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Introduction 

Sonority’s role as a feature of speech segments has been of 

interest to study  for some time (1). 

Sonority (or vowel-likeness) is a scalar phonological/ 

phonetic aspect. Phonologically, it refers to the loudness or 

relative perceptual prominence of a particular segment 

compared to other sounds of the same length, stress, and 

pitch (2, 3). Phonetically, sonority is related to the degree of 

stricture (articulatory opening)  of the vocal tract during the 

segment’s production (4). The more open the vocal tract is, 

the more sonorous the segment; accordingly, vowels are 

considered to be the most sonorous sounds. Further, voiced 

sounds are considered to be more sonorous than voiceless 

sounds (4). 

Sonorous sounds include vowels, glides, liquids (flaps, 

laterals), and nasals, while non sonorous sounds include 

obstruents (fricatives, affricates, and plosives) (4). Various 

scales have been proposed to quantify the degree of sonority 

of speech sounds. The ordering of speech sounds from the 

least to most sonorous is called sonority hierarchy.  A 

detailed Sonority scale classifies phoneme classes from 0 

(most sonorous) to 7 (least sonorous): 0– vowels, 1–glides, 

2–liquids, 3–nasals, 4–voiced fricatives, 5–voiceless 

fricatives, 6–voiced stops, 7–voiceless stops (5, 6) 

The syllable has two elements; the onset, which includes any 

consonants that precede the nuclear element (the vowel), and 

the Rhyme, which subsumes the nuclear element (the vowel) 

as well as any marginal elements (consonants) that might 

follow it known as coda (7). Languages typically impose 

quite severe restrictions on the ability of speech sounds to 

follow one another in phonological strings. This patterned 

phonotactic behaviour has been attributed to sonority, where  

more sonorous sounds prefer to occur next to less sonorous 

sounds. This is known as the Sonority Sequencing Principle 

(SSP), where the tendency for a sound to occur in a syllable 

coda vs. onset is directly proportional to how high vs. low it 

is in sonority respectively (8). Sonority is of importance for 

phonotactics, because it defines the shape of a well-formed 

syllable. Cross-linguistic studies have found that a maximum 

difference in sonority is preferred between the onset of a 

syllable and its nucleus, presumably to increase the 

perceptual salience of segments within the syllable. Such 

patterns are widely attested and strongly imposed in most 

languages (9).  

Each syllable has a peak of sonority (which is usually a 

vowel) (10). In well-formed syllables, the consonants that 

are more sonorous are located closer to the peak and the less 

sonorous ones – further away from it. This principle has 

been reiterated by current linguists as Sonority Sequencing 

Generalisation (SSG) (4, 11). Syllable codas do not share 

this preference for a sharp change in sonority, with claims 

that there is a greater preference for codas that fall less 

sharply (1). 

In syllables with an empty coda slot, which is  the case in 

our study CV-CV, there is no fall at all in sonority level (1). 

It has been hypothesized that one reason for the tendency in 

many languages to have a less sharp fall in sonority at the 

coda position is to enable the initial segment of the following 

syllable or word to be lower in sonority than the final 

segment of the previous syllable or word (12).  

The concept of sonority has been argued to explain syllable 

structure (1, 4, 13), phonotactic rules (8), the emergence of 

prosodic features (14), cross-linguistic variation (9), and 

diachronic changes (15).  

Sonority is one of the factors predicting the sequence 

ordering mastered by young children (16, 17), the rate and 

type of errors observed in individuals with developmental or 

acquired language impairments (18-25), and aspects of 

speakers’ implicit knowledge of phonological grammar as 

measured by perception and production tasks (26-28). 

Study Rationale and Scope: 

In children with a cochlear implant (CI) not all sound 

components are compromised; temporal processing can be 

as good or better than that of normal hearing (NH) listeners, 

(29, 30) , in contrary to the spectral cue transmission(31). 

Sonority from an acoustic point may tend to rely more on 

intensity and temporal cues rather than on spectral cues. 

Therefore sonority may influence lexical processing by 

children with CI and their facility for tapping into 

phonological grammar during lexical access. 

In this study we aim to investigate whether speech auditory 

perception capacity of children with CI in lexical processing 

is affected by the sonority values at word-level (auditory 

salience cues), or by the sonority constraints which represent 

language learning rules (SSP), relative to NH children, and 

NH adults.  

Methodology: 
A Pilot Case-Control study including three groups; Children 

with CI (CI_C), NH Children (NH_C) and NH adults 

(NH_A) was conducted. Three children with CI were tested 
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(5-11 years). They were implanted before or up to the age of 

3 years and had a post-implant age of 2 years or greater (2-8 

years), were monolingual and had no additional disabilities. 

A control group of NH children included six children of 

matched age (5-11 years) and sex. The control group of NH 

adults included four adults within age range 30-32 years. 

The sonority experiment was built using E-prime 2.0 

Professional. Stimuli included audios of 16 novel words that 

follow a CV-CV sequence. Since vowels are sonorous 

sounds, the manipulation of consonants to be sonorous (S) 

versus non-sonorous (N) phonemes resulted in four possible 

sonority conditions at a lexical level; SS-SS, SS-NS, NS-SS 

and NS-NS.  In terms of auditory salience at word level SS-

SS has the best salience followed by SS-NS and NS-SS, and 

finally NS-NS. In terms of SSP; NS-NS and NS-SS have the 

best SSP relative to SS-NS and SS-SS at a word level.  

The initial and second syllable phonemic content was 

matched in frequency of occurrence for the first and second 

position in the Greek Language. Novel words did not contain 

words with the same place of articulation, and manner.  Each 

novel word was randomly assigned to a funny object. Funny 

objects were obtained with author’s permission from a 

previous study by (32). Fast mapping (33) procedure was 

used to familiarize the funny object with the specific target 

novel word. Then, each funny object was paired with 

another funny object and placed in a choice of two picture 

array format for the identification task. The position of the 

funny object was randomized but the novel word-funny 

object pairing was preserved. Both accuracy measures and 

reaction times were recorded through a touch screen.  

The study has been approved by the Medical Ethical 

Committee of the UZ Leuven / KU Leuven, by the Medical 

Ethical Committee of AHEPA hospital/Thessaloniki and by 

the Special Committee of Research Ethics of 

UOM/Thessaloniki. 

Results: 

Table 1 shows that in terms of accuracy, words were 

identified accurately 100% by adults. Normally-hearing 

children had slightly lower mean overall accuracy rate than 

NH_A. Furthermore, children with CI showed slightly lower 

mean overall accuracy rate than both NH_C and NH_A. 

Accuracy measures in children appeared to depend on the 

sonority condition of word stimuli. The most accurate 

sonority condition for NH_C was NS-SS, where words in 

that condition were accurately identified 100%. The least 

accurate sonority condition for that group was SS-SS with a 

mean accuracy rate of 87.5 +/- 0.18%. For CI_C both NS-SS 

and SS-SS conditions were the most accurate conditions 

with a mean accuracy rate of 91.67 +/- 0.19%.  

Table 2 shows that the overall mean reaction times (RTs) in 

milliseconds (ms) of accurate responses of CI_C group 

(2117+/- 2572ms) were relatively longer than NH_C 

(1067+/-2048ms) which in turn were longer than NH_A 

group (662+/-515ms). Reaction times varied according to the 

sonority conditions. For NH_A the shortest mean RT was for 

NS-NS condition (540+/- 293 ms) and the longest mean RT 

was for SS-NS condition (800+/- 541 ms). For NH_C the 

shortest mean RT was for SS-SS condition (702+/- 208 ms), 

which had the worst accuracy scores, and the longest mean 

RT was for SS-NS condition (1684+/- 1599). For CI_C 

group the shortest mean RT was for SS-SS condition 

(2011+/- 804 ms) and the longest mean RT was for NS-NS 

condition (4131+/- 2756 ms). 

Discussion: 

Normal hearing adults showed a ceiling effect when 

performing the task in terms of accuracy, where they 

identified correctly all the words regardless of the testing 

condition. However, the mean reaction times of the group 

varied with the sonority testing condition, where they 

performed quickest on the NS-NS condition, followed by the 

NS-SS and SS-SS condition, and the longest RT was on the 

SS-NS condition. This pattern of performance is suggestive 

that SSP is most salient cue in word lexical processing for 

NH_A. 

Children scored less than 100% in some conditions and 

therefore a criteria using a combination of accuracy and RT 

measures is used to rank the performance on the different 

testing conditions. The upper weight is given to accuracy. If 

two conditions show the same accuracy then the RT of 

accurate responses is used to rank the performance.  

Using this criteria, NH_C performed best on the NS-SS 

condition (100% accuracy), followed by the NS-NS which 

had the same accuracy mean score as SS-NS. However the 

mean RT for NS-NS was shorter (790+/- 328  ms) than that 

of SS-NS (1026+/- 786 ms) placing it as a better 

performance. Worst performance was on SS-SS condition 

with a mean accuracy score of 87.5+/-0.18. This pattern of 

performance is also suggestive that SSP is most salient cue 

in word lexical processing for NH_C. 

For CI_C they performed best on the SS-SS and NS-SS 

condition regarding accuracy (91.67+/-0.17). However, SS- 

SS condition showed a shorter mean RT (2011+/- 804ms) 

than NS-SS (2133 +/- 1453 ms). Similarly SS-NS and NS-

NS condition had the lowest accuracy (83.33+/-0.19). 

However, SS-NS condition showed a shorter mean RT 

(2062+/-501 ms) than NS-NS (4131+/- 2756 ms). So by 

combining accuracy and RT measures best performance was 

on SS-SS, followed by NS-SS, then SS-NS and finally NS-

NS condition.This pattern of performance suggests that for 

CI_C, unlike for NH_A and NH_C, the overall sonority at 

the lexical level is the most salient cue in word lexical 

processing. 

Follow up Study: 

A point of concern during the analysis of the results was that 

the chance level was 79.16% at (p< 0.05).  One out of the six 

NH_C and one out of the three CI_C in the pilot study 

scored below chance level. To overcome this a third picture 

was randomly introduced to the identification slide to act as 

a foil in a three array choice, instead of two for each of the 

16 pairs.  The chance level was calculated to be 52.75% 

at (p< 0.05). Five NH_C were tested using the new three 

picture array choice experiment. All children scored above 
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chance level. Table 3 shows a comparison of performance of 

NH_C in the first pilot ( (a choice of two picture array) 

versus the second pilot (a choice of three picture array) in 

terms of accuracy. Table 4 shows a comparison of 

performance of NH_C in the first pilot (a choice of two 

picture array) versus the second pilot (a choice of three 

picture array) in terms of RT. NH_C in the second pilot 

appeared to have relatively equal RT across the different 

tested conditions. Mean accuracy performance was best in 

NS-NS condition followed by NS-SS and SS-SS, and finally 

SS-NS. The order of performance in the second pilot of the 

NH_C resembled that of the NH_A in the first pilot in that 

SSP is the most salient cue in word lexical processing for 

NH_C. 

A second point of concern was that the performance of 

different groups could be attributed to differences in Group 

RT rather than the sonority conditions. We recommend for 

future work to add a visual task as a control condition to 

ensure that potential signfiicant difference in the auditory 

conditions can be attributed to the hypotheses under test. 

Differences in performance on the audio-visual task in 

absence of differences in the visual task will allow for 

conclusions to be drawn upon the actual impact of the 

sonority conditions (audio). 

Conclusion: 

Children with CI appear to rely on different sonority cues 

than NH children and adults in the process of lexical 

processing. Children with CI may rely more on the overall 

sonority values at word-level which compose cues of 

auditory salience, while NH children and adults may rely on 

SSP, a language learning rule, in the process of lexical 

processing.  

Tables: 

Table 1: Average accuracy performance in % (+Sd) of test 

groups  and according to sonority test conditions 

Test 

Group 

Accuracy in % +/- Sd 

Overall SSSS SSNS NSSS NSNS 

NH_A 100 +/-0 100+/-0 100+/-0 100+/-0 100 +/- 0 

NH_C 94.8+/-

0.12  

87.5+/-

0.18  

95.83+/-

0.08  

100 +/- 

0  

95.83+/-

0.08  

CI_C 87.5 +/- 

0.17  

91.67+/-

0.17  

83.33+/-

0.19  

91.67+/-

0.19  

83.33+/- 

0.19  

 

Table 2: Average reaction time in msec (+Sd)  of accurate 

responses of the different test groups  and  according to 

sonority test conditions 

Test 

Group 

Reaction times in ms +/- Sd 

Overall SSSS SSNS NSSS NSNS 

NH_A 662+/-

515  

625+/- 

188  

800+/- 

541  

683.13+/-

170  

540+/- 

293  

NH_C 1067+/-

2048  

702+/- 

208  

1684+/- 

1599  

1026+/- 

786  

790+/- 

328  

CI_C 2117+/- 

2572  

2011+/- 

804  

2062+/-

501  

2133 +/- 

1453  

4131+/- 

2756  

 

Table 3: Average accuracy performance in % (+Sd) of 

normal hearing children  and according to sonority test 

conditions in the first and second pilot study 

Test 

Group 

Accuracy in % +/- Sd 

Overall SSSS SSNS NSSS NSNS 

NH_C 

1 

94.8+/-

0.12  

87.5+/-

0.18  

95.83+/-

0.08  

100 +/- 0  95.83+/-

0.08  

NH_C 

2 

90+/-

0.15  

90+/- 

0.12  

85+/-

0.22  

90+/- 

0.12  

95+/-0.1 

 

Table 4: Average reaction time in msec (+Sd) of accurate 

responses of the normal hearing children and according to 

sonority test conditions in the first and second pilot 

Test 

Group 

Reaction times in ms +/- Sd 

Overall SSSS SSNS NSSS NSNS 

NH_C 

1 

1067+/-

2048  

702+/- 

208  

1684+/- 

1599  

1026+/- 

786  

790+/- 

328  

NH_C 

2 

859+/-

772 

830 +/-

528 

840+/- 

559 

847+/-

505 

835+/- 

408 

 

Acknowledgement: 

Thank you to the children participants and their families for 

the time and effort provided. 

The research leading to these results has received funding 

from the People Programme (Marie Curie Actions) of the 

European Union's Seventh Framework Programme 

FP7/2007-2013/ under REA grant agreement n° FP7-607139 

(iCARE). 

References: 

1. Clements GN. The role of the sonority cycle in core 

syllabification. In: Kingston J, Beckman ME, editors. Papers 

in Laboratory Phonology I: Between the grammar and the 

physics of speech Cambridge: Cambridge University Press; 

1990. p. 283-333. 

2. Ladefoged P. A course in phonetics. 3rd, editor. 

New York: Harcourt Brace; 1993. 

3. Parker S. Sound level protrusions as physical 

correlates of sonority. J Phonetics. 2008;36(1):55-90. 

4. Selkirk E. On the major class features and syllable 

theory. In: Aronoff M, Oehrle RT, editors. Language sound 

structure: Studies in phonology presented to Morris Halle by 

his teacher and students. Cambridge, MA, London: The MIT 

Press; 1984. p. 107-36. 

5. Steriade D. Gestures andautosegments. Papers in 

laboratory phonology I 1990:382-97. 

6. Wright RA. A review of perceptual cues and cue 

robustness. Phonetically Based dominant for coding syllable 

patterns in speech. J Neurosci 2004;28(15):3958 –65. 

7. Roach P. English Phonetics and Phonology. A 

Practical Course. 3rd ed: CUP; 2000. 

8. Blevins J. The syllable in phonological theory. In: 

Goldsmith JA, editor. The handbook of phonological theory 

Blackwell handbooks in linguistics Cambridge, MA, Oxford: 

Blackwell Publishers; 1995. p. 206-44. 

9. Greenberg JH. Some generalizations concerning 

initial and final consonant clusters. In: Greenberg JH, 

DAGA 2016 Aachen

1134



Ferguson CA, Moravcsik EA, editors. Universals of human 

language, Vol 2: Phonology. Stanford: Stanford University 

Press; 1978. p. 243-79. 

10. Sievers E. Grundzüge der Phonetik. Leipzig: 

Breitkopf und Hartel1881. 

11. Steriade D. Greek Prosodies and the Nature of 

Syllabifaction. [Doctoral Disseration]. In press 1982. 

12. Klopfenstein M, Ball MJ. An analysis of the 

sonority hypothesis and cluster realization in a child with 

phonological disorder Clinical Linguistics & Phonetics. 

2010;24(4-5):261-70. 

13. Zec D. Sonority constraints on syllable structure. 

Phonology. 1995;12(1):85-129. 

14. Rialland A. The phonology and phonetics of 

extrasyllabicity in French. In: Keating PA, editor. 

Phonological Structure and Phonetic Form Papers in 

Laboratory Phonology 3. Cambridge: Cambridge University 

Press; 1994. p. 136-59. 

15. Crowley T, Bowern C. An Introduction to 

Historical Linguistics. Oxford: Oxford University Press 

(OUP); 2010. 

16. Pater J. Weighted Constraints in Generative 

Linguistics. Cogn Sci. 2009;33:999-1035. 

17. Ohala JJ, Kawasaki-Fukumori H. Alternatives to 

the sonority hierarchy for explaining segmental sequential 

constraints. In: Eliasson S, Jahr EH, editors. Language and 

Its Ecology: Essays in Memory of Einar Haugen Trends in 

Linguistics. Berlin: Mouton de Gruyter; 1997. p. 343-65. 

18. Bastiaanse R, Gilbers D, Linde Kvd. Sonority 

substitutions in Broca’s and conduction aphasia. Journal of 

Neurolinguistics. 1994;8:247-55. 

19. Buckingham HW. The scan-copier mechanisms and 

the positional level of language production: Evidence from 

phonemic paraphasia. Cognitive Science. 1986;10:195-217. 

20. Béland R, Caplan D, Nespoulous JL. The role of 

abstract phonological representation in word production: 

Evidence from phonemic paraphasias. Journal of 

Neurolinguistics. 1990;5:125-64. 

21. Christman SS. Target-related neologism formation 

in jargonaphasia. Brain and Language. 1994;46:109-28. 

22. Romani C, Galluzzi C. Effects of syllabic 

complexity in predicting accuracy of repetition and direction 

of errors in patients with articulatory and phonological 

difficulties. Cognitive Neuropsychology. 2005;22:817-50. 

23. Romani C, Calabrese A. Syllabic constraints in 

phonological errors of an aphasic patient. Brain and 

Language. 1998;64:83-121. 

24. Romani C, Olson A, Semenza C, Granà A. Patterns 

of phonological errors as a function of a phonological versus 

articulatory locus of impairment. Cortex. 2002;38:541-67. 

25. Stenneken P, Bastiaanse R, Huber W, Jacobs AM. 

Syllable structure and sonority in language inventory and 

aphasic neologisms. Brain and Language. 2005;95:280-92. 

26. Berent I, Lennertz T, Jun J, Moreno MA, 

Smolensky P. Language universals in human brains. Proc 

Natl Acad Sci USA. 2008;105(14):5321-5. 

27. Daland R, Hayes B, White J, Garellek M, Davis A, 

Norrmann I. Explaining sonority projection effects. 

Phonology. 2011;28:197-234. 

28. Berent I, Steriade D, Lennertz T, Vaknin V. What 

we know about what we have never heard: Evidence from 

perceptual illusions. Cognition. 2007;104(3):591-630. 

29. Shannon RV. Temporal modulation transfer 

functions in patients with cochlear implants. Journal of the 

Acoustical Society of America 1992;91:2156-64. 

30. Shannon RV. Detection of gaps in sinusoids and 

pulse trains by patients with cochlear implants. Journal of 

the Acoustical Society of America. 1989;85:2587-92. 

31. Donaldson G, Kreft H. Effects of vowel context on 

the recognition of initial and medial consonants by cochlear 

implant users. Ear & Hearing,. 2006;27:658-77. 

32. MacRoy-Higgins M, Schwartz RG, Shafer VL, 

Marton K. Influence of phonotactic probability/ 

neighbourhood density on lexical learning in late talkers. 

International Journal of Language & Communication 

Disorders. 2013;48(2):188-99. 

33. Spiegel C, Halberda J. Rapid fast-mapping abilities 

in 2-year-olds. Journal of Experimental Child Psychology. 

2011;109:132-40. 

 

 

DAGA 2016 Aachen

1135


