 45 46 5,201 0 0 8
2 39 40 6,121 0 0 20
3 35 42 6,543 0 0 19
4 47 56 6,832 0 0 17
5 29 30 7,552 0 0 19
6 44 57 8,401 0 0 7
7 44 54 7,319 6 0 11
8 45 48 8,930 1 0 9
9 38 45 8,129 0 8 10
10 31 38 8,713 0 9 12
11 41 44 9,611 0 7 23
12 31 36 9,939 10 0 13
13 31 33 12,193 12 0 22
14 34 43 12,441 0 0 15
15 34 53 12,653 14 0 16
16 34 49 12,289 15 0 17
17 34 47 10,576 16 4 18
18 34 55 10,248 17 0 24
19 29 35 14,024 5 3 21
20 39 51 14,807 2 0 21
21 29 39 15,525 19 20 22
22 29 31 15,294 21 13 25
23 41 50 15,651 11 0 28
24 34 37 18,829 18 0 25
25 29 34 20,214 22 24 26
26 29 52 25,124 25 0 27
27 29 32 34,818 26 0 28
28 29 41 39,229 27 23 0
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Appendix 6. Dendrogram for cluster analysis
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Appendix 7. International Phonetic Alphabet (IPA) symbols for Croatian consonants (Horga
& Liker 2016: p266).

% Z - z Iy £ -
mesto| § | B | 5 | 5 (B2 | 35| % [ B
= Sz [~ o 22 S = 3
- < - f] P: P ol - 3 5 -
NACIN g 3 a 5 3 5 2 E
OKL b d k g
sturany | AFR ts tff . d3|tc dz
SUZ FRI f z I8 X
APR ) }
ogrik |NAZ| m n n
SUZ. - | 2
DINAMIKA | VIB ¢

Appendix 8. International Phonetic Alphabet (IPA) symbols for English consonants (Stanford,

2010)
Bilabial [ Labio- | (Inter-) | Alveolar| Palato- Velar Glottal
dental dental alveolar
Stop pl| b t d k g
Fricative f \Y 0 o} S yA 3 h
Affricate 7 |d
Nasal m n g
Lateral 1
:EfrOXim w , 5
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Appendix 9. IPA English vowel chart (Lin, 2004)

Front Central Back
C]OSE i i » L ] U.
I
Close-mid e \ ¢ 0
o
Open-mid 3 A®D
Open deD

Appendix 10. IPA Croatian vowel chart (Landau et al., 1999; p.67)

Ue
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