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Introduction

Speech is the primary mode of communication in human 
beings. Irrespective of the language, the basic units of 
speech remain to be the consonants and vowels, which are 
coarticulated in various combinations to produce words 
and sentences.[1] Vowels carry the power of speech while 
consonants contribute primarily to speech intelligibility.[2] 
Although consonants and vowels are distinct in their acoustic 
features,[3] when coarticulated with each other, the distinction 
would be reduced. This is due to the spread of the acoustic 
feature of one phoneme to its adjacent phonemes when 
coarticulated.[4] Such coarticulation‑induced changes in speech 
acoustics are known to influence speech perception.[5]

Earlier studies have demonstrated the coarticulatory effect of 
consonant on vowel,[6‑8] vowel on consonant,[9,10] vowel on 
vowel,[11,12] as well as consonant on the consonant.[13,14] These 
coarticulatory effects are shown to differ across languages.[15‑20] 
For example, Dubno and Levitt[19] found the lowest recognition 
of stop consonants in the context of/u/and highest in the context 

of/a/in English, whereas, Singh and Black[20] found the highest 
recognition in the context of/i/compared to/a/.

It is found that phonemes can be identified even after removing 
their primary cues, only based on their coarticulatory cues 
present in the adjacent phonemes.[16,21] This suggests that in 
instances of nonavailability of primary cues, listeners rely on 
the coarticulated cues for the perception of phonemes. Such 
dependency may be useful while perceiving speech in the 
presence of background noise. The coarticulatory cues may 
be imperative to cope up with everyday listening challenges.

Individuals with sensorineural hearing loss (SNHL) are known 
to have reduced speech perception both in quiet[22] and noisy 
situations.[23] The degree of impairment in speech perception 
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is related to the degree, configuration, and duration of hearing 
loss.[24,25] In general, the higher the degree of hearing loss, 
the more is the impact on speech perception,[26] due to the 
limited access to the acoustical cues of speech and distortion 
of acoustic cues due to decline in spectrotemporal processing 
abilities.[24,25] Studies have shown that individuals with hearing 
impairment exhibit deficits in consonant recognition[24] which 
contribute to problems in speech perception. In general, the 
perception of speech sounds that are brief and of low intensity 
and high frequency are susceptible to hearing loss.[22‑26]

Individuals with hearing loss are known to have impaired 
spectral[27,28] as well as temporal resolution.[29,30] Among 
the two, spectral resolution is known to be affected more 
compared to temporal resolution.[31,32] As a result, it is 
found that they exhibit different acoustic cue weighting 
during the perception of speech compared to normal 
hearing individuals.[33] Hedrick and Younger[34] compared 
normal‑hearing listeners and listeners with hearing loss 
for their cue weighting for the perception of the place of 
articulation of fricatives. It was found that listeners with 
hearing loss used spectral cues less efficiently and weighted 
relative amplitude cues heavier than the spectral cue. Similar 
inferences were drawn based on the perception of stop 
consonants by Nelson, Nittrouer, and Norton.[33] The findings 
suggest that the perception of phonemes by individuals with 
hearing loss based on the coarticulatory cues is likely to be 
different compared to their normal‑hearing peers. 

Hence if the primary cue of the consonant is removed and 
the listeners are presented only with the coarticulatory cue, 
the limited spectral and temporal resolution in individuals 
with hearing loss is likely to pose a challenge to the 
consonant recognition. One would expect individuals with 
hearing loss to have reduced consonant recognition when 
perceived based only on coarticulatory cues. However, 
the notion needs to be scientifically studied. Zeng and 
Turner[35] reported that individuals with hearing loss rely 
mainly on primary cues and could not efficiently use the 
dynamic formant transition for consonant identification. 
Smits[21] studied the perception of stops, fricatives, and 
nasal consonants based on their coarticulatory cues. The 
gating paradigm was used to identify the location and spread 
of coarticulatory features. It was found that the spread 
of features was highly variable across consonants. This 
indicates that the role of coarticulatory cues derived from 
one class of phonemes cannot be generalized to the other 
classes of phonemes. Hence, the present study compared the 
individuals with hearing loss and normal‑hearing listeners 
for their consonant recognition abilities when provided 
with only the coarticulatory cues. The study used a gating 
paradigm through which an attempt was made to identify 
the time boundary up to which the two groups can utilize the 
coarticulatory cues for the identification of consonants. This 
is the first study wherein the role of coarticulatory cues in 
the perception of consonant identification is being compared 
between individuals with hearing loss and normal‑hearing 

listeners using gating paradigm. Gating is a method for 
studying how continuously evolving acoustic information is 
perceptually evaluated at different time points (Smits, 2000). 
Here listeners hear truncated portions of speech signals 
thereby the procedure allows an assessment of the acoustic 
information available in different portions of the signal.. 
The findings would throw light on the dynamics of speech 
perception in SNHL and in turn help plan new strategies to 
enhance speech perception in them.

Methods

Participants
Thirty adults in the age range of 18 to 52  years 
(mean age: 35.15  years) participated in the study. 
Fifteen (5 males and 10 females) of them had normal hearing 
sensitivity (hearing thresholds ≤15 dB HL at octave frequencies 
between 250 and 8000 Hz) in both ears (normal hearing group). 
They had speech identification scores of 90% or more for a 
phonetically balanced word list[36] in quiet and 60% or more in 
the presence of speech noise at 0 dB SNR. They had type “A” 
tympanogram and the presence of acoustic reflexes indicating 
normal middle ear functioning.[37] Auditory brainstem 
responses and transient otoacoustic emissions revealed normal 
findings in all the participants of normal hearing group. The 
remaining 15 participants (9 males and 6 females) had bilateral 
SNHL of moderate degree (SNHL group). The average hearing 
thresholds for 0.5, 1, 2, and 4 kHz pure tones were 47.5 dB HL 
(SD = 12.2). The configuration of hearing loss was either flat or 
gradually sloping. They had postlingual onset of hearing loss, 
and their speech identification scores were proportional to the 
degree of hearing loss. None of them had tinnitus, ear pain, ear 
discharge, or giddiness. They had type “A” tympanogram in 
both ears. The auditory brainstem responses recorded in them 
did not show any evidence of retrocochlear pathology hinting 
at the cochlear origin of hearing loss.

All the participants had normal speech-language abilities 
as screened informally by a qualified Speech-language 
pathologist. They were native speakers of Malayalam and 
hailed from the south Malabar region of Kerala. Informed 
consent was obtained from all the participants before they 
participated in the study, and the method was approved by the 
institutional ethical committee.[38]

Test stimuli
The study assessed the participants for their recognition of 
original and truncated consonant‑vowel (CV) syllables. The 
study aimed to probe consonant recognition based on their 
coarticulatory cues in three manners of articulation and in 
their two places of articulation. The vowel was/a/while the 
consonants were/p/(unvoiced bilabial plosive),/t/(unvoiced 
retroflex plosive),/s/(unvoiced alveolar fricative),/ʃ/(unvoiced 
palatal fricative),/m/(bilabial nasal), and/n/(dental nasal). The 
syllables belonged to the phonetic inventory of Malayalam 
but were nonmeaningful. They were uttered by a male, native 
speaker of Malayalam who was a professional orator. He 
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had normal hearing and speech‑language abilities. He was 
instructed to utter them individually, clearly, and in a neutral 
tone. A word reference was given to the speaker before the 
recording of each syllable. Each syllable was uttered five times 
to allow choose the best of the samples. The utterances were 
recorded using Adobe Audition software version 3  (Adobe 
Systems Incorporated, San Jose, CA, USA). The samples were 
inspected for clarity in sound and spectrogram to choose the 
best one. The best samples of each syllable were concatenated 
and RMS normalized. These syllables were operationally 
termed the “original” tokens.

The original tokens were then truncated at predefined time 
points to generate truncated tokens for the study. PRAAT 
software  (version 6.1.40) was used for editing the stimulus. 
Using the forward‑gating procedure, gates were placed every 10 
ms from the onset of the stimulus. The number of gates depended 
on the duration of the consonants. Gates were identified till the 
beginning of the steady‑state of the vowel. Specifically, there 
were 5 gates for/pa/and/ta/, 16 gates for/sa/, 17 gates for/ʃa/, 
10 gates for/ma/, and 18 gates for/n/. Utmost care was taken to 
truncate the syllable at the nearest zero crossings. The original 
syllables were then successively truncated leading to as many 
truncated tokens as that of the number of gates. The portion 
of the signal prior to the gate was removed. This resulted in 6 
original and 114 truncated tokens. Figure 1 shows the truncation 
points on the waveform of syllable/pa/.

The primary interest of the study was to assess the temporal 
window up to which coarticulatory cues exist recognizing the 
consonants. Therefore, only the gating conditions without the 
primary cues of consonants were compared. In stop consonants, 
the gating conditions after the end of release burst were 
considered; in nasals, gating conditions after the end of nasal 
murmur were considered and; in fricatives, gating conditions 
after the end of frication noise were considered for analysis 
Figure 2 shows the gates considered accordingly with the 
primary cues removed. There were 4 such gates for/pa/and/
ta/, 6 gates for/sa/and/ʃa/, 5 gates for/ma/, and 8 gates for/n/. 

Test procedure
All the audiological tests were carried out in a sound‑treated 
two‑room suit, wherein the ambient noise was within 

permissible levels (ANSI S3. 1.1999). The participants were 
tested for their recognition of original and truncated tokens. 
Each token was presented five times in a random order 
resulting in a total of 600 presentations (30 original and 570 
truncated tokens). The stimuli were presented at the most 
comfortable levels of the participants through   Paradigm 
software  (version  2.5.0.68)   and were delivered through 
Sennheiser HD 449 circumaural headphones. A forced‑choice 
recognition task was used. In stop consonants participants had 
to choose among /p/, /t/ and /a/, in fricatives they had to choose 
among /s/, /ʃ/ and /a/, and in nasals they had to choose among 
/m/, /n/ and /a/. The possible response options (consonants) 
were displayed using a customized graphic user interface 
prepared using paradigm software. The participants were 
instructed to listen carefully and click on the consonant heard. 
The minimum interstimulus interval was 3 seconds, but the 
software was scripted in such a way that unless the participant 
chooses a consonant, the next stimuli was not presented. 
A score of “1” was assigned for every correct response and 
“0” was assigned for the wrong response. The responses 
were automatically saved in the Paradigm software. The total 
recognition score of each participant for each stimulus token 
was converted to percentage correct scores, and the group data 
were subjected to statistical analysis.

The recognition scores of each participant across these gates 
were subjected to logistic regression analysis using R software 
version 4.0.3. The best-fit regression line was derived from 
the analysis and the truncation durations at which 50% scores 
could be obtained were extrapolated. The truncation duration 
in the present study was defined with reference to the first gate 
considered for analysis which contains only the coarticulatory 
cue (C1, C2, C3, C4, C5, C6 as shown in Figure 2) and it was 
expressed in milliseconds. There was no primary cue after the 
first gate. The assumption was that the coarticulatory cue would 
begin from this time point. Accordingly, +10ms means that 
the target score was obtained even after additional truncation 
of 10ms, and -10ms means that the target score was achieved 
only when 10ms of the primary cue was presented.

Results

Figure 3 shows the mean and standard deviation of percentage 
correct scores of the two groups of participants for the six 
consonants in different gating conditions. In the figures, “0” on 
the X‑axis indicates no truncation and represents the original 

Figure 1: The truncation points depicted in the waveform of the syllable/pa/.

Figure  2: Representative Illustration showing 6 gates in syllable /
sa/ used to generate truncated tokens for studying coar ticulatory 
perception
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token. The subsequent numbers indicate the truncated tokens 
wherein the length of truncation was equal to the number*10 
ms. Token 1 refers to a speech token in which the first 10 ms 
was truncated, while token 5 refers to the one in which the 
first 50 ms was truncated. The figures show that recognition 
scores decreased systematically with increasing truncation. 
The decrease of scores started with lesser truncation in stop 
consonants compared to nasals and fricatives. There were also 
differences observed in the mean recognition scores between 
normal hearing and SNHL groups.

Figure  4 shows the mean and standard deviation of the 
truncation duration required to obtain 50% correct scores 
in the six consonants in normal hearing and SNHL groups. 
The figure shows that the mean truncation duration to obtain 
50% correct scores was longer in the normal hearing group 
compared to SNHL group. This is true in all six consonants. 
The mean differences between the groups were more in/ta/,/
ma/, and/na/compared to/pa/,/sa/, and/ʃa/.

The estimated mean truncation duration at which the 
participants obtained 50% recognition scores was compared 
across consonants using repeated‑measures ANOVA, taking 
the group as a between‑subject factor. The results showed 
significant main effect of consonants  (F  [5, 24] =6.950, 

P < 0.001, ηp2 = 0.45) as well as group (F [1,28] =157.57, 
P  <  0.001, ηp2  =  0.88). There was significant interaction 
between consonant and group (F [5, 28] =9.922, P < 0.001, 
ηp2  =  0.52). Owing to significant interaction between 
consonant and group, the effect on scores was tested across 
consonants separately in each group and between the two 
groups separately in each consonant.

The results of one‑way repeated measures ANOVA comparing 
estimated truncation duration (resulting in 50% recognition 
score) across the six consonants showed a significant main 
effect of consonant in normal hearing group (F [5,10] =15.72, 
P < 0.001, ηp2 = 0.48) but not in SNHL group (F [5,10] =2.01, 
P = 0.161: effect size: ηp2 = 0.09). In the normal hearing group, 
subsequent Bonferroni multiple comparisons showed that the 
mean truncation duration was significantly higher in/ta/,/ma/, 
and/na/compared to/pa/,/sa/, and/ʃa/(P < 0.001). There was no 
significant difference among/pa/,/sa/and/ʃa/(P > 0.05). There 
was also no significant difference among/ta/,/ma/and/na/.

Comparison between the two groups in the six consonants 
using independent  t‑ test  showed that  t runcation 
duration (resulting in 50% recognition score) is significantly 
higher in normal hearing group compared to SNHL group 
in/pa/(t  =  3.42, P  <  0.005),/ta/(t  =  7.09, P  <  0.005),/
ma/(t  =  8.34, P  <  0.005),/na/(t  =  6.26, P  <  0.005), and/
ʃa/(t = 2.99, P < 0.005) but not in/sa/(t = 1.44, P = 0.159). 
The truncation duration was close to zero in SNHL group 
irrespective of the consonant, while in normal hearing 
group, the truncation duration varied across consonants. The 
maximum group difference was seen in/na/.

Discussion

The study probed into the ability of normal‑hearing individuals 
in utilizing coarticulatory cues for the perception of consonants 
and tracked the temporal window up to which coarticulatory 

Figure 4: Estimated truncation duration to obtain 50% scores in the two 
groups for the six consonants

Figure 3: Mean and standard deviation of percentage correct scores of 
the normal hearing and SNHL groups for the six consonants (p, t, m, n, 
s & ∫) in different gating conditions
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cues are useful for the recognition of different consonants. Stop 
consonants, fricatives, and nasals were studied. Comparison 
across gates revealed that the consonant recognition scores 
reduced as a function of truncation of the primary cues of the 
consonants. However, even after removing the primary cues, 
the listeners could recognize the consonants. This suggests that 
the acoustic cues of consonants are available in the following 
vowel, referring to the presence of coarticulatory cues. The 
paradigm used to tap the role of coarticulatory cues in the 
recognition of consonants was similar to that used in Smits[21] 
and Wagner.[16] The pattern of reduction in the recognition 
scores observed in the present study is similar to that reported 
in their studies.[16,21]

Consonants are generally weaker in their amplitude compared 
to vowels,[1] due to which they are likely to get masked in the 
presence of background noise. Vowel being higher in amplitude 
has a lesser probability to get masked, and therefore, the 
coarticulatory cues in the adjacent vowel are likely to aid in speech 
perception in noise. In the present study, there was evidence for 
the presence of coarticulatory cues for all the consonants although 
the temporal window up to which coarticulatory cues varied 
based on the consonant. Smits[21] also had shown evidence for 
the presence of coarticulatory cues in stop consonants, fricatives 
as well as nasals, similar to the current findings. It is important 
to note that none of the consonants could be recognized with 
100% accuracy only based on the coarticulatory cues. Therefore, 
one can infer that the coarticulatory cues are not a substitute for 
the primary cue but can provide redundant information for the 
recognition of consonants.

On comparing the perception of various consonants based on 
their coarticulatory cues, it was found that the temporal window 
of coarticulatory spread was maximum in nasals followed 
by stops and fricatives. This suggests that nasal consonants 
would be more immune to background noise compared to 
stop consonants and fricatives. However, the notion needs to 
be experimentally validated. Although the temporal window 
of coarticulatory spread is more for nasals, its recognition in 
the background noise is poorer compared to fricatives[39,40] 

owing to the low frequency spectra of nasals which is easily 
masked by the background noise. This suggests that the 
afore-referred distortion of the primary cues may not apply 
to noisy backgrounds. The transition from nasal consonant to 
the following vowel requires movement of the velum, the rate 
of movement of which is slower than tongue and lips. This 
could be the reason for the greater spread of coarticulatory 
cues in nasal consonants. It is important to note that the extent 
of spread of coarticulation in this study is derived based on 
the recognition scores. Any spread so derived indicates the 
perceptually useful coarticulatory cues and not the extent of 
spread of the acoustical cues. The recognition of fricatives 
based on the coarticulatory cues was very poor compared 
to stops and nasals. This indicates that either coarticulatory 
cues of fricatives are not available in the following vowel or 
they are not useful for the perception of fricatives. Smits[21] 
found that the temporal distribution of coarticulatory cues 

for stop consonants was up to 60 ms in stop consonants and 
up to 30 ms in nasals. But, in the current study, the spread of 
coarticulatory cues was found to be more in nasals compared 
to stop consonants. A possible reason for the differences in 
the findings could be due to differences in the language under 
study. While Smits[21] had used syllables from the phonetic 
inventory of Dutch, the current study used syllables from the 
phonetic inventory of Malayalam. Narne et al.[41] had found 
more perceptual weightage for low frequencies in Malayalam 
compared to English.

The study also probed into the ability of individuals with 
SNHL to utilize the coarticulatory cues for the recognition of 
consonants. It was found that individuals with SNHL could 
not utilize coarticulatory cues as effectively as normal hearing 
individuals to recognize the consonants when the primary 
cues were truncated. This suggests that the individuals with 
SNHL rely mainly only on primary cues for the perception 
of consonants. Based on the findings in normal‑hearing 
individuals, it was inferred that coarticulatory cues would 
be useful for speech perception in noise. If the notion is true, 
individuals with SNHL are likely to have greater difficulty in 
perceiving speech in noisy backgrounds compared to normals, 
due to their inability to utilize the available coarticulatory 
cues. Further, unlike normal hearing individuals, there were 
no significant differences in the estimated temporal window 
of coarticulatory cues in individuals with SNHL. The findings 
strengthen the inference that individuals with SNHL are not 
able to utilize the coarticulatory cues for the recognition of 
consonants. In both, the groups of participants stimuli were 
presented at the most comfortable levels. Therefore, differences 
in their recognition scores cannot be attributed to differences in 
the audibility of the stimuli. One can speculate poorer spectral 
and temporal resolution to be the reason for their inability to 
utilize coarticulatory cues.[42]

The present study probed into the utility of coarticulatory 
cues for the recognition of consonants in the CV context, 
which taps carryover coarticulatory cues. Future studies can 
probe into the ability to utilize anticipatory coarticulatory cues 
using the gating paradigm. The vowel context may influence 
the coarticulatory spread observed across consonants. Future 
studies can also probe into such vowel context effects.

Conclusions

Based on the current findings, it can be concluded that 
coarticulatory cues do help in the perception of consonants 
in Malayalam in normal‑hearing individuals. The maximum 
advantage with coarticulatory cues is seen for nasal consonants. 
However, individuals with SNHL fail to effectively utilize 
coarticulatory cues, unlike normal hearing individuals.
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