Sequel of Auditory Dys-synchrony on Speech Production

Project funded by All India Institute of Speech and Hearing Research Fund (ARF)

Sanction Numbers: 1. SH/CDN/ARF-30/2015-16 dated 05.10.2015
2. SH/ICDN/ARF-30/2015-16 dated 10.01.2017
Total grants: . 4,33,000
Total Duration of the project: 18 months

Principal Investigator
Dr. Priya M. B.

Lecturer in Speech Sciences
Department of Speech-Language Sciences

Co-Investigator
Dr. Sandeep M.

Associate Professor
Department of Audiology

Project Staff

Ms. Divya Seth
Research Officer

All India Institute of Speech and Hearing
Manasagangothri, Mysore-570006




Acknowledgments

The investigator would like to thank the Director, All India Institute of Speech and
Hearing, Mysore, for funding the project and providing the infrastructure to carry out the

project work.

The investigator deeply acknowledges the participants and their families for the co-

operation extended during data collection.

Dr. Priya M.B.
Principal Investigator



TABLE OF CONTENTS

Chapter Title Page No.

I Introduction 1

I Review of Literature 5

" Methods 30

v Results 45

\% Discussion 70

VI Summary and Conclusions 79

VIl References 81
Appendix |
Appendix I

Glossary



Table
No

3.1

3.2
4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

411

412

4.13

LIST OF TABLES

Title

Stimulus and acquisition parameters used to record click evoked
ABR and ALLR

Summary of acoustic parameters measured

Median and range of SIS (in quiet as well as in noise) and GDT
obtained in ANSD and NAA groups

Results of Mann-Whitney U test comparing the ANSD and NAA
groups in terms of their SIS (in quiet as well as in noise) and GDT
Mean and standard deviation (SD) of the acoustic parameters of
vowels in the two study groups

Results of independent t-test comparing two genders for their vowel
production characteristics

Results of independent t-test comparing NAA and ANSD groups for
their vowel production characteristics, in the two genders

Mean and Standard Deviation (SD) of the acoustic parameters
measured in plosives, in the two study groups

Results of independent t-test comparing two groups for the
production characteristics of plosives

Mean and Standard Deviation (SD) of the acoustic parameters
measured in fricatives, in the two study groups

Results of independent t-test comparing two groups for the
production characteristics of fricatives

Median and range for CAPE-V perceptual rating scale in the two
study groups

Results of Mann-Whitney U test comparing two groups for their
perceptual rating of voice using CAPE-V

Distribution of participants of ANSD group across the different
degrees of perceptual deviance as rated on CAPE-V scale

Median and range for acoustic parameters extracted from Vagmi in
the two study groups

Page
No

36-37

39-41
46

46

48

49

50

51-52

53

54

55

55

56

57

58



4.14

4.15
4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

Results of Mann-Whitney U test comparing two groups for acoustic
parameter of voice exracted from Vagmi
Mean and Standard Deviation (SD) of emphasis production

Results of independent t-test comparing the acoustic parameters of
emphasis the two study groups separately in males and females
Mean and Standard Deviation (SD) of the six EMS predictor
variables of rhythm in the two study groups

Distribution of participants of ANSD group based on presence of
intonation pattern for the two sentence types

The results of Mann-Whitney U test for parameters of speech that
showed significant difference between participants with and without
speech elicited ALLR

The results of Mann-Whitney U test for parameters of speech that
showed significant difference between participants with and without
tone burst elicited ALLR

The results of Mann-Whitney U test comparing between good and
poor performers (classified based on their SPIN score at 10 dB
SNR) in terms of their speech production characteristics

The results of Mann-Whitney U test comparing between good and
poor performers (classified based on their SPIN score at 0 dB SNR)
in terms of their speech production characteristics

The results of Mann-Whitney U test comparing between good and
poor performers (classified based on their GDT) in terms of their
speech production characteristics

The results of Mann-Whitney U test comparing between good and
poor performers (classified based on their PTA) in terms of their
speech production characteristics

The results of Spearman’s rank correlation showing significant
correlation between SPIN score at 10 dB SNR and some of the

measures of speech production

58

59
60

60

61

63

64

66

67

68

68

69



LIST OF FIGURES

Figure Page
J Title
No No

3.1 Representation of temporal measures considered in the study 42



10

11

12

13

14

15

16
17

18

19

20

21

22

23

24

25

CHAPTER 1

INTRODUCTION

The disorder of auditory dys-synchrony (AD) is characterized by the absence
of auditory brainstem responses despite otoacoustic emissions and/or cochlear
microphonics being present (Sininger & Oba, 2001; Starr, Picton, Sininger, Hood, &
Berlin, 1996). At first, the disorder was termed as auditory neuropathy as majority of
the affected individuals were reported to have associated peripheral neuropathy. Later,
in view of the lesion being restricted to inner hair cells in some of the cases
(Miyamoto, Kirk, Renshaw, & Hussian, 1999), the term auditory dys-synchrony was
suggested (Berlin, Hood, Morlet, Rose, & Brashears, 2003). Hayes, Sininger and Starr
(2012) suggested the term auditory neuropathy spectrum disorder (ANSD)
considering that the site of damage is not confined to a particular locus in most of
these persons. Rather, there are different affected loci. Henceforth in this study, the

condition will be uniformly referred to as ANSD.

Speech identification abilities of individuals with auditory dys-synchrony are
disproportionate to the degree of their hearing loss (Starr et al., 1996; Zeng & Liu,
2006) and are the cardinal characteristics of persons with ANSD. Unlike cochlear
hearing loss, speech perception abilities in these individuals is believed to vary based
on the extent of distortion of temporal cues at suprathreshold levels rather than access
to speech spectrum (related to audibility), (Zeng, Oba, Garde, Sininger, & Starr, 1999;
Zeng et al., 2005). The psychoacoustical, neurophysiological and perceptual aspects
of individuals with ANSD are well established (Kumar & Jayaram, 2006; Norton &

Widen, 1990; Sininger, Hood, Starr, Berlin, & Picton, 1995; Sininger & Oba, 2001).
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In general, studies report that both psychoacoustical abilities and speech perception in

ANSD are considerably poorer than that in cochlear hearing loss.

Research has revealed an alarming incidence and prevalence of ANSD among
individuals with hearing impairment. The incidence of ANSD in patients with
profound hearing loss is estimated to be 10% with a prevalence of 0.23% among high-
risk babies of United States of America (USA) (Kraus, Ozdamar, Stein, & Reed,
1984; Rance et al., 1999). In a hospital-based statistics, Rance et al. (1999) assessed
5199 ‘at risk’ children for ANSD. The prevalence of ANSD among children at risk
was 1 in 433 (0.23%) and in children with hearing impairment, it was 1 in 9 (11.01%).
It was estimated that 2% to 15% of infants with hearing loss may exhibit ANSD

(Rance et al., 1999; Sininger, 2002).

Davis and Hirsh (1979) reported that 1 in 200 children with hearing
impairment in USA exhibit the clinical trait of ANSD. Tang, McPherson, Yuen,
Wong, and Lee (2004) examined the frequency of occurrence of ANSD in school-
aged children with hearing impairment and reported a prevalence of 2.44%. The
prevalence of ANSD in India has been reported to be 0.54% among individuals with

sensorineural hearing loss (Kumar & Jayaram, 2006).

Starr, Sininger, and Praat (2000) reported the occurrence of peripheral
neuropathy in ANSD among 80% of patients aged greater than 15 years. It was also
reported that ANSD in 96% of affected individuals is bilateral in nature and no gender
difference was noted. On the contrary, Narne, Prabhu, Chandan, and Deepthi (2014)

reported a female to male ratio of 1.25:1 in Indian population with ANSD.
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Development of speech is primarily through auditory mode. Disruption in the
auditory feedback, as in instances of cochlear hearing loss, has been reported to have
deleterious influence on speech production (Culbertson & Kricos, 2002; Dunn &
Newton, 1986; Grover, 1998; Hudgins & Numbers, 1942; Jayaradha, 2001; Smith,
1982). This could be manifested either as delay or deviance in the domains of speech
and language. Specifically, with reference to speech, deficits are reported in
articulation, voice and fluency (Culbertson & Kricos, 2002; Dunn & Newton, 1986).
These speech production deficits are attributed to the defective auditory feedback
secondary to hearing loss (Binnie, Daniloff, & Buckingham, 1982; Cowie, Douglas-
Cowie, & Kerr, 1982) and are found to be directly related to the severity of hearing
loss and speech identification scores (Boothroyd, 1984; Perkell, Mathies & Lane,

1997; Smith, 1982).

Disruptions in the perception of temporal cues are demonstrated in children as
well as adults with ANSD (Kraus et al., 2000; Michalewski, Starr, Nguyen, Kong, &
Zeng, 2005; Rance, McKay, & Gradyen, 2004; Starr et al., 1991; Zeng et al., 1999;
Zeng, Kong, Michalewski, & Starr, 2005). In addition to the distortion of the spectral
information seen in individuals with cochlear hearing loss (Moore, 1995; Rance et al.,
2004), individuals with ANSD have relatively greater distortion in temporal
information (Kraus et al., 2000; Rance et al., 2004; Zeng et al., 1999; 2005). Hence,
the input signal in the auditory system is expected to be a lot more distorted in
individuals with ANSD compared to those with cochlear hearing loss. This is
supported by the findings of earlier studies that have reported speech perception in
individuals with ANSD (Kumar & Jayaram, 2006; Rance et al., 2004; Starr et al.,
1996, 2000; Zeng & Liu, 2006; Zeng, Oba, & Starr, 2001). However, speech

characteristics of adults with ANSD have not been systematically explored.
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1.1 Justification for the Study

Speech characteristics of adults with ANSD have not been systematically
explored in any of the earlier western studies. However, Dayal and Maruthy (2009)
found that speech of ANSD is perceptually abnormal, more so in its prosody. They
also reported a significant high correlation between deficits in speech production and
speech perception scores. However, it was only a preliminary attempt and did not

include detailed evaluation of articulation, voice and fluency.

Detailed evaluation of speech characteristics will help enhance our
understanding of the influence of long term disruption in the temporal characteristics
of the input auditory signal, if any, on speech production in ANSD. This would
further help in verifying the Direction into velocities of articulators (DIVA) model of
speech production and will validate the findings of Dayal and Maruthy (2009). If
speech is found to be deviant, it will further stress on the need for early identification
and rehabilitation of speech related deficits of ANSD. The specific deviant
characteristics will guide us in understanding the auditory cues to speech production
relationship in a better way. These would further aid us to develop better management

strategies, thus improving the quality of life of individuals with ANSD.

1.2 Objectives of the Study
The objectives of the present study were:
1. To characterize speech production of individuals with ANSD in terms of
segmental and suprasegmental features.
2. To assess the relationship across auditory processing deficits, speech

perception deficits and speech production in individuals with ANSD.
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CHAPTER 2

REVIEW OF LITERATURE

Auditory neuropathy spectrum disorder (ANSD) is a clinical syndrome in
which outer hair cell function is spared, but afferent neural transmission is disordered
(Starr et al., 1996). The VIII cranial nerve that carries electrical signals to the brain is
known to have electrical discharges that are dyssynchronous in individuals with
ANSD. It indicates the disruption in the smooth and consistent transition of
information from cochlea to the brain. The amount of dyssynchrony can vary from
person to person and can fluctuate in an individual over time. Some cases are transient

or intermittent, others change little over time and may even worsen.

2.1 Audiological Profile in ANSD
2.1.1 Hearing sensitivity

The hearing thresholds in individuals with ANSD could vary from normal
hearing to severe degree of hearing loss (Rance et al., 1999; Zeng et al., 2005).
Configuration of hearing loss could be either typical rising (Hood, 1998; Rance et al.,
1999; Sininger & Starr, 1997), rising with peak at 2 kHz (Kumar & Jayaram, 2005) or
flat in nature. Persons with ANSD having peaked audiogram are reported to have
better speech discrimination abilities compared to other configurations (Jijo &

Yathiraj, 2012; Kumar & Jayaram, 2005).

2.1.2 Middle ear muscle reflexes (MEMRS)
MEMRs are known to be present in only a few persons with ANSD. Starr et

al. (2000) found the presence of MEMRSs in only 7% of persons with ANSD tested.
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Similar findings have been obtained in Sininger and Oba (2001) and Cheng et al.
(2005). Kumar and Jayaram (2006) reported absence of MEMRs in all of their
subjects. The absence of MEMRs has been attributed to the inability of afferent
pathway in generating sufficient synchronized neural discharge that trigger stapedius
muscle contraction (Starr et al., 1998). The presence of non-acoustic middle-ear
muscle reflexes in ANSD (Gorga, Stelmachowicz, Barlow, & Brookhouser, 1995;

Starr et al., 1998) suggests normal functioning of the efferent part of the MEMR arc.

2.1.3 Otoacoustic Emissions

Persons with ANSD are found to have higher mean amplitude of TEOAEs
compared to their normal hearing controls (Hood, Berlin, Bordelon, & Rose, 2003;
Kumar & Jayaram, 2005). Higher amplitude is attributed to the lack of efferent
suppression in ANSD. However, the lack of efferent suppression and acoustic reflexes
which are thought to protect the cochlea from loud sounds may result in permanent
OHC damage over time (Berlin, Hood, Cecola, Jackson, & Szabo, 1993; Sininger et
al., 1995; Starr et al., 1996). Reduced OAE amplitude and deterioration of OAEs
have been found in persons with longstanding ANSD (Deltenre et al., 1999). These
findings have been speculated to be the result of hearing aid use or the effect of OTOF
(Otoferlin) mutation in OHCs (Rodriguez-Ballestros et al., 2003). Nonetheless,
researchers have reported that the presence or absence of OAE does not relate to

speech perception in persons with ANSD (Rance et al., 1999; Starr et al., 2000).

2.1.4 Auditory Evoked Potentials
Auditory brainstem responses (ABRs) are known to be absent or abnormal in

persons with ANSD. While most show absent ABRs, a few of them show present but
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abnormal ABRs. Starr et al. (2000) reported that 73% of the patients tested had absent
ABRs, whereas 21% showed a fifth peak with reduced amplitude and 6% of them had

the third and fifth peak.

Electrocochleography (EcochG) is recommended in ANSD to confirm the
peripheral functions (Arslen, Turrini, Lupi, Genovese, & Orzan, 1997; Kraus et al.,
1984). The presence of summating potential in EcochG indicates normal functioning
of inner hair cells (Durrant, Wang, Ding, & Salvi, 1998). Shi, Kempfle, and Edge
(2012) reported that the input-output (1/0) function of cochlear microphonics helps in
differentiating the site of lesion in persons with ANSD. If the I/O function of cochlear
microphonics shows good nonlinearity, it indicates that the site of lesion could be
either inner hair cells, synapse between IHCs and eighth nerve, or at the eighth nerve
itself. On the contrary, reduced nonlinearity in the 1/0O function of cochlear
microphonics indicates that the site of lesion could be at the synapse between IHCs

and eighth nerve or at the eighth nerve itself.

Satya-Murti, Wolpaw, Cacace, and Schaffer (1983) observed cortical auditory
evoked potentials (CAEPs) for the first time in six individuals in whom the ABR was
absent. Starr et al. (1996) could detect N1 and P2 components of CAEPs in three out
of five individuals with ANSD. Rance, Cone-Wesson, Wunderlich, and Dowel (2002)
reported the presence of CAEPs in 50% (9 out of 18) of individuals with ANSD.
Since the CAEPs do not depend on the neural synchrony as much as the earlier
potentials, the effect of temporal disruption on the cortical potentials is minimal
(Hood, 1998; Rapin & Gravel, 2003). Kumar and Jayaram (2005) reported the

presence of P1 and N1 in 10 out of 14 individuals with ANSD being tested whereas
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P2 and N2 components were present in all the 14 individuals. In their study, mismatch
negativity was also recordable in 9 out of 14 participants. Furthermore, there was no
significant difference in the mismatch negativity between normals and persons with
ANSD even though persons with ANSD were not able to discriminate the stimulus
contrast behaviorally. On the contrary, delay in the late latency responses has been
reported for tonal (Starr et al., 2004), click stimuli (Narne & Vanaja, 2008a) as well as
gaps in noise (Michalewski et al., 2005) stimuli. Compared to controls, a delay is
reported in individuals with ANSD, ranging between 10 ms to 80 ms depending on

the different stimuli used as listed above.

Stimulus characteristics are also reported to influence the cortical responses.
In normal hearing individuals, cortical response to unvoiced stimulus has two peaks;
one corresponds to the burst/aspiration (usually labelled as P1' in recording) and the
second corresponds to the onset of voicing (Sharma & Dorman, 1999). The early
peaks were not detected in ANSD (Kraus et al., 2000). The absence of P1' suggests

that the transient cues, plausibly related to stimulus burst, are poorly represented.

The relationship between the CAEPs and speech perception abilities in ANSD
has also been investigated. Kumar and Jayaram (2005) reported that there is no
correlation of speech perception with the latency or amplitude of CAEPs in
individuals with ANSD. However, when participants with ANSD were grouped based
on their speech identification scores (SIS) as good (SIS>50%) and poor performers
(S1S<50%), the amplitude of N1-P2 complex was found to be lower for poor

performers compared to good performers (Narne & Vanaja, 2009).
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Recording late latency responses is also suggested to predict the speech
perception score in ANSD. Rance et al. (2002) correlated the aided speech perception
scores of individuals with ANSD with their late latency responses. They found that
children with ANSD who had measurable speech recognition scores showed good late
latency responses that positively correlated with the aided performance. Those
individuals who showed presence of CAEPs had an average speech perception score
of 60%, while those without CAEPs had an average perception score of only 6%. The
authors hypothesized that preserved synchrony at the cortical level may be the
contributing factor for better speech perception. Similar findings were reported in
children using cochlear implants. Alvarenga et al. (2012) reported the presence of P1
in 12 of 14 (85%) children using cochlear implants and concluded that the P1
component can be an indicator of central auditory cortical development and a

predictor of speech perception in implanted children with ANSD.

2.2 Age of Onset of ANSD

Berlin et al. (2010) studied the occurrence of ANSD in 260 patients and
reported that 85.76% of their participants had an onset below the age of 12 years. A
very few of them had an onset during puberty and adulthood. On the contrary, the
other studies indicate the onset to be in the second decade of life. Rance (2005) found
that symptoms started after 15 years of age in nearly 80% of individuals with ANSD,
whereas Wang, Gu, Han, and Yang (2003) reported late onset ANSD in their study.
The onset of ANSD in Indian scenario is reported to be between 10 and 20 years (Jijo
& Yathiraj, 2012), more frequently between 10 and 14 years of age (Kumar &
Jayaram, 2006). Similar findings were reported by Prabhu, Avilala, and Manjula

(2012), and Shivashankar, Satishchandra, Shashikala, and Gore (2003).
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2.3 Aetiology and Pathophysiology of ANSD

The etiological factors of ANSD include genetic, infectious, toxic-metabolic
(hypoxia, hyperbilirubinemia) and immunological disorders (drug reaction,
demyelination). In most cases, the origin of ANSD is reported to be idiopathic in
nature (Berlin et al., 2010; Starr et al., 2000; Starr, Zeng, Michalewski, & Moser,
2008). Conditions such as hyperbilirubinemia, ototoxic drug regimen, low birth
weight, low APGAR scores, exposure to aminoglycosides, hyponatremia, anoxia and
family history of deafness are also found to be the causative factors (Berlin et al.,
2003). Leonardis et al. (2000) reported a gypsy family with hereditary motor and
sensory neuropathy (Lom HMSN-L) associated with ANSD. Similarly, X-linked
recessive inheritance and autosomal recessive inheritance are also reported in

individuals with ANSD (Wang et al., 2003).

The conditions usually associated with ANSD include Charcot Marie Tooth
disease, Friedrich Ataxia, Rufson syndrome and Gullian Barre syndrome (Starr et al.,
1996) and multiple sclerosis (Cevette, Robinette, Carter, & Knops, 1995). Friedrich's
ataxia (FRDA) is a neurodegenerative condition restricted to the brainstem and
cerebellar parenchyma (Rance, 2005) and reported to be due to mutations in the FXN
gene (Durr et al., 1996). Histological evidence shows spared cochlear structure and
damage to the cochlear nerve in FRDA, hence showing the features of ANSD

(Spoendlin, 1974).

ANSD is also reported to be associated with other syndromes such as Harding
disease, multiple sclerosis-like conditions which are caused by mutation of

11778mtDNA, (Berlin, Morlet, & Hood, 2003) and syndromes affecting

10
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mitochondrial enzymes (Deltenre, Mansbach, Bozet, Clercx, & Hecox, 1997; Corley
& Crabbe, 1999). The isolated case of ANSD is associated with rare genetic disorders
such as Ehlers-Danlos syndrome (Sininger & Oba, 2001) and Stevens-Johnson

syndrome (Doyle, Sininger, & Starr, 1998).

Hyperbilirubinemia is known to be one of the most prevalent causative factors
of ANSD (Kraus et al., 1984; Rance et al., 1999). The excessive amount of bilirubin
usually causes damage to the CNS and peripheral nervous system, especially the
cochlear nucleus (Chisin, Perlman, & Sohmer, 1979; Kraus et al., 1984). Sustained
hypoxia is reported to be the other etiology of ANSD (Delterne et al., 1997; Rance et
al., 1999). In prolonged hypoxia, inner hair cells are more prone to damage than the
outer hair cells (Shirane & Harrison, 1987). Apart from these more prevalent
causative associations, ANSD can occur secondary to mitochondrial disorders (Corley
& Crabbe, 1999; Delterne et al., 1997), childhood measles/mumps (Prieve, Gorga, &
Neely, 1991), and acute lead poisoning (Starr et al., 2000). Among non-syndromic
late onset ANSD, the causative factors are reported to be the hormonal, genetic and

idiopathic conditions (Prabhu et al., 2012).

The possible site of lesion of ANSD includes inner hair cell (IHC), synapse
between IHC and the eighth nerve, and the eighth nerve itself (Berlin, Hood, & Rose,
2001; Starr et al., 1996). Other possible location of dysfunction in ANSD include
generation of receptor potential by IHC, transmitter release from IHC, nerve impulse
generation in eighth nerve dendrites, and the eighth nerve ganglion cell dysfunction
(Starr et al., 1998). ANSD is reported to be mainly of two types. Type | ANSD, which

is postsynaptic, may have an associated peripheral neuropathy, either hereditary or

11
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inflammatory in origin (Butinar et al., 1999; Starr et al., 1996; Starr et al., 2001). On
the other hand, in type Il ANSD, hearing loss is not confined to the eighth nerve but
lesion sites may also involve IHCs and synapse of IHC with auditory nerve (Starr et

al., 2001).

Starr et al. (2003) conducted a histopathological investigation of the cochlea
and auditory nerve in an individual with ANSD. It revealed normal organ of corti in
the basal turn with nearly 30% loss of outer hair cells at the apex of the cochlea. There
was a significant loss of ganglion cells despite normal inner hair cells throughout the
length of the cochlea. The proximal part of the eighth nerve showed a considerable
decrease in the number of auditory fibers. Furthermore, thin myelin sheath on the
surviving auditory nerve fibers indicated incomplete myelination. McDonald (1980)
reported that in demyelinating neuropathy, the conduction velocity through the nerve
slows down once the neural impulses pass through a demyelinated segment of the
axon and then regain normal speed when that segment is passed. Thus, demyelination
of varying degrees in different nerve fibers carry neural impulses at different
velocities and results in neuronal de-synchrony. Demyelination is reported to result in
an increase in membrane capacitance and decrease in membrane resistance, leading to
a delayed excitation, reduction in the velocity of action potential propagation, and an
increase in conduction vulnerability (McDonald & Sears, 1970; Pender & Sears,
1984; Rasminsky & Sears, 1972). The dys-synchronous firing of auditory neurons
disrupts the ABR waveform along with auditory perception which depends on

temporal cues (Kraus et al., 2000; Starr et al., 1991; Zeng et al., 1999, 2005).

12
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Barman (2007) assessed the temporal processing in ANSD by means of
psychophysical methods and reported temporal processing deficits in individuals with
ANSD. Studies have also reported normal or near normal temporal integration in
ANSD (Zeng et al., 1999). They inferred that the perceptual deficits in ANSD are
mostly caused by the demyelination or axonal loss of auditory nerve. McMahon,
Pattuzi, Gibson, and Sanli (2008), based on their findings of EcochG, and the eABR
after cochlear implantation, reported the existence of pre and postsynaptic ANSD. Out
of the 14 subjects they tested, seven showed EcochG with delayed summating
potential (with or without CAEP) and superior eABR consistent with a pre-synaptic
lesion, whereas six subjects with normal summating and dendritic potential showed

poor morphology of eABR or absent eABR consistent with a postsynaptic lesion.

A presynaptic form of ANSD may be the result of mutation of OTOF gene,
which is important for membrane trafficking known to affect the release of
neurotransmitter (Rodriguez-Ballesteros et al., 2003; Roux et al., 2006; Varga et al.,
2003). The OTOF plays an important role in synaptic vesicle trafficking and/or fusion
to the plasma membrane (Yasunaga et al., 2000). Wang et al. (2005) reported OTOF
mutation in four out of 73 ANSD subjects (5.5%) in Chinese population. The OTOF
mutation in p1515t has also been found in temperature-sensitive ANSD (Varga et al.,
2003). In case of demyelinating neuropathy, locus of the gene is reported to be on
chromosome number 8 (8g24). Due to MPZ gene mutation, ANSD can have
peripheral as well as vestibular neuropathy (Starr et al., 2003). Further, mutation of
ANUAI gene is reported to be responsible for an autosomal dominant form of ANSD
(Kim et al., 2004). ANSD may also result from a genetic disorder affecting peripheral

myelin protein 22 (PMP-22) on chromosome 7p11.2 (Kovach et al., 1999).

13
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Impaired perception of high frequency information in ANSD is reported to be
due to the limitation of the neural refractory period (Rance, 2005) whereas, the
impaired low frequency hearing may be due to the poor timing accuracy in
representing the low frequency information. Kumar and Jayaram (2006) opined that
the longest auditory nerve fibres which innervate the apical region are more prone to
get disrupted due to the longer course. Shortest fibres exit from the second half of the
cochlea and mediate mid frequency. Fibres which supply the basal part of cochlea
have length in between the former two fibres. Hence, mid frequencies are less

affected compared to low and high frequencies (Starr et al., 2001).

Temperature-dependent disorder of auditory function is reported in ANSD. It
is reported to be caused due to conduction block rather than disruption of timing
(Marsh, 2002). This kind of pathology is consistent with demyelinating neuropathies
(Starr et al., 1998). Starr et al. (1998) recorded nerve conduction velocity on sural,
peroneal and median nerve on both sides at normal body temperature and also at
39°C. The results showed a normal velocity at increased temperature, indicating the
absence of other neuropathic conditions. Authors opined that maintenance of nerve
conduction in the paranoidal region of demyelinated axons is temperature dependent.
With slight increment in temperature, the voltage-gated Na+ channels become
inactivated more rapidly compared to normal temperature, resulting in failure of
impulse transmission. Moreover, authors suspect both conduction block and deafness

with elevated body temperature in individuals with ANSD.

In persons with ANSD, ABR in the affected ear is either absent or abnormal

because of the paucity of neural element or disruption of temporal integrity. In the
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former case, as in the case of anti-neoplastic drugs (carboplatin), there is selective
damage of IHCs and hence, volume conducted neural activity is too low to be
detected by scalp electrode (Rance, 2005). In the latter case, ABR is absent or grossly
abnormal due to compromised neural synchrony (Berlin et al., 2001). The ABR peaks
represent the synchronous spike discharge at the neural tracts whereas the cortical
potentials correspond to the summation of excitatory postsynaptic potentials. The unit
contribution of ABR is biphasic and of shorter duration, and hence it tends to cancel
when the response occurs at a difference of fraction of milliseconds in individuals

with ANSD (Kraus et al., 2000).

2.4 Psychoacoustic Abilities in ANSD

The subjects with ANSD are reported to show marked deficits in their ability
to resolve rapid stimulus changes (Michalewski et al., 2005; Starr et al., 1991; Zeng et
al., 1999, 2005). The studies (Zeng et al., 2005; Zeng et al., 1999, 2001) that
measured gap detection thresholds (GDT) have shown that normal hearing individuals
could perceive silent periods of less than 5 ms within a continuous signal, whereas
individuals with ANSD required a gap of 20 ms or more. This inability to perceive
small gaps in speech signal was reported to affect the perception of brief vowel
feature such as third formant onset frequency. On similar lines, discrimination of
manner of articulation of consonants which is based on the small difference in voice

onset time is reported to be affected secondary to reduced GDT in ANSD.

Kumar and Jayaram (2005) estimated the temporal modulation transfer
function (TMTF) in normal hearing individuals and individuals with ANSD. They

reported that individuals with ANSD required significantly higher modulation depth
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to detect the modulations compared to normal hearing individuals. Further, they found
that at higher modulation frequencies, individuals with ANSD were unable to detect
the modulation even with 100% modulation depth. Similarly, studies have reported
that individuals with ANSD experience difficulty to follow faster as well as slow (<10
Hz) amplitude envelope changes over time (Rance et al., 2004; Zeng et al., 1999,
2005). It has been reported that individuals with ANSD perform poorly on tasks
involving timing cues and they found a correlation between temporal processing
abnormalities and speech perception abilities. The impaired temporal processing is
reported to hamper the ability to effectively handle the dynamic nature of speech

signal causing speech perception deficits in ANSD.

Psychophysical evidence has shown that subjects with ANSD have more
problems with simultaneous and non-simultaneous masking compared to normal
listeners (Kraus et al., 2000; Vinay & Moore, 2007; Zeng et al., 2005). Kraus et al.
(2000) and Zeng et al. (2005) studied temporal processing in individuals with ANSD
using forward and backward masking experiments. Results showed that the
perception of short duration signals was affected even with masker to signal delays of
100 ms whereas normal hearing subjects showed limited masking effects beyond 10
to 20 ms of the masker. When tested on masking level difference, individuals with
ANSD had little or no masking release (Berlin et al., 1993; Starr et al., 1996). This
was inferred as the inability to combine the neural code from the two ears in ANSD.
Poor backward masking thresholds were seen in ANSD, indicating that they are
poorer than normal at separating noise and sounds in time. Kraus et al. (2000) found
that persons with ANSD had poorer ability to separate a brief tone from a noise which

is remote from the frequency of the tone, making them a poor listener in the noisy

16



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

environment. They were also found to show abnormal temporal measures such as
GDT, TMTF (Rance et al., 2004), wider temporal window in forward-backward
masking (Kraus et al., 2000: Zeng et al., 2005), and abnormal binaural processing
(Zeng et al., 1999). The authors also opined that, in ANSD, location-based binaural
timing cues was poorly perceived, but the perception of inter-aural intensity

difference required for the judgment of lateralization was preserved.

Kumar and Jayaram (2011) examined the effect of lengthened transition
duration on speech perception and Just Noticeable Difference (JND) in transition
duration of stop consonants in individuals with ANSD. Results revealed a significant
difference in JND between normal and ANSD groups. Improvement in the perception
of place of articulation of phonemes was noted with lengthened transition duration of
the stimuli. The results of sequential information analysis (SINFA) showed that there
was better transmission of the place information compared to voicing information
when transition duration was increased. It was also noted that JND of individuals with
ANSD was almost 3 to 4 times longer than that of normal hearing individuals
indicating impaired temporal processing in ANSD. The authors hypothesized that
longer transition duration would have reduced the modulation frequency without
affecting modulation depth or overall spectrogram of the signal. Moreover,
individuals with ANSD have difficulty following faster modulation. Hence, the
decrease in modulation frequency (by lengthening the transition duration) was
reported to augment their speech perception as the modulation detection is better at
lower frequency compared to higher modulation frequencies. Other studies also
reported JND of individuals with ANSD to be approximately 4.5 times longer than

normal hearing individuals (Starr et al., 1991; Zeng et al., 2001).
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For the steady state pure-tone of 4 kHz or higher, frequency discrimination is
primarily cued by the place of excitation on the basilar membrane (Moore, 1973;
2008). On the contrary, frequencies less than 4 kHz are discriminated based on the
temporal cues. Zeng et al. (2001) found abnormal frequency discrimination at low
frequencies while the discrimination was normal at higher frequencies. Rance et al.
(2004) found a strong direct relationship between difference limen of frequency and
speech perception in ANSD. Abdala, Sininger, and Starr (2000) generated DPOAE
suppression tuning curves in individuals with ANSD and their controls, by
systematically changing the level and frequency of the ipsilateral noise. The
suppression tuning curve thus obtained in ANSD was similar to normal, suggesting
normal cochlear level frequency selectivity in individuals with ANSD. Hence, it can
be inferred that individuals with ANSD exhibit normal frequency resolution and
intensity discrimination, but impaired temporal resolution. On the contrary,
individuals with cochlear hearing loss demonstrate normal temporal resolution and

impaired frequency resolution (Hassan, 2011).

2.5 Speech Perception in ANSD

The cardinal feature of ANSD is the poor speech perception that does not
relate to their degree of hearing loss (Starr et al., 1996; Starr et al., 2000; Zeng et al.,
2001). The poor speech perception in ANSD is known to be due to the impaired
ability to process the dynamic cues of speech. Earlier studies have shown that the
disrupted neural synchrony in individuals with ANSD impairs their ability to use

envelope cues as well as spectral cues of speech (Rance, 2005; Zeng et al., 1999).
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The speech perception in ANSD is reported to further deteriorate in adverse
listening conditions such as in the presence of background noise (Kraus et al., 2000;
Shallop, 2002; Starr et al., 1998). The drastic reduction in speech perception ability in
the presence of noise is known to be due to the "line busy effect” in which the noise
activates the auditory nerves and reduces the response to other signals (Derbyshire &
Davis, 1935; Powers, Salvi, Wang, Spongr, & Qiu, 1995; Spreng, 2000). The auditory
perceptual deficits in subjects with ANSD are reported to be mainly due to the
disruption of temporal cues (Kraus et al., 2000; Starr et al., 1991) and are found to
correlate with their abnormal temporal and masking functions (Vinay & Moore, 2007;

Zeng et al., 1999).

In individuals with ANSD, fricatives are perceived better compared to the
other consonant groups due to the preserved high frequency discrimination (Hassan,
2011). The perception of nasal consonants is known to be affected in them which are
attributed to their impaired ability to use low frequency spectral cues (Narne &
Vanaja, 2008a). Narne and Vanaja (2008a) also reported place errors for stops as a
major concern in ANSD. This was suggested to be due to the impairment in utilizing
the burst amplitude and formant transition that contribute mainly to the perception of
stop consonants. Kumar and Jayaram (2011, 2013) also reported impaired perception
of voice onset time, burst and formant transitions, resulting in poor perception of
stops. They attributed it to the impaired temporal processing in individuals with
ANSD. Zeng et al. (1999) stated that individuals with ANSD have impaired
perception of fast modulation of speech. This results in the poor perception of burst

duration and transition duration which are crucial in the perception of stops.
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Synchrony at the level of eighth nerve and brainstem that play a major role in
speech perception is affected in individuals with ANSD. In addition, they fail to make
use of the neural mechanism that represents the temporal fine structure of the
stimulus, which is important for speech perception in noise (Kraus et al., 2000).
Difficulty understanding speech in background noise has been attributed to the
impaired ability to process the envelope of the signal (Houtgast & Steeneken, 1985).
The perception of auditory signals during simultaneous masking is found to be more
affected in ANSD compared to individuals with normal hearing (Kraus et al., 2000;
Zeng et al., 2005). Excessive masking effect that is 10-20 dB higher than normal has
been reported in this population (Kraus et al., 2000). The findings also suggested that
some form of central masking mechanism exists in ears with normal OAEs, as is the
case in ANSD. Overall, the forward and backward masking experiments showed that
a short signal with proximity of 100 ms to the masker is difficult to perceive in
individuals with ANSD. This is likely to deleteriously affect perception of the running

speech.

Typically in ANSD, speech perception is poorer than that seen in cochlear
hearing loss. But not all individuals with ANSD show unusually poor speech
identification scores in quiet. This may be due to the fact that in some individuals with
ANSD, the disease process may be less severe (Rance, 2005). Some of the factors
contributing to poor speech perception in ANSD include reduced ability to follow fast
and slow temporal modulation as evidenced by TMTF, reduced gap detection and
affected frequency discrimination at low frequency (Rance et al., 2004; Starr et al.,
1996). Rance et al. (2004) also reported a strong correlation between speech

perception and temporal modulation in ANSD. Shanon, Zeng, Kamath, Wygonski,
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and Ekelid (1995) reported that the reduced ability of individuals with ANSD to
perceive cues contained in the temporal envelope results in poor speech in noise
perception. They also found that the peak sensitivity for modulation detection in
ANSD was -3.4dB for individuals with SIS less than 30%, and -14.3dB for

individuals with SIS of more than 30%.

Drullman, Festen, and Plomp (1994) studied speech perception in normal
hearing individuals by reducing the modulation depth, degrading the amplitude
modulation and flattening the spectral change in the auditory stimulus. It was found
that individuals with normal hearing experience difficulty in extracting the salient
cues for consonant-vowel distinction and spectral contrast. This was comparable to
perceptual deficits seen in ANSD. Narne and Vanaja (2008a) reported that in
individuals with ANSD, voicing cues are poorly perceived compared to place or
manner of articulation. Gnanateja and Barman (2011) studied the perception of place,
manner, and voicing in individuals with cochlear hearing loss and ANSD and reported
that all the three cues are poorly perceived in ANSD compared to those with cochlear
hearing loss. They also reported that in individuals with ANSD, manner cues were
perceived better than place and voicing cues. Rance and Barker (2008) compared the
perception of vowels, diphthongs and semivowels in ANSD and cochlear hearing
loss. Their results revealed that perception of vowels was similar in both the groups,
whereas the perception of diphthongs and semivowels were poorer in persons with

ANSD compared to cochlear loss.

Prabhu, Avilala and Barman (2011) found no difference in the perception of

unfiltered and low pass filtered speech with a cutoff frequency of 1700Hz in
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individuals with ANSD. It may be attributed to the low frequency hearing loss in
ANSD, caused by poor phase locking of low frequency information by Type | fibers.
The authors opined that greater loss at low frequency leads to increased temporal
asynchrony and poor perception of low-pass filtered speech in ANSD. They
concluded that individuals with ANSD may not make use of phase locking cues due
to neural dys-synchrony but make use of high frequency information for

understanding speech.

2.6 Relationship between Speech Perception and Production

Speech perception and speech production skills share a close relationship
(Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967). Auditory feedback of
one’s own speech helps to map speech sounds accurately in relation to the articulatory
activity, whereas listening to the speech of others primarily help in establishing and
storing the meaning of the sounds (Fowler & Saltzman, 1993). The auditory feedback
is essential to monitor and maintain a fairly intelligible speech. Given the intimate
relationship between hearing and speech, language, and communication, hearing loss
in early years of life can have major detrimental effects on these areas of development
(Culbertson & Kricos, 2002; Dunn & Newton, 1986; Hudgins & Numbers, 1942;
Smith, 1982). These effects are observed as delayed or deviant language skills and
defective speech in terms of articulation, fluency and voice. Apart from the segmental
aspects, the suprasegmental features of speech are also found to be affected. Thus, a
defective auditory feedback secondary to hearing loss is considered to be the cause of
poor segmental and suprasegmental speech characteristics (Binnie et al., 1982; Cowie,
et al., 1982; Elman, 1981; Kirchner & Suzuki, 1968; Penn, 1955; Ramsden, 1981;

Zimmermann & Rettaliata, 1981).
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Several articulatory errors are reported in individuals with cochlear hearing
loss. Deletion of initial and final consonants, consonant cluster errors, voicing and
nasality errors, consonant substitutions, and vowel distortions are few of the common
errors observed in children with hearing impairment (Angelocci, Kopp, & Holbrook,
1964; Boone, 1966; Geffner, 1980; Hudgins & Numbers, 1942; Markides, 1970;
Nober, 1967). A reduced vowel triangle space or phonological space and more
centralized vowel production is reported in individuals with hearing loss when
compared to those with normal hearing skills (Angelocci et al., 1964; Monsen, 1976).
Boone (1966) reported a lowered second formant frequency in children with hearing
impairment. In addition to the misarticulated vowels, consonants are also found to be
equally affected. Markides (1970) reported an error rate of 26% to 72% on consonant
production in children with partial hearing to complete hearing loss. The most
commonly misarticulated sounds were /s/, /f/ and /n/. Geffner (1980) reports more
errors on consonants than vowels in these children. The overall speech intelligibility
was also found to have a significant correlation with the severity of hearing loss

(Boothroyd, 1984; Perkell et al., 1997; Smith, 1982).

According to the acoustic theory of speech production, speech signal is
processed and represented as an internal map which may get distorted if the acoustic
patterns are not received adequately during the input process. Input process could be
assumed to be compromised secondary to hearing loss, which in turn causes an
incorrect mapping resulting in distorted or deleted speech sounds during production
(Stevens, 2002). This impaired hearing ability correlates well with the compromised
speech intelligibility (Kuhl, 1981; Stevens, 2002). For example, children with mild to

moderate degrees of loss develop fairly intelligible speech, but still make articulatory
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errors while producing affricates, fricatives and blends (Elfenbein, Hardin-Jones, &
Davis, 1994). On the other hand, children with severe to profound loss have severely
compromised speech intelligibility as they have articulatory difficulties with
consonants, vowels and diphthongs, as well as abnormal voice (Culbertson & Kricos,

2002).

Along with the segmental errors discussed above, the suprasegmental features
of speech are also reported to be affected in the speech of hearing impaired
individuals especially those with severe to profound loss (Dunn & Newton, 1986).
The typical suprasegmental errors observed include slow speech rate, slow
articulatory transitions, poor breath control, inappropriate stress patterns, and poor

resonance.

The individuals with hearing loss are usually considered to have flat and
monotonous intonation contour (Hood & Dixon, 1969). Some investigators have
reported a restricted or reduced range of pitch variations in these individuals (Hood,
1966; Voelker, 1935), while few others report intonation variations in the form of
excessive and inappropriate changes in fundamental frequency (Monsen, 1979; Smith,
1975; Stevens, Nickerson, & Rollins, 1978). Angelocci et al., (1964) and Martony
(1968) attribute these errors to limited/no control of voice frequency (particularly for
vowels of long duration) in these individuals. An attempt to quantitatively classify the
intonation patterns in children with hearing impairment was made by Monsen (1979)
who reported four different patterns including falling, short-falling, falling-flat and a
changing contour. According to him, the type of contour appeared to be an important

characteristic in separating the better from the poorer hearing-impaired speakers.
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Susman and Hernanez (1979) studied intonation control in ten hearing impaired
subjects. Subjects were instructed to read three sentence pairs, each with a declarative
and interrogative form. The results revealed terminal fall in mean FO for both the
sentence types. Indira (1981) examined the intonation patterns of normal hearing and
hearing impaired subjects using a story reading task. The findings revealed a
difference in the rise and fall patterns across the two groups. The hearing impaired
group had restricted pitch variations when compared to normal subjects. It was also
found that the duration of the speech segment was longer for the hearing impaired
subjects. This was also considered to be the reason for minimal changes in the
intonation patterns observed in subjects with hearing impairment. In contrast, sharp

changes in intonation patterns of the normal hearing subjects were observed.

The studies on stress indicate that children with hearing impairment
demonstrate marked deficits in the production of stress. It has been found that the
durations of unstressed and stressed syllables produced by these children do not differ
significantly (Angelocci, 1962; Nickerson, 1975) giving an impression that
individuals with hearing impairment produce only stressed speech (Boone, 1966).
McGarr and Osberger (1978) report production of equal stress on each word followed
by equal pause as the most common prosodic error in individuals with hearing
impairment while saying a sentence. Another study investigating the production of
stress in Tamil speaking hearing impaired children reported improved stress

production with increase in age (Sarumathi & Savithri, 1993).

Savithri, Johnsi, and Agarwal (2007) studied speech rhythm in hearing

impaired children using picture description and story narration tasks. They used
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pairwise variability index (PVI) to assess rhythm. The findings revealed a significant
difference between groups on rPVI (intervocalic) and nPVI (vocalic) values. Both
rPVI and nPVI were higher in children with hearing impairment when compared to
typically developing normal hearing children indicating the significant difficulties in

them to perceive and process normal rhythmic patterns.

Although the impact of hearing loss is more severe in the early years of life,
several perceptual studies suggest that long-term acquired loss might result in flat,
unmodulated and dysprosodic voice along with deterioration of segmental speech
(Binnie et al., 1982; Cowie et al., 1982; Elman, 1981; Kirchner & Suzuki, 1968; Penn,
1955; Ramsden, 1981). Ramsden (1981) reported deterioration of speech secondary to
long-term hearing loss, emphasizing the role of auditory information in maintenance
of normal speech. This deterioration of speech as a sequel of long term auditory
deprivation is attributed to the overlearned motor patterns (errors in articulation or
production without the knowledge of errors occurring) which take place after several
instances of production exceeding the standard range of variability (Zimmerman &
Rettaliata, 1981). Altered or impaired auditory feedback could also result in changes
in individual sound production leading to misarticulation (Houde & Jordan, 2002).
These findings are in consensus with other acoustic studies, which report higher
speaking fundamental frequency (Leder, Spitzer, & Kirchner, 1987), greater intensity
(Leder et al., 1987b) and lower speaking rate (Leder et al., 1987a) than that of age-
matched, normal hearing subjects. Longer sentence duration is another common
finding reported in individuals with post-lingual loss (Kirk & Edgerton, 1983; Lane &
Webster, 1991). This prolonged sentence duration is a cumulative effect of longer

syllables (Lane & Webster, 1991; Leder et al., 1987), pause duration (Lane &
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Webster, 1991), and vowel duration (Waldstein, 1990) observed in this population. In
summary, these findings emphasize the role of feedback in speech production and

support the closed loop models.

In contrast to the studies discussed above, Leder and Spitzer (1990) and Goehl
and Kaufman (1984) reported no significant deterioration of speech sound production
in their subjects with long term hearing loss. These findings suggest that mature
phonemic motor patterns are robust and do not rely on auditory feedback, reflected
through good speech intelligibility seen in individuals with profound postlingual
hearing loss. These researchers and their findings support the open loop speech motor
control system, which suggest that sensory feedback is not necessary for the execution
of normal speech and posits that the speech movements are preprogrammed.
Therefore, the effector units (speech musculature) in open loop models do not rely on
sensory information to perform accurate movements but rather play out a

predetermined neural code (Matthies, Svirsky, Perkell, & Lane, 1996).

In the context of Indian studies, Grover (1998) reported a slow rate of speech
in individuals with hearing impairment. Speed of transition was also reported to be
significantly reduced in individuals with hearing impairment compared to individuals
with normal hearing (Jayaradha, 2001). The slow transition rate was attributed to
sluggish tongue movements and imprecise articulatory movements. The extent of
speech deterioration is determined by the age of onset of hearing loss. In other words,
earlier the onset, greater is the impact of hearing loss on speech intelligibility (Binnie

etal., 1982; Cowie et al., 1982).
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An insight to the literature on ANSD reveals that these individuals have more
severe deficits in speech processing and perception as proven by several
psychophysical and perceptual studies. Based on the aforementioned literature,
individuals with long standing cochlear loss are prone to speech deterioration
secondary to prolonged auditory deficits. Thus, it can be speculated that individuals
with ANSD who have poorer speech identification than individuals with cochlear loss
will exhibit speech production deficits. Some support can be drawn for this
speculation from the study by Rance, Barker, Sarant, and Ching (2007) reporting
delayed spoken language development in children with ANSD compared to children

with normal hearing.

Dayal and Maruthy (2009) made one of the first attempts to investigate the
speech perception characteristics in adults with long term ANSD. They analyzed both
perceptual and acoustic characteristics of the speech of individuals with ANSD.
Perceptual rating was done for all the parameters (voice, articulation, prosody, rate of
speech & overall intelligibility) and compared between individuals with ANSD and
normal hearing. Similarly acoustic analysis comparing the temporal parameters of
speech (word duration, voice onset time, burst duration, transition duration and speed
of transition, preceding and following vowel duration) between the two groups was
carried out. The findings suggested perceptually abnormal speech on all the
parameters, although prosody was found to be maximally affected. The overall speech
intelligibility was also found to be poor and had a significant correlation with their
speech identification scores. It supports the notion that the auditory feedback is
essential for normal speech production and long standing auditory deprivation could

have detrimental effects on speech. The segmental aspects of speech were found to be
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relatively better than prosody. While the former involves other sensory cues/feedback
such as tactile and visual, the latter depends completely on auditory feedback making
it more prone to disruption. Further, the acoustic analysis revealed significant
differences for all the temporal parameters of speech between individuals with ANSD
and normal hearing. A good correlation was also established between the perceptual
and acoustic characteristics of speech of individuals with ANSD. These findings are
in consensus with earlier studies (Houde & Jordan, 2002; Binnie et al., 1982,
Zimmerman & Rettaliata, 1981) supporting the closed loop models. The temporal
parameters measured provide important place and manner of articulation cues
(Kumar, 2006), thus the increased duration was attributed to be a form of
compensatory production or modifications made by individuals with ANSD to avail

better feedback on place and manner of articulation.

However, it was only a preliminary attempt and did not include detailed
evaluation of various segmental and suprasegmental aspects of speech. Therefore, the
present study aimed to explore and understand the segmental and suprasegmental

characteristics of speech in individuals with ANSD.
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CHAPTER 3

METHODS

The study aimed to assess the speech production characteristics of individuals
with auditory neuropathy spectrum disorder (ANSD) and correlate these with their
auditory profile. The study used a standard group comparison research design and was
executed in two phases. Phase | comprised of preparation and compilation of test

stimuli, while Phase Il involved data collection and analyses.

3.1 Participants

The study included two groups of participants; individuals with ANSD and
individuals with normal auditory abilities (NAA). The ANSD group had 30
participants in the age range of 18 to 40 years (Mean age: 26.03 years) and had visited
the department of Audiology, All India Institute of Speech and Hearing (AlISH),
Mysore, once earlier. They were contacted through letters and calls and were
requested to visit AIISH for a follow-up evaluation. ANSD was diagnosed by
qualified audiologists based on the criteria recommended by Starr et al. (2000). All of
them had sensorineural hearing loss, and the degree of hearing loss ranged from

minimal to profound hearing loss.

The speech identification scores of participants with ANSD in quiet ranged
from 0% to 96% in the two ears (Right ear: Mean = 44.82%, SD = 34.80 and Left ear:
Mean = 43.17%, SD = 34.87). The minimum duration of ANSD in these participants
was five years, and the maximum duration was up to 20 years. All of them had

acquired ANSD post-lingually.
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The presence of external or middle ear pathology was ruled out by an
experienced otologist, and normal middle ear functioning was further confirmed with
immittance evaluation. They had normal outer hair cell function revealed by the
presence of transient otoacoustic emissions (OAEs) (amplitude > 6 dB SPL) or
cochlear microphonics. They had absent ABR indicative of neuronal dys-synchrony.
All the participants had also undergone neurological examination to rule out the
presence of space occupying lesion. Neurological evaluation included clinical

examination, CT scan and/or MRI as recommended by the neurologist.

The NAA group included 30 participants in the same age range as ANSD
group, i.e., 18 to 40 years (Mean age: 21.9 years). The participants in the NAA group
had normal hearing sensitivity (less than 15 dB HL at octave frequencies from 250 Hz
to 8000 Hz). They were all screened using WHO ten questions disabilities screening
checklist (cited in Singhi, Kumar, Malhi, & Kumar, 2007) to rule out history of any
neurological, speech-language and hearing disorders. All the participants in this group
had normal OAEs and normal ABRs. Speech identification scores were within normal
limits in both quiet and in the presence of noise at 0 dB SNR. These individuals

reported no past/present history of any neurological or otologic complaints.

Participants in both the groups were native speakers of Kannada language. All
the participants had a minimum education of 10" standard and could comprehend,
speak and read Kannada proficiently. All of them resided in and around Mysore
district. Based on the developmental history, all the participants had normal speech
and language milestones. All the participants were subjected to an oral mechanism

examination to rule out the presence of any structural abnormalities. A written
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informed consent regarding willingness to participate in the study was obtained from

all the participants. The methods adopted were approved by the AIISH ethical

committee for bio-behavioral research in human subjects (Basavaraj & Venkatesan,

2009).

3.2 Test Stimuli

The speech production characteristics were measured in terms of segmental

and suprasegmental features. The details of stimuli used to assess the same are given

below (refer to Appendix I for stimuli).

3.2.1 Stimuli to assess segmental characteristics

a)

b)

d)

Vowels: Three short vowels /a/, /i/ and /u/ of Kannada language were
considered. A list of nine words was prepared to assess the segmental features
of these vowels. There were three words to assess each of the vowels.
Plosives: Eight plosives including four voiced (/g/, /d/, /d/, /b/) and four
unvoiced (/k/, It/, It/, Ip/) phonemes were considered as targets. A list of 16
words was prepared with each of the target plosives in initial and medial word
position.

Fricatives: Three fricatives /s/, /f/ and /f/ were considered. A list of six words
was prepared in which the three fricatives occurred in initial and medial
positions in one word each.

Voice: Segmental analysis also included subjective and objective assessment
of voice. A phonation sample of vowel /a/ and a reading sample obtained
using standard Kannada passage (Shashidhara, 1984) developed at AIISH,

Mysore, served as the voice samples. Subjective assessment was carried out
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using Consensus Auditory-Perceptual Evaluation of Voice (CAPE-V)
(American Speech-Language and Hearing Association, 2002) scale, while for
the objective analysis, the recorded samples were analyzed using Vagmi

Diagnostics software version 9.1 (Voice & Speech Systems, 2018).

3.2.2  Stimuli to assess suprasegmental characteristics

a)

b)

Emphasis: Ten adjective-noun phrases adopted from Ananthi and Savithri
(2002) were used to assess emphasis. In each of the phrases, the target word
(i.e., the adjective) to be emphasized was highlighted (bold and underlined).
Rhythm: Kannada sentences were adopted from Santosh and Sahana (2012) and
were given to five experienced Speech-Language Pathologists (SLPs) for rating
based on their meaningfulness and grammaticality. They were instructed to rate
the stimuli on a 2-point rating scale, where 1 indicated ‘appropriate’ and 0
indicated ‘inappropriate’. The SLPs were also asked to suggest the
correction/modification for the inappropriate sentences. The suggestions were
incorporated, and the five most appropriate sentences in each of the two
categories (interrogatives & declaratives) were included as the final set of
stimuli to assess rhythm.

Intonation: Ten sentences (5 declaratives & 5 interrogatives) adopted for the

assessment of rhythm were used as stimuli to assess intonation.

3.3 Instrumentation

Following instruments were used for the assessment in the present study:
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= A calibrated two channel diagnostic audiometer (Audiostar pro) was used for the
estimation of pure tone thresholds, speech recognition threshold, speech
identification scores, speech in noise scores, and gap detection thresholds

= A calibrated tympanometer (GSI tympstar) was used to assess middle ear function

= |LO (version 6) Otodynamics audiology system was used to record otoacoustic
emissions

= Biologic Navigator Pro (version 7.2.1) AEP system was used to record auditory
brainstem and late latency responses

= Sony digital voice recorder- IC recorder ICD-UX81 was used to record the speech
samples

= A computer with Praat software (version 5.1.2.9) (Boersma & Weenink, 2011)
was used for acoustic analysis and

= MATLAB (MathWorks Inc. Natick, USA, R2010a) installed in the same

computer was used for administering gap detection test and for analyzing rhythm.

3.4 Test Procedure
Each participant was individually tested in one or more sessions to assess their

audiological and speech production characteristics.

3.4.1 Audiological Profiling
The participants were profiled in terms of their pure-tone thresholds,
tympanometry, otoacoustic emissions, auditory evoked potentials, speech perception

and gap detection thresholds (Refer to Appendix I1).
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Pure-tone thresholds were estimated using modified Hughson and Westlake
procedure. Pure-tone thresholds were estimated at octave frequencies between 250 Hz
and 8000 Hz in air conduction, and between 250 Hz and 4000 Hz in bone conduction
mode. Speech recognition thresholds were obtained monaurally in the two ears using
paired-words in Kannada, developed in the department of Audiology, AIISH, Mysore.
Speech identification score was obtained monaurally at Most Comfortable Loudness
levels for phonetically balanced words developed by Yathiraj and Vijayalakshmi
(2005). Speech perception in noise (SPIN) was assessed using the word list given by
Manjula, Antony, Kumar, and Geetha (2015). The presentation level was 40 dB SL

and the SPIN was tested at 2 SNRs (0 dB & 10 dB).

Tympanogram and acoustic reflex thresholds were measured using 226 Hz
probe tone using the standardized procedure. A calibrated GSI-Tympstar, version-2
middle ear analyzer was used for the purpose. Ipsilateral and contralateral acoustic
reflex thresholds were measured at 500 Hz, 1000 Hz, 2000 Hz and 4000 Hz in the two

ears.

Gap Detection Threshold (GDT) was measured using noise bursts of 750 ms
duration. The onset and offset of the noise bursts was linearly ramped for 20 ms. The
gaps/silences were introduced at the temporal center of the noise bursts. A three
interval three alternate forced choice procedure was used to estimate the minimum
gap that the participant can detect. The noise bursts without gap served as a reference
while the noise bursts with gap served as the target stimuli. Every trial involved the
presentation of the three noise bursts in which two were the standard stimuli and one

was the variable or target stimulus. The task of the participants was to identify the
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noise bursts in which a gap was present. The order of presentation of reference and
target stimuli was randomized. The duration of the gap was varied in a two-down one-
up procedure to estimate the 70.7% point on the psychometric function. A total of 12
reversals were obtained. Initial gap size was 20ms which was then altered in 5ms
step sizes for the first two reversals. The subsequent reversals were then altered in
steps of 1ms gap size. The test was performed through the MLP tool box implemented
in MATLAB by Grassi and Soranzo (2009). The average of the last eight reversals

was considered for calculating the gap detection threshold.

Auditory brainstem responses (ABRs) and auditory late latency responses
(ALLRs) were recorded using Biologic Navigator evoked potential system (version
7.2.1). Each recording was repeated to ensure reproducibility of the responses. The
stimulus and acquisition parameters used to record ABR and LLR are given in Table

3.1.

Transient evoked otoacoustic emissions (TEOAESs) were measured for clicks at
80 dB +/-5 dB peak SPL using ILO V6 Echoport (version 6.40.0.0) equipment.
TEOAEs were considered to be present if the waveform reproducibility was more
than 75% and the overall amplitude was more than 6 dB in at least 3 consecutive

frequencies of measurement.
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Table 3.1

Stimulus and acquisition parameters used to record click evoked ABR and ALLR

Stimulus Parameters

Acquisition Parameters

ABR LLR ABR LLR
500 Hz Tone
Stimulus  Clicks Burst & /da/ | Filter 100-3000 ~0.1-
Hz 100Hz
of 40ms
. : . : 533
Polarity Rarefaction Alternating Window 10.6 ms s
Level 90 dB nHL 80 dB nHL Montage Cz-M1 and Cz- M2,
Nasion-ground
Duration 100 ps 60 ms
Number of 2000 500
sweeps
11.1/s and
Rate 90.1/s 1.1/s
Acrtifact
+/- +/-
rejection 22y f-30nv
Transducer ER 3A Inserts ear phones

3.4.2 Profiling of Speech Production

Recording of Speech Samples: The speech samples of the participants were recorded

in a sound treated room as per the ANSI standards. The recording was done using a

Sony digital voice recorder (IC recorder ICD-UX81) with an omnidirectional

microphone with a distance of six inches between the microphone and the speaker’s

mouth. The recorded files were transferred to a personal laptop in .wav format and

were further analyzed using Praat software at a sampling frequency of 44,100 Hz.

All the participants were instructed to produce three trials per target item and

the best out of the three was selected for analysis. The words used in segmental

analysis i.e., target words for vowels, plosives and fricatives were embedded in a
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common carrier phrase. Participants were instructed to embed the target word into the
carrier phrase “/nanv iga (Target word) heluttens/” and say the complete sentence.

Example, “/nano 1ga kebbo heluttene/”.

3.5 Analyses
3.5.1 Analysis of the Audiological Characteristics

The audiogram of the participants was analyzed in terms of pure tone average.
If the pure tone thresholds indicated the presence of hearing loss, the degree of
hearing loss, type of hearing loss and the configuration of audiogram were interpreted.
The speech identification in quiet and noise was analyzed in terms of percentage of

correct identification.

The electrophysiological recordings were visually inspected by two
audiologists with rich experience in the domain. ABRs were analyzed in terms of the
presence or absence of wave I, 11l and V. In instances of presence of these waves, the
latency and amplitude of the waves were noted down to infer the presence or absence
of space occupying or diffuse lesions of the brainstem. ALLR recordings, when
present, were also visually inspected to locate P1, N1, P2 and N2 waves. The latency

and amplitude of the waves present were noted down.

3.5.2 Analysis of Speech Samples

The speech samples of the participants were subjected to both perceptual and
acoustical analyses. The recorded samples of each participant were acoustically
analyzed to obtain both spectral and temporal parameters. Praat software was used to
analyze the acoustic characteristics of vowels and consonants (plosives and

fricatives), emphasis and pitch variations in intonation.
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3.5.2.1 Segmental characteristics

The acoustic analysis for vowels and consonants was carried out using Praat

software, wherein the segment representing the target phoneme was selected and the

acoustic parameters were derived / computed. The parameters are listed and the

method of measurement is described in Table 3.2. A visual representation of these

measures is provided as Figure 1.

Table 3.2

Summary of acoustic parameters measured

Target sound  Acoustic Method of measure
Parameters
Vowels
Short vowels Fundamental Steady state of the target vowel was selected and
(/al, hl, Ivl) Frequency (Fo)  the parameters were extracted by Praat software.
Formants
(Fu, F2)
Formant
bandwidths

(F1BW, F,BW)

Vowel duration

The vowel duration (in milliseconds) was
measured from the onset of the steady state of the

vowel to the offset of the steady state of the

vowel.
Consonants
Plosives Voice onset VOT was defined as the time interval between
(/kl, Igl, It 14, time (VOT) the release of a stop consonant and the onset of

14, 1d/, Ipl, fof)

voicing, and was measured in milliseconds (ms).
While measuring VOT for the unvoiced plosive,
phonation is initiated after the stop release and

the VOT value is written with a positive (+) sign.
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This duration was selected for the target
phonemes and VOT was calculated.

In case of voiced plosives, the voicing is initiated
prior to release of the plosive. Hence, a negative
(-) sign preceded the VOT value indicating early
initiation of phonation.

Burst duration
(BD)

Release burst is usually seen as a vertical spike
following the silent gap which is usually more
intense for unvoiced stops than their voiced
cognates. The segment marking the start and end
of this vertical spike was selected and the

duration for the same was measured (in ms).

Closure
duration (CD)

Closure duration is also known as ‘silent gap’. It
is a result of the “hold” period in articulation,
during which the articulators involved form a
complete obstruction and there is no flow of air
out of the vocal tract. This can be measured only
in case of the stop/plosive in the medial or final
position. In this study, closure duration (in ms)
was calculated for the words with the plosive in

the medial position.

Transition
duration (TD)

The formant frequencies change during the
transition from one speech sound to another,
referred to as formant transitions. The time taken
(in ms) for this transition is labeled as the
transition duration. It was measured as the time
interval between the F, onset to offset or to the
start of steady state of the following vowel
considering CV as the syllable structure in which

the target consonant was a plosive.

Extent of
transition (EoT)

The difference in frequencies between the onset
and offset of F, (in Hz) determined the EoT.

Speed of

The SoT was estimated by dividing the value
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transition (SoT)

representing the EoT (in Hz) by the transition
duration (in ms). The same can be represented as
the following formula:

SoT (Hz/ms) = EoT(Hz) / TD (ms)

Fricatives
(/sl, 11, It

Frication
duration (FD)

The duration for which the frication noise
prevails is labeled as Frication duration. The
segment representing the onset and offset of
frication was highlighted and the duration (in ms)

was estimated.

Transition
duration (TD)

Transition duration was measured as the time
interval (in ms) between the F, onset to offset or
to the start of steady state of the following vowel
considering CV as the syllable structure, where

the target consonant was a fricative.

Extent of

transition (EoT)

The difference in frequencies between the onset
and offset of F, (Hz) determined the EoT.

Speed of
transition (SoT)

The SoT was estimated by dividing the value
representing the EoT (in Hz) by the transition
duration (in ms). The same can be represented as
the following formula:

SoT (Hz/ms) = EoT(Hz) / TD (ms)

Voice

Measure Parameters Method of measure

Subjective Roughness Perceptual rating was done using CAPE-V.
Breathiness Additional features (if any) were also noted for
Strain each participant.
Pitch
Loudness
Overall severity

Objective Fo Extracted for phonation (/a/ vowel) and reading

Fo range
Jitter

lo

sample using Vagmi software.
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lp range

Shimmer
1
2
Vowel Steady State
Burst Duration Transition Duration
(" | ‘ W\‘ )
Frication Duration

VOT (voiced) VOT (unvoiced)
3
4  Figure 3.1: Representation of temporal measures considered in the study
5
6
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3.5.2.2 Suprasegmental characteristics
a) Emphasis: All the subjects were asked to produce ten adjective-noun phrases

adopted from Ananthi and Savithri (2002). The stimuli were given in written form
with the target adjectives highlighted (bold and underlined). Participants were
instructed to read the target phrases once with emphasis on the adjective and once
without any emphasis. The recorded samples were opened in Praat software and
the target word i.e., the ‘adjective’ was selected and the following acoustic
parameters were extracted:

e Fundamental frequency (Fo)

e Mean Intensity (lp) and

e Mean duration (Do)

b) Rhythm: Each participant was asked to read five Kannada sentences adapted from
Santosh and Sahana (2012). The recorded samples were analyzed using Envelope

Modulation Spectrum (EMS) which is a MATLAB based script.

Envelope Modulation Spectrum (EMS)

EMS represents the gradual modulations or variations in the signal amplitude.
It depicts the distribution of energy in the amplitude fluctuations across frequencies.
The speech signal is subjected to a series of filtering and down-sampling using fast
fourier transform following which six EMS metrics (Peak frequency, Peak amplitude,
Energy 3-6 Hz, Energy 0-4 Hz, Energy 4-10 Hz, & Energy Ratio) were computed
from the resulting spectrum for the full signal (Liss, LeGendre, & Lotto, 2010). EMS
can be considered as an effective measure of rhythm over the traditional rhythm

analysis measures as it doesn’t demand identification of vowels and consonant
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intervals, is completely automated in MATLAB, and takes into account the probable
pauses and non-phonetic elements in the sample (Liss et al., 2010). Several
researchers have proposed it to be useful in analyzing the rhythm metrics of speech
(Drullman et al., 1994; Greenberg, Arai, & Silipo, 1998). EMS has been used
successfully and proven to be effective in measuring rhythm in individuals with
dysarthria (Liss et al., 2010; Liss et al., 2009) and stuttering (Dechamma & Santosh,

2018).

c) Intonation: Each participant was asked to produce the five declaratives and five
interrogatives chosen as stimuli for the analysis of intonation. The recorded
responses of each participant were analyzed for the presence or absence of
intonation. Further, the pattern of intonation for each of the target stimuli was also

noted, and classified as rising, falling or level.

3.6 Statistical Analyses

Statistical Package for Social Sciences (SPSS) (Version 21) (SPSS Inc,

Chicago) was used for statistical analyses.

44



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

CHAPTER 4

RESULTS

The study aimed to characterize the speech production of individuals with
Auditory Neurpathy Spectrum Disorder (ANSD) in terms of their segmental and
suprasegmental features. The relationship of the speech production characteristics
with their auditory processing deficits was explored. The results obtained are reported
under the following major headings:

1. Auditory abilities in individuals with ANSD
2. Speech production characteristics in individuals with ANSD
3. Relationship between auditory abilities and speech production characteristics of

ANSD

4.1 Auditory Abilities in individuals with ANSD

The auditory abilities of individuals with ANSD were compared with that of
the individuals with normal auditory abilities (NAA) using Mann-Whitney U test
owing to the non-normal distribution of the data. Table 4.1 shows the median and
range of Speech Identification Scores (S1S) and Gap Detection Thresholds (GDT) in
the two ears, in the two groups of participants. Typically, the median SIS was lesser
and the median GDT was higher in the ANSD group compared to NAA group.
Results of Mann-Whitney U test (Table 4.2) showed a significant difference between
the two groups in SIS (in quiet as well as in noise) and GDT. This was true for both

the ears.
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Table 4.1
Median and range of SIS (in quiet as well as in noise) and GDT obtained in ANSD

and NAA groups

Right Ear Left Ear
Measure Group i i
Median Range Median Range
ANSD 42 0-96 52 0-88
SIS (%)
NAA 100 100 100 100
SPIN (%) at  ANSD 0 0-72 0 0-76
10dB SNR NAA 100 84-100 100 92-100
ANSD 0 0-52 6 0-56
SPIN (%) at
100
0dB SNR NAA 100 88-100 92-100
ANSD 21.65 5.21-64.50 21.58 2.95-57.21
GDT (ms)
NAA 2.72 1.65-4.37 2.87 2.15-5.21
Table 4.2

Results of Mann-Whitney U test comparing the ANSD and NAA groups in terms of
their SIS (in quiet as well as in noise) and GDT

Ear
Measures i
Right Left
SIS (%) 7.126* 7.127*
SPIN (%) at 10 dB SNR 6.818* 7.052*
SPIN (%) at 0 dB SNR 6.997* 7.068*
GDT (ms) 6.657* 6.465*

Note: *p < 0.001

The scores of SIS (in quiet as well as in noise) and GDT obtained in the two
ears of participants with ANSD were compared using Wilcoxon Signed-rank test.
Results showed a significant difference between the two ears in SPIN at 10dB SNR

(£=3.211, p<0.05) and SPIN at 0dB SNR (Z=2.412, p<0.05) while there was no
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significant difference between the two ears in GDT (Z=0.623, p>0.05) and SIS in

quiet (Z=0.488, p>0.05).

4.2 Speech Production Characteristics in individuals with ANSD

Both segmental and suprasegmental characteristics of the speech production of
individuals with ANSD were assessed. The segmental characteristics were assessed
separately in vowels and consonants. The suprasegmental aspects assessed included
emphasis, rhythm and intonation. The results of each of these parameters are reported

separately.

4.2.1 Vowel production characteristics in individuals with ANSD in comparison

to individuals with NAA

The results in this section address the vowel production characteristics in
individuals with ANSD and NAA. As mentioned in the earlier chapter, three words
were considered for each of the three short vowels (/a/, /1/ & /u/) and the following
acoustic characteristics were measured: Fundamental frequency (Fo), first formant
(F, first formant bandwidth (F1BW), second formant (F»), second formant bandwidth
(F2BW), and vowel duration (VD). An average of the three words was computed for
each of these measures for each vowel. The mean and standard deviation of the
acoustic paramters in the two study groups are presented in Table 4.3. Considering
that the acoustic parameters will significantly vary between males and females, the

data are presented separately for the two genders.
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2

Mean and standard deviation (SD) of the acoustic parameters of vowels in the two

3 study groups

ANSD Group (N = 30)

NAA Group (N = 30)

Vowel Parameter Male Female Male Female
(N =10) (N =20) (N =10) (N =20)
Mean SD Mean SD Mean SD Mean SD
Fo (Hz) 138.8 27.02 220.7 3210 1223 1652 2024 15.20
F1 (Hz) 612.1 1251 6939 8421 7064 5998 694.1 50.57
(F;E;N 2584 159.1 2556 2055 4464 252 137.1 43.88
ol F, (Hz) 1380.5 220.7 15714 108.2 1443.7 1275 1605.6 77.89
(Fle;N 2541 1110 280.2 2758 476.0 252.2 157.3 54.88
VD (ms) 64.83 1148 7051 16.77 6853 1369 69.43 9.99
Fo(H2) 1519 36.61 2299 3189 1312 1575 2206 18.12
Fi1 (H2) 543.8 371.7 430.1 94.26 13515 636.8 423.0 54.63
(F;'EZ;;N 301.1 373.7 173.7 1057 2833 1731 190.3 169.1
|
o F, (Hz) 2084.8 148.3 24375 156.0 24474 197.2 2511.3 116.7
(FIEE;N 256.3 202.1 6422 8130 3101 1358 299.6 167.7
VD (ms) 64.30 1851 6841 2662 6796 2156 61.10 13.07
Fo (H2) 1472 30.60 232.16 2199 13186 19.13 21393 31.24
F1 (H2) 513.0 183.0 5154 126.8 783.1 2315 4746 69.28
(F;E;N 262.3 155.8 2247 2163 309.9 1185 2244 158.4
o/ F, (H2) 1558.0 3106 1451.2 1914 2012.8 3829 1455.1 1145
(F;EZ;;N 403.4 3350 331.2 3185 497.3 2395 4574 2418
VD (ms) 59.20 28.13 5598 21.12 58.00 1457 5855 10.63

Mote: Fq (Hz) — Fundamental frequency; F;(Hz) — First formant; F;BW (Hz) — Bandwidth of first formant;
F, (Hz) — Second formant; F,BW (Hz) — Bandwidth of second formant; VD (ms) — Vowel duration

5
6

7

O

The data were subjected to a normality check for each gender in each of the

groups using Shapiro-Wilk’s test of normality. Normal distribution of data were found

(p > 0.05) and hence parametric tests were carried out. The effect of gender was tested
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using an independent t-test and the results revealed significant difference between the

two genders in both ANSD and NAA groups (Table 4.4).

Table 4.4
Results of independent t-test comparing two genders for their vowel production

characteristics

Vowel Parameter ANSD Group (N=30) NAA Group (N=30)

Fo (Hz) 6.92** 13.22**
F1(Hz) 2.12* 0.59

ol F1BW (Hz) 0.03 5.35**
F, (Hz) 3.20* 4.32%*
F,BW (Hz) 0.28 5.48**
VD (ms) 0.96 0.20
Fo (Hz) 6.01** 13.26**
F1(H2) 1.30 6.58**

 _FBW (H2) 1.43 1.40
F, (Hz) 5.92** 1.11
F,BW (Hz) 1.46 0.17
VD (ms) 0.43 1.08
Fo (H2) 8.73** 7.58**
F1(Hz) 0.04 5.56**

1o/ F1BW (Hz) 0.48 1.50
F, (Hz) 1.16 6.08**
F,BW (Hz) 0.57 0.42
VD (ms) 0.35 0.11

Note: *p < 0.05; **p < 0.001; df = 28

Note: Fy (Hz) — Fundamental frequency; F;(Hz) - First formant; F;BW (Hz) — Bandwidth of first
formant; F, (Hz) — Second formant; F,BW (Hz) — Bandwidth of second formant; VD (ms) — Vowel
duration

Owing to significant differences between the two genders, the ANSD and NAA
groups were compared with each other using an independent t-test, separately in
males and females. The results of male participants revealed significantly lower F;
(for /al, I & lvl), F, (for Ii/ & [vl), and F, bandwidth (for /a/) in ANSD group

compared to NAA group (Table 4.5). On the contrary, in the female participants, the
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results showed significantly higher Fy (for /a/ & /u/), and F; bandwidth in ANSD

group compared to NAA group (Table 4.5).

Table 4.5
Results of independent t-test comparing NAA and ANSD groups for their vowel

production characteristics, in the two genders

Parameters Male (df=18) Female (df=38)
lal ] ol lal n ol

Fo (Hz) 1.64 1.64 1.34 2.30* 1.13 2.13*
F1 (H2) 2.14* 3.46* 2.89* 0.01 0.28 1.26
F1BW (Hz) 1.97 0.13 0.76 2.52* 0.37 0.01
F, (Hz) 0.78 4.64** 2.91* 1.14 1.69 0.07
F.BW (Hz) 2.54* 0.69 0.72 1.95 1.84 1.41
VD (ms) 0.65 0.40 0.12 0.24 1.10 0.48

Note: *p < 0.05; **p < 0.001

Note: Fo (Hz) — Fundamental frequency; Fi(Hz) - First formant; F,BW (Hz) — Bandwidth of first
formant; F, (Hz) — Second formant; F,BW (Hz) — Bandwidth of second formant; VD (ms) — Vowel
duration

4.2.2 Consonant production characteristics in individuals with ANSD in
comparison to individuals with NAA
In the study, segmental characteristics of consonants were explored for
plosives (/k/, Ig/, It/, Id/, It/, Id/, Ipl, Ibl) and fricatives (/s/, /[I, /f]). The results are

reported separately for the two classes of consonants.

Results of Plosives: The acoustic parameters measured in plosives included- voice
onset time (VOT), burst duration (BD), transition duration (TD), extent of transition
(EOT), speed of transition (SoT) and closure duration (CD). The mean and standard

deviation of the target measures are presented in Table 4.6.
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Table 4.6

Mean and Standard Deviation (SD) of the acoustic parameters measured in plosives,

in the two study groups

Initial position

Medial position

ANSD group  NAAgroup  ANSDgroup  NAA group
Consonant Parameter (N = 30) (N = 30) (N = 30) (N = 30)
Mean SD Mean SD Mean SD Mean SD
BD (ms) 1060 470 863 4.00 1080 583 876 3.79
CD (ms) 99.10 34.69 99.36 29.39
VOT (ms) 17.23 1274 1406 17.02 1540 952 16.13 2592
Ip/ TD (ms) 1733 631 1996 7.95 2053 941 1886 6.66
EoT (Hz) 1746 1035 1196 60.73 2421 1633 169.6 102.7
SoT 1152 883 6.62 397 1370 1123 1001 7.18
(Hz/ms)
BD (ms) 913 336 993 394 993 476 866 471
CD (ms) 60.56 26.74 7133 15.17
VOT (ms) 6216 2243 79.63 2571 6496 2050 7580 16.16
b/ TD (ms) 1930 598 1966 642 1883 6.81 1760 6.68
EoT (Hz) 1720 9856 1425 9183 2168 146.2 1411 61.83
SoT 929 510 743 458 1159 6.67 851 414
(Hz/ms)
BD (ms) 980 438 830 3.01 1170 492 10.00 4.02
CD (ms) 88.56 30.02 88.36 16.95
VOT (ms) 1356 6.19 9.86 422 1483 892 1123 8.04
It/ TD (ms) 18.36 848 2270 1142 16.00 645 1686 6.85
EoT (Hz) 213.8 1359 1945 1265 1880 129.0 139.1 9253
SoT 1282 775 962 569 13.66 1067 9.28 7.48
(Hz/ms)
BD (ms) 1036 473 883 367 976 484 896 4.09
CD (ms) 56.86 3256 55.80 15.36
VOT (ms) 6753 2339 8446 2697 59.20 28.08 62.10 12.35
Id/ TD (ms) 1790 6.82 1986 10.64 1850 506 1593 6.62
EoT (Hz) 1815 90.12 158.8 1108 184.1 162.8 137.1 73.39
SoT 1123 6.26 923 646 11.20 1299 923 561
(Hz/ms)
BD (ms) 733 266 643 167 806 259 696 204
CD (ms) 73.60 22.03 80.90 1841
VOT (ms) 11.00 726 683 210 1120 504 6.63 193
It/ TD (ms) 1893 876 2203 11.00 17.80 8.89 16.63 6.50
EoT (Hz) 199.1 1231 2204 1183 1953 116.0 1475 84.40
SoT 1167 821 1119 577 1269 876 921 549
(Hz/ms)
BD (ms) 850 344 706 311 803 365 643 202
Id/ CD (ms) 3590 27.46 3166 18.17
VOT (ms) 6410 2380 8140 2440 37.33 17.17 3530 1391
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TD (ms) 13.13 451 1450 484 1563 782 1733 8.23

EoT (Hz) 1189 96.05 1475 88.82 1514 96.75 148.8 88.01

SoT 10.42 11.02 1010 456 1121 813 980 6.16
(Hz/ms)

BD (ms) 2036 7.79 20.00 6.72 1826 794 18.70 547
CD (ms) 96.33 39.17 90.70 21.74

VOT (ms) 19.23 8.60 13.80 595 1876 929 16.13 7.70

1K/ TD (ms) 1763 6.62 1866 961 1690 7.57 1776 6.59

EoT (Hz) 109.7 61.81 1305 97.18 149.7 1194 133.0 110.9

SoT 6.46 312 736 432 918 561 789 7.70
(Hz/ms)

BD (ms) 1530 7.07 18.00 6.34 1466 853 1430 5.36
CD (ms) 4566 18.01 52.83 12.11

VOT (ms) 5893 25.60 8390 23.08 56.80 25.09 67.53 10.62

Igl TD (ms) 1773 6.01 1886 6.96 1746 7.28 1726 6.16

EoT (Hz) 130.2 88,53 1128 52.01 126.7 1024 108.3 69.37

SoT 790 561 641 3.0 734 449 622 3.60
(Hz/ms)

Note: BD - Burst duration; CD — Closure duration; VOT — Voice onset time; TD — Transition duration;
EoT- Extent of transition; SoT — Speed of transition.

Owing to the normal distribution of the data (assessed using Shapiro-Wilk’s
test of normality), the two study groups were compared for their segmental
characteristics of plosives using independentt -test. The results revealed significant
differences between two groups for VOT of /b/, /t/, Id/, It/, Id/, Ik/, and /g/ in initial
position, and VOT of /b/, /t/, and /g/ in medial position. It was observed that
participants in ANSD group had longer VOT for unvoiced plosives and shorter VOT

for voiced plosives in comparison to NAA group.

A significantly longer BD was observed for /d/ in medial position in
individuals with ANSD. Further, the EoT was significantly longer for /p/ in initial
position, and /p/ and /b/ in medial position in ANSD group when compared to NAA
group. Significantly longer SoT was also observed for /p/ in initial position and /b/ in

medial position in individuals with ANSD when compared to individuals with NAA.
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No significant group differences were observed in other acoustic parameters (Table

A.7).
Table 4.7
Results of independent t-test comparing two groups for the production characteristics
of plosives
Parameters
Consonant  Position BD CD VOT TD EoT SoT
(ms) (ms) (ms) (ms) (Hz)  (Hz/ms)
Ip/ Initial 1.74 0.81 1.42 2.51* 2.76*
Medial 1.60 0.03 0.14 0.79 2.05* 1.51
b/ Initial 0.84 2.81* 0.22 1.19 1.49
Medial 1.03 191 2.27* 0.70 2.61* 2.14*
It/ Initial 1.54 2.70* 1.66 0.56 1.82
Medial 1.46 0.03 1.64 0.50 1.68 1.84
/d/ Initial 1.40 2.59* 0.85 0.87 1.21
Medial 0.69 0.16 0.51 1.68 1.44 0.76
It/ Initial 1.56 3.01* 1.20 0.68 0.26
Medial 1.82 1.39 4.63** 0.58 1.82 1.84
/d/ Initial 1.69 2.717* 1.13 1.19 0.14
Medial 2.09* 0.70 0.50 0.82 0.11 0.75
Ikl Initial 0.19 2.84* 0.48 0.98 0.93
Medial 0.24 0.68 1.19 0.47 0.56 0.74
g/ Initial 1.55 3.96** 0.67 0.92 1.23

Medial 0.19 1.80 2.15* 0.11 0.81 1.07

Note: *p < 0.05; **p < 0.001; df =58
Note: BD - Burst duration; CD — Closure duration; VOT — Voice onset time; TD — Transition duration;
EoT- Extent of transition; SoT — Speed of transition.

Results of Fricatives: The acoustic parameters measured in fricatives included -
frication duration (FD), transition duration (TD), speed of transition (SoT) and extent
of transition (EoT). The mean and standard deviation of the target measures are

presented in Table 4.8.
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Table 4.8

Mean and Standard Deviation (SD) of the acoustic parameters measured in fricatives,

in the two study groups

Initial Position Medial Position
ANSD Group NAA Group  ANSD Group NAA Group
Consonant  Parameter
(N =30) (N =30) (N =30) (N =30)

Mean SD Mean SD Mean SD Mean SD
FD (ms) 1158 2859 1183 25.09 1151 27.11 1125 15.01
/s/ TD (ms) 2231 935 1860 415 2262 9.39 20.70 534
EoT (Hz) 205.2 1541 1588 1266 188.8 116.7 180.8 72.36
SoT (Hz/ms) 9.48 553 9.28 825 895 565 897 343
FD (ms) 1326 36.25 118.0 2485 1222 27091 114.3 16.66
I TD (ms) 2055 583 1756 491 22113 8.49 20.83  7.98
EoT (Hz) 212.6 1252 2089 165.7 202.2 159.5 181.9 82.82
SoT (Hz/ms) 1096 6.24 1233 851 933 6.73 952 487
FD (ms) 109.5 40.25 1169 28.96 91.65 35.90 108.8 21.46
/f/ TD (ms) 25,17 943 2183 752 2186 8.24 25.26 11.96
EoT (Hz) 206.8 109.7 1921 1336 2779 1726 289.5 174.8
SoT (Hz/ms) 8.80 548 921 536 1276 6.01 1132 477

Note: FD — Frication duration; TD — Transition duration; EoT — Extent of transition; SoT — Speed of

transition

The data were found to adhere to normal distribution (assessed using Shapiro-

Wilk’s test of normality), and hence the two groups were compared for the segmental

characteristics of fricatives using an independent t-test. The results revealed

significantly longer TD of /f/ in initial position in the ANSD group compared to NAA

group. Significantly shorter FD was also observed for /f/ in medial position in

individuals with ANSD when compared to NAA group. No significant group

differences were observed in other acoustic parameters (Table 4.9).
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1 Table4.9
2 Results of independent t-test comparing two groups for the production characteristics

3 of fricatives

Consonant Position Parameters
FD (ms) TD (ms) EoT (Hz) SoT (Hz/ms)
s/ Initial 0.35 1.98 1.26 0.10
> Medial 0.45 0.97 0.31 0.02
I Initial 1.80 2.12* 0.09 0.70
Medial 1.32 0.60 0.61 0.12
i/ Initial 0.80 1.50 0.46 0.28
Medial 2.23* 1.26 0.25 1.01

4 Note: *p < 0.05; df = 58, FD — Frication duration; TD — Transition duration; EoT — Extent of
5 transition; SoT — Speed of transition

7 4.2.3 Voice production characteristics in individuals with ANSD in comparison
8 to individuals with NAA

9 The voice characteristics were assessed using a standard perceptual rating
10  scale — CAPE-V and an objective analysis of phonation and reading sample using the
11 Vagmi Diagnostics software tool. The median and range of the CAPE-V measures are
12 presented in Table 4.10. The table presents the data of male and female participants

13 separately in view of the known characteristic differences of voice in the two genders.

14
15 Table 4.10
16  Median and range for CAPE-V perceptual rating scale in the two study groups
ANSD Group (N =30) NAA Group (N = 30)
Parameter Male Female Male Female
(in %) (N =10) (N =20) (N =10) (N =20)

Med Range Med Range Med Range Med Range

Roughness 1750 0-20 1750 0-25 0.00 0-5 0.00 0-5

Breathiness  7.50 0-20 0.00 0-20 0.00 0-5 0.00 Nil

Strain 1500 0-25 1750 0-35 0.00 Nil 0.00 Nil

Pitch 15.00 0-15 0.00 0-25 0.00 Nil 0.00 0-5
Loudness 0.00 0-30 0.00 0-20 0.00 Nil 0.00 Nil
Overall

. 1750 0-25 25.00 0-25 0.00 0-5 0.00 0-5
severity

17 Note: Med = Median
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Shapiro-Wilk’s test of normality revealed non-normal distribution (p < 0.05)
of the data in both male and female groups, and thus non-parametric test was carried
out. Perceptual rating of CAPE-V was compared between ANSD and NAA groups
using Mann-Whitney U test. Results revealed significant difference between male
participants of the two groups for Roughness, Breathiness, Strain, Pitch, Loudness,
and the Overall severity. Similar results were obtained on comparison of female
participants between the groups, who were found to differ in all five parameters and

the overall severity (Table 4.11).

Table 4.11
Results of Mann-Whitney U test comparing two groups for their perceptual rating of

voice using CAPE-V

Parameter (in %) Male Female
Roughness 3.07* 3.80**
Breathiness 2.14* 2.86*

Strain 3.42* 4.22%*
Pitch 3.43* 2.42*
Loudness 2.16* 2.86*
Overall severity 3.60** 4.63**

Note: *p < 0.05; **p < 0.001

Apart from statistically comparing the median percentage of perceptual
deviance between the two study groups, an attempt was made to assign the degree of
deviance (as standardized in CAPE-V) based on the perceptual rating. All the
individuals with NAA had received percentage of deviance of less than 5%. Table
4.12 presents the distribution of participants of ANSD group across the different
degrees of perceptual deviance as rated on CAPE-V scale. In all the parameters most
of the individuals with ANSD obtained perceptual rating within normal limits (less
than 10%), whereas only few of them were rated as mildly deviant as presented in the

table.
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Table 4.12
Distribution of participants of ANSD group across the different degrees of perceptual

deviance as rated on CAPE-V scale

Parameter Normal Mil.dly Mode.rately Seve_rely

deviant deviant deviant
Roughness 24 6
Breathiness 27 3
Strain 22 8
Pitch 27 3
Loudness 28 2
Overt_all o4 6

severity

The median and range of the acoustic measures extracted from Vagmi in the
two groups of individuals are presented in Table 4.13. The table presents the data of
male and female participants separately owing to the known characteristic differences
of voice in the two genders. The derived acoustic parameters were compared between
the two groups (ANSD & NAA) using Mann-Whitney U test. The results of male
participants showed significantly higher Fo range (Jz| = 3.51, p < 0.001) and jitter (|z| =
3.30, p = 0.001) in ANSD group compared to NAA group during phonation task.
Similarly, in female participants, the Fq range (|z| = 3.40, p = 0.001), lo range (|z| =
3.73, p < 0.001), and shimmer (|z| = 3.80, p < 0.001) were significantly higher in

ANSD group during phonation task (Table 4.14).
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1 Table4.13
2 Median and range for acoustic parameters extracted from Vagmi in the two study
3 groups

ANSD Group (N = 30) NAA Group (N = 30)
Task Parameters Male Female Male Female
(N =10) (N =20) (N =10) (N =20)
Med Range Med Range Med Range Med Range
Mean Fq 107.4- 158.7- 104.7- 184.0-
(Hz) 135.8 169.6 2158 290.9 1255 163.7 215.0 273.8
Fo Range 9.19- 4.74- 3.01- 4.20-
(Hz) 23.54 112.7 1543 146.7 6.90 12.55 8.60 20.03
Mean Iy 104.7- 104.3- 104.07- 105.7-
Phonation (dB) 109.6 119.6 1125 117.7 1101 1111 1112 115.0
lo range 6.00 1.05- 6.61 1.78- 418 1.67- 326 1.08-
(dB) ' 18.30 ' 20.24 ' 8.71 ' 26.83
. 1.02- 0.67- 0.49- 0.34-
0,
Jitter (%) 1.84 4.45 1.50 13.08 0.87 167 1.12 3.20
Shimmer 0.36- 0.25- 0.37- 0.15-
(dB) 0.70 1.35 0.64 0.97 0-55 1.40 0-39 0.85
Mean F 109.7- 209.3- 112.8- 197.0-
(Hz) 1419 182.3 2348 270.0 1259 148.9 224.5 259.6
Fo Range 40.75- 45.65- 43.60- 100.1-
Reading (Hz) 62.79 98.49 1ir.4 196.7 64.30 82.14 134.1 183.3
Mean |, 99.60- 97.82- 98.26- 100.1-
(dB) 1037 109.3 109.7 109.0 1021 103.2 105.1 110.3
I, Range 23.26- 26.44- 25.57- 19.53-
(dB) 32.14 35.23 31.32 36.95 31.35 33.30 3081 37.06

4  Note: Med = Median; F, — Fundamental frequency; lo — Intensity

Table 4.14
Results of Mann-Whitney U test comparing two groups for acoustic parameter of
voice exracted from Vagmi

Task Parameter Male Female
Phonation Mean Fq (Hz) 1.63 0.13
Fo Range (Hz) 3.51** 3.40*
Mean I, (dB) 0.57 0.93

lp range (dB) 1.14 3.73**
Jitter (%) 3.30* 1.79

Shimmer (dB) 0.32 3.80**
Reading Mean Fq (Hz) 0.89 1.59
Fo Range (Hz) 1.87 1.05
Mean lo (dB) 0.73 1.78
lp Range (dB) 1.06 0.37

8 Note: *p < 0.05; **p < 0.001; Fq — Fundamental frequency; I, — Intensity
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4.2.4 Emphasis production characteristics in individuals with ANSD in
comparison to individuals with NAA

Production of emphasis was assessed using three parameters — Fo, lp, and Do. A
total of ten adjective-noun phrases served as the stimuli. An average of the ten phrases
was obtained and the averaged data was subjected to statistical analysis. The data in
these parameters were found to be normally distributed, as tested using Shapiro-
Wilk’s test. The mean and standard deviation of the acoustic parameters of emphasis
in the two study groups are presented in Table 4.15. The data are presented separately
for males and females in view of known differences in the suprasegmental speech

characteristics between males and females.

Table 4.15
Mean and Standard Deviation (SD) of emphasis production
ANSD Group (N = 30) NAA Group (N = 30)
. Male Female Male Female
Condition Parameter (N = 10) (N = 20) (N = 10) (N = 20)

Mean SD Mean SD Mean SD Mean SD

Fo (Hz) 169.3 20.87 254.7 22.76 165.6 20.09 259.2 24.38

emvg::sis lo(dB) 8248 3.05 8088 234 80.11 3.30 8159 3.02

Do(ms)  485.6 1789 5949 1214 5934 1140 5144 60.48

Without Fo(Hz)  170.4 47.33 2440 25.35 151.1 21.78 2322 2332

. lo(dB)  79.83 6.18 80.11 3.04 7637 392 1191 1764
emphasis

Do(ms)  388.1 146.8 4431 98.66 410.3 123.0 3735 43.95

The results of independent t-test showed no significant difference between the
ANSD and NAA groups in male participants for any of the parameters. However, in
females, there was a significantly longer Do in ANSD group compared to that of NAA
group. Such a difference was not present in Fo and lp in females. The result was true

both in without- and with-emphasis conditions (Table 4.16).
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Table 4.16
Results of independent t-test comparing the acoustic parameters of emphasis the two

study groups separately in males and females

Condition Parameter Male (df=18) Female (df=18)
With emphasis Fo (Hz) 0.40 0.61
lp (dB) 1.66 0.82
Do (ms) 1.60 2.65*
Without Fo (Hz) 1.17 1.58
emphasis lp (dB) 1.49 0.98
Do (ms) 0.36 2.88*

Note: *p < 0.05

4.2.5 Speech rhythm characteristics in individuals with ANSD in comparison to

individuals with NAA

Speech rhythm was documented using automated analysis of envelope
modulation spectra (EMS), which was extracted for full band signal. From the
extracted envelope, six predictor variables (peak frequency, peak amplitude, energy in
the region 3-6 Hz, energy in spectrum from 0-4 Hz, energy in spectrum from 4-10 Hz,
& ratio of energy below 4Hz/above 4Hz) were computed. When tested with the
Shapiro-Wilk’s test of normality, the data were found to be normally distributed (p >
0.05). The mean and standard deviation of the six predictor variables are presented in

Table 4.17.

Table 4.17
Mean and Standard Deviation (SD) of the six EMS predictor variables of rhythm in
the two study groups

Parameter ANSD NAA

Mean SD Mean SD

Peak frequency 0.84 0.43 1.16 0.86
Peak Amplitude 1.46 0.09 1.36 0.06
Energy 3-6 Hz 0.30 0.01 0.30 0.01
Energy 0-4 Hz 0.44 0.01 0.42 0.01
Energy 4-10 Hz 0.55 0.01 0.57 0.01
Energy Ratio 0.81 0.05 0.74 0.03

60



10

11

12

13

14

15

16

17
18
19

Comparison of the two study groups (ANSD & NAA) on independent t-test
showed a significant difference in peak amplitude [t(56) = 4.87, p < 0.001], energies
in the region of 0-4 Hz [t(56) = 5.95, p < 0.001] and 4-10 Hz [t(56) = 5.11, p < 0.001],
and energy ratio [t(56) = 5.70, p < 0.001]. However, there was no significant
difference in peak frequency [t(56) = 1.78, p > 0.05] and energy in 3-6 Hz region
[t(56) = 0.06, p > 0.05]. These significant differences between the two groups reflect

the deviant rhythm characteristics in individuals with ANSD.

4.2.6 Intonation characteristics in individuals with ANSD in comparison to
individuals with NAA
The intonation was perceptually analyzed for its presence, and if present, the
pattern of intonation was identified. It was found that all the individuals with NAA
showed intonation patterns in both declarative and interrogative sentences. However,
only some of the participants with ANSD showed presence of intonation. The details
of the number of individuals who showed intonation patterns (gender-wise data) in

their speech and the respective pattern of intonation are given in Table 4.18.

Table 4.18
Distribution of participants of ANSD group based on presence of intonation pattern

for the two sentence types (Appendix 1)

Pattern when present
Sentence Male Female Total (both genders together)

(N=10) (N=20) (N =30)

Rise Fall
Declarative 1 3 9 12 4 8
Declarative 2 4 8 12 0 12
Declarative 3 4 7 11 0 11
Declarative 4 3 7 10 0 10
Declarative 5 5 9 14 2 12
Interrogative 1 6 9 15 3 12
Interrogative 2 6 9 15 6 9
Interrogative 3 5 7 12 5 13
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Interrogative 4 4 11 15 7 8

Interrogative 5 6 12 18 4 8

The data showed that most of the individuals with ANSD were monotonous.
This was true in both males and females. The observation of intonation patterns, when
present, reveals that correct pattern was followed for declarative sentences in most
instances. On the contrary, falling pattern was seen for interrogative sentences instead
of the typical rising pattern in most instances. Table 4.18 represents the instances of

wrong patterns through shading of the cells.

4.3 Relationship between auditory abilities and speech production characteristics
of ANSD

The purpose of this analysis is to determine the relationship between auditory
abilities and speech production characteristics in individuals with ANSD. To do this,
in the ANSD group, individuals with good auditory abilities were compared to those
with poor auditory abilities. The good and poor auditory ability was defined
relatively. The auditory abilities considered were pure tone average, SIS in quiet,
SPIN, GDT, presence/absence of speech evoked ALLR and presence/absence of tone
burst elicited ALLR. Only those parameters of speech that were found to be
significantly deviant in ANSD group compared to the control group were considered

for comparison in this section.

4.3.1 Comparison between individuals in whom ALLR was present and ALLR
was absent
The speech production characteristics of individuals with ANSD in whom

ALLR was present were compared with those without ALLR. This was done
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separately for speech elicited ALLR and tone burst elicited ALLR, and also separately
for the two ears.
a. Results of ALLR for speech

Among the participants with ANSD, nine of them had presence while 21 had
absence of ALLR for speech in the right ear. Similarly, there were six participants
with present and 24 participants with absent ALLR for speech in the left ear. All the
parameters of speech that showed significant deviance between ANSD and NAA
groups were compared between those who had and those who did not have speech
elicited ALLR. The median VOT (when /k/ is in the initial position), and BD (when
/d/ is in medial position) was higher in those with absent ALLR compared to those
with presence of ALLR. The results of Mann-Whitney U test showed a significant

difference between the two groups of ANSD in the parameters given in Table 4.19.

Table 4.19
The results of Mann-Whitney U test for parameters of speech that showed significant

difference between participants with and without speech elicited ALLR

Parameter

Ear Participants with Median Range Z
of speech
VOT /k/ Presence of ALLR 10.00 5-36 3.354%
initial Absence of ALLR 22.00 7-31 '
Right BD /d/ Presence of ALLR 6.00 5-9 » 393
medial Absence of ALLR 7.00 4-23 '
VOT /k/ Presence of ALLR 11.50 5-36
Left initial Absence of ALLR 2150 732 2380

Note: * p<0.05

b. Results of ALLR for tone burst
Among the participants with ANSD, ten of them had presence while 20 had

absence of ALLR for tone burst in the right ear. Similarly, there were eight

participants with present and 22 participants with absent ALLR for tone burst in the
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left ear. Results of Mann-Whitney U test revealed significant difference between
participants with and without tone burst elicited ALLR only for VOT (when /k/ is in
the initial position) (Table 4.20). The median VOT (when /k/ is in the initial position)
was significantly prolonged in individuals with absent ALLR compared to those with
ALLR. These significant differences between the two groups reflect that the
individuals with poorer ALLR produce longer VOT and BD in order to enhance their

feedback of self-produced speech.

Table 4.20

The results of Mann-Whitney U test for parameters of speech that showed significant

difference between participants with and without tone burst elicited ALLR

Parameter of

Ear Participants with Median Range Z
speech
L Presence of ALLR 12.00 5-36
*
Left ~ VOT /K/ initial Absence of ALLR 2150 532 2.043

Note: *p<0.05

4.3.2 Comparison between individuals with good and poor auditory abilities

In order to derive the relationship between auditory abilities and speech
production characteristics in individuals with ANSD, the participants were divided
into ‘Good’ and ‘Poor’ performers based on their SIS, SPIN (at 0 & 10 dB SNR),
GDT and PTA. The confidence intervals were derived from the ANSD group in each
of these auditory measures. The scores of only the left ear were considered for this
analysis as the deviation based on the left ear scores gave equivalent number of
participants in the good and poor performer groups. The participants with a score
equal to or more than the upper bound were grouped as ‘Good performers’, while
those with a score equal to or less than the lower bound were grouped as ‘Poor

performers’ in SIS and SPIN. Vice-versa was the definition of the good and poor
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performers in GDT and PTA. Subsequently, the speech production characteristics
were compared between the good and poor performers. Only those parameters of
speech that showed a significant deviance between ANSD and NAA groups were

considered for such comparisons.

a. Comparison between participants with good and poor SIS

Based on the SIS of participants with ANSD, the upper bound score was 55
and the lower bound score was 29. Accordingly, there were 13 good performers and
13 poor performers. The results of Mann-Whitney U test showed that there was no
significant difference in any of the parameters of speech between good and poor

performers.

b. Comparison between participants with good and poor SPIN at 10 dB SNR
Based on the SPIN scores obtained in participants with ANSD at 10 dB SNR,

the upper bound score was 24 and the lower bound score was 7. Accordingly, there

were eight good performers and 17 poor performers. Table 4.21 gives the results of

Mann-Whitney U test comparing between good and poor performers in terms of their

speech production characteristics. The results showed a

a) significantly prolonged median VOT (in /t/ in initial position) in the group of poor
performers compared to the group of good performers

b) significantly different peak amplitude, energy 0-4 Hz, energy 4-10 Hz and energy
ratio of speech rhythm in the group of poor performers compared to the group of

good performers.
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Table 4.21
The results of Mann-Whitney U test comparing between good and poor performers
(classified based on their SPIN score at 10 dB SNR) in terms of their speech

production characteristics

Parameter of

Participants with  Median Range Z
speech
VOT /t/ initial Good performance 9.50 8-16 2 40
" Poor performance 14.00 8-34

Peak amplitude full  Good performance 1.40 1.33-1.76 5 15

band Poor performance 1.48 1.39-1.67 '
Energy0-4Hz @  Good performance 0.43 0.43-0.50 2 56

FB Poor performance 0.44 0.43-0.47 '
Energy 4-10Hz @  Good performance 0.56 0.50-0.57 2 56

FB Poor performance 0.55 0.53-0.57 '

. Good performance 0.77 0.75-0.98

Energy Ratio @ FB Poor performance 0.81 0.75-0.90 2567

Note: *p < 0.05

c. Comparison between participants with good and poor SPIN at 0 dB SNR

Based on the SPIN scores obtained in participants with ANSD at 0 dB SNR,
the upper bound score was 23 and the lower bound score was 8. Accordingly, there
were nine good performers and 16 poor performers. Table 4.22 gives the results of
Mann-Whitney U test comparing between good and poor performers in terms of their
speech production characteristics. The results showed the following in the group of
poor performers compared to the group of good performers.

a) significantly prolonged median VOT (in /t/ in initial position & /t/ in medial
position)

b) significantly shorter median EoT (in /p/ in medial position)

c) significantly shorter median FD (in /f/ in medial position)

d) significantly higher breathiness rating for voice
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Table 4.22
The results of Mann-Whitney U test comparing between good and poor performers
(classified based on their SPIN score at 0 dB SNR) in terms of their speech

production characteristics

Parameter of

Participants with  Median Range Z
speech
o Good performance 9.00 5-16
VOT /t/ initial 2.76*
Poor performance 14.00 8-34
Good performance 8.00 6-14
VOT /t/ medial 1.91*
Poor performance 10.50 7-25
) Good performance  253.80 163-654
EoT /p/ medial 2.32*
Poor performance 124.20 17.40-563
) Good performance  103.00 35-134
FD /f/ medial 2.20*
Poor performance 70.00 22-139
Good performance 0.00 0-10
Breathiness 2.03*
Poor performance 10.00 0-50

Note: *p < 0.05

d. Comparison between participants with good and poor GDT

Based on the GDT obtained in participants with ANSD, the upper bound score
was 31 and the lower bound score was 19. Accordingly, there were 13 good
performers and 12 poor performers. Table 4.23 gives the results of Mann-Whitney U
test comparing between good and poor performers in terms of their speech production
characteristics. The results showed a significantly prolonged VOT  (in /t/ in initial

position) in the group of poor performers compared to the group of good performers.
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Table 4.23
The results of Mann-Whitney U test comparing between good and poor performers

(classified based on their GDT) in terms of their speech production characteristics

Parameter of speech Participants with Median Range A
Good performance 8.00 5-14
VOT /t/ initial 2.09*
Poor performance 11.50 7-45

Note: *p < 0.05

e. Comparison between participants with good and poor hearing sensitivity
Based on the pure tone average of participants with ANSD (only the left ear),
the upper bound was 47 dB and the lower bound was 33 dB. Accordingly, there were
nine good performers and eight poor performers. Table 4.24 gives the results of
Mann-Whitney U test comparing between good and poor performers in terms of their
speech production characteristics. The results showed a significantly shorter VOT (in
/g/ in initial position) in the group of poor performers compared to the group of good
performers. The results of CAPE-V showed a significantly higher rating for
breathiness and strain in voice in the group of poor performers compared to the group

of good performers.

Table 4.24
The results of Mann-Whitney U test comparing between good and poor performers

(classified based on their PTA) in terms of their speech production characteristics

Parameter of speech Participants with Median Range Z
Good performance 61.00 37-114
VOT /g/ initial 1.97*
Poor performance 39.50 21-70
) Good performance 0.00 0-10
Breathiness 2.55*
Poor performance 15.00 0-50
) Good performance 10.00 0-50
Strain 2.09*
Poor performance 27.50 0-50

Note: *p < 0.05
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4.3.3 Correlation between auditory and speech production measures

The speech production measures were assessed for their correlation with
auditory measures in participants with ANSD, using Spearman’s rank correlation test.
Only the scores of left ear were considered for this purpose. The results showed that
there was no significant correlation of any of the speech production measures with
that of SIS and SPIN at 0 dB SNR. However, SPIN at 10 dB SNR, GDT and PTA
showed a significant correlation with some of the speech production measures. The
results showed that

e the SPIN at 10 dB SNR showed a significant negative correlation with VOT of
/t/ and /t/, and some of the parameters of rhythm (Peak amplitude, Energy in O-
4 Hz & the Energy ratio) as given in Table 4.25.

e the SPIN at 10 dB SNR showed a significant positive correlation with Energy
in 0-4 Hz (Table 4.25).

e GDT scores significantly correlated with Energy in 0-4 Hz (r = 0.38, p =
0.03), Energy in 4-10 Hz (r =-0.38, p = 0.03) and the Energy ratio (r = 0.38, p
=0.03).

e PTA significantly correlated with VOT of /g/ in initial position (r = -0.37, p =

0.039) and breathiness rated in CAPE-V (r = 0.53, p = 0.002)

Table 4.25
The results of Spearman’s rank correlation showing significant correlation between

SPIN score at 10 dB SNR and some of the measures of speech production

VOT/t/ VOT/It/ oA Energy Energy Energy

Parameter
initial initial 0-4 Hz 4-10 Hz Ratio
r -0.46 -0.26 -0.44 -0.47 0.47 -0.47
p 0.010 0.15 0.015 0.008 0.008 0.008

Note: VOT = Voice Onset Time; PA — Peak Amplitude
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CHAPTER 5

DISCUSSION

Auditory Neuropathy Spectrum Disorder (ANSD) is known to result in
distortion of the auditory feedback owing to its temporal processing and speech
perception deficits. Based on the available literature in sensorineural hearing loss, one
can expect individuals with long-standing ANSD to show deviations in their speech
production characteristics. Therefore, in the present study, it was attempted to study
the characteristics of speech production in individuals with long-standing ANSD.
Attempt was also made to study the relationship between their speech production
characteristics and the auditory abilities. Overall, the results support presence of
deviations in speech production which appear to relate to their temporal processing
deficits. The specific findings are discussed under the following headings:

5.1  Auditory abilities of individuals with ANSD
5.2  Speech production of individuals with ANSD
5.3  Relationship between auditory abilities and speech production in individuals

with ANSD

51  Auditory abilities of individuals with ANSD

Speech perception and the gap detection thresholds (GDTs) were assessed in
the study. It was found that individuals with ANSD performed significantly poorer
compared to individuals with normal auditory abilities (NAA) in both these measures.
Reduced speech perception, both in quiet and in noise, is known to be characteristic of
ANSD and is primarily the result of a deficit in temporal processing (Zeng et al.,

1999; 2005). GDTs reflect temporal resolution abilities of an individual, and it was
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found that temporal resolution is significantly poorer in individuals with ANSD. The
results are in agreement with all the previous studies (Kraus et al, 2000; Michalewski
et al., 2005; Rance et al., 2004; Zeng et al., 1999; 2005) wherein consistent evidence
for deficit in temporal processing has been shown. The temporal resolution is
important for speech perception both in quiet and in noise. It helps the individual to
perceive the modulations in speech, helps in segmentation and deriving speech related
cues in the presence of noise. Therefore, deviant temporal resolution abilities in these

individuals are likely to result in speech perception deficits.

Poor temporal processing and speech perception is likely to negatively
influence the auditory feedback of these individuals. This is true both in cases of
listening to others’ speech and listening to their own speech. It is important to note
that the speech perception deficits in these individuals is a lot more in severity than
what could be expected of their hearing thresholds. Therefore, it is expected that the
distortion in the auditory feedback in these individuals is much more than that of

cochlear pathology.

5.2  Speech production of individuals with ANSD

Earlier studies have shown that perception of speech in individuals with
ANSD improves with temporal enhancement (Narne & Vanaja, 2008a, 2008b). When
the cues of speech such as burst and transition were increased in their duration, or
when the temporal envelope was enhanced, it was found that the speech identification
and its accuracy improved (Narne & Vanaja, 2008b). Based on these findings, one can
expect that there would be compensatory modifications in the speech of ANSD in

order to facilitate correct feedback of their own speech. In a preliminary study, Dayal
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and Maruthy (2009) found deviations in the speech production characteristics of
individuals with ANSD. However, they did not characterize it in terms of the acoustic
measures of speech. Therefore, in this study, an attempt was made to characterize the

speech both perceptually and acoustically.

The study hypothesized that long-standing speech perception deficits could
result in speech production deficits as in case of cochlear hearing loss (Culbertson &
Kricos, 2001; Dunn & Newton, 1986; Hudgins & Numbers, 1942; Smith, 1982). The
results of the study revealed that speech production characteristics of ANSD are
deviant compared to individuals with NAA, both for vowels and consonants.

However, the extent of deviation observed was more for consonants.

5.2.1 Segmental characteristics of speech in ANSD

Analyses of vowel production revealed significant differences for spectral
measures between males and females in both ANSD and NAA groups. Gender
differences observed are attributed to the differences in the vocal tract characteristics
of males and females (Pépiot, 2015; Simpson, 2009). In males, the ANSD group had
significantly lower F; (for /a/, i/ & Ivl), F, (for h/ & [lvl), and F, bandwidth (for /a/).
On the contrary, among the females, those in the ANSD group had significantly
higher Fo (for /a/ & /v /), and F; bandwidth compared to NAA group. As stated
previously, studies on speech production characteristics in ANSD are sparse.
However, literature on individuals with cochlear hearing loss provides evidence of
deviant spectral characteristics when compared to normal hearing individuals
(Culbertson & Kricos, 2002; Dunn & Newton, 1986). The researchers have attributed

deviant production to the deficits in perception and auditory feedback. The present
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study also reports similar trend in ANSD group which could be attributed to the

disrupted auditory feedback in these individuals.

In case of plosives, individuals with ANSD significantly differed from
individuals with NAA on temporal measures like Voice onset time (VOT), Burst
duration (BD), extent of transition (EoT), and speed of transition (SoT). Though there
are limited studies reporting deviant acoustic characteristics in the speech of
individuals with ANSD, there exists a vast body of literature reporting significant
deficits in their perception. To reiterate, individuals with ANSD are reported to have
relatively greater deficits in temporal processing when compared to spectral
processing. A study by Kumar and Jayaram (2006) revealed increased just noticeable
differences in VOT, BD and TD in individuals with ANSD. Based on these findings,
it is speculated that long standing temporal processing deficits could be reflected as a
distortion or disruption of the temporal measures of speech such as VOT and BD.
These findings are in consensus with the findings of Dayal and Maruthy (2009)
reporting lengthened temporal cues in the speech of individuals with ANSD. The
findings suggest that individuals with ANSD exhibit increased temporal measures of

speech as a compensatory strategy to perceive their own speech better.

Another set of sounds considered was fricatives and the findings of the study
revealed significantly longer transition duration (TD) of /[/, and significantly shorter
frication duration (FD) of /f/ in the ANSD group compared to NAA group. These

findings also support the deviations of speech production in ANSD.
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On comparison of the three classes of speech sounds considered in the present
study, it was found that more number of measures were deviant in plosives when
compared to vowels and fricatives. This could be due to the transient nature of
plosives. As discussed earlier, individuals with ANSD are known to have significant
temporal processing deficits. In such instances, perception of plosives is more prone
to disruption when compared to vowels and fricatives which are longer in duration.
Speech perception based studies in ANSD have consistently revealed plosives to be
maximally difficult compared to other classes of speech sounds (Narne et al., 2015).
Considering that the consonants are more dynamic in nature, one can assume that the
distorted auditory perception found in ANSD has greater negative influence on the
dynamic phonemes than the static phonemes. Perceptually, individuals with ANSD
showed more deviance in consonants. Greater deviation in the production of

consonants hints at the direct relationship between perception and production.

5.2.2 Voice characteristics in ANSD

The voice was characterized perceptually as well as acoustically in the present
study. On the perceptual scale, it was found that all individuals in NAA group were
rated normal on all the parameters of CAPE-V. The samples of the NAA group and
the ANSD group were randomly presented to the listeners, and the findings are true in
spite of the listeners being blinded to the samples being presented. The deviations
were observed in Roughness, Strain and the overall severity in both males and
females with ANSD. Additionally, in males, the deviations were also found in the
pitch of the voice. The findings are in agreement with Maruthy, Rallapalli, Shukla, &
Priya (2019) who reported deviations in Roughness, Strain and Breathiness of the

voice in a different group of 11 individuals with ANSD. However, from the present

74



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

findings, it is not plausible to speculate whether these deviations are secondary to the

reduced hearing sensitivity or compromised auditory processing or both.

The acoustic analysis of voice revealed that individuals with ANSD have
higher Fy range, lp range, jitter and shimmer in their voice compared to the NAA
group. These findings reflect poor control of voice, probably attributed to the
compromised auditory feedback. The deviations in the voice observed in the

perceptual analysis could be partly explained by the deviations in Fq range and jitter.

5.2.3 Suprasegmental characteristics of speech in ANSD

Analysis of emphasis production characteristics revealed significantly longer
Dy in females of ANSD group compared to the NAA group. This was true for both
with-emphasis and without- emphasis conditions. This suggests that individuals with
ANSD are prolonging the emphasis on a particular utterance which could be probably

to facilitate the feedback of the emphasis intended.

The findings also revealed deviant speech rhythm characteristics in individuals
with ANSD when compared to the individuals in the NAA group. These findings are
objective evidence to the preliminary investigations of Dayal and Maruthy (2009)
who reported deviant prosody based on the perceptual ratings of the speech of
individuals with ANSD. The peak amplitude of the modulation spectra, energy in 0-4
Hz and 4-10 Hz region, and the energy ratio was found to be higher in the speech of
individuals in ANSD group compared to the NAA group. The deviant peak amplitude
and the amplitude in different frequency bands reflect the deviant rhythm

characteristics in individuals with ANSD. However, the specific deviations within

75



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

rhythm cannot be derived from the present findings. In a recent investigation, Priya,
Seth, and Maruthy (2018) reported lengthened temporal cues as characteristic feature
of speech of ANSD at the segmental level. However, the pattern of variation of
amplitude spectra across the frequency bands remained similar between the two
groups. This suggests that the rate of speech was unaltered in individuals with ANSD.
The lack of significant difference in the peak frequency of envelope spectra is an
additional evidence for this inference. Taken together, the existing evidence indicates

lengthened temporal cues without significant alteration in the rate of speech.

The increase in the amplitude of the envelope spectra in individuals with
ANSD suggests that the spectral variations in the amplitude of the envelope are larger
in these individuals compared to that of controls. The individuals with ANSD are
known to have deficits in processing the temporal modulations and need more
modulation depth compared to controls (Kumar & Jayaram, 2005) for perception.
Therefore, the modulation spectra are being enhanced in their own utterances,
probably as compensatory mechanism to facilitate perception of the self-uttered
speech. The findings support closed-loop models of speech production. The
deviations in rhythm production observed in the study could be either due to the
hearing loss and/or temporal processing deficits. The relative role of the two variables

in the resultant rhythm deviations needs to be explored in future studies.

Dayal and Maruthy (2009) have reported deviations in the prosody of
individuals with ANSD. The current findings are in agreement and show absence of
intonation in most instances. In instances when the intonation was present, most often

it was erroneous. The deviations in the intonation were primarily seen in
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interrogatives sentences, wherein a falling pattern of intonation was seen instead of
rising. The interrogative sentences require more variations in the pitch compared to
the declarative sentences, and this could be the possible reason for finding the
deviations primarily in interrogative sentences. Poor control of the vocal parameters,
as found in the acoustical analysis of voice, may have contributions to the poor
intonation patterns observed. The poor intonation patterns observed is likely to make
the speech of ANSD sound less natural and hinder the effective communication of

their emotions or the intent.

Overall, speech production characteristics of individuals with ANSD reflect
poor control of the vocal parameters, prolongation of the temporal characteristics of
speech, deviations in the segmental and suprasegmental aspects. The observed
characteristics, although, have many deviations in common with that of adventitious
cochlear hearing loss, they are not totally same. This warrants a detailed assessment
of speech characteristics in individuals with ANSD at regular intervals, and early

intervention, if deviations are found.

5.3 Relationship between Auditory Abilities and Speech Production in
Individuals with ANSD
It was in the interest of the present study to statistically verify whether the
deviations observed in the speech production characteristics are related to their
auditory abilities. The findings showed support for the relationship between the two,
i.e. those with poor auditory abilities were found to be more deviant in their speech
production characteristics. Such a relationship was found to exist with hearing

sensitivity, temporal processing, speech perception in noise, and the characteristics of
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late latency responses. In general, the vocal parameters, the temporal characteristics in
terms of VOT, and speech rhythm were found to be significantly deviant in
individuals with poor auditory abilities compared to those with better auditory
abilities. Earlier studies (Dayal & Maruthy, 2009; Maruthy et al., 2019) have also
reported significant relationship between perception and production attributes.
However, the current study projects a lot more detailed analysis of both perceptual

and speech production attributes compared to the previous studies.

It is important to note that the relationship between auditory abilities and
speech production was verified in two different ways. First, by comparing between
individuals with good and poor auditory abilities, and second, through correlation
analysis. Both kinds of statistical analyses support a significant relationship between
the two. Taken together, the findings suggest that poorer the auditory abilities, more
deviant the speech production characteristics are likely to be. These results support
the closed loop models of speech production highlighting the importance of auditory

feedback and its role in speech production.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

Individuals with Auditory Neuropathy Spectrum Disorders (ANSD) are
known to have speech perception poorer than what could be accounted by their
hearing sensitivity. Deficits in temporal processing are known to be the primary
reason for their poor speech perception. Therefore, one can expect speech production
characteristics to be deviant and unique in these individuals compared to those with
adventitious cochlear hearing loss. Hence, the primary aim of the study was to profile
the speech production characteristics of individuals with ANSD, and assess its

relationship with their auditory abilities.

Thirty individuals diagnosed to have ANSD participated in the study. They
were assessed for their auditory abilities in terms of hearing sensitivity, speech
perception (in quiet & in noise), gap detection thresholds, and late latency responses.
Their speech production characteristics were profiled in terms of segmental and
suprasegmental aspects. Segmental aspects included acoustic analysis of vowels,
plosives, fricatives, and voice characteristics while suprasegmentals included
emphasis, rhythm, and intonation. The auditory abilities and the speech characteristics
of individuals with ANSD were compared with those of individuals with normal
auditory abilities (NAA). Attempts were also made to statistically analyze the
relationship between auditory abilities and speech production characteristics of

individuals with ANSD.
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Results revealed significantly poorer auditory abilities in individuals with
ANSD compared to NAA. The speech production characteristics were deviant in
segmental as well as suprasegmental aspects. The temporal cues showed a
characteristic prolongation in the speech of individuals with ANSD. The perceptual
and acoustic analysis of voice hinted at poor control of the vocal parameters.
Deviations were also seen in the parameters of emphasis, rhythm, and intonation.
Further, the deviations seen in the speech production were related to the auditory

abilities of individuals with ANSD.

The findings suggest that the compromised auditory processing in
ANSD has negative impact on speech production owing to the compromised auditory
feedback. The close association of the deviations observed with that of the auditory
processing measures, indicate that the deviations seen in speech production cannot be
solely attributed to the reduced hearing sensitivity. The findings support the closed
loop model of speech production. This calls for a detailed assessment of speech
characteristics of individuals with ANSD at regular intervals. Further, it is
recommended to identify and rehabilitate ANSD at the earliest possible to minimize

the negative impact on speech production.
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APPENDIX |
TEST STIMULI

Segmental aspects of speech

A. Wordlist to assess the acoustic characteristics of vowels

Sl. No. Target word IPA
1. 3Ly, Ikabbo/
2. o, Idoppa/
3. =T Isora/
4, 3o [krvi/
5. Lo /dimbuo/
6. Ao [sthi/
1. 30 Ikori/
8. oW Idomby/
9. 30 Isuk"a/

B. Wordlist to assess the acoustic characteristics of plosives

SI. No.  Target word IPA SI. No.  Target word IPA

1. FT Ikaro/ 9. &3 /aka/

2. T lgare/ 10. en laga/

3. CSplew Itarol 11. e latal/

4, =158 /dobbi/ 12. Sl lada/

5. T Itarol 13. &3 lata/

6. R0 /dari/ 14, Sl lada/

7. T Iparo/ 15. SEy lapa/

8. W20 /bari/ 16. S /aba/

C. Wordlist to assess the acoustic characteristics of fricatives

SI. No.  Target word IPA Sl. No. Target word IPA
AT [sora/ 1. Sh lasel
Bod Ifonk"a/ 2. =3 /afal
T [fenol 3. TR Ikafi/




D. Reading passage for voice analysis

BonPedd I, TOBE worH BARB YWD, B YWSY I, COBRT “Broweod”
AT, WRNBPRT BRB, INCNTY, WWBR 2.0wH. 85 NNORY @ BIG Bed
e NNTNPOB  WAT. WYE I, ToRBO T Wewwdd, Wer®, IJod,
ARRYR SRR wITH WHTH. Bt PRI, Fe, 00y, LIBPT.

/bengaliro nomma radsjoda ond v dodda Gro/ /1 Gronnu nomma radzjoda bomb ajr
ennovaru/ /indijada do dda nagoragalallt 1di ond v/ /1 Gronnu nodslu dzonaru bére bére
arogoalinda b arovearu/ idsllode nomma radzjodsllirova béliro, d3og, nondi, vogslonnu

nodolu dgenaru barvvary/ /i nadmnall réfmejonno belgjovau/

Suprasegmental aspects

A. Noun-Adjective phrases to assess emphasis

Sl. No.  Target word IPA Sl. No.  Target word IPA
1. g, vond Ifikka angodi/ 6. BF, DK, Idoppa monufja/
2. 2O A Inilt bassu/ 7. goDy MW /kempo gulabi/
3. BATY 2383, /hasiro betta/ 8. BRB 0 /dodda mora/
4, WY W, /b1lx bottr/ 9. oD Iy /kempu penno/
5. 2083, teol Iputta gombe/ 10. 83, 3e Ikappo [u/

B. Sentences to assess rhythm

I 3 OB 2"% oo T, eTTW ReWONEH TRTBLZ 0N ATHR)TH BF, B/,
TNW0 BRT.

[ kalodoallt o]l tolrja kafmirada sébugoluv marvkattejolll siguvodu kafta matto
dobarr kuda/

il. RO TITINONTY TJ0N WP RTH 30T @@oﬁo@m 53@?30@@%3’2)560.

/arna hudugrjero maneja balr rova marada adrjollr kolitokol|ovaro/



iii. T W WRTTTY,  BRNGIRALD @@a&’md’oﬁadm SBAT QTR IY  ®ITY
PO0e TmPRT N, BoDY, WSS,

/b raftagarovonnu hogoladisaluo onnahodsare avoru nadesida vpavasavu dgonarallr
bMart promanada dzagrotijonnu belesito/

iv. Sail :Z;e%og DRTO Fowd JIB ﬁoé’@@ﬁaﬁﬁ 3&’)0[ SOOMNR  LWOTH BOTTTIT
,%ec?oﬁamq NTBONRT O33N é’@é&%.

/nanna snéhite modolas ambola poadeda sontofokkagr tonna tajige ondu
sondoravada sirejonnu vdogorejagr kotalo/

V. Y N BWE HTE SLRENTGD  To ATTI0 SRCTEL BeeT).
Inavu €lu dgona erado otogalallr ragrr sStnema nodslu hodevo/
C. Sentences to assess intonation
(@) Interrogatives

i. TRONES AT, @a’s& @va’a 333%3_03?

[stirjona sutta efto grohogo|u Suttuttove?/

ii. D¢ ey RO R B eoe?

/nale nivo ellige hogottira?/

iii. BIEIT Uazsscj mgaémog 0339057

Ikarnatoka radgjoda mok jomontrt jarv?/

iv. mee 30T BDRTY D?

/ntmma tondeja hesoro env?/

V. AR Bo0w 2F 2T ol 03YTH?

/nimage tomba 1ftovada tindr javodo?/



(b) Declaratives

I. IZEE ©E TR BT RNY W3 TSRSNoZ WEY RoWTN TN T.

/kannodada okforomale bere b"afegola okfaromaleginta bohola sundorovagr
kanottode/

il. T[T 3a$oe BOF 20N U@%OSD ﬁ@é_ﬁ mSOSJSQGL SNQTTO.

/dzonaru tomma kelosa muogist ratrija hottige mangjonnu talopidaro/

iii. WTIRY, wION ABITEN oz u%d THOORY TR 7N T

/bahalaftu dgonarige samanjovagr kempo bonnada gulabr hiivo 1ftevagottode/

(\2 RTT) STRIOD TRT ATTR SRR WIY FZoNT[IT IT,00.

/dzonaru tomafeja hosa sinema nodi bahala somojodovarege nokkaro/

V. 23083 DINYY 3 ésmsmgz)’@ 200230 TLRVOIPNT.
Nttiffna dinagalallt mokkala vidjab"jasevo temba dobarijagide/



Appendix I

Demographic details and audiological findings of participants with ANSD

sl Age | Duration | pTa (B HL) | SIS(%) | Tymp Reflex OAE | ABR | LLR
NO (yrs)/ of loss _
Gender (yrs) R L R L R/L Ipsi | Contra R/L R/L R/L
1 31/M 6 40.00 | 36.25 | 35 35 A/A NR NR P/P NR | P/NR
2 18/M 7 60.00 | 73.33 | CNT | CNT AIA NR NR P/P NR NR
3 34/M 5 2250 | 18.75 | 30 25 A/A NR NR P/P NR NR
4 23/IM 6 17.50 | 15.00 | 35 25 AIA NR NR P/P NR P/P
5 19/F 8 41.25 | 38.75 | 45 45 AIA NR NR P/P NR P/P
6 26/F 14 58.33 | 76.67 | CNT | CNT AIA NR NR P/P NR NR
7 22/F 7 33.70 | 35.00 | 65 60 AJAs NR NR P/P NR P/P
8 26/F 9 36.25 | 41.25 | 50 60 AIA NR NR P/P NR P/P
9 19/M 8 77.50 | 58.75 | CNT | CNT AIA NR NR P/P NR NR
10 18/F 6 36.25 | 28.75 | 35 30 A/A NR NR P/P NR NR
11 40/F 10 35.00 | 38.33 | CNT | CNT | As/As | NR NR P/P NR NR
12 29/F 8 50.00 | 37.50 | 55 50 C/IA NR NR P/P NR P/P
13 19/F 7 18.75 | 3750 | 25 45 AIA NR NR NR/P | NR NR
14 29/M 5 500 | 21.25 | 15 25 Ad/A NR NR P/P NR P/P
15 23/F 12 28.75 | 50.00 | 45 60 AIA NR NR NR/P | NR NR
16 18/F 7 20.00 | 11.67 | 55 50 AJAs NR NR P/P NR NR
17 27/F 15 90.00 | 90.00 | CNT | CNT AIA NR NR P/P NR NR
18 21/F 8 30.00 | 26.25 | CNT | CNT | As/As | NR NR NR NR P/P
19 28/F 7 23.33 | 3333 | 25 30 AIA NR NR P/P NR P/P
20 18/F 7 21.25 | 16.25 | 25 30 AIA NR NR P/P NR P/P
21 32/F 9 28.75 | 2750 | 35 30 AIA NR NR P/P NR | NR/P
22 19/F 6 18.75 | 48.75 | 20 70 As/As | NR NR P/P NR | P/NR
23 40/F 14 65.00 | 36.67 | 65 40 AIA NR NR P/P NR P/P
24 22/F 8 36.20 | 42.50 | 45 65 A/A NR NR P/P NR NR
25 38/F 5 21.25 | 23.75 | 20 15 AJ/As NR NR P/P NR NR
26 20/M 8 56.67 | 85.00 | 70 | CNT AIA NR NR P/P NR NR
27 25/M 9 28.33 | 46.67 | CNT | CNT | Ad/Ad | NR NR P/P NR | NR/P
28 34/F 7 36.67 | 48.30 | 45 55 A/A NR NR P/P NR NR
29 34/F 9 31.67 | 40.00 | 45 50 Ad/A NR NR P/P NR P/P
30 23/M 7 70.00 | 66.25 | 75 65 Ad/Ad | NR NR P/P NR | NR/P
Note: yrs-years, PTA-Puretone average, SIS- Speech identification score, Tym- Tympanometry, Reflex- Acoustic

reflex, OAE- Otoacoustic emissions, CM- Cochlear microphonics, ABR- Auditory brainstem response, LLR- Late
latency response, NR- No response, P- Present, R- Right ear, L- Left ear, Ipsi- Ipsilateral, Contra- Contralateral, F-

Female, M- Male, CNT- Could not test.




Glossary

Abbreviation

Expansion

ABR
AD
ALLR
ANSD
ASHA
BD
CAEP
CAPE-V
CD

Do
DIVA
DPOAE
EcochG
EMS
EoT

Fo

F.BW
F2
F.BW
FD
FRDA
GDT

IHC
JND
MEMR
NAA

Auditory brainstem response

Auditory Dys-synchrony

Auditory late latency response
Auditory neuropathy spectrum disorder
American Speech-Language and Hearing Association
Burst duration

Cortical auditory evoked potential
Consensus Auditory—Perceptual Evaluation of Voice
Closure duration

Mean duration

Direction into velocities of articulators
Distortion product otoacoustic emission
Electrocochleography

Envelope modulation spectra

Extent of transition

Mean fundamental frequency

First formant

First formant bandwidth

Second formant

Second formant bandwidth

Frication duration

Friedrich's ataxia

Gap detection threshold

Mean intensity

Inner hair cells

Just noticeable difference

Middle ear muscle reflex

Normal auditory abilities




nPVI
OAE
OHC
PTA
rPVI
SINFA
SIS
SoT
SPIN
B

TD
TEOAE
TMTF
VD
VOT
WHO

Normalized pairwise variability index
Otoacoustic emission

Outer hair cells

Pure tone average

Raw pairwise variability index
Sequential information analysis
Speech identification score

Speed of transition

Speech in noise

Tone burst

Transition duration

Transient evoked otoacoustic emission
Temporal modulation transfer function
VVowel duration

Voice onset time

World Health Organization




