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Coarticulatory dynamics in Greek disyllables produced by young adults with and without 

hearing loss  

 

ABSTRACT 

Hearing loss affects both speech perception and production with detrimental effects on 

various speech characteristics including coarticulatory dynamics. The aim of the present 

study is to explore consonant-to-vowel (C-to-V) and vowel-to-vowel (V-to-V) coarticulation 

in magnitude, direction and temporal extent in the speech of Greek young adult male and 

female speakers with normal hearing (NH) and hearing impairment (HI). Nine intelligible 

speakers with profound HI, using conventional hearing aids, and five speakers with NH 

produced /pV1CV2/ disyllables, with the point vowels /i, a, u/ and the consonants /p, t, s/, 

stressed either on the first or the second syllable. Formant frequencies F1 and F2 were 

measured in order to examine C-to-V effects at vowel midpoint and V-to-V effects at vowel 

onset, midpoint and offset. The acoustic and statistical analyses revealed similarities but also 

significant differences regarding coarticulatory patterns of the two groups. Interestingly, 

prevalence of anticipatory coarticulation effects in alveolar contexts was observed for 

speakers with HI. Findings are interpreted on account of possible differences in articulation 

strategies between the two groups and with reference to current coarticulatory models. 
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INTRODUCTION 

Hearing is critical to the acquisition, development and maintenance of normal speech through 

auditory self-monitoring (Gunther & Perkell, 2004). Loss of hearing instigates significant 

effects on all aspects of speech production, both segmental and suprasegmental. Vowel 

errors, e.g. substitution, neutralization, diphthongization, and nasalization, and consonant 

errors, e.g. omission, substitution and distortion have been reported for different languages 

(e.g. Pratt & Tye-Murray, 2009; Sfakianaki & Nicolaidis, 2016). In addition, the vowel space 

is documented as reduced due to lesser vowel differentiation arising from restricted tongue 

movement, primarily along the horizontal (F2) and, secondarily, the vertical (F1) axis (e.g. 

Monsen, 1976a; Nicolaidis & Sfakianaki, 2016a; Ozbič & Kogovšek, 2010). Differences in 

the coproduction of gestures have also been reported (e.g. Morrison, 2012; Okalidou & 

Harris, 1999; Waldstein & Baum, 1991). 

 

Coarticulation in normal hearing –The Degree of Articulatory Constraint (DAC) model 

Various theories have been developed to explain the phenomenon of coarticulation. Within 

the theory of coproduction, phonemes are four-dimensional, inherently articulatory entities 

that overlap temporally (Fowler, 1980). This theoretical standpoint gave rise to the 

development of the gestural framework of speech production (Browman & Goldstein, 1986) 

and to the proposition of a model of coarticulation based on the Degree of Articulatory 

Constraint (DAC) (Recasens, Pallarès, & Fontdevila, 1997). The DAC model maintains that 

the degree to which phonetic segments are permeable to coarticulatory effects depends on 

their own production requirements. The involvement of tongue dorsum in phoneme 

production is correlated with its coarticulatory resistance and aggression. An alveolar 

fricative, for example, would be more resistant to neighbouring influences -and at the same 

time more aggressive in exerting coarticulatory effects than a bilabial, as it requires tongue 



 

dorsum activation therefore placing demands for change in the articulation of neighbouring 

phonemes.  

Thus, different Degrees of Articulatory Constraint, or DAC values, are assigned to 

both consonants and vowels based on the involvement of the tongue dorsum in their 

constriction or formation and on their additional articulatory properties (Farnetani & 

Recasens, 2010), e.g. /p/ is assigned a low DAC value as it does not involve tongue 

movement, /t/ an intermediate DAC value as it requires moderate tongue dorsum raising, and 

/s/ a high value due to its strict articulation manner requirements. Hence, the bilabial /p/ is 

expected to allow for V-to-V coarticulation, while the more resistant alveolars /t/ and /s/ are 

expected to induce prominent C-to-V effects and limit V-to-V coarticulation. Among the 

three point vowels, /i/ is assigned a higher DAC value due to maximal tongue predorsum 

raising, whereas /a/ and /u/ are assigned a lower DAC value as the tongue predorsum remains 

low and inactive during their production. Hence /i/ is expected to instigate more V-to-V 

coarticulatory effects on /a/ and /u/ than vice versa and, at the same time, resist coarticulation 

from them. The DAC scale is being constantly refined with the use of different techniques 

and with data from more languages. A recent study on contextual variability using ultrasound 

in Catalan revealed that, regarding the aforementioned segments, coarticulatory resistance 

decreases in the progression [s] > [t] and [i] > [a] > [u], while a high positive correlation was 

found between tongue body coarticulatory resistance and aggressiveness (Recasens & 

Rodrìguez, 2016). Such differences in coarticulatory sensitivity may be language-dependent, 

thus data from more languages are needed to illuminate the universal or language-specific 

nature of coarticulatory patterns (e.g. Beddor, Harnsberger & Lindemann, 2002; Graetzer, 

Fletcher & Hajek, 2015). 

 

Coarticulation in hearing impairment 



 

Early studies report that speakers with HI coarticulate less than normal and that their 

coarticulatory patterns are characterized by inconsistency, e.g. variable and reduced 

consonant-vowel transition patterns (Monsen, 1976b), stereotyped articulation regardless of 

context, that is less V-to-V influence because of vowel neutralization (Rothman, 1976) and 

less robust V-to-C anticipation (Ryalls, Baum, Samuel, Larouche, Lacoursière, & Garceau, 

1993; Waldstein & Baum, 1991). Commonly, too narrow a portion of the acoustic signal was 

analysed in several studies, that is coarticulation was examined within the confines of the 

syllable. However, Okalidou and Harris (1999) looked at both intra- and inter-syllabic 

coarticulation in disyllables produced by American speakers with HI and reported that, 

although C-to-V influence was greater for speakers with NH than for speakers with HI, the 

magnitude of V-to-V HI coarticulation varied depending on context, as it was found less in 

bilabial but more in alveolar contexts when compared with NH coarticulation. A more recent 

study of coarticulation with locus equations documented reduced anticipatory coarticulation 

in bilabial /bVt/ and velar /gVt/ syllables, as opposed to increased coarticulation in alveolar 

/dVt/ and palatal /gVt/ syllables, for American speakers with profound HI compared to 

speakers with NH (Morrison, 2008). 

Only few studies have investigated variability and coarticulation in Greek HI speech 

(Nicolaidis, 2004; 2007; Nicolaidis & Sfakianaki, 2016b; Sfakianaki, 2012; Sfakianaki, 

Nicolaidis & Okalidou, 2017). Significant differences in V-to-C patterns and higher spatio-

temporal variability than normal was observed in alveolar consonants produced by 

unintelligible speakers with HI (Nicolaidis, 2007), and deviant articulatory variability and 

tongue-palate patterns have been documented for HI consonants (Nicolaidis, 2004). 

Furthermore, smaller and more variable C-to-V carryover effects for speakers with HI have 

been reported (Nicolaidis & Sfakianaki, 2016b). Important issues that still remain under 

question are the following: What are the basic similarities and differences of C-to-V and V-



 

to-V coarticulatory patterns in Greek intelligible HI vs. NH speech? Do speakers with HI 

differ from NH controls in the degree of coarticulatory resistance and/or directionality 

exhibited in various consonantal and vowel contexts? Do Greek speakers with HI coarticulate 

more in alveolar rather than in bilabial contexts as suggested in the literature for the English 

language? Are there differences in the temporal extent of coarticulation in Greek HI vs. NH 

speech? 

 

The current study 

The current study builds on prior work concerning the magnitude of V-to-V effects in NH vs. 

HI speech reported in Sfakianaki, Nicolaidis & Okalidou (2017), by examining key novel 

aspects, i.e. (a) the temporal extent and (b) the directionality of V-to-V coarticulation as well 

as (c) presenting V-to-V effects in combination with C-to-V patterns in both F1 and F2 axes 

in disyllables produced by Greek young adults with NH and with profound HI (> 91 dB HL).  

The consonants /p, t, s/ and the vowels /i, a, u/ were selected for investigation due to 

their difference in articulatory constraint. The bilabial stop /p/ is expected to allow V-to-V 

coarticulation due to an unconstrained tongue dorsum (Recasens, 1999). The stop /t/ has an 

advanced lingual placement in the alveolar region with possible constriction further forward 

in the dental area and very small articulatory variability at the tip/blade region (Nicolaidis, 

1997). Unconstrained regions behind the constriction are expected to adjust to context 

(Recasens, 1999). The constrained fricative /s/ is expected to allow for less variability and 

tongue dorsum coarticulation than homorganic stops like /t/ (Recasens, 1999; Zharkova, 

2007). However, the Greek /s/ may be expected to allow for some articulatory freedom at the 

constriction region as there is no other contrastive fricative in the area (Nicolaidis, 1997).  

Regarding vowels, /i/ is a highly constrained vowel shown to induce more 

coarticulatory effects than other vowels in many languages (e.g. Recasens, 1987; Zharkova, 



 

2007). It has, however, been documented to vary at regions behind the palatal constriction in 

Greek (e.g. Nicolaidis, 1997). The vowels /a/ and /u/ are generally more permeable to 

coarticulatory effects than the high front vowel /i/, but findings on their relative coarticulatory 

resistance/aggression have been variable. For example, the low vowel /a/ in Thai has been 

found more susceptible to V-to-V coarticulation than the back vowel /u/ (Mok, 2011), while 

the vowel [u] in Catalan has been reported as the least resistant to coarticulation (Recasens & 

Espinosa, 2009; Recasens & Rodrìguez, 2016). The low vowel /a/ in Greek ([Œ]) has not been 

found as variable as expected when compared with /i/ (Asteriadou, 2008; Nicolaidis, 1997), 

but a comparison with /u/ has not been carried out yet.  

This study reports C-to-V coarticulation at vowel midpoint, and, adopting a more 

dynamic approach, V-to-V coarticulation at three vowel points, i.e. onset, midpoint and onset, 

providing data on the temporal extent of V-to-V effects.  Although most acoustic studies on 

coarticulation focus on the F2 axis which is associated with front and back tongue movement, 

both F1 and F2 axes are under investigation here. The F1 dimension reflects oral opening and 

is related to tongue dorsum and jaw height. Hence, F1 data can enrich our knowledge 

regarding interarticulatory coordination (Recasens & Pallarès, 2000), especially for speakers 

with HI. The vertical dimension has been found less problematic for speakers with HI due to 

its greater visibility and auditory accessibility (Monsen, 1976a). Therefore we expect to find 

HI coarticulation patterns on the F1 axis less deviant than normal.  

 The overarching goal of the study is to increase the current knowledge base on 

articulatory dynamics in HI speech with data from a less studied language. Evidence across 

languages is needed for the development of a comprehensive theory and for a better 

understanding of implications in clinical practice. More specifically the present study aims to 

examine: 



 

1. the degree and direction of C-to-V coarticulatory effects on F1 and F2 at the midpoint 

of vowels /i, a, u/ from the alveolar consonants /t/ and /s/ in relation to hearing status 

(NH vs. HI),  

2. the degree, direction and temporal extent of V-to-V coarticulatory effects on F1 and 

F2 at onset, midpoint and offset of the point vowels in relation to transconsonantal 

vowel /i, a, u/, intervening consonant /p, t, s/ and hearing status (NH vs. HI).  

 

METHOD 

Participants: Recruitment and inclusion criteria 

A total of 14 native speakers of standard Modern Greek took part in the experiment, five 

speakers with normal hearing (NH group) and nine speakers with profound hearing 

impairment (HI group). The NH group consisted of three female and two male speakers with 

no history of hearing problems who were 18- to 21-year-old undergraduate students. Five 

male and 4 female speakers formed the HI group; the selection criteria were: i) within age 

range 18-35 (young adults), ii) sensorineural, bilateral, stable and profound hearing loss of 

prelinguistic onset, with at least minimal residual hearing, ranging from 91 to 105 dB HL at 

500, 1000 and 2000 Hz (Clark, 1981), iii) similar hearing loss pattern across frequencies, iv) 

no cochlear implants, v) fitted with conventional behind-the-ear hearing aids before the age 

of 4, vi) continuous use of hearing aids on a daily basis, vii) use of oral communication 

exclusively or primarily, viii) systematic speech training for many years ix) mainstream 

background in compulsory education, x) college or university education, xi) intelligibility 

level above 70%, xii) no other diagnosed illnesses. Demographic information for the 

participants with HI is provided in table 1. 

 

Insert table 1 about here 



 

 

Each participant’s speech intelligibility level was assessed by a group of six naïve 

listeners with no reported hearing problems. Each listener judged only one participant’s 

speech to avoid learning effects. The material judged by each listener was 101 words adopted 

from the Phonetic and Phonological Development Test (Panhellenic Association of 

Logopedists, 1995) and 25 additional sentences constructed for the purposes of the 

experiment, 8-14 syllables long, containing all Greek phonemes and frequently used clusters 

in syllable-initial position. Τhe scoring method was adopted from Osberger, Maso, and Sam 

(1993). Intelligibility scores ranged from 73% to 98% (0.8 Cronbach’s Alpha mean value, 

indicating good internal consistency among listeners’ judgements). For a detailed description 

of the intelligibility experiment, see Sfakianaki, Nicolaidis, & Okalidou (2016). 

 

Material  

The material comprised disyllables of the form /pV1CV2/ with V=[i, ɐ, u] and C=[p, t, s], 

some meaningful and some nonsense, which were embedded in the carrier phrase [ l̍ɛʝɛ _____ 

p̍ɐli] (“Say _____ again.”). The combinations rendered 54 different stimuli, half stressed on 

the first and half on the second syllable, that were repeated 10 times. A total of 540 phrases 

were randomized for each speaker, read at a comfortable speaking rate and recorded at a 

sampling frequency of 22 050 Hz. 

 

Acoustic and Statistical Analyses 

Analysis of F1 and F2 formant frequencies at vowel onset, midpoint and offset was 

performed with LPC in PRAAT software (Boersma & Weenink, 2001) using a 25 ms 

Gaussian window at vowel midpoint, and a narrower window of 15 ms at vowel onset and 



 

offset, in order to capture coarticulation effects more accurately. A total of 45 360 

measurements were performed (6 measurements/phrase x 540 phrases x 14 subjects) using 

automatic formant tracking. All automatic measurements were manually checked and 

corrected where necessary. 

 For the investigation of C-to-V and V-to-V coarticulation, the disyllables were paired 

so that one member of the pair was always ‘fixed’ (see table 2). When looking at C-to-V 

coarticulation, the bilabial context was taken as the neutral base, as /p/ does not involve 

tongue dorsum activation, against which coarticulatory effects from /t/ and /s/ were 

calculated, so as to examine the relative coarticulatory aggression of the two alveolars on the 

neighbouring vowels. For C-to-V effects, only symmetrical disyllables were selected to 

ensure a fixed vocalic context. For example, in order to calculate /s/-to-/a/ carryover effects, 

the F1 and F2 of the second syllable /a/ was measured in /papa/ and compared with the 

corresponding formants of the second syllable /a/ in /pasa/. Regarding V-to-V coarticulation, 

one member of the pair was always symmetrical while the consonant remained unchanged to 

ensure a consistent intervening consonant. For example, in order to examine /i/-to-/a/ 

anticipatory effects over /t/, the F1 and F2 of the first syllable /i/ was measured in /piti/ and 

compared with the corresponding formants of /i/ in /pita/. In this case, /i/ is the fixed vowel. 

Coarticulation (ΔF) was, thus, calculated on the basis of within-subject formant differences.  

 

Insert table 2 about here 

 

Univariate ANOVA analyses were performed for variables F1 and F2 (factors: 

hearing, gender, measured vowel, transconsonantal vowel, consonant, stress, measured vowel 

position). Due to space limitations the effects of gender and stress are not reported here, but 

are available in Sfakianaki (2012) (see pp. 303-311 for stress and pp. 312-322 for gender). 



 

All main effects and interactions were tested. Subsequently, within-group significant 

coarticulation effects were examined using Tukey post-hoc tests. For between-group effects, 

the difference of formant values between disyllable pairs was compared. For example, ΔF1 = 

F1 of /i/ in /piti/ - F1 of /i/ in /pita/ and ΔF2 = F2 of /i/ in /piti/ - F2 of /i/ in /pita/. Univariate 

ANOVA analyses were also performed for variables ΔF1 and ΔF2 (factors: hearing, gender, 

vowel pair, consonant, stress, direction). All main effects and interactions were tested and 

Tukey pairwise post-hoc tests were performed to test between-group differences (HI vs. NH) 

of statistically significant coarticulation contexts.  

Although formant measurements were made for individual speakers, the statistical 

analyses were conducted on groups (NH vs. HI group). The purpose was to look for dominant 

coarticulation patterns on the basis of hearing status that go beyond individual trends. In 

order to obtain valid results, groups had to be as homogeneous as possible. To that end, as 

mentioned above, strict selection criteria were employed, especially for speakers with HI, as 

their productions are more variable within- and between-speaker compared with those of 

speakers with NH (Dagenais & Critz-Crosby, 1991). Hence figures 1-4 in the Results section 

demonstrate coarticulation effects in the two groups. However, since speaker variability is a 

crucial parameter in the phenomenon of coarticulation, figures 5-8 that display individual 

patterns are also provided here for visual inspection.  

 

RESULTS 

Before presenting the results for coarticulation, it should be noted that for both F1 and F2 

variables all factors were found statistically significant at vowel onset, midpoint and offset 

except for stress which was not found significant for F2 at vowel onset. Regarding variable 

ΔF1, all factors were found statistically significant at the three vowel points, except for stress 

which was found significant only at vowel midpoint. As far as variable ΔF2 is concerned, 



 

only the vowel pair factor was found statistically significant at all three vowel points. ΔF2 

values at vowel offset and midpoint were significantly influenced by consonant type and 

coarticulatory direction, while at vowel offset and midpoint by hearing status and gender 

respectively; stress was not found significant at any point. A summary of the main factors’ 

effect on the four variables at the three points is provided in table 3. A detailed analysis of the 

coarticulation patterns is provided in the following subsections “Consonant-to-Vowel” and 

“Vowel-to-Vowel Coarticulation”.  

 

Insert table 3 about here 

 

Consonant-to-Vowel Coarticulation 

C-to-V coarticulation was examined at vowel midpoint. The interaction indicating C-to-V 

effects was found significant for F1 (measured vowel*consonant*position: F(4, 15 036) = 

5.784, p < 0.001)) but it was not significantly different between hearing groups. However, 

within-group post-hoc tests revealed that, only for HI speech, F1 lowering effects from /s/ 

were significantly larger when compared with effects from /p/ on /a/, and from /t/ on /a/ and 

/u/ (figure 1). The lowering effect from /s/-to-/u/ was significant in the anticipatory direction 

(figure 1b), while from /s/-to-/a/ in both directions (figure 1c).  

 

Insert figure 1 about here 

 

Regarding F2 C-to-V coarticulation at vowel midpoint, the interaction 

hearing*measured vowel*consonant*position was found significant (F(4, 15 045) = 12.317, p 

< 0.001). Post-hoc tests showed significant fronting effects from both /t/ and /s/ on /a/ and /u/ 

in both directions for speakers with NH. For speakers with HI, both alveolars induced 



 

significant fronting to /a/ and /u/ but mainly in the anticipatory direction (figure 2b and 2c). 

Also, significantly higher coarticulatory aggression from /s/ vs. /t/ on /u/ was noted (figure 

2c).  

Insert figure 2 about here 

 

Vowel-to-Vowel Coarticulation 

For V-to-V coarticulation, F1 and F2 were measured at vowel onset, midpoint and offset 

Also, ΔF1 and ΔF2 were computed in order to examine context effects in V-to-V 

coarticulation as a function of hearing group (see table 1 for effect of main factors).  

Regarding F1, the interaction hearing*measured vowel*neighbouring 

vowel*consonant*position was found statistically significant at onset and offset (onset: F(8, 

15 035) = 1.797, p = 0.073, offset: F(8, 15 035) = 3.322, p = 0.001)  but not at midpoint. 

Post-hoc tests at vowel onset and offset revealed significant F1 lowering effects on the high 

vowels /i/ and /u/ from the low vowel /a/ in the bilabial /p/ context for speakers with NH (see 

[*] in figure 3a and 3c). As far as the low vowel /a/ is concerned, statistically significant 

effects were located from both /i/ and /u/ across all consonants in both directions for both 

groups (see [*] in figure 3e and 3f). Regarding ΔF1, the interaction hearing*V-to-

V*consonant*direction was statistically significant at the three points (onset: F(10, 9 969) = 

3.067, p = 0.001, midpoint: F(10, 9 971) = 2.469, p = 0.006, offset: F(10, 9 969) = 5.026, p < 

0.001). Post-hoc tests showed that the significant V-to-V effects were of comparable 

magnitude for both groups, except for /u/-to-/a/ effects across /p/ and /t/ which were less for 

the speakers with HI (see [+] in figure 3f).  

 

Insert figure 3 about here 

 



 

Regarding F2 at onset, the interaction hearing*measured vowel*neighbouring 

vowel*consonant*position was found statistically significant (F(8, 15 039) = 2.936, p = 

0.003), while the interaction hearing*measured vowel*consonant*position was significant at 

offset: F(4, 15 038) = 40.042, p < 0.001). These interactions were not significant for F2 at 

midpoint. Post-hoc tests at vowel onset and offset showed significant effects on /a/ and /u/ 

from /i/ across all consonants for both groups; however, effects are significant mostly in the 

carryover direction for the speakers with NH and in the anticipatory direction for the speakers 

with HI (see [*] in figure 4d and 4e). Also, significant effects on /i/ were located mostly 

across the bilabial /p/ for the speakers with NH, while speakers with HI showed significant 

effects also across alveolar consonants (see [*] in figure 4a and 4c). Regarding ΔF2, the 

interaction hearing*V-to-V*consonant*direction was statistically significant at the three 

points (onset: F(10, 9 974) = 15.122, p < 0.001, midpoint: F(10, 9 973) = 1.840, p = 0.049, 

offset: F(10, 9 973) = 3.471, p = 0.000).  Post-hoc tests showed that among the contexts 

where both speakers with NH and HI showed significant V-to-V effects, the /i/-to-/a/ effects 

were of a significantly lesser magnitude across the alveolar /t/ in the carryover direction for 

the speakers with HI (see [+] in figure 4e).  

 

Insert figure 4 about here 

 

Temporal Extent 

For both groups, the temporal extent of V-to-V effects did not reach vowel midpoint in most 

cases. Interestingly, there were instances where effects appeared at the two ends of the vowel 

but not at its midpoint. In F1, effects on /u/ over the bilabial appeared at the other end of the 

vowel for speakers with NH, while for speakers with HI this occurred only for /i/-to-/a/ 

carryover effects across /s/. In F2, anticipatory effects on /i/ over the bilabial and carryover 



 

effects over /s/ extended farther than the offset or onset of the vowel respectively, but only 

for speakers with HI. Moreover, there were instances of anticipatory effects on /i/ and /a/ that 

appeared only at the midpoint or the onset of the vowel but not at vowel offset, for speakers 

with HI (see Discussion below). 

 

Speaker Variability 

As mentioned in the Method section, speaker-specific patterns are presented here in the form 

of graphs. Figures 5a-c and 6a-c illustrate speaker variability regarding consonant influence 

on F1 and F2 correspondingly, and figures 7a-f and 8a-f show speaker variability regarding 

V-to-V influence in F1 and F2 correspondingly. Note that these figures reveal speaker-

specific tendencies of coarticulatory patterns and not coarticulation effects per se, as 

statistical analyses and post-hoc tests need to be conducted separately for each individual in 

order to confirm significant effects per speaker. Although such an analysis surpasses the 

scope of the present paper, it is certainly worth investigating in the future. 

 

Insert figures 5-8 about here 

 

In summary, the main results of our analyses showed that speakers with HI display more or 

less coarticulatory effects than speakers with NH depending on vocalic and consonantal 

context. In general, HI coarticulation presented more similarities to NH coarticulation along 

the F1 than the F2 axis, and more in the fixed low /a/ vocalic context than in the fixed high /i/ 

and /u/ vocalic contexts. C-to-V effects were more pronounced for speakers with HI from the 

fricative /s/ especially in the anticipatory direction. V-to-V effects across the bilabial /p/ were 

greater for speakers with NH as compared to speakers with HI, while speakers with HI 

displayed more prominent V-to-V coarticulation in alveolar contexts with a preference to the 



 

anticipatory direction. The temporal extent of V-to-V coarticulation was found limited in the 

majority of contexts for both speaker groups. 

 

DISCUSSION 

The current study examines F1 and F2 C-to-V and V-to-V coarticulatory effects in disyllables 

produced by Greek speakers with NH and HI so as to locate possible similarities and 

differences in magnitude, direction and temporal extent of coarticulation across hearing 

status, and compare them with findings in other languages. This study also tests the 

predictions of the DAC model (Recasens et al., 1997) regarding articulatory resistance and 

aggression of selected vowels and consonants with Greek normative speech data as well as 

Greek disordered speech data stemming from hearing loss.  

 

Consonant-to-Vowel Coarticulation 

F1 axis 

C-to-V effects in both groups are very few and patterns are similar, although they do not 

reach statistical significance for both groups. In NH speech, although there is a trend for 

vocalic raising from the fricative, no significant effects were located (see figure 1, left 

panels), in line with acoustic and ultrasound studies in other languages revealing small 

variation in vowel lingual height according to consonantal context (Keating, Lindblom, 

Lubker, & Kreiman, 1994; Zharkova, 2007). In HI speech, the aforementioned trend becomes 

statistically significant, revealing prominent /a/ and /u/ raising effects from the fricative (see 

figure 1, right panels). For /u/, these effects are significant only in the anticipatory direction, 

while for /a/, in both directions. This tendency is more readily observed in four speakers with 

HI when inspecting speaker-specific patterns (see figure 5b and 5c, speakers HI_1, 5, 7, 8).  

HI vowel /i/ does not display any raising effects probably due to its already high position.  



 

 

F2 axis 

The two groups show basic similarities in C-to-V coarticulatory patterns, but also essential 

differences (see figure 2, left vs. right panels). For both groups there are significant C-to-V 

effects on vowels /a/ and /u/, but not on /i/, from both alveolars, as expected on the basis of 

the articulatory distance of /a/ and /u/ from the alveolars. These results are in line with the 

DAC model and also with findings of substantial fronting effects on /a/ and /u/ but not /i/ in 

Catalan normative data (Recasens & Espinosa, 2009). Overall, vowel fronting effects for both 

groups decrease in the order /u/ > /a/ > /i/ which is in agreement with the DAC model. An 

important difference across hearing status is that speakers with HI displayed significant C-to-

V effects in fewer contexts when compared with the speakers with NH, thus showing overall 

less C-to-V coarticulation on the F2, in accordance with other studies reporting less robust C-

to-V effects and restricted F2 transitions for speakers with HI (e.g. Monsen, 1976b; Rothman, 

1976; Ryalls et al., 1993; Waldstein & Baum, 1991). This finding may be explained by the 

fact that HI vowels tend to be neutralized (Nicolaidis & Sfakianaki, 2016a), and hence 

display smaller coarticulatory effects. 

 

Consonantal aggression and coarticulatory directionality 

Another difference between the two groups refers to consonantal coarticulatory aggression. A 

comparison between the two alveolars showed no significant differences in coarticulation 

effects on NH vowels, while for speakers with HI more effects were induced by /t/ than /s/ on 

the back vowel /u/. This finding suggests differential aggression of the two alveolars in HI 

speech as opposed to similar aggression in NH speech. When examining speaker-specific 

coarticulatory patterns, we observe that this trend is prominent in five speakers with HI (see 

figure 6b, speakers HI_1, 3, 4, 6, 8). Additionally, the two groups exhibit differences in 



 

coarticulatory directionality. There is a stronger preference to the anticipatory component of 

C-to-V coarticulation for the group with HI, while such a preference is not evident for the 

group with NH. Similarly, no direction differences have been reported for C-to-V effects 

from /s/ in Catalan NH speech (Recasens & Rodrìguez, 2017). The greater coarticulatory 

effects located in anticipation of the fricative in HI speech may be related to articulatory 

characteristics of the HI fricative. Significant pre-consonantal lengthening has been reported 

for HI vs. NH vowels in the fricative environment (Sfakianaki, 2012) which may indicate that 

increased articulatory demands inflicted by a more constrained than normal HI fricative 

induces adjustments in vowel position during the spatiotemporal coordination from vowel to 

consonant resulting in stronger gestural anticipation. 

 

Vowel-to-Vowel Coarticulation 

F1 axis 

Both groups present a similar picture, that is, the open vowel /a/ shows more V-to-V effects 

than the two high vowels (see figure 3). This finding is in accordance with the predictions of 

the DAC model and has also been reported in other languages for normative data (e.g. Mok, 

2011; Recasens & Pallarès, 2000). Concerning the high vowels /i/ and /u/, V-to-V effects 

have been located for the speakers with NH over the bilabial, which is again in agreement 

with the DAC model, as larger V-to-V effects are expected to span the unconstrained bilabial, 

but no effects were located for the speakers with HI. Thus their high vowels appear less 

variable in height due to coarticulation than those of the speakers with NH.  

Concerning the low vowel /a/, it is notable that the speakers with HI show significant 

effects in slightly more contexts than the speakers with NH, and that coarticulation in 

speakers with HI appears, in the majority of contexts, as strong in magnitude as that of 

speakers with NH. In addition, the two alveolars allow significant V-to-V influence for both 



 

groups, which in some cases exceeds the influence allowed across the bilabial (see figure 3e 

and 3f) contrary to the predictions of the DAC model. This finding is in line with studies on 

the increased variability of the Greek NH /s/ (Nicolaidis, 1997) which could account for 

greater coarticulatory effects across the fricative. Greater contextual variability of [s] than 

expected has also been documented with ultrasound in Catalan (Recasens & Rodrìguez, 

2016). Also, anticipatory V-to-V coarticulation in NH English speech across /t/ has been 

found as prominent as across /p/ with EPG (Butcher, 1989). 

Concerning coarticulatory directionality, the carryover component appears more 

robust for the speakers with NH, while the speakers with HI do not exhibit an equally strong 

directional preference. F1 vocalic effects have been found to generally favour the carryover 

direction due to the slow articulation of the massive jaw (Recasens & Pallarès, 2000). 

Differences in coarticulatory directionality between the two groups may relate to different 

topological features found in HI speech. Although similar magnitudes of jaw displacement in 

vowel production have been found for speakers with NH and HI, ratios of tongue-to-jaw 

displacement, tongue tip, jaw and lower lip velocities have been documented to differ 

(McGarr & Campbell, 1995). Since F1 reflects both tongue and jaw displacement, differences 

in coarticulatory directionality along the F1 axis for the speakers with HI could be related to 

differential dynamics and timing in HI speech. 

 

F2 axis 

For both groups, the front high vowel /i/ displays the expected coarticulatory aggression 

instigating significant fronting to both /a/ and /u/, in accordance with the DAC model and 

literature on normative data in other languages (Mok, 2011; Recasens, 1987; Recasens & 

Espinosa, 2009; Zharkova, 2007). However, for both groups, /i/ also receives significant 

backing effects, thus not displaying the expected coarticulatory resistance (see figure 4a and 



 

4b). This finding agrees with recent ultrasound findings on the increased contextual 

variability of [i] in Catalan (Recasens & Rodrìguez, 2016) and with previous reports on the 

increased variability of the Greek /i/ produced by speakers with NH (acoustics: Asteriadou, 

2008; EPG: Nicolaidis, 1997) which could be attributed to the sparse Greek vowel space in 

comparison with that of other languages. According to the output constraint hypothesis 

(Manuel, 1990), more coarticulation is allowed to phones that belong to less crowded vowel 

systems as it would not lead to perceptual confusion.  

Coarticulatory patterns in the /a/ fixed vowel context are quite similar in the two 

groups (see figure 4e and 4f). Only effects from /i/ reach statistical significance, which 

confirms stronger articulatory aggression from /i/ than /u/ in agreement with the DAC model. 

For both groups, effects are present only in the carryover direction and are smaller for the 

speakers with HI. Interestingly, the alveolars seem to allow more coarticulation than the 

bilabial for the group with NH which is not in line with the DAC model, but similar or larger 

V-to-V effects over alveolars vs. the bilabial /p/ in NH speech have been reported for the 

English /t/ and the Greek /s/ with EPG (Butcher, 1989; Nicolaidis, 1997). When inspecting 

individual patterns, the tendency for pronounced F2 /i/-to-/a/ carryover effects across the 

alveolars is evident in four speakers with NH (see Figure 8e, speakers NH_1, 2, 3, 4). The 

increased carryover fronting of /a/ in /pisa/ and /pita/ than in /pipa/ sequences can be 

interpreted if we consider that, in the first two cases, the tongue remains at a front position for 

the most part of the disyllable, thus inducing larger carryover fronting effects on /a/. Larger 

carryover /i/-to-/a/ effects across the alveolar /n/ than the bilabial /p/ have been also reported 

by Recasens et al. (1997). Conversely, for the group with HI, effects are small across the 

alveolars in the fixed /a/ context suggesting a more constrained /t/ and /s/ articulation, as 

mentioned above, and less overshoot in /isa/ and /ita/ sequences in HI speech.  



 

Another notable difference between the two groups concerns the coarticulation 

patterns located in the high /i/ and /u/ fixed vowel contexts (see figure 4a, 4b, 4c and 4d). We 

observe that overall more V-to-V effects are found on the high vowels produced by the 

speakers with HI than with NH, and that these effects occur mainly across the two alveolars. 

In particular, /i/-backing effects may be smaller in absolute magnitude for the speakers with 

HI, but they occur in more contexts than for the speakers with NH. Coarticulation on /u/ 

across the alveolars is especially pronounced anticipatorily for the group with HI, whereas no 

effects are observed for the group with NH in the anticipatory direction. This tendency for 

prominent F2 V-to-V anticipatory effects across the alveolars can be discerned in the 

individual patterns of six out of nine speakers with HI (see Figure 8d, speakers HI_2, 3, 4, 5, 

6, 9). Similarly, an examination carried out by Okalidou & Harris (1999) regarding F2 

anticipatory V-to-V coarticulation in disyllable pairs with point vowels [i, u, a] and 

consonants [b, d] produced by American speakers with NH and HI showed that the two 

groups displayed opposing patterns of V-to-V coarticulation, that is, increased effects over 

the alveolar stop [d] by the speakers with HI and over the bilabial stop [b] by the speakers 

with NH.  

 

Similarities of coarticulation in hearing-impaired and developing speech 

In our study, although effects over the alveolars in high vowel contexts are quite predominant 

in the anticipatory direction, there are very few significant effects in the carryover direction 

for the speakers with HI. Since the two alveolars are produced with extensive involvement of 

the tongue dorsum in Greek HI speech (Nicolaidis, 2004), increased anticipatory C-to-V 

effects are expected. In high vowel contexts, the alveolar and the vowel may form a more 

overlapped and constricted syllable, as the tongue dorsum remains longer in constriction to 



 

the palate. According to Recasens (1987) “no carryover V-to-V effects are expected to occur 

for a highly constrained CV2 sequence” (p. 311), while stronger anticipation may be required.  

It has been suggested that such coarticulatory behavior in HI speech shares 

similarities with developing speech (Okalidou & Harris, 1999), as CV syllables produced by 

young children are largely overlapped especially when the vowel and the consonant gestures 

engage the same articulatory subsystem (Goodell & Studdert-Kennedy, 1993; Nittrouer, 

1993; Zharkova, Hewlett, & Hardcastle, 2011). Thus, in typical children and in speakers with 

prelingual HI, tongue gestures seem to be more difficult to differentiate in order to efficiently 

orchestrate the correct production of CV sequences. This observation has also been 

confirmed for typically developing children in a recent ultrasound study of lingual 

articulation in Scottish English (Zharkova, 2018). According to the study, coarticulation 

involving syllables with lingual consonants /t/, /s/ and /S/ presented more challenges when 

compared with syllables with the labial /p/, especially for children aged 3 to 11 years old. In 

particular, V-to-C coarticulation was found limited in CV syllables with lingual consonants. 

Although the present study did not examine intra-syllabic V2-to-C effects, previous literature 

on hearing impairment documents opposing findings. Reduced V-to-C coarticulation in velar 

contexts in American HI speech are reported by Waldstein & Baum (1991), variable findings 

with small or no V-to-C effects on /s, t, n/ for three of the four Greek speakers with HI, and 

with large effects  on /s/ and /t/ for one speaker with HI are documented with the use of EPG 

by Nicolaidis (2007), while Okalidou & Harris (1999) observe greater V-to-C effects on 

alveolar consonants produced by American speakers with HI, concluding that larger 

underlying production units may be involved in HI articulation and that differential 

coarticulation principles may govern the functional constraints of the deaf production system. 

The opposing HI vs. NH inter-syllabic V-to-V patterns observed in the present study may 



 

also indicate the existence of differential intergestural coordination underlying the 

coarticulation in HI speech as compared with NH speech. 

Speakers with HI, not unlike developing children, may find syllables or disyllables 

with lingual consonants challenging to articulate. Lack of auditory feedback may exacerbate 

this difficulty more so for lingual than labial consonants. An examination of locus equations 

documented that the production of [dV] syllables by children with prelingual profound 

hearing loss started to develop only after auditory input was provided through hearing 

technology, while for the production of [bV] syllables the auditory input alone did not play an 

equally vital role (Morrison, 2012). The difference in coarticulatory patterns observed in our 

study between speakers with NH and HI regarding /p/ vs. /t/ and /s/ contexts lends support to 

the claim about differential interarticulatory coordination for syllables involving the tongue 

articulators for speakers with HI.  

 

Temporal extent of V-to-V Coarticulation 

The result of the study showed that, although C-to-V effects are overall significant at vowel 

midpoint, V-to-V effects barely reach midpoint in either direction for either group except for 

few instances. The vocalic centre seems to remain uninfluenced by transconsonantal effects. 

Okalidou & Koenig (1999) also report no V-to-V effects at vowel midpoint in F1 for Greek 

vowels. In addition, most studies that report coarticulation spanning large temporal intervals 

employ more central vowels like /ə/ and /ʌ/ which may be expected to permit more effects 

than the Greek peripheral vowels. Greek has a sparser vowel system and it is less stress-timed 

than English with a predominantly open syllabic structure. Less V-to-V coarticulation has 

been reported for languages with a simpler syllable structure, e.g. Thai vs. English (Mok, 

2010), and for open vs. closed syllables in American English (Mondaressi, Sussman, 

Lindblom, & Burlingame, 2004). However, further research is required with more 



 

participants and different techniques in order to investigate fully the temporal span of 

coarticulation in Greek.   

 

Future work and clinical implications 

Findings of this study are constrained by certain limitations which also offer perspectives for 

further investigation. Future work should include an in-depth examination of speaker-specific 

articulatory strategies. As mentioned above, both speakers with NH and speakers with HI 

show variability in their patterns of coarticulation. Different coarticulatory strategies are 

followed by different speakers and there is variability even across and within speakers with 

NH (Yu, Abrego-Collier, Phillips, Pillion & Chen, 2015). Examining the speakers as a group 

helps us grasp the normal range of variation. However, when dealing with speakers with HI, 

idiosyncratic patterns come into play even more than in NH speech (Ellis, 2009) and speaker-

specific patterns must be investigated in order to arrive at safer conclusions.   

Other factors, such as age, gender, hearing level (profound vs. severe/moderate), 

method of amplification (cochlear implant vs. hearing aid) and method of communication 

(auditory-verbal vs. total communication) are also worth examining in relation to the 

phenomenon of coarticulation in future work. In addition, linguistic factors, such as stress and 

more vocalic and consonantal contexts, need to be investigated for a more comprehensive 

understanding of the variation observed.  

Concluding, with reference to clinical implications, the findings indicate that Greek 

speakers with HI could benefit by speech therapy protocols that concentrate on correct tongue 

placement for the production of alveolars and coproduction of sequences containing lingual 

consonants, so as to practise the differentiation of tongue articulators. Attention must also be 

paid to sentence rhythm and prosody, as their role is crucial in the coordination and timing of 

articulatory gestures.  
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Table 1. Demographic information for the participants with HI.  

Subject Sex 

HL  

(Better 

Ear) 

Intelligi 

bility 

score 

(%) 

Age 

in 

yrs 

Age of 

diagnosis  

in 

yrs;mo 

Etiology 

Age 

first 

aided 

in 

yrs 

Formal speech 

training 

Onset 

in yrs 

Duration  

(Frequency) 

HI_1 F 
101.7  

(L) 
95 23 1;8 medication 3 5 

12 yrs  

(2 times/wk) 

HI_2 F 
101.6  

(L) 
98 20 2;5 

medication 

or genetic 
3 4 

2 yrs  

(2 times/wk) 

HI_3 M 
103.3  

(R) 
74 21 1;0 

genetic 

(familial) 
1 1 

10 yrs  

(4 times/wk) 

HI_4 M 
101     

(L) 
73 25 2;0 medication 4 8 

4 yrs  

(5 times/wk) 

HI_5 F 
103.3   

(L) 
90 26 2;6 

medication 

(RTA*) 
3 6 

10 yrs  

(3 times/wk) 

HI_6 M 
98.3  

(L) 
92 24 2;0 

complications  

at birth 
2 4 

20 yrs  

(3 times/wk) 

HI_7 M 
99    

(L) 
89 21 0;9 

complications  

at birth 
4 6 

3 yrs  

(2 times/wk) 

HI_8 F 
91.7  

(L) 
86 26 0;6 unknown 2 8 

4 yrs  

(3 times/wk) 

HI_9 M 
98.3  

(L) 
93 35 1;5 medication 3 26 

10 yrs  

(2 times/wk) 

* Renal Tubular Acidosis 
 

 

  



 

Table 2. Disyllable pairs selected for the investigation of C-to-V and V-to-V coarticulation. 

The measured vowel in each pair is fixed and it is highlighted.  

C-to-V Coarticulation 

 Fixed /a/ Fixed /i/ Fixed /u/ 

 anticipatory carryover anticipatory carryover anticipatory carryover 

/t/-to-V effects papa-pata papa-pata pipi-piti pipi-piti pupu-putu pupu-putu 

/s/-to-V effects papa-pasa papa-pasa pipi-pisi pipi-pisi pupu-pusu pupu-pusu 

V-to-V Coarticulation 

 Fixed /a/ Fixed /i/ Fixed /u/ 

 anticipatory carryover anticipatory carryover anticipatory carryover 

/a/-to-V effects across /p/   pipi-pipa pipi-papi pupu-pupa pupu-papu 

                        across /t/   piti-pita piti-pati putu-puta putu-patu 

                        across /s/   pisi-pisa pisi-pasi pusu-pusa pusu-pasu 

/i/-to-V  effects across /p/ papa-papi papa-pipa   pupu-pupi pupu-pipu 

                         across /t/ pata-pati pata-pita   putu-puti putu-pitu 

                         across /s/ pasa-pasi pasa-pisa   pusu-pusi pusu-pisu 

/u/-to-V effects across /p/ papa-papu papa-pupa pipi-pipu pipi-pupi   

                          across /t/ pata-patu pata-puta piti-pitu piti-puti   

                          across /s/ pasa-pasu pasa-pusa pisi-pisu pisi-pusi   

 
 

  



 

 

Table 3. Effect of the main factors on the four variables, F1, F2 and ΔF1, ΔF2, at the three 

vowel points (p < 0.05: [*], p < 0.01: [**], and p < 0.001: [***]). 

Factors 
Variables 

F1 F2 
onset mid offset onset mid offset 

hearing *** *** *** *** *** * 
gender *** *** *** *** *** *** 
measured vowel *** *** *** *** *** *** 
transconsonantal vowel *** *** *** *** *** *** 
consonant *** *** *** *** *** *** 
stress *** *** ***  *** *** 
position *** *** *** *** *** *** 

 ΔF1 ΔF2 
onset mid offset onset mid offset 

hearing *** *** ***   *** 
gender ** *** ***  *  
vowel pair *** *** *** *** *** *** 
consonant *** *** *** ***  *** 
direction *** * *** ***  * 
stress  *     
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Figure Captions 

 

Figure 1. C-to-V anticipatory and carryover effects from consonants /p/, /t/ and /s/ on the F1 

of /i/, /u/ and /a/ produced by speakers with NH (left panel) and HI (right panel). Symbol [*] 

denotes within group statistically significant difference (p < 0.05) between the bilabial (/p/) 

and the alveolars (/t/ or /s/), and symbol [+] between the two alveolars (/t/ and /s/). 

 

Figure 2. C-to-V anticipatory and carryover effects from consonants /p/, /t/ and /s/ on the F2 

of /i/, /u/ and /a/ produced by speakers with NH (left panel) and HI (right panel). Symbol [*] 

denotes within group statistically significant difference (p < 0.05) between the bilabial (/p/) 

and the alveolars (/t/ or /s/), and symbol [+] between the two alveolars (/t/ and /s/). 

 

Figure 3. F1 V-to-V coarticulation across consonants /p/, /t/ and /s/ at vowel offset for 

anticipatory and vowel onset for carryover effects ([*]: within-group and [+]: between-group 

difference, p < 0.05). 

 

Figure 4. F2 V-to-V coarticulation across consonants /p/, /t/ and /s/ at vowel offset for 

anticipatory and vowel onset for carryover effects ([*]: within-group and [+]: between-group 

difference, p < 0.05). 

 

Figure 5. Speaker variability regarding consonantal influence on the F1 mid of /i/, /u/ and /a/. 

Each speaker-specific pattern is demonstrated in a different panel. Speakers with hearing 

impairment are HI_1-9 and speakers with NH are NH_1-5. 

 



 

Figure 6. Speaker variability regarding consonantal influence on the F2 mid of /i/, /u/ and /a/. 

Each speaker-specific pattern is demonstrated in a different panel. Speakers with hearing 

impairment are HI_1-9 and speakers with NH are NH_1-5. 

 

Figure 7. Speaker variability regarding F1 V-to-V influence across consonants /p/, /t/ and /s/ 

at vowel offset for anticipatory and vowel onset for carryover effects. Each speaker-specific 

pattern is demonstrated in a different panel. Speakers with hearing impairment are HI_1-9 

and speakers with NH are NH_1-5. 

 

Figure 8. Speaker variability regarding F2 V-to-V influence across consonants /p/, /t/ and /s/ 

at vowel offset for anticipatory and vowel onset for carryover effects. Each speaker-specific 

pattern is demonstrated in a different panel. Speakers with hearing impairment are HI_1-9 

and speakers with NH are NH_1-5. 

 

 

 


