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CHAPTER1

| NTRCDUCT! ON

Ear is one of the most inportant links in the speech chainand is
essentia for comunication. Al information fromthe peripheral receptor
organ (cochl ea) iscarriedtothe brainfor anal ysis through afferent auditory
pat hways. H gher neurocenters have control over the peripheral receptors
through efferent pathways (Huf f man & Henson, 1990). Deficits anywhere
inthese structures and pat hways w | | eadto hearing inpairnent. The mgj or
effect of hearinginpairment i slossof someor dl of theinportant acoustic
cues whi chinturnaffect speech perceptionand comuni cati on.

Offerent assistive devi ces fromhearingaidstocochl ear inplantsare
available to facilitate hearing, and thereby communication, in individuals
with hearing inpairnment. However, dl hearing inpaired individuals may
not benefit fromanplification devices. There is evidence to show that
individual s with auditory dys-synchrony may not benefit fromhearing aids
(Sarr, Picton, Sninger, Hood & Berlin,. 1996, Seinet d., 1996). The
condition of auditory neuropathy is more recently called auditory dys-
synchrony (Berlin, Hood & Rose, 2001). Persons with auditory dys-
synchrony often conplain that they hear, but that they do not understand.
Furthernore, their problemin understanding speech is aggravated under
listening situations where noise and reverberation is present to a greater

degree than usual. The speech understanding deficits of individuals with



auditory dys-synchrony are disproportionate to the degree of their hearing
loss unlike those in the cochlear hearing loss group (Li, Wang, Chen &

Liang, 2005; Sarr et ., 1996).

1.0 Audiological Profile I'nAuditory Dys-synchrony

The disorder of auditory dys-synchrony is characterized by absence
of auditory brainstem responses (ABR) in the presence of normal
otoacoustic emssions and/or cochl ear m crophonics (Starr et a., 1996).
However, if ABRs are present, thenthey are severely abnormal. In other
wor ds, a person with auditory dys-synchrony presents evidence of normal
outer hair cell functioning, but abnormal auditory nerve functioning. In
general, subjects who show evidence of (&) poor auditory functioning, and
(b) poor auditory neural functions inthe presence of normal outer hair cell
functions are considered to have the condition of auditory dys-synchrony
(Si ninger&0ba, 2001 ).

The general audiological findings in these patients suggest that
responses whi chrequire intact auditory nerve or brainstempat hways |ike the
acoustic reflex, ABRs, masking level difference and efferent suppression of
otoacoustic emssions are abnormal. As said earlier, ABRS are generally
absent, but when present, are severely abnormal. The extent of abnormality
i's disproportionatetothe subject's audionetric thresholds for puretones. (n

the other hand, cochlear responses |ike otoacoustic em ssions and cochl ear



m crophoni cs that are aresult of normal ly functioning outer hair cells are

normal (Berlin, 1999; Sntarelli &Arslan, 2002; Sarr et d., 1996).

11 Pat hophysiol ogy of Auditory Dys-synchrony

Auditory dys-synchrony may affect the functioning of inner hair
cell's, synaptic junctions between theinner hair cells and auditory nerve, or
the auditory nerve itsdf (Sarr et a., 1996). The physiologic changes
acconpanying auditory dys-synchrony may lead to a reduction in the
number of conducting fibers due to axonal loss. In an histopathol ogi cal
study of cochlea and auditory nerve in an individual with auditory dys-
synchrony, Sarr et a. (2003) found that the organ of corti was normal
throughout the cochl ea except at the apical turn where a 30 %I oss of outer
hair cell's was observed. But, theinner hair cellswerenormal throughout the
length of the cochl ea. However, there was a profound |oss of ganglion cells
(>95% . The auditory nerve adjacent to the cochlear nucleus showed a
mar ked reductioninthe number of auditory fibers. Furthernore, the nyelin
sheat h on the surviving audi tory nerve fibers was thin indicating i nconpl ete
renyelinization. Therefore, it may be saidthat reduced neural input dueto
axonal oss could result inthe loss of acoustic reflexes, that is, mddl e ear
muscl e and ol ivocochl ear reflexes (Sarr, Pcton & Kim 2001). These
reflexes are evoked using suprathreshol d signal s that activate arge nunber
of auditory nerve fibers and this may not be possible in persons with

audi tory dys- synchrony because of |arge axonal |0ss.



Persons with auditory dys-synchrony may also nanifest
asynchronous firing of the auditory nerve fibers due to denyelinization
(Sarr et d., 2001). Denyelinization affects salutatory conduction and
thereby sl ows down the conduct i on vel ocity of the nervefibers. If the extent
of slowing varies fromone fiber to next (due to different degrees of
denyel i ni zation), thenit |eads totenporal asynchrony inthe firing of the
audi tory nerve fibers thereby reducing the compound action potential of the
audi tory nerve. Asynchroni zationnot only affects ABRs, but al soinfluences
audi t ory perception dependent ontenporal cues (Kraus et a., 2000; Rance,
Mckay, &G ayden, 2004; Sarr et d., 1991, Sarr et d., 1996: Zeng, Oba,
Garde, Sninger, &Sarr, 1999; Zeng, Kong, M chal ewsk, & Sarr, 2005).

Axonal |oss and denyel i ni zati on can occur toget her.

1.2 Speech Perceptionin Auditory Dys-synchrony

[t is nowwell established that speech identification ablities of
individuals wth auditory dys-synchrony are disproportionate to the degree
of their hearingloss (Li, et d., 2005; Sarr, et d., 1996). Infact, it canbe
said that disproportionately poor speech identification scores which is
di sproportionate to puretone thresholds is the cardinal characteristic of
persons wi th auditory dys-synchrony. Speech perception ailities in these
patients appear to depend on the extent of distortion of tenporal cues at
suprathreshold levels rather than access to speech spectrum (related to

audibility), unlikeinpatientsw thcochl ear hearingloss (Raneeet d., 2004;



Zenget d., 1999; Zenget d., 2005). Zenget a. (1999) reported abnor mal
results on two measures of tenporal perceptioninagroup of childrenwith
audi tory dys- synchrony: (i) gap detectionthreshol d (identificationof silence
embedded within bursts of noise) and (ii) tenporal nodul ation transfer
function (measure of sensitivity to slow and fast anplitude fluctuation).
They al so found acorrel ation bet ween t enporal nodul ation transfer function
(TMTF) and speech identification scores intheir patients. They nodified
tenporal paraneters of speech to a level which produced tenporal
processing deficits in persons with auditory dys-synchrony.  They
admni stered such edited speech to normal hearing listeners and found that
the edited acoustic sanpl es resulted in poor speech recognition adlities in
normal s simlar to those seen in individuals with auditory dys-synchrony.
Zeng et a. (1999) concl uded that asynchronous firing of the auditory nerve
resulted in distorted tenporal coding of speech which in rumresulted in
poor speech recognition that was disproportionate to the degree of hearing
loss. Ranee et a. (2004) al soreported poor performance on tasks i nvol ving
timng cues ( TMTF, tenporal aspects of frequency discrimnation) in a
group of 14 childrenwi th auditory dys-synchrony. Specifically, processing
abnormalities on these tenporal tasks were significantly correlated with
speech identification scores. Ranee et a. attributed these di sproportionate
speech identification scores to deficits in the processing of tenporal
i nf or nat i on.

It has been shown that performance of individual s withauditory dys-

synchrony is simlar to normals on perception of intensity related



information such as sound localization based on interaural level difference
and | oudness di scrimnation (Zeng et d., 2005). Incontrast, the subjects of
Zeng et a. (2005) exhibited severe problens intimng related perception
like tenporal integration, gap detection, tenporal nodul ation detection,
backwar d and f orward maski ng, and sound | ocal i zation usinginteraura tine
differences. Individuals with auditory dys-synchrony have difficuty in
Oetecting short duration acoustic signa's, but not | onger ones.

Anot her factor that is reported to be related to speech identification
scores in individuas wth auditory dys-synchrony is cortical event-related
potertias. Ranee, Con- Wsson, Winder | i ch and Dowel | (2002) reported that
a subgroup of children wth auditory dys-synchrony, who had recordable
cortica evoked potential's, performedwel | onanopenset speechidentification
task and derived significant benefit fromanplification. Incontrast, subjects
who had no recordabl e corticd evoked potentia s performed poorly on speech
| centification tasks. Ranee et a. concluded, onthe basis of this observation,
that presence of corticd auditory evoked potentia reflects some amount of
preserved synchrony in central auditory systemwhich contributes to better
speech understanding despite the distortion that occurs at 8" nerve and
audi tory brai nstemlevel s inthese individual s.

Only limted data is available on fine-grained speech perception
dilities of individuals wth auditory dys-synchrony. Kraus et a. (2000)
presented data on electrophysiological, psychophysical and speech
perception characteristics inarare case of auditory dys-synchrony who had

normal hearing thresholds. They studied just noticeable differences for



synthesi zed consonant -vowel continua /ba-wa/ and /da-ga/. The subject
showed poor performnce on /da-ga/ continuum In addition, presence of
noi se degraded the discrimnation ability of this subject to a greater extent
thanit didinnormals. Kraus et al. concludedthat timnginfornation, at
stimulus onset, was most vulnerable to disruption while representation of

l'ong duration steady state timngcues was better preserved.

13 Need for Studies on Auditory Dys-synchrony

It was general |y believed, until 1995, that auditory dys-synchronyis
araredisorder. Onthe contrary, it isnot suchan extremely rare disorder.
The reported preval ence of auditory dys-synchrony varies from11%to0.5%
(Davis &Hrsh, 1979; Ranee, et a., 1999; Tang, McPherson, Yuen, Wong,
& Lee, 2004). Davis and Hrsh (1979) reported that 1 in 200 hearing
i npai red children exhibit an audiol ogical picture that is consistent withthe
contenporary diagnosis of auditory dys-synchrony. Ranee et a. (1999 -
hospital based statistics) assessed 5199 'at risk' children for auditory dys-
synchrony. The preval ence of children with auditory dys-synchrony in at
risk population was 1 in 433 (0.23% and in children with hearing
inpairment was 1 in 9 (11.01%. Tang et a. (2004) investigated the
frequency of occurrence of auditory dys-synchrony in school -aged hearing-
i npai red children and reported a preval ence of 2. 44% However, thereis no
information onthe preval ence of this probl emin the Indian scenario. If the

prevalence of this problemin our population is conparable with that



reportedinthe st ern popul ation, thenfurther studies onthis popul ationis

jtified

14 Satenent of the Problem

Previ ous st udi es on speech per cepti on and psychophysi cal aiilities of
i ndivi dual s wi thauditory dys- synchrony suggest markedl y af fected t enpor al
processi ngintheseindividuals. Infact, thereis reasonabl e evi dence to show
that persons wth auditory dys-synchrony find it nore dfficdt to perceive
short duration dynam ¢ sounds than | ong duration steady sounds (Kraus et
d., 2000; Zeng, et d., 2005). Therefore, the purpose of this studyisto
understand the role of some short duration tenporal paraneters of speech
segments on the perception of speech in individuas wth auditory dys-
synchrony. Specifically, this study aimed at investigating perception of
speech in individuds wth auditory dys-synchrony when tenporal
par anet ers of speech like transition duration, burst durationand voi ce onset
tine were nodified Related to this, the study also investigated the
influence of these tenporal paraneters, in isoaion and in conbination,
nodi fiedintheunits of JNDs, on speech perception. Furthernore, tenporal
resolution in individials wth auditory dys-synchrony was studied by
measuring TMTF and its relation to speech perception. Anot her issue that
this study addressed related to the preval ence of the probl emof auditory

dys-synchrony in Indian popul ation. This was done to see if the extent of



the problemis large enough tojustify focused research into auditory dys-

synchrony.

15 (ojectives of the Study

The obj ectives of this study wereto

a) find the prevalence of the problem of auditory dys-synchrony in
I ndi an popul ation and to describe general audi ol ogi cal characteristics
inthisclinica popul ation,

b) measure the just noticeable difference for voice onset tine, transition
duration, and burst duration of speech segnents inindividuals with
audi tory dys-synchrony and to conpare these with those for norm
| steners,

c) investigate the effect of changed voice onset tine, transition
duration, and burst duration of speech segnments, inisolaionandin
conbi nation, on speech perception inindividuals wth auditory dys-
synchrony, and

d) obtain TMTF by neasuring detection threshol ds for sinusoidally
anpl i tude nodul at ed white noise at 4 Hz, 16 Hz, 32 Hz, 64 Hz, 128
Hz and 200 Hz and conpare these results with speech perception

abilities in persons with auditory dys-synchrony.



16  Justificationforthe Study

Patients with auditory dys-synchrony have marked deficits in
prwessmyt enpont nf or mati on, but spared ability for processingintensity
and frequency information (Ranee etal., 2004). This is in contrast %
patients with cochl ear hearing loss who typicaly denonstrate |oudness
recruitment and broadening of auditory filters, but, normal processing of
tenporal infornation, at least at high sensation levels. Persons with
cochl ear hearing loss derive significant benefit fromhearing aids which
enpl oy nonlinear conpression circuits. Al these hearing aids assume
abnormal functioning of outer hair cells (Berlin, Hood, Hurely & Wen
1996) . Hence, these aids are of not much use for i ndividual s withauditory
dys-synchrony who have normal outer hair cell functioning.  Cther
managenment strategies used by individuas with auditory dys-synchrony
i ncl ude FMsyst ens, cochl ear inplants, perceptual training, speech reading
and cued speech (Kraus, 2001). Cochl ear i nplant may be a vi abl e optionfor
some of auditory dys-synchrony patients. Many studies have shown that
benefit fromcochl ear inplants for individualswth auditory dys-synchrony
I's conparabl e to that of individuals with cochlear hearing |oss (Buss,
Labadie, Brown, Qoss, Gose & Fllsbury, 2002; Myanoto, Kirk,
Renshaw, &Hussain, 1999; Peterson, et d., 2003; Shall op, Peterson, Facer,
Fabry, &Driscoll, 2001; Trautwein, Sninger &Nel son, 2000). But, the
degree of hearing|oss may not justify the use of cochl ear i npl ant i nsome of

these individual s wi th auditory dys-synchrony as an option of management .



Therefore, a cochlear inplant for persons with auditory dys-synchrony is
debat abl e. Hence, thereis aneedtoexplorealternative strategies of speech
processingthat are much less expensive andinvasive t han cochl ear inpl ants,
but, whi chbenefit individual sw thauditory dys-synchrony.

The availabl e hearing aids do not faithfully reproduce the stinulus
particularly the rapi dtenporal changes. This is especially at true at high
modul ation frequencies. The result isthat certain amount of distortionis
introduced intothe processed signal and this distortion may interfere with
speech perception (Kumar & Jayaram 2005). Hence, anewtype of hearing
aid designis called for to inprove speech recognition in patients with
auditory dys-synchrony. The new inproved design should provide for
augmenting/ modi fying tenporal information of speech. It would be
necessary to understand the effect of modification of tenporal aspects of
speech on their perception in patients with auditory dys-synchrony to
devel op and i npl ement an a ternate speech processing al gorithmin hearing
aids. Patients with auditory dys-synchrony show speech recognition
abilities, bothinquiteandnoise, that are disproportionatetotheir degree of

hearing | oss for puretones.

Several psychophysical studies, have shown using nonspeech stimili,
marked deficits in processing tenporal information in individuals with
auditory dys-synchrony while frequency and intensity coding are only
marginal |y affected. It can be hypothesizedthat these tenporal processing
deficits distort speech leading to poor speech recognition in these

individuals. Hence, it isnecessarytostudythetenporal processingdeficits



and effects of modification of tenporal parameters of speech, on speech

perceptioninindividualswthauditory dys-synchrony.



CHAPTER?2

REVI EW

The termauditory dys-synchrony has heen used to describe a formof
hearing i npai rment in which cochl ear anplification function is normal, but
neural transmssioninthe auditory pathwaysis disordered. Thisclinica entity
was first described in detail by Sarr et a. (1991) in one subject and was
thought to include a dysfunction of the auditory nerve. Subsequently, ten
subjects with simlar sympt oms were identified (Sarr, Picton, Sininger, Hood
& Berlin, 1996). As eight of these subjects had acconpanying peripheral
neuropathies, this condition was christened auditory neuropathy. However,
mor e recently, Berlin, Hood andRoss (2001) suggestedthe termauditory dys-
synchrony as a more accurate indicator of the underlying condition. The
coi nage of the termwas based ontwo primary underlying factors:

a) the auditory nerve itself may not be affected, and

b) the term auditory neuropathy may lead clinicians not to consider
cochlear inplant as a management option. It has subsequently been
shown that these individual s with auditory dys-synchrony benefit from

cochlear inplants (Berlin, Hood, Morlet, Rose, & Brashears, 2003;

Berlin, Mrlet, &Hood, 2003; Petersonet a., 2003).

It is generally agreed upon by audiologists that a person to be

diagnosed with auditory dys-synchrony must have the follow ng features

(Sininger & Cba, 2001):

13



a) evi dence of poor auditory functioning - patient nust be having
difficuty inunderstanding speechat east insome situations regardl ess
of thelevel of pure tone hearing threshol ds, and

h) evidence of poor neural functioning - patients should not have ABRs,
and if present, they shoul d be abnormal as well as elevated. The
acoustic auditory brainstem reflexes (stapedia reflex, nedial
ol i vocochl ear bundl e reflex and maski ng | evel difference) are general |y
not present, and

¢)  evidence of normal cochlear anplification function - patients nust

showei ther cochl ear m crophoni cs or ot oacoust i ¢ em ssi ons.

1. 0Qinical Profileof Patients with Auditory Dys-Synchrony

11 Onset and Cour se

Thereisnot muchresearchinfornationavailableonthe age of onset of
audi tory dys-synchrony. However, evidence availabl e points to childhood as
the age at whi ch onset takes place. Sninger and Oba (2001) studied a group
of 59 individuals wth auditory dys-synchrony and reported a mean age of
onset of 9years. 75%of their patients werelessthan 10 years of age whenthe
first sympt omof auditory dys- synchrony was seen. Infact, the age of onset of
audi tory dys-synchrony inthe clinica popul ation of Sninger and Oba ranged
bet ween birth to 60 years of age withthe largest group reporting onset of the

probl embefore 2 years of age. As the problemof auditory dys-synchrony

14



recovers after the onset, or fluctuates (Berlin, 1999), thetrue age of the onset

of the probl emmay never be known.

Equal I'y unpredictable i s the course of auditory dys-synchrony. The
condition resolves or remains the same in some individuals. Hearing
threshol ds fluctuate insome, and get worseinsone. Berlin(1999) identified
several patternsinthetine course of auditory dys-synchrony. Some of these
areas fol | ovs:

a) Some patients show retrograde loss of cochlear mcrophonics and
otoacoustic emssions and become almost indistinguishable from
patientsw thcochl ear hearing | oss.

b) Some patients retain cochl ear m crophoni cs and ot oacousti ¢ em ssi ons,
but cannot | eamspeech - |anguage by auditory mode al one. Visual
i nformation (cued speech, signlanguage, speechreading) i s necessary.

c) Some patients show worsening of the synptons and devel op ot her
neuropathies. Sarr, Sninger and Praat (2000) reported peripheral
neuropathy in 40%of their patients with auditory dys-synchrony.
None of the children bel ow five years of age intheir group showed
clinica evidence of peripheral neuropat hy whereas 80 %of the patients
examned after the age of 15 years showed both clinicd and
physi ol ogi cal (nerve conduction) evidence of peripheral neuropathy.
Hence, Sarr et a. hypothesized that some of the patients may
subsequent | 'y devel op peri pheral neuropat hi es as t hey gr ow.

d) Some patients loose their otoacoustic emssions, but not cochl ear

m crophoni ¢s. Such patients may manifest severe hearing inpairnment,

15
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known.

H rsh,

while occasionally, they may also show evidence of unexpected
hearingabilities (Wthnell, 2001). Around 2 0 %of the individual swth

audi tory dys- synchrony | oose their ot oacoustic em ssi ons as t he di sease

progresses (Starr, et d., 2000).

Some patients go through life without conplaining of any problem
They devel op speech and | anguage normal [y and woul d be identified
as cases of auditory dys-synchrony onlyif an ABRhad to be done for
some reason (either as a part of a screening procedure or a research
project).

Some patients with auditory dys-synchrony may show fluctuations in
their hearing abilities that are tenperature sensitive. Children have
been reported to show variation in puretone threshol ds, presence or
absence of ABRs etc. depending on whether they were fetrile or
afebrile (Sarr, sininger, Wnter, Derebery, Oba, & M chal ewski,
1998). Infact, many patients with auditory dys-synchrony appear to
experience moment -t o- moment fluctuations intheir hearing sensitivity

whi ch may be msinterpreted as i nconsi stent response during testing.

Preval ence

The extent of preval ence of auditory dys-synchrony is sill not clearly
The reported preval ence rate varies from 11%to 0.5% (Davis &

1979; Kraus, Ozdamar, Stein&Reed 1984; Ranee, et d., 1999; Tang,

Mpherson, Yuen, Wng, & Lee, 2004). Mny studies have reported

16



el ectrophysi ol ogi cal fnuings, ingroups of patients, whi chare consistent with

the contenporary diagnosi s of auditory dys-synchrony (Davis &Hirsh, 1979;

Kraus, et a., 1984). All suchsubjects may or may not turnout to be cases of
auditory dys-synchrony, and hence the uncertainty when one talks of
preval ence of auditory dys-synchrony. Prevalence studies of auditory dys-
synchrony have been carriedout on' at risk' children(Raneeet d., 1999) and
school -aged hearing inpaired children (Tang et a., 2004). Tang et a.
reported a prevalence of 2.44%in school -aged hearing inpaired children.
Raneeet a. inastudy of 5199 at risk children, reportedapreval ence of | in
433(0.23% whileprevalenceinchildrenwthhearinginpairment waslin9
(11.01% . Alarge number of subjects inthe study of Ranee et a. had heen
bompremature and were at risk for neurodevel opmental disorder. The risk
factor identified, inhalf of this populationwth auditory dys-synchrony, was
hyperbilirubinema. It is known that hyperbilirubinema can cause hoth
permanent and tenporary dysfunction of auditory pathways (Gupta, Raj,
Anand, 1990). Some of the infants may recover and may showABRas they

gr ow.

1.3 Audiol ogical Characteristics

1.3.1 Puretone and Speech I dentificationProfile

Audiol ogi cal profile of persons with auditory dys-synchrony is

variable. Auditory dys-synchronics present al levels of hearingloss. The

17



degree of hearing|oss may range anywher e fromnormal heal i ngsensitivity to

profoundloss. Myjorityof thepatients showbilateral synmetrical hearingloss
(Ranee et a., 1999; Swinger & Oba, 2001). However, it is difficult to

det erm ne the degree of hearinglossin personsw th auditory dys-synchrony

as they not only show inconsistent responses, but many al so show reverse
sl opi ng or peaked audi ogr ans.

Rance et a. (1999) noted that subject's audionetric configuration
varied wi th the degree of hearing loss. Ears with normal or near nor nal
hearing acui ty showed equal sensitivities at al the frequencies. Subjectsw th
mld to severe hearing loss had audiograns that showed poor hearing
sensitivitiesinthe | owandm dfrequencies, but better threshol ds inthehigh
frequencies. Sarr et al. (2000), inastudy of 67 patientsw thauditory dys-
synchrony, reported fla audiogramin 41%, reverse sloping audi ogramin
29%, anirregular sawtoothpatternin99% a' U shapedaudi ogramin5% and
a tent shaped audi ogramwi th a peak usually at 2 kHz i n 5%of the patients.
Only 11%had high frequency sloping whichis typical of cochlear hearing
loss. However, 43%of the patients of Sninger & Oba (2001) showed flat
audi onetric shape while 2 8 %had reverse sloping [ oss wi th hi gher threshol ds
at | owfrequencies thanat hi ghfrequenci es.

Reverse sloping audiogram seen in patients with auditory dys-
synchrony is further evidence that the underlying etiol ogy of hearingloss in
auditory dys-synchrony is neural and not cochlear. These reverse sl oping
audi ograms al so indicate that individuals wth auditory dys-synchrony have

probl ens in processing phase | ocked tenporal information. According to

18



theories of pitchperception(seeMoore?2003, for adetaileddiscussion), high
frequencies above 1 kHz are signalled by place of excitation on the basilar
membrane. Thisis because auditory nerve fibers cannot fire at hi gher rates
due to limtations i nposed by refractory periods. The auditory nerve fibers
canfirefor each phase of the signal for | owfrequency puretones, but not for
high frequency tones. So, poor |ow frequency threshol ds indicate poor
audi tory percepts dependent ontenporal cues (Sarr, Picton &Ki m2001).

It has been noted that patients with auditory dys-synchrony have
speech perception abilities that are out of proportion with their pure tone
hearing loss (Li, Wang, Chen, &Liang, 2005; Sarr, et a., 1996). Al so,
speech perception adilities of persons with auditory dys-synchrony is highly
variable, with some patients performng at levels expected for cochl ear
hearing loss of the same degree, while some others show little or no
measur abl e speech identification despite having adequate sound detection
abilities. Furthernore, this discrepancy bet ween sound detection and speech
identification appears to be related to suprathreshold distortion of tenporal
cues rather than audibility (Ranee, Mckay, & Grayden, 2004; Zeng, Oba,
Garde, Sininger, &Sarr, 1999; Zeng, Kong, M chal ewsk, &Sarr, 2005).

1.3.2  Physiologi cal and E ectrophysiol ogi cal Responses

Audi tory brainstemresponses are generally absent in persons with

auditory dys-synchrony.  However, if present, then they are severely

abnormal . Sarr et a. (2000) reportedthat 7 0 %of their patientsdidnot show
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any conponent of ABRregardl ess of the level of the stimilus. 19%of the
remaining showed abnormal wave V, and in most of them the peak was
clearly defined though characterized by abnormal anplitude and latency. 6%
did showwave Il and V, but their anplitude, wave morphol ogy and | atency
was abnormal. A common feature in patients who showed ABR was the
increased sensitivity of the responsetoanincreaseinstimilationrate. A high
stimlation rates, none of the patients with auditory dys-synchrony showed
any ABR conponent. This increased sensitivity to rate may be due to
decreased synaptic efficiency which becomes apparent at high stinulation
rates. Generally, inpatientswthauditory dys-synchrony, behavior threshol ds

arenot correlatedwi t hABRthreshol ds (Starr et d., 1996; Sarr et a., 2000).

Many patients with auditory dys-synchrony demonstrate | ong duration
cochl ear m crophoni cs which may be confused with early peaks of ABR.
Therefore, it isrecommendedthat inpatients who showABR, responses for
the condensation and rarefaction clicks should be compared to rule out the
possibility of msinterpreting cochlear mcrophonics as ABR (Berlin et d.,
1998). (Qoacoustic emssions are present in most individual s wth auditory
dys-synchrony. Sarr, et al. (2000) reported that about 80 %of the patients
wi thauditory dys-synchrony had clear OAEs. 9%of the subjects did not show
OAEsintheintid eval uationwhile OAEs di sappeared over timeinl1lto16%
of patients. Cochlear mcrophonics represent outer hair cell activity in the
basal region. Cochlear m crophonics can be recorded fromindividual s with
audi tory dys-synchrony. They are robust and present for several mliseconds

after the transient click (Berlin, 1999; Deltenr, et _al., 1998; Duan & Vng,
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2002; Sarr, et d., 1996; Sarr, et d., 2000; Santarelli & Arslan, 2002).
Auditory brainstem acoustic reflexes (contralateral suppression of OAE,
acoustical stapedia reflex and maskinglevel difference) are absent in persons
Wi th auditory dys-synchrony. The typical audiol ogical profile of persons with

audi tory dys-synchrony i s summari zedinTabl e 2. 1.

Table 2.1. Audiological profile of persons with auditory dys-synchrony.

Degr ee of hearing | oss Nor mal to profound

Configuration of audi ogram Variable, nostly reverse
sl opi ng

Tympanogram Nor mal

Acousti c refl exes Absent

Non acoustic reflexes Present

ABR Absent or severely abnormal,
If present

OAE Usual 'y present

Qontral ateral suppression of OAE Absent

Cochl ear m crophoni cs Present

Masking level difference Absent



2.0 Pathol ogy

Sarr et a. (2001) exam nedthe sural nervein6 patientsw thauditory
dys-synchrony and a conconitant peripheral neuropathy. Figure 2.1 shows
phot on mi crographs of across section of the sural nerve of one of the subj ects.
Bi opsy showed axonal neuropathy whi ch had been responsible for the loss of
large nyelinated fibers. Three subjects had axonal loss with evidence of
secondary denyelinization as well as renyelinization of remining fibers.
Bi opsy of the sural nerve of two other subjects showed extensive |oss of hoth
axons and nyel insheath. Sarr et a. (2003) reported, inan histopathol ogi cal
study of the cochlea and auditory nerve of a patient with auditory dys-
synchrony, that the organ of corti wasnormal throughout the cochl ea except in
the apical turnwherea309%Ioss of outer hair cells was found. The inner hair
cell's were normal throughout the length of the cochl ea. However, there was a
profound loss of ganglion cells (>95% . There were just 1161 and 1548
surviving ganglion cells inthe right and the |eft ear, respectively. The age
appropriate normal count for ganglion cells is 23,000. The auditory nerve
adj acent to the cochl ear nucl eus showed a mar ked reduction inthe number of
auditory fibers. Furthernore, the nyelin sheath on the surviving auditory
nerve fibers was thin indicating i nconpl ete renyelinization. Consequences of
these t wo pathologies, that is, loss of ganglion cells and denyelinizationto

tenporal processing of acoustical signal is discussed in the follow ng section.
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Normal Auditory Neuropathy

Figure 2.1. Photon micrographs of a cross section of the sural nerve
of apatient with auditory dys-synchrony and normal hearing subject.
Note that there is marked reduction and denyelination of nerve
fibers. (From Auditory neuropathy, A new perspective on hearing
disorders by Sininger and Sarr (2001). Reprinted with pernission
fromDel mar Learning, adivisionof Thomson Learning).

2.1 Pathophysiol ogy of Auditory Dys-synchrony

Neuropathies may be caused by a primary denyelination or by an
axonal disease. Denyeilinating neuropathies affect the Schwan cells which
formthe nyelin sheath around the axons. Melin plays an inportant role in
the rapid salutatory transmssion of nerve inpulses along the axons.
Denyel i nating neur opat hies sl owdown or bl ock nerve conduction and produce
motor or sensory symptoms distd to the site of denyeilinization
Denyel i nated fibers are poor conductors of rapidtrains of action potentials. If

denyelination affects al the auditory nerve fibers to the same degree, then
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transmssion through al fibers will be sl owed down, and anplitude of the
compound action potential wll be unaffected despite slow ng of conduction
velocity (Figure 2.2, second colum). Onthe other hand, if the extent of
slow ng varies fromone fiber to the next, then the anplitude of action
potential becomes small and smeared (Figure 2.2, third colum). This
smeared tenporal representation of the acoustic stimulus may influence

audi tory perceptionthat i s dependent ontenporal cues.
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Figure 2.2. Action potential of individual fibers and
resultant compound action potential.  (From Auditory
neuropathy, A new perspective on hearing disorders by
Sininger and Sarr (2001). Reprintedwith permssionfrom
Del mar Learning, adivisionof Thomson Learning).

As the name suggests, axons are affected in axonal neuropathy. The
hal I mark of many axonal neuropathies is a retrograde degeneration of the
distal portion of peripheral nerves. Thisis because of inadequate transport of
metabol i ¢ substrate and growth factors bet ween neuronal cell body and dista
portion of its axon. Inthis condition, though the nerve fibers are reducedin
number they function normally in terns of speed of conduction. As the

number of the nervefibersisreduced, aresultant compound actionpotential is

reduced in anplitude.

75



Hi gher discharge rate in response to intense acoustic stimili
contributes to reflex activation of mddle ear nuscles. Acoustic reflexes of
mddle ear muscles are typically absent in subjects with auditory dys-
synchrony and the reason for this may be the failure of the auditory nerve
fibers to develop sufficiently higher discharge rates to activate the motor
neurons of stapedial muscle. The [onger fibers are mor e susceptibl e to axonal
neuropat hies. Thelongest cochl ear nerve fibers are those i nnervatingthe apex
of the cochl ea (whi ch medi ates | owfrequencies). The shortest fibers are those
innervating the second hal f of the first cochl ear turn (whi ch mediates mddl e
frequenci es). Those innervatingthe basal parts of the cochl ea (mediating high
frequenci es) have | engths i n bet ween these t wo extremes (Sarr et ., 2001).
If persons with auditory dys-synchrony were to exhibit a 'dying back'
pat hophysi ol ogy, thenthe m d frequencies must be affectedto alesser extent
than the | owand hi gh frequencies. Thiswas |ookedintointhe present study
in retrospective anal yses of the audionetric configuration of 61 individuals

wi thauditory dys- synchrony.

3.0 Psychophysics and Speech Perception in Patients with Auditory
Dys- synchrony

31 Intensity and Frequency Processing

Zeng et a. (2001) analyzed the |oudness growth function in one

subject with auditory dys-synchrony using magnitude estimtion and |oudness
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scaling techniques. Results showed that the subject demonstrated a |arger
conpressi ve | oudness function than the normal control subject. In another
study, Rance et al. (2004) demonstrated that persons with auditory dys-
synchrony showa slightly larger difference |imenat | owsensation |evelsthan
normals, but it approached normal val ues at hi gh sensationlevels simlar to
that seeninnormals.

Rance et al. (2004) further denonstratedthat frequency resolutionin
individuals with auditory dys-synchrony, measured using notched-noise
techni que, was normal. Thisfindingis consistent withthe presence of normal
functioning outer hair cells inindividualswthauditory dys-synchrony. It is
wel | establishedthat normal functioningouter hair cells arerequiredfor good
frequency resolution in the cochlea (Dallos & Corey, 1991). Frequency
discrimnation ability of patients with auditory dys-synchronyis significantly
poorer compared to that of normal hearing subjects, particularly at |ow
frequencies (Ranceet a., 2004; Starr et a., 1991; Sarr et a., 1996; Zeng et
a., 2005). Rance, et a. measured the frequency difference Iinmen and
frequency nodul ation detection [imen for 500 Hz and 4 kHz in children with
audi tory dys-synchrony. Results showed that both the difference |inmens were
better at 4 kHz conmpared to those at 500 Hz. Furthermore, frequency
difference |imens were better compared to frequency modul ated difference
|'imenscores. Also, frequency discrimnationahilities werestrongly correlated
w th speech perception scores. Simlar results were reported by Zeng et al.
(2005). Zeng et al. reported that individuals with auditory dys-synchrony

demonstrated greater inpairment in frequency discrimnation at |ow
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frequencies (< 4000 Hz) than at high frequencies. These results can be
expl ai ned on the basis of differential mechani sms of frequency coding at high
and | owfrequencies. Frequency discrimnationis thought to be dependent on
spatial changes in the excitation pattern along the basilar membrane for
frequenci es above 4 kHz (Sek & Moore, 1995). Incontrast, discrimnation of
frequenci es bel ow4 kHz i s by the use of neural phase | ocking cues (Bl ackburn
& Sachs, 1989; Goldberg & Brownell, 1973; Wnter & Palmer, 1990).
I'ndividual s with auditory dys-synchrony may not use the phase I ocking cues
to the same extent as normal |y hearing subjects do. Hence, high frequency
discrimnation that does not involve phase |ocking cues is relatively better
conparedto discrimnation of | owfrequencies that depends on phase | ocking

Cues.

In general, these studies demonstrate that individuals with auditory
dys-synchrony have relatively intact intensity and frequency resolution, but
demonstrate i npaired tenporal aspects of frequency discrimnation. Hence, it
was fet that signa processing strategies that involve spectral
enhancenent/anplification, or filtering may not enhance speech perception
abilities of persons with auditory dys-synchrony. Therefore, the focus of this
study was to understand the effect of modification of three tenporal
parameters of TD, BD and VOT on speech perception in individuals with

audi tory dys-synchrony.



3.3 Temporal Processing

Several investigators have exploredthetenporal processing abilities of
i ndividual s withauditory dys-synchrony. Zenget al. (2005) eval uated several
time-related functions like tenporal integration, gap detection, tenporal
modul ation detection, backward masking, forward masking and sinul taneous
masking in individuals with auditory dys-synchrony. They adopted an
adaptive three-interval three-alternative forced choice, two down one up
proceduretotrack 70. 7%correct response criterion. They found i mprovement
inthreshol dswithincrease insignal durationinindividualswthauditory dys-
synchrony as is the case wi th normal s. However, the slope of the integration
function was slightly elevated in individuals with auditory dys-synchrony (-9
dB per doubling of duration) than in normal hearing subjects (-3 dB per
doubling of the duration). Simlar results werereportedby Sarr et a. (1991).
Incontrast, Zenget a. (1999, 2001) reported normal or near nor mal tenporal
integration functions in individuals with auditory dys-synchrony. This
di sagreenent hetween the two studies cannot be hecause of methodol ogi cal
differences as the techni que (psychophysical) and the stinulus used were the
same in both the studies. The difference in statistica technique used m ght
better account for the difference inresult. WileZenget a. (2005) conmpared
results of individuals with auditory dys-synchrony with the mean and + | SE of
normal control subjects, Zenget a. (1999, 2001) compared the same with

mean + 2SD of normal control data.
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Abnormal gap detection (identification of silent period embedded
wthin a noise burst) has heen reported in individuals with auditory dys-
synchrony (Zeng et a., 2005; Zenget a., 1999, 2001). Zenget a. (2005)
reported poor gap detection thresholds in individuals with auditory dys-
synchrony. Normal hearing individuals required asilent interval of around 50
ms to detect agapat 5 dBSL. However, the detection thresholdinprovedto
3 ms at higher sensation levels (30 to 40 dB SL). Individuals with auditory
dys-synchrony performed simlar tonormal hearing subjects at | ow sensation
level's, but unlikenormals, requiredsignificantlylarger gapto detect at hi gher
sensation levels. This defies any explanation. However, Zenget a. (1999,
2005) gave a phenomenol ogi cal model to explainthe abnormal gap detection
threshol ds in individual s with auditory dys-synchrony. This model assumes
that the main effect of dys-synchronous activity is a smeared tenporal
representation of the acoustic stimilus (Figure 2.3). The sharp tenporal
changes in the physical representation of the stinulus are lost intheinternal
neural representation duetosmearingof the waveform If thelisteningtaskis
to merely detect the sound, then this smeared representation wll not affect
perception. However, if thetaskistodiscrimnatebetweensounds- onewith
agapandonewi thout - then, smearingof theinternal representation makes the

task more difficult.
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Figure 2.3. A phenomenol ogical model of auditory dys-
synchrony (Zeng et a., 1999). Snearing of the tenporal
envel ope does not affect the detection of a tone (top panel)
because this task requires an all-or-none decision. However,
smearing causes maj or problemin gap detection (bottom panel)
as the task requires finer discrimnation of two different
waveforms. (From Auditory neuropathy, A new perspective on
hearing disorders by Sininger and Sarr (2001). Reprinted with
permssion from Del mar Learning, a division of Thomson
Learning).

Officulty in detecting short duration acoustic events (as shown by
psychoacoustic experinents on gap detection and tenporal integration) may
pose probl ens to persons wi t h audi tory dys-synchrony in processing brief, but

critical events of speech. It is knownthat many critica el ements for speech
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perception such as transition, burst and VOT last only up to a few
mlliseconds. The studies of Zeng et a. (1999, 2001, 2005) have anply
demonstrated that individuals with auditory dys-synchrony have severe
problems inprocessing silent intervals of even 20-30 ns (conparable to lag
VOT in unvoiced stops i n Kannada | anguage) as conpared to normal s and
i ndividual s withcochl ear hearingloss. Also, it hasbeenshownthat threshol ds
for short duration signals are significantly higher (conparable to | owenergy
lead VOT in voiced stops i n Kannada | anguage) inindividuals with auditory
dys-synchrony than in normal's or individuals with cochlear hearing |oss.
These deficits may lead to difficulty inprocessing VOT. VOTis aninportant
cue for the perception of voicing in Kannada and therefore, auditory dys-
synchrony may have difficulty i n processing voicing or differentiating voi ced

fromunvoi ced.

3.3.1 Tenporal Mdulation detection Threshol ds

Anot her tenporal process that has been reported to be abnormal in
individual's with auditory dys-synchrony is the tenporal modul ation transfer
function(Ranceet d., 2004; Zenget d., 1999; Zenget d., 2005). Tenpor al
modul ation transfer function is a measure of sensitivity to anplitude
fluctuation over a range of modul ation frequencies. This measures one's

ability to perceive changes instimli over time. Zenget a. (1999) reported
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that individual s wth auditory dys-synchrony showed hi gh peak sensitivity (-
8.7 dBconparedto-19.9 dBinnormal controls) and | ower cut off frequency
(17 Hz conparedto 258. 1 Hz innormal controls). Rance et a. (2004) al so
reported significant differences in modul ation detection thresholds between
audi tory dys-synchronics who have good and poor speech perception scores.
I 'ndli vi dual s wi th audi tory dys- synchrony wi t h speech i dentification scores | ess
than 309%had poorer modul ation detection threshol ds conpared to subjects

who had mor e than 3 0 %speech i denti fication score.

Kraus et a. (2000) reported exagger at ed maski ng effect i none patient
with auditory dys-synchrony who had near normal hearing threshol ds.
Tenmporal masking and siml taneous masking paradi gns have shown that
i ndi vidual s with auditory dys-synchrony have dfficuty in separating sounds
that occur successively as well as in detecting signal innoise (Zenget .,
2005). Inforward masking, individua s with auditory dys-synchrony showed
6 0 %maski ng even when signal and masker wer e separated by as much as 100
ms whi | e normal controls showed only 15%masking at a signd delay of
<20ms.  This shows that individuas wth auditory dys-synchrony have
difficuty in separating sounds that occur in close succession. This may
produce d fficulty in perceiving voi ce onset time, burst or transitionin speech
whi ch are short acoustic events that occur in close successi on andare critica
for understanding speech. In simultaneous masking condition, individuals
wth auditory dys-synchrony showed excessive masking of about 20 dB
conpared to the normal control group (the difference was staisticdly

significant). This excessive masking was independent of threshold at test
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frequency which may be elevated or normal. The slope of the masking
function varied bet ween subj ects - some havi ng relatively normal slope, some
having abnormal ly steep slope and gill some others having abnornal |y
shal | owsl ope. Efect of maski ng was exagger at ed when short duration signa s
were used. There was an 'over shoot' effect observed in simltaneous
maski ng condi tioninnormal hearing subjects. Over shoot' is definedasthe
differenceinthe detectionthresholdwhenabrief toneis placedat the onset of
masker noise and later, inthe steady portion of the noise. Normal subjects
showed poor er threshol ds when brief tone was pl aced at the onset of the noi se.
Smlar resuts were found in auditory dys-synchrony group, but, wth
i ncreased maski ng effect. Increased maski ng effects may have adver se effect
on the perceptionof someinportant speech events |ike voi ce onset tine, burst
and transitions as these events may get masked by the succeedi ng or precedi ng

vovel .

Experiments on nodul ation detection and masking have shown that
individuals with auditory dys-synchrony have dfficuty in perceiving the
tenporal envel op of the signal as well asin separating two closely occurring
acoustic events. The inportance of tenporal envel op as wel | as the effects of
smearing of tenporal envelop on speech perception has already been
demonst rated (Pl onp, 1988; Kumar and Jayaram 2005). Increased degree of
tenporal masking (backward and forward) may resut in the masking of
criticd speech events (transition, burst and VOT) by the steady-state portion
of the preceding or succeeding vowel . Efect of masking was nore when

short duration signals were used than when long duration signals were
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enpl oyed. Hence, increasing the duration of some inportant short speech
events m ght [ead to better speech perceptioninindividual swthauditory dys-

synchrony by reduci ng t he maski ng effects.

Zenget a. (2005) a soeval uated bi naural processing of interaura tine,
interaral intensity, fusion and beats in individuals with auditory dys-
synchrony.  Subjects with auditory dys-synchrony, like normals, could
effectively useinteraural level difference (intensity) tolocaize sounds, but the
performance of individuals with auditory dys-synchrony was significantly
poorer conpared to nornal's on experiments with intra aural time. Nor mal
subjects | ocalized the sound tothe ear with | eading phase while auditory dys-
synchroni cs coul d not use interaural time cue to locaize sounds. Subjects
with auditory dys-synchrony perforned simlar to normal control group on
monoaur al beat task, but failed to perceive beats on hinaural presentation.
Thi s coul d be because per ception of nonoaur al beats requires spi ke synchr ony
to 3 H nodul ations in the wavef or menvel ope, while detection of binaural
beats require spike synchrony to rapidy changing carrier frequencies. This
result shows that individuals with auditory dys-synchrony can perceive sl ow
tenporal fluctuations, but not the faster ones. Smlar findings were reported
by Sarr et a. (1991) in a subject who fits the contenporary diagnosis of
audi tory dys-synchrony. Tenporal processing abnornalities inauditory dys-
synchronics have also been denonstrated using evoked potentials
(M chal ewski, Sarr, Nguyen, Kong & Zeng, 2005). Evoked potentials are
sensitive to tenporal gaps. Innormal subjects, evoked potentials (NLOO and

P200 conponent s) can be recorded in response to gaps as short as 5ms. " Gap
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evoked potential s coul d be recorded in auditory dys-synchronics only for
longer gap durations. There was a close association bet ween gap detection
threshol ds measured psychoacoustically and el ectrophysiologically in both
nor mal hearing subjects and individual s with auditory dys-synchrony (Zeng et

., 2005).

These psychophysi cal / el ect rophysi ol ogi cal findings point to the fact
that timngand synchronicityinthefiring of neuronsin the auditory nerve as
wel | as auditory brainstemregions are inportant for auditory perception.
Patients with auditory dys-synchrony have difficulty in perceiving timng-
related information, but not intensity or frequency related infornation.
Individuals with auditory dys-synchrony seem to have difficuty in -
discrimnating bet ween | ow frequencies, tenmporal integration, gap detection,
modul ation detection, perceiving sounds in the contexts of preceding or
succeedi ng sounds, detecting beats for binaurally presented stimili and using
interaural tine cuetolocalize sound. The nature of these deficits in patients
wi th auditory dys-synchrony is different fromthose seen in individualswth

cochl ear hearing | oss.

3.4 Speech Perception

Speech perception abilities inindividual s wth auditory dys-synchrony

arerelated totenporal processing avilities (Ranee et d., 2004; Zenget d.,
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1999; Zeng, et a., 2005). Subjectsinwhomcortical evoked potentials coul d
be recorded general |y showed hi gher speech perception scores (Ranee et a.,
2002). Rance et a. showed that cortical evoked potentials coul d be elicited
using both tonal and speech stimuli in children w th auditory dys-synchrony.
Presence of cortical evoked potentials with age appropriate latency and
mor phol ogy seemed to be related to open set speech identification scores and

benefit derived by subjects fromanplification.

Kraus et a. (2000) systematically exam ned fine-grained speech
perception abilities inanadult with auditory dys-synchrony. They measured
just noticeable differences (JNDs) for three CVcontinua: /ba-wa/, /da-ga/ and
anot her /da-ga/ continuuminwhi chanplitude of formant transitions had been
enhanced. Results showed that on/ba-wa/ continuum the JNDof the patient
with auditory dys-synchrony was conparable to that of normal hearing
subj ects. However, JNDfor /da-ga/ continuumin auditory dys-synchronics
was poorer than in normal hearing adults. Normal hearing adults could
discrimnate between stimli inwhich the onset frequency of the 3" formant
frequency differed by 80 Hz inthe two stimili, while individua wthauditory
dys-synchrony required a difference of almost 120 Hz between the stimili,
When the anplitude of formant transition was enhanced in/da-ga/ continuum
relative to vowel segment, the subject with auditory dys-synchrony showed
even greater difficulty in discrimnating along the continuum These data
suggest that the subject was able todiscrimnate betweenstimili inwhichthe
transition was slow, but had difficuty in discrimnating stimli that were

characterized by rapid spectro-tenporal changes throughout the formant
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transition.  Enhancement of intensity related information in the formant
frequencies did not inprove speech perception in the subject with auditory
dys-synchrony. In the same subject, Kraus et a. (2000) measured word
identification by manipulating three factors, namely, signal to noise ratio,
lexical difficuty, and number of talkers (single vs. miltiple talkers) to
investigate the effect of multiple sources of variahility and signal degradation
on speech perception. The subject with auditory dys-synchrony showed
mar ked effect of noise on speech identification conpared to normal hearing
subj ects. However, on tasks where the number of talkers and lexical difficulty
was varied, the performance of patient with auditory dys-synchrony was
simlar tothat of normal hearing subjects. Onthe same subject, Kraus et al.
demonstrat ed the presence of MMN for /ba-wa/ contrast and its absence for
the /da-ga/ contrast. This result shows that individuals with auditory dys-
synchrony have problem in perceiving dynamc cues at the onset of the
stimilus. These results are consistent with findings frombehavioural studies
whi ch showed normal performance in the discrimnation of /ba-wa/ contrast,

but poor performance onthe /da-ga/ continuum

The data of Kraus et a. (2000) anply demonstrate that individual s
wi th auditory dys-synchrony performsimlar to normals on speech perception
if therate of change of tenporal features is slow(asin/ba-wa/ continuum,
but their speech processing mechani smhbreaks down while dealing with rapid
spectro-tenporal changes. As many speech events critical for the perception
of stop consonants invol ve rapid tenporal changes at the onset of the stinulus

(for exampl e burst and transition), it is logical to predict that auditory dys-
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synchronies wll have problems in speech perception. Presence of normal
cortical evoked potentials in some auditory dys-synchronics suggests that the
auditory cortex does function normally even if signal encoding is not so
normel at the |ower levels. Redundancy provided by the systemat various
level s facilitates this. This beingthe case, it follows that if signal coding
[processing can be inproved at |ower levels in the auditory pathway (for
exampl e, the brainsten), then signal perceptionw !l al the more be better at
cortical level. Perhaps, thisisthe challenge before us in designing hearing

aids or indevel opingal gorithms for digita signal processing.

40  Management

Management of persons with auditory dys-synchrony is achal | enge for
audi ol ogi sts because of the inherent heterogeneity of the population in terns
of audi ol ogi cal and neurol ogical findings, etiology and pathophysi ol ogy. For
reasons that are not yet known, 7to 10%of the patients with auditory dys-
synchrony show no observabl e sympt oms other than absence of ABR. Some
of themw !l also devel op normal speech and | anguage with only conpl aints of
difficulty in understanding speechinnoise. Generally, hearingaids are not of
much benefit for individuals with auditory dys-synchrony. Ranee, Con-
Wesson, Winderlich and Dowel | (2002) found that 50 %of their patients in

whomthey coul d elicit cortical evoked potentials also benefited fromhearing
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aids. However, this could be an over estination because these subjects had
not been fol lowed up for any length of tinme to warrant such a conclusion on
the benefit fromhearing aids. Berlinet al. (2003) reported that none of the
200 individuals (in their database) with auditory dys-synchrony had
successfully adapted to hearing aids or oral language as life long

conmuni cat i on strategy.

There is increasing evi dence that childrenwith auditory dys-synchrony
benefit from cochlear inplantation. Peterson et a. (2003) conmpared two
groups of ten children each - one group with auditory dys-synchrony and
cochl ear inplantation and the other with cochlear hearing loss and cochl ear
inplantation. These two groups of children were conpared for aided and
unai ded audi ograns, performance on age appropriate speech perception tests,
parental report of benefit fromcochl ear inplant, electricaly evoked ABRs and
visually detectable electrica stapedial reflex. The results showed no
inportant difference between the two groups with respect to benefits from
cochl ear inplant. Peterson et al. (2003) concluded that the use of cochl ear
inplants is aviable optionfor selected children with auditory dys-synchrony.
Smlar benefits of cochlear inplantation in children wth auditory
dyssynchrony have al so been reported by other investigators (Buss, Labadie,
Brownet a., 2002, Myamoto, Kirk, Renshaw, & Hussain, 1999; Shallop,
Peterson, Facer, Fabry, & Driscoll, 2001; Trautwein, Sininger, & Nelson,
2000). It has beenshowninani mal studiesthat electrical stimlationproduces
synchronous ABRs even when the peripheral auditory nerve is denyelinated

(Zho, Abbas & Assouline, 1995). This suggests that inproved speech
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perception in auditory dys-synchronic children fitted with cochl ear inplants
coul dbetheresult of better synchronyinneural firinginresponsetoelectrica
stimlation. In addition, the electrica stimilation provided by cochlear

i npl ants may even pronot e neural survival by preventing deprivation.

It is recognized, however, that the degree of hearing loss may not
justify the use of cochlear inplant insome of these individuaswith auditory
dys- synchrony as an option of managenment. It isalsoright tosay that thehigh
cost of cochlear inplantation deters a majority of individuals with auditory
dys-synchrony, particularly in devel oping countries like India, fromchoosing
cochl ear inplant as an option of managenent. Therefore, though hearing ai ds
may not bring inthe expect ed benefits as they do not address issues relatingto
processing of tenporal information in speech, they gill seemto be a better
optionof management because of their | ower cost. However, thereis needfor
algorithns in hearing aids which enable optimal retention of tenporal
i nformationof speechwhile processing. This, however, pointstothe needfor
under st andi ng ways i nwhi chtenporal infornationis degraded/ distortedwhile
they are processed in hearing aids. Research on identification of tenporal
features of speech that are inportant for normal or near normal speech

perceptioninindi vidual swthauditory dys-synchronyis al sowarrant ed.
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5.0 I'nportance of Temporal Cues in Speech Perception

Aspects of timeis of essence inthe perceptionof aseria event like
speech. Near perfect speech recognition can be achieved with mini mum
spectral information as long as tenporal cues are available (Shanon, Zeng,
Kamat h, Wgonski &Ekelid 1995; Turner, Souza&Forget, 1995). Shanonet
al. (1995) showed that even under the condition of reduced spectral cues,
slowy varying tenporal fluctuations (<50 Hz) can result in relatively high
speech recogni tioninnormal hearing subjects. Turneret et a. (1995) showed
that subjects with cochl ear hearing loss can effectively use tenporal cues in
speech.  Different techniques have been enmployed to inprove speech
perception adilities in both hearing inpaired and normals by enhancing
tenporal cues of the speech. Some of these strategies are described in the

fol | owi ng secti on.

5.0.1 Transition Enhancement

Formant transitions have been shown to be of inportance in
differentiating place of articulationinstopconsonants. These rapidtransitions
occur in the beginning of stop consonants and are brief. It has been shown
that children with dyslexia, |earning problems, specific |anguage i npairment
and el derly listeners have difficulty i n perceiving stop consonants due to poor

processing of dynamc cues (Tallal & Piercy, 1975; Talla et a., 1996;
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Mei zenichet d., 1996; Strouse, Ashmead, Ohde, &Grantham 1998). One of
the techni ques that has been advocatedto overcome poor temporal processing
abilities such as those observed in these clinical populations is time scale
modi fication of the speech. Tallal and Piercy (1975) investigated the effect of
lengthening of formant transition on syllable discrimnation in normals and
dysphasi cs.  They found that syllable discrimnation abilities of dysphasics
were simlar to those of normals when formant transitions were |engthened,

but wer e poor er than those of normal s at shorter transitions.

Keatiny and Bl umstein (1978) eval uated the effect of transition |ength
on the perception of /ba/ and /ga/ in normal adults. Lengthening of formant
transition resulted in better "within-the-category" discrimnation indicating
thereby that more auditory informationis availableat [ onger transitionlengths.
Modification of consonant duration - CV anplitude ratio inmproves speech
intelligibility even under adverse listening conditions in both young and
elderly listeners. But, modification of consonant duration alone does not
significantly inprove speech recognition. However, increasing consonantal
duration resulted in a reduction in the frequency of consonant confusions

(Gordon- Sal ant, 1986).

Intheir semnal work, Tallal et a. (1996) and Mei zenichet at. (1996)
demonstrated that training with tenporally nodified speech resulted in
significant inprovement in speech discrimnation as well as Ianguage
conprehension ina group of 11 children with [anguage |earning inpairment

compared to age and gender matched |anguage inpaired children who were
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trained with natural, unmodified speech. Acoustic nodifications of speech
carried out by Tallal et a. (1996) included: (a) time scale modification
(doubling the duration) without altering spectral content, and (b) differential
enhancement of fast nodulations in the range of 3 to 30 Hz. These
nodi fications were based on the previous observation of Tallal and Percy
(1975) that prolongation of formant transitions increased intdlighility of
speech inthe | anguage | earning i npai red. Childrenwith [anguage i mpairnent
received training for 4-weeks. A conparison of pre - post training test
performance showed significant inprovement in speech discrinnation and
language proficiency followng training.  These inprovenents were
significantly more inthe experinental group conparedto the control group
which was trained with precisely the same exercises, but, wth natural
unnodi fied speech. Based on these resuts, Talla and her colleagues
devel oped a conput er-based |anguage intervention programme called Fast
Forword® for children with language learning inpairment, auditory
processing deficits, dyslexics etc. FHeld studies on more than 500 children
identified to have language learning inpairment have shown significant
| mprovenent s inthe receptive and expressive | anguage skills of these children
when trained with Fast Forword® (Tallal & Merzenich, 1997). However,
Lacerda (2001) reported that varying length of transition does not affect
identification (labelling) of stimli. But, discrimnation of CVcontrast was
marginally better for lengthened transition CVs. Sundberg and Lacerda
(2003) reported significant i mprovements inthe |anguage comprehension of

severely |anguage-inpaired children followng training with tenporally
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modi fied (Iengthened) or spectrally modified stimii (enhanced anplitude of
formants and burst). Tenpel et a. (2003), inan fMRI study, provided
evi dence for inprovenent in neural mechani sns in dyslexic children who
underwent a behavioural remediation programwth acoustically nodified
speech. Physiologically, these children showed increasedactivity inmiltiple
areas inthe brain. There was a strong correl ation bet ween increased neural
activation in the left tenporo-parietal cortex and inprovement in ora

| anguage adilities.

Bradl ow, Kraus, Nicol, McGee and Cunni gham(1999) investigatedthe
effect of lengthened formant transition in a group of children with |earning
probl ens. They studied di scri mnation threshol ds al ong t wo separate / da- ga/
continua. The continua differed fromeach other only in the duration of
formant transitions. Results showed that |engthening of transition did not
I mprove speech discrimnation, but resulted in significant inprovenent in
MMN responses. They concl uded that |engthening transition duration coul d
resut in enhanced encoding of the signal at pre-attentive neural |evel.
However, this manipulation was not sufficient, on its own, to fadilitae

perceptual discrimnationinchildrenw thlearning problens.

Thus there is evidence from behavioural (Tala et a., 1996;
Mei zenich, et d., 1996), physiologica (Tenpel et d., 2003) and
el ectrophysi ol ogi cal (Bradl owet, et d., 1999) studiestoshowthat | engt heni ng
of fbrmant transition augments speech perception skills in some clinica

popul ations like | anguage | earning i npai red and dysl exi c.
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50.2 Enhancement of Tenporal Envel ope

Expandi ng the tenporal envel op of speech has been shownto result in
an i nprovenment in speech recognition in noise and ease of listening in both
normal and hearing inpaired (Apoux, Crouzet & Lorrenzi, 2001; Lorrenzi,
Berthomm er, Apoux & Bacri, 1999). These investigators extracted | ow
frequency tenporal nodul ations andraisedit tothe power two. Theresulting
envel opes were then used to nodul ate white noise. This resulted in the
degradation of spectral information and forced the listeners to identify speech
using tenporal (envelope) cues primarily. The expansion of tenporal
envel ope resulted in significant i mprovement inthe ease of listening as well as
in speech recognition scores under noi sy conditions. Expansion of tenporal
envelope at |ow modulation frequencies (< 16 Hz) inproved speech
identification in noiseinbothnormal and hearing inpaired listeners (Apoux,

Tribut, Dehruille &Lorenizie, 2004).

50.3 Cear speech

Sentences spoken 'clearly’ are significantly more intelligible than
those spoken 'conversational |y for hearing- inpaired listeners inavariety of
backgrounds (Picheny, Durlach, & Braida, 1985, 1986; Uchansky, Choi,

Brai da, Reed, &Durlach, 1996). Acoustical properties of clear speechare: (a)
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reduced speaking rate which is achieved by lengthening individual speech
sounds or by inserting pauses in between, (b) increase in spectral energy at
hi gh frequencies, (c) increased modul ation depth, and (d) | engthening of voi ce
onset time of voiceless stop consonants (Kruase & Braida, 2004; Picheny, et
a., 1985, 1986; Uchansky et a., 1996). Evidence for better encoding of clear
speech than conversational speech has also come from animal studies.
Cunni ngham Nicol, King, Zecker and Kraus (2002) recor ded aggr egat e neur al
responses from auditory mdbrain, thalamus and auditory cortex of
anesthetized guinea pigs to a syllable /ada/ in quiet and in noise. Neural
encoding for the steady state vowel portion of the syllable was mor e resistant
to degradation than neural encoding of the dynam ¢ portion (release burst and
transition) of the consonant. Furthernore, when the consonant was enhanced
tosimlate clear speech by increasing the duration of stop gap and intensity of
rel ease burst, it resultedinbetter representation of the consonants at auditory

m dbrain, thal anus and auditory cortex.

5.2, Temporal Processing and Speech Perception

The question of whet her or not deficitsintenporal processing abilities
(measured using non-speech stimili) lead to inpaired speech perception has
not been answered unequivocal ly. Errors made by hearing-inpaired |isteners

in their speech perception have been attributed to reduced or deviant
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processing of tenporal information (Erber, 1972; Cordon- Salant &
Ftzgibbons, 1993; Price & Simon, 1984; Tyler, Sunmerfield, Wood &
Fernandes, 1982). Many studies have shown a strong correlation bet ween
listeners' ahility to perceive short duration acoustic signals and speech
perception. Gap detection avilities are [inked to listener's ability to process
tinme events related to distinctions in speech between voi ced and unvoi ced
cognates, and various manners of syllable transition (DeFillippo & Snell,
1986). Dreschler and Pl onp (1985) showed that inpaired speech perception
isrelated to both frequency and tenporal resolution. Srouse, et a. (1998)
reported marked deficitsintenporal processingabilitiessuchas gap detection
threshold, intra aural time differences and voice onset tine perception in
elderly listeners with nornmal hearing. However, they failed to show any
relation between perception of VOT and other psychophysical tasks. Several
investigators have observed a significant correlation between gap detection
threshol ds and speech recognition scores in the hearing inpaired even when
audi onetric threshol ds were factored out. Speech perception in noise and
reverberation is strongly related to gap detection thresholds (dassberg &
Moore, 1989; Tyler, et ., 1982; Cordon- Salant &Fitzgi bbons, 1993; Snell,
Mapes, Hickman, Frisina, 2002). Taken together, these results suggest that
poor speech perception mght be partly related to dfficuties in processing

tenporal features.

Thus, it is conceivable that perceptual problens with short duration
stimli such as gap detection and poor speech perception ailities in

individuals with hearing inpairnment emanate fromthe same abnornality of
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processing the infornation nature of whichisyet tobeidentified It iswidely
accepted that many speech events that are critica for speech perception are
short induration. By making these cues more promnent, speech perception
ailities of children with [earning i npairment, elderly, and dyslexic can be
enhanced. \ have seen fromthe above reviewthat individuals with auditory
dys-synchrony have difficuty in processing rapid and brief acoustic events.
Ret ai ni ng these tenporal events as distortionl ess as possi bl e after digita signal
processing in hearing aids may be the strategy to make hearing aids more

beneficia toindividualswthauditory dys-synchrony.

The reviewin the paragraphs above throws up areas where there are
gaps ininfornation, particularly inthe Indiancontext. Thereis absol utely no
information on the preval ence of the problemof auditory dys-synchrony in
India Results of Sninger and Oba (2001) suggest that the onset of the
probl emtakes place very early inlife - during the | anguage acquisition years.
It is absolutely inperative that such children are identified early, and input

crucial todevel opment of their auditory and perceptual skills provided.

Anot her inportant area where we require more information is the
speech perceptionahilities, specifically processingof tenporal infornmation, in
persons wi t h audi tory dys-synchrony. Thereisreasonabl e evi dence t o say that
audi tory dys-synchroni cs have difficulty in processing tenporal infornation.
But, the questionisonthe specifictimng-related parametersthat are affected
and the specific ways they are affected. Relatedtothisisalsothe question of

the specific ways inwhichtenporal paraneters areto be nodifiedto enhance
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speech perception in auditory dys-synchronics.  This issue assumes
inportance because there are conflicting reports about the useful ness of
anplification (hearing aids) for auditory dys-synchronics. Though there are
reports about the positive benefit of cochlear inplants to auditory dys-
synchronics, the cost of theinplant andthe degree of hearingloss restrict the
choi ce of cochlear inplants as a management strategy. Therefore, thereis no
other solutionthanto i mprove speech processing, particularly those relatingto
timng, inhearing aids to make themfriendly to auditory dys-synchronics.

The present studyishighlyjustifiedinthiscontext.



CHAPTERS

VETHOD

The objectives of this study were to (a) estimate the preval ence of
auditory dys-synchrony in the South Indian city of Mysore, (h) evaluate
perception of tenporal paraneters of speech in individuals with auditory dys-
synchrony, and (c) measure modul ation detection thresholds for sinusoidally
anplitude modul at ed white noise in individuals with auditory dys-synchrony.
Inthe first phase, preval ence of auditory dys-synchrony was estinated through
a retrospective register-based study. Perception of three tenporal paraneters of
speech namel y, transition duration (TD), burst duration ( BD) and voi ce onset
time (VOT) were investigated for their influence on speech perception in
individual s with auditory dys-synchrony inthe second phase of the study. Four
experinents were designed to achieve the objectives of the second phase.
Speech identification scores for unnodified stimli were measured in
Experiment 1. The second experinment was on determining just noticeable
difference (JND) for TD, BDand VOT in CV (consonant + vowel) syllables.
The effect of lengthening of each of these tenporal parameters on speech
perceptioninindividual swthauditory dys-synchrony was eval uatedinthethird
experinment. The fourth experiment was designed to evaluate perception of
speech in individuals with auditory dys-synchrony for CV stimli which had
JNDs which had yielded the maximum speech identification score in

Experiment 3. Mbdulation detection thresholds for sinusoidally anplitude
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nodul at ed white noise at 4 Hz, 16 Hz, 32 Hz, 64 Hz, 128 Hz and 200 Hz wer e

measuredinPhaselll of the study.

1.0 Phase |: Preval ence of the Problem

Aregister based study design was enpl oyed to find the preval ence and
to describe the audiological characteristics of persons with auditory dys-
synchrony. A retrospective analysis of case reports was done wherein test
findings of al those who visited the Department of Audiology, Al India
Institute of Speech and Hearing, Mysore between January 2000 and December
2003 were reviewed. Mysore is a mgjor city in South India and has a
popul ation, predomnantly rural, of about a mllion. Peopleinthis part of the
country speak Kannada - a Dravidian |anguage (Jayaram 1984). Atotd of
21,236 (11,712 mal es and 9524 females) records were reviewed. 11,205 of
these were of persons with permanent sensori-neural hearing loss. 61 of these
11,205 (5854 mal es and 5351 femal es) individual s were identified as cases of
audi tory dys-synchrony. Qiteria enployed to identify auditory dys-synchrony
were those recommended by Sarr, Sninger & Praat (2000). Accordingly,
patients who were identifiedto have auditory dys-synchrony
a) had preserved cochlear anplification, that is, presence of transient

evoked ot oacousti ¢ em ssi ons,

b) showed atered auditory nerve responses (absent, but, if present then

abnormal ABRs),
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C) showed no evidence of space occupying lesion on neurological
exani nation, and
d) had a normal otological andtynpanonetric study.

Al these individual s had under gone (@) puretone, speechandinmmittance
audionetry, and (b) auditory brainstem response and otoacoustic em ssions
evaluation. However, otoacoustic em ssion testing had been done only when
ABRwas abnormal. Roughly, 20 %of the patients had under gone neurol ogi cal
examnation, but dl the 61 individuals who were eventual |y di agnosed to have
audi tory dys-synchrony had been subjected to al tests including neurol ogical
investigation. Neurological eval uationincludedaclinica exannation, an MRI

or a CT scan.

11  Testing procedure and instruments

It was ascertained fromcase records that al these subjects had been
tested under standard conditions. Al subjects had been tested with calibrated
(1S0, 389) audionmetersinsoundtreated rooms. Puretone testinghadbeen done
using modified version of Hughson and Westlake procedure.  Speech
identification testing had been done with live voi ce presentation of phonetically
bal anced monosy! | abl es at maxi mumconfortable level. Immittance eval uation
(tynpanonet ry and acoustic reflex threshol d testing) for 226 Hz probe tone had
been carried out with calibrated m ddl e ear analysers (GSI-33 or Tynpstar).
Auditory brainstem response testing had been done using either Biologic
Navi gat or or N col et Bravo evoke potential system Identical protocol had been

employed with dl the patients. It was checked fromrecords that auditory
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brai nstemtesting had been done twice to ensure reproducibility of wavef ormns.
A group of 30 normal hearing adults had been tested to establish the nHL
val ues. Results showed that 0 dB nHL click had a peak equi val ent SPL of 26
dB. Transient evoked otoacoustic emssions (1L0292) had been measuredina
sound treated roomfor clicks at 80 dB + 5 dB peSPL. An emission had been
considered to be present if the waveformreproducibility was more than 50%
andthe overal | signal tonoiseratiowasmorethan3 dBat twofrequency bands

at |east.

2.0  Phasell: Speech perception

2.1 Subjects

Two groups of subjects, namely, a group of persons with confirmed

di agnosi s of auditory dys-synchrony, and an age and gender mat ched group of

nor mal hearing subjects participatedinthis phase.

2.2 Auditory Dys-synchrony Group

30 subj ects, inthe agerage of 16t0 30 years (meanage 22. 4 years), with
a confirmed diagnosis of auditory dys-synchrony, formed the auditory dys-
synchrony group (hereinafter referred toas Group A) . This age range of 16-30

years was sel ected as it has beenreported that psychoacoustical abilities reacha
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plateauin this age range (Lynne, Werner & Gray 1998). Only those subjects

who

* exhibited signs and symptoms of difficulty in understanding speech,

* showed no symptoms of external or middle ear problens,

* showed no history of ototoxic drug usage or exposure to |oud noise,

* had not undergone any formal training in auditory |earning activities,
and

* whose primry |anguage (mother tongue) was Kannada were selected

for the st udy.

This information was elicited through a structured clinical interviewand case

history to begin with. Furthermore, subjects in the auditory dys-synchrony

group had to manifest the fol | ow ng audi ol ogi cal characteristics to be incl uded

inthe study:

* Pure tone hearing threshol ds less than 70 dB HL (1 SO 389) at | OOOHz,
2000Hz, and4000Hz wi thno air-bone gap.

* Disproportionate speech identification scores in relation to puretone
hearing loss. Expected speech identification scores were based on
Vanaj aand Jayaram(2003).

* "A" type tynpanogramwithno ipsilatera and contralateral reflexes.

* No ABRs, but, if present, severely abnormal auditory brainstem

responses at 90 dB nHL.
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* TEOAEs with normal or robust anplitude with the magnitude of
contralateral suppression of evoked otoacoustic em ssion less than 0.5

dB.

* Abnor mal masking level difference.

Air conduction and hbone conduction puretone thresholds were
determned using a calibrated clinica audiometer (Maico MA 53, calibrated as
per 1S0389) inasoundtreated roomw th anbient noise at permssible [imts
for audi ometry (ANSI, 1991). Audiometer was calibrated i n the begi nning of
the experiment and every two months thereafter using a sound level meter
(Quest 1800) and a pressure m crophone (Quest 4170). Puretone audiometry
was carried out using modified version of Hughson and West|ake procedure
using 5 dB step si ze.

Vandana's (1998) Speech Identification Test in Kannada was used to
assess open set speech perception abilities inthese subjects. This test consists
of 50 bisyllabic meaningful words of Kannada. Validity and reliability of this
test has been established on native speakers of Kannada (Vandana, 1998).

Tympanometry and reflexonetry was done using a calibrated
inmttance meter (GSI- Tymp star V 2, calibrated as per ANSI, 1987).
Tympanograms were obtained for 226 Hz probe tone.  Ipsilatera and
contralateral acoustic reflex thresholds were measured at 500 Hz, 1000 Hz,
2000 Hz and 4000 Hz.

Table 3.1 shows the protocol used for auditory brainstem response
testing (Ncolet Bravo).  Waveform was recorded twice to ensure

reproduci bility of recordings. Agroup of 30 normal hearing adults were tested

56



to establish nHL values. Results showed that 0 dB nHL click had a peak

equival ent SPL of 26 dB.
Table 3.1. Standard protocol used for ABR testing in this study.

Stinulus Gicks Filter 30-3000 Hz

Cz- Al and Cz-
Polarity Rar ef acti on Mont age
A2
Level 90dBnHL W ndow 15 s
Duration 100 us Atifact >50uV
rejection
Hectricaly
Transducer shi el ded head
phones
Number of 2000
sweeps
Rate Il.1/s

Transi ent evoked otoacoustic emssions (1L0292) were measuredina
sound treated room for clicks at 80 dB + 5 dB peSPL. An enission was
consi dered to be present if the waveformreproducibility was more than 50 %
and the overall signal to noise ratio was more than 3 dB, at least at two
frequency bands. OAEs were recorded again in the presence of contralateral
broadband noise at 30 dB SL (re: threshold noise), presented through insert
receiver of a calibrated clinical audiometer (Maico, MA- 52) to measure the
magni tude of contralateral suppression of otoacoustic esmssions. Care was

taken to ensure that the position of the probe was not atered during the two
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recordings.  Suppression magnitude of more than 0.5 dB was considered
nor mal .

Masking level difference ( MLD) was done at 250 Hz and 500 Hz. ML D
was cal cul ated as the difference in threshol d bet ween SoNo condition and SnNo
condition. Adifference of more than 10 dB between the two conditions was

consi dered nor mal .

2.3 ENT and Neurol ogi cal Eval uation

Al the subjects, before being selected for the study underwent an ENT
exam nation whi ch was done to rule out any external or middle ear problem
Smlarly, dl subjects were subjected to a neurological examnation by a
qualified neurologist for ruling out any peripheral neuropathy or space-
occupying lesion. Neurol ogical evaluation also included a CT or an MRI, if

requi red.

2.4 Normal Subjects

30 normal subjects, with normal hearing, and matched for age and
gender, constitutedthe normal group. The normal subjects participated onlyin
Phase Il and Il of the study. All the normal subjects were native speakers of
Kannada. |t was ascertained fromastructuredinterviewthat none of the nor mal
hearing subj ects sel ected for the study had difficulty inunderstanding speechin

dail'y listening conditions, and that they did not have any history of neurol ogi c
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or otologic disorder. Subjectstobeincludedinthenormal grouphadtoshow

the fol | owi ng audi ol ogi cal findings:

> Puretone thresholds < 15 dB HL (1SO 389) at octave frequencies
between 250 Hz t 0 8 kHz.

> 95%to 100% speech identification scores at 40 dB SL (ref: average
hearing threshol ds at 500 Hz, 1000 Hz and 2000 Hz) .

> "A" type tympanogramwith ipsilaterd and contralateral reflexes at
normal sensation |evels.

> | dentifiable auditory brainstemresponse peaks (wave I, 111 and V)

\4

Normal anplitude TEOAEs with magnitude of contralateral suppression

greater than 0.5 dB.

\4

Masking level difference of more than 10 dB.

> Normal results on dichotic CV (Krishna, 2002) and gap detection test
(Shi vaprakash, 2003). Dichotic CV test consisted of 30 dichotically
paired CVstimli recorded on a conpact disc. Standardization of this
test on adul ts has al ready been done (Krishna, 2002). Gap detection test
measures the listener's ability to detect silences embedded within bursts
of noise. 3interval aternate forced choice method was enployed to
measur e gap detection threshol ds. Results wer e consideredto be nor el
if the values fel withinmeant 1 SDof normative data (Shivaprakash,
2003).

Dichotic CV and gap detection tests were admnistered only on normal

subjectstorule out central auditory disorder. These tests were not adm nistered
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on auditory dys-synchrony group as the results of these tests are likely to be
affected in the presence of peripheral (auditory nerve) inpairment.
Instrumentation, test environment and admnistration of al audiological tests

was the same for hot h groups of subjects.

2.5 Par amet er s Test ed

Tempor al paranmeters of speech that were consideredinthis study were
transition duration, burst durationand voice onset time. Transition durationis
the interval during which there are rapid spectral changes in the fbrmant
frequenci es after the rel ease of occlusion. Burst durationistheinterval between
the onset of the burst and the release of articulators. Transition duration and
burst duration are those dynam c spectral cues, at the onset of stinulus, that
hel p in perceiving the place of articulationfor stop consonants. Psychophysi cal
experiments have shown that perception of dynam ¢ acoustic information is
affected, especially at stinulus onset, in patients with auditory dys-synchrony
(Kraus et a., 2000; Sarr, et a., 1991). | mprovement inspeech perception has
been reported for stimli with lengthened transitions in clinica groups like
dyslexics, language Iearning inpaired children and dysphasics after training
(Tallal, et ., 1996; Meizenichet a., 1996).

VOT is astrong perceptual cue for voicing in most |anguages and is
| anguage dependent. VOTistheinterval between the release of the stopandthe
onset of voicing in unvoiced consonants of Kannada while in voiced

consonants, it is the duration of voicing pul ses preceding the burst. VOT was
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considered inthis study because psychophysical experiments using non-speech
stimuli have shown that individual s wth auditory dys-synchrony have difficulty
i n processing short duration sounds, but not | ong duration sounds (Zeng, Oba,
Garde, Sininger, & Sarr, 1999; Zeng, Kong, M chal ewski, & Sarr, 2005).
VOT is a short duration tenporal cue that helps in perceiving voicing

i nfornation.

2.6 Test Stimuli

CV syllables with voiceless stop consonants - velar /k/, alveolar /t/,
retroflex/t/, andbilabia /p/ - andtheir voi ced cognat es wer e used i nthe study.
These consonants were paired with vowel /a/ to get CV syllables. A 25-year-
ol d mal e native speaker of Kannada uttered these syllables, one after the other.
The spoken syllables were digitaly recorded on a data acquisition systemwitha
32-bit analog to digital converter, and at a sanpling frequency of 44.1 kHz.
The syllables thus recorded were edited using Praat software. TD, BD and
VOT were identified on hoth wavef ormand spectrogram of the CV syllables.
Each of these parameter was lengthened in 5 ns step by means of Ptch
Synchronized Overlap and Add technique (PSOLA). PSOLA allows
| engt heni ng and shortening of the stimulusinthetime domainwithout affecting
the physical characteristics of the stimlus such as spectral shape, anplitude

distribution, and periodicity (Mulines &Laroche, 1995).



2.7  Procedure

2.7.1 Experiment 1. Speech Identification Scores with Unmodified

Stimuli

Thi s experiment was carried out on subjects inboth the auditory dys-
synchrony and normal hearing group. Ten repetitions of each of the eight
unmodi fied experimental stimli were randomy presented and speech
identificationscoresfor the original unaltered stimili werenoteddown. Stimli
wer e played t hrough a personal conputer at a sanpling frequency of 44.1 kHz
whi ch was later inputted into acalibrated clinica audionmeter (Maico MA-53).
Audi omet er was calibrated in the beginning of the experiment and every two
mont hs thereafter (Quest 1800 sound level meter and Quest 4180 free field
m crophone). Subjectsreceivedthe stimli throughaloudspeaker connectedto
the audi oneter. Loudspeaker was positioned at a distance of | meter andat 90°
azimuth. Presentation level was kept constant at 40 dB SL (ref: average
threshold at 500 Hz, 1 kHz and 2 kHz) for dl the subjects. Witten responses
wer e obt ai ned f romt he subj ects, if they areliterate. I subjects wereilliterae,
experinenter and another native speaker of Kannada noted down the responses
of the subjects independently, and only those responses which had 100%

agreenment bet ween t wo observers were takenfor the further anal ysis.
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2.7.2 Experiment 2. JNDs for Temporal Parameters of Speech

Subjects in both the auditory dys-synchrony and the normal hearing
groups participated inthis experiment. JNDs for the three different tenporal
paraneters - transition duration, burst duration and voice onset time - were
established inthisexperiment. JNDwas determned using an adaptive tracking
techni que - Paraneter Estimation through Sequential Testing (PEST) with an
" AXsame-difference" discrimnationparadigm A" isanchor stimilusand'X
Is variable stimlus inthis paradi gmwhere the subjects' task is to indicate
whether A" isthe same as ' X' or not. PEST is an adaptive procedure that
consi ders changes in both direction and step size of the stinulus to reach the
target level. Eachof theorigina stimii, calledanchor, was pairedw thanother
stiml us designatedas the variabl e stinulus. Thevariablestinlus, asthename
suggests, isvariable Variablestimli werethose CVsyllablesinwhichtheTD,
BDand VOT, as the case may be, had been |engthened. Figures 3.1-3.4 showa
representative waveformand spectrogram of the unmodified and tenporally
modified stimilus /ba/. Figure 3.5 shows the spectrum of unmodified and
tenporal |y modified stimilus. It may be noted that tenporal nodification
through lengthening of TD, BD and VOT did not ater the spectrum of the

sound.
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Inter stimilusinterval betweenthe anchor and the variabl e stimul us was
500ms. Stepsize and the direction of variable stimlus was changed according
torules of PEST (Taylor & Creel man, 1967). M ni mumstep size was 5 ms.
Instrumentation, test environment and presentation |evel was the same as in
Experiment 1. | NDfor voice onset tine for /pa/ was determned as shown in

Tabl e 2, for exanpl e.

Tabl e 3.2. Anexanpl e of sequence of presentationof stimli i nExperinment 2

/pal  with  VOT Anchor stimuli (A) Variable stimuli (X) Response
20ms (lengthened with
PSOLA)

First pair /pal with VOT /pal with VOT 60 ms* different
20ms

Second pair /pal with VOT /pal with VOT 50 ms different
20ms

Third pair /pal with VOT /pal with VOT 40 ms different
20ms

Fourth pair /pal with VOT /pal with VOT 20 ms same
20ms

Fifth pair /pal with VOT /pal with VOT 30 ms different
20ms

Sixth pair /pal with VOT /pal withVOT 25 ms**  same
20ms

Seventh pair /pal with VOT /pal with VOT 30 ms different
20ms

Eight pair /pa/with VOT /pal with VOT 25 ms same
20ms

Ninth pair /pal with VOT /pal with VOT 30 ms different
20ms ms

Tenth pair /pal with VOT /pal with VOT 25 ms same
20ms ms

*only an exanpl e

**mi ni mumstep size was reached.
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2.1.3 Experiment 3. Speech Identification Testingw th Temporal |y
Modi fied Stimuli

Onl'y subjects in the auditory dys-synchrony group participated in the
third experinent. Inthis experinent, each of the selected tenporal paraneters
was modi fied (lengthened) interms of JNDs andthe effect of modified stimlus
on speech identificationwas det erm ned.

For exanpl e, toeval uate the effect of changesinVOTonthe perception
of /pal, four tokens were generated. Hrst, a/pa/ withaVOTof one JNDfor
normal listeners; second, a/pa/ withaVOTof two JNDs for normal |isteners;
third, a/pa/ withaVOTof three JNDs for normal listeners, and fourth, a/pal
withaVOTof four JNDs for normal listeners. Qtherw se, the procedure of the
experiment was simlar tothe one describedinExperiment 1. Tenrepetitions of
each token were presented. The presentation stopped at the level where the
subject identified the correct sound or the sound which elicited the closest
response as determned by a feature analysis. The purpose of this experiment
was to find out the characteristics of the stimlus with modified tenporal
parameters, which resulted in the best identification of speech segnents in
persons with auditory dys-synchrony. O these tokens, the one which was
correctly identified as target stimulus (/pa inthisexanple), or the one which
elicited the closest response to the target sound, as determned by a feature
analysis, wll betheonetobeachievedinhearingaidsfor patientsw thauditory
dys-synchrony. Feature anal ysi s todetermne the closest responsetothe target

sound consi dered voi ce and pl ace of articulationinfornation. The data gat hered
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inthisexperiment was utilizedinExperiment 4. Al the stimili were presented
inrandomorder. Asthe stimli were isolated syllahles and were presented in
randomorder, learning and practice effect can be discounted. The JND val ues
of subjects with auditory dys-synchrony are not considered in the tokens
generated for this experiment because apilot study showed a high heterogeneity

intheresponses of the auditory dys-synchrony group.

2.1.4  Experiment 4. Speech Identification Testingwith Stimuli with the
Optimal Val ues of JNDs

A synthetic token was generated for each of the eight CV syllahles
wherein the TD, BDand VOT corresponded to the level which resulted in the
best identification of the target stimulus in Experiment 3. The purpose of
Experiment 4 was to determne speech identification scores for stimli which
had the best values of TD, BD and VOT as determned i n Experinment 3. The
procedure, test environment, instrumentation and presentation level were the
same as in Experiment 1. These scores were conpared with the speech
i dentification scores obtained for the original unalteredstimili. Figure3.6isa

bl ock di agramof the sequence of experinentsinPhasell of the study.
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3.0 Phase |11

Mbdul ation detection thresholds were measured by determning the
sensitivity to sinusoidal Iy anplitude modul at ed br oadband noi se as a functi on of
modul ation frequency. The main objective of this experiment was to measure
the tenporal resolutioninindividualswthauditory dys-synchrony andto see its
relationship to speech perception inauditory dys-synchronics. Subjectsinboth

audi tory dys-synchrony and nor mal hearing groups participatedinthis phase.

3.1 Test stimli

The stimili consisted of unmodulated and sinusoidally anplitude
modul at ed broadband noise of 500ms with a ramp of 2.5ms. The nodul at ed
signal was derived by multiplying the broadband noise by a dc-shiAed sine
wave. The depth of modul ation was controlled by varying the anplitude of
modul ating sine wave. Modul ation depthfor different stimli varied between0
to -30 dB (where 0 dB is equal to 100% modul ation depth). Detection
threshol ds wer e measured for 5 modul at ed frequencies: 4 Hz, 16 Hz, 32 Hz, 64
Hz, 128 Hz, and 200 Hz. All the stimli were generated usinga32bit digita to
anal og converter at a sanpling frequency of 44.1 kHz. Figure 3.7 shows one of
the stimli used in the study (16 Hz nodulation with 100% and 50 %

nodul ation depth).
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Figure 3.7. Snusoidally amplitude modul at ed white noise at 16 Hz.
(@) 50 %nodul ation depth (b) 100%nodul ation dept h.

3.2 Procedure

The procedure, test environment, instrunentationand presentation | evel
was the same as i n Experiment 2 of Phase Il of the study. The worst threshold
that can be obtained corresponds to a modulation depth of 0 dB (100%
modul at ed noi se). The presentation|evel was changedinal the subjects at |east
at one nodul ati on frequency and modul at i on detection threshol d was rechecked

toensurethat subjectswerenot usingloudness | udgnents.
3.3 Analyses
The fol | owi ng anal ysi s wer e made:

a) Estimation of the prevalence of the problemof auditory dys-synchrony

inlndian popul ation
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b) Conparison of speech identification scores of normals and subjects with

)

audi tory dys-synchrony.

Bet ween - group conparison of JNDs for the tenporal paraneters of
TD, BDand VOT - for each of the 8 CV syllables.

W thin- group conparisonof JNDs for TD, BD, and VOT for each of
the 8 syllahl es

Speech identification scores with nodified TD, BD and VOT, in
isolationandincombination.

Between - group conparisons of modul ation detection thresholds for
sinusoi dal |y anpl i t ude modul at ed whi te noi se at 4 Hz, 16 Hz, 32 Hz, 64
Hz, 128 Hz and 200 Hz.

Qorrelation between nodulation detection thresholds and speech
i dentification scores obtainedinvarious experimentsinindividual swith

auditory dys-synchrony.
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CHAPTER4

RESULTS

The objectives of this study were to (a) estimte the preval ence of
auditory dys-synchrony in the South Indian city of Mysore, (h) evaluate
perception of tenporal parameters of speechinindividualswthauditory dys-
synchrony, and (c) measure nodul ation detection thresholds for sinusoidally
anpl i tude nodul at ed whi te noise inindividuals wth auditory dys-synchrony.
The study was conducted in 3 phases. The data was anal yzed on SPSS
(version 10) and FI X- a sharewar e devel oped by the Depart ment of Lingui stics
of the University Col | ege of London. Fol | owi ng anal ysis wer e carried out:

a) Preval ence of the probl emof auditory dys-synchrony inIndian popul ation.

b) Conparison of speech identification scores of normals and subjects with
audi tory dys-synchrony.

c) Between-group and within-group conparisons of just noticeable
differences (JND) for the three tenporal paraneters of speech, namely,
transitionduration(TD), burst duration(BD) and voice onset time (VOT).

d) Speech identification scores in persons with auditory dys-synchrony with
I engthened TD, BDand VOT, inisoationand in combination.

e) Between-group conparisons of modulation detection thresholds for
sinusoi dal |y anpl i tude modul at ed white noise at 4 Hz, 16 Hz, 32 Hz, 64
Hz, 128 Hz and 200 Hz.
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f) Correlation between nmodulation detection thresholds and speech

i dentificationscores inindividualswthauditory dys-synchrony.

1.0  Phasel

11 Preval ence

61 of 21,236 hearing inpaired were identified to have auditory dys-
synchrony fol | owing the criteria of Sarr, Pictonand Ki m(2000) whi ch means
that 1 out of 348 hearing inpaired had auditory dys-synchrony. However, the
prevalence was 1 in 183 (0.53% when only individuals with permanent
sensori-neural hearing | oss wer e considered (61 of 11,205).

The average age of onset was 16 years (range 1to 31 years). 59 %of
the 61 patients with auditory dys-synchrony had onset of the probl emwhen
they were bet weenthe age of 14to 24 years (Figure4.1). 81 %of this auditory
dys-synchrony popul ation reported their hearing probl emas progressive. No
specific etiology coul d be traced in most of these patients. Two patients had a
neur odegenerative disorder and 2 patients reported that the problem started

after they gavebirthtotheir first child.
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Only two patients with auditory dys-synchrony denonstrated abnor mal
MRI while the remaining presented normal clinical neurological and imaging
studies. Al patients showed normal findings onotologic exam nation. There
was no evidence of any middle ear disorder. 50%of the auditory dys-
synchrony popul ation reported bilatera timnitus while 8 patients reported of

vertigo. All patients who had vertigo conpl ai ned of tinnitus al so.

12  Puretone Audiometry

The auditory problem was bilatera in al the 61 patients though
asymetry was observed in some individuals. Females and males were
affected in the ratio of 2:1. 54 of the 61 patients came from poor

soci oeconomi ¢ strata of the society (monthly income Rs <2000 or < US$ 42).

76



Of the 61 patients, 26 showed peaked audi ograms (sharp peak at a single
frequency wi th worsening of threshol ds at i mmedi at el y adj acent frequenci es),
11 showed fla audiograms (araise or fal of <5 dB per octave), 11 showed a
rising configuration (a decrease of 5 dB or more in thresholds per octave), 8
showed saucer-shaped audiograms (a loss of 20 dB or more at extrene
frequencies conpared to mddle frequencies) and 3 showed sloping
audi ograms (an increase of 5-12 dB in threshol ds per octave) in hoth ears
(Figure 4.2). 77%of the patients who showed peaked audi ogram showed a
peak at 2000 Hz. Puretone threshol ds were not available in two children

bel ow?2 years of age.
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Figure 4.2. Audiogramconfigurations in individual s
wi thauditory dys-synchrony.



Degree of hearing loss varied fromm|dto severe. This classification
may not be valid in most of the cases because not only were the responses
inconsistent, but alsoa mjority of themhad peaked audi ogranms. Responses
of 40%of the patients were judged as inconsi stent because threshol ds varied
by more than 10 dB within atest session. Paired two-tailed Y test showed no
significant difference between the two ears with respect to 3-frequency pure

toneaverage (t =0.5, p>0.05).

13 Speech Perception

Speech perception abilities of patients varied from no measurable
speech identification score to 90 %speech identification score. Figures 4.3a
and 4.3b showthe distribution pattern of speech identification scores for the
right and the left ear, respectively. It isclear fromFigures 4. 3aand 4. 3bthat
around 60% of the patients did not have measurable speech identification
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Figure 4.3. Speech identification scores inthe right (4.3a) andthe
left (4.3b) ears.
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Rel ationship between speech identification scores and the results of
other auditory assessments was examned in al the patients. Patients'
threshol ds at each of the audi onetric frequenci es (octave frequenci es bet ween
250 Hz and 8 kHz) wer e comparedw th speech perception score by conputing
a Pearson' s Product Moment Correlation between the two factors. There was
a significant negative correlation between the two variables at al the
frequenci es except at 8 kHz. Table 4.1 shows the correlation coefficient 'r'
bet ween threshol ds at different frequencies and speech identification scores.
The observed correlation may have been hecause of subjects who had no
measur abl e speech perception abilities in the presence of mldto moderate
hearing loss. A scatter plot was drawn between the two variables, at al

frequencies, toverifythevalidityof correlations (Figure4.4).

Table 4.1 Correlationmatrixbetweenspeech identification scores and hearing
threshol ds.

Frequencies

250 Hz 500 Hz 1 kHz 2 kHz 4kHz | §kHz

Correlation | -0.634* | -0.518* { -0.828% | -0.759* | -0.32* 0.4
Coefficient

¥ p< 0,05
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Figure 4.4. Relationbetween speechidentification scores and
threshol ds at different audi onetric frequenci es
An analysis of the scatter plots reveal ed a negative relation between

hearing threshol ds and the speech identification score only at 250 Hz and 500
Hz. Speech perception score was also conpared with audiogram
configuration. Figure 4.5 shows the mean speech identification score for each
of the audi onetric configurations describedearlier. It isclear fromthisfigure
that patients who had peaked audi ogramshowed hi gher speech identification
scores, inbothears, thanpatientsw thother audi ometric configurations. But,
any generalization of this result is hazardous because of the far too smal
numoer of patients, particularly those with rising and saucer shaped

audi ograns.
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Figure 4.5. Speech identification scores in patients
withdifferent audiometric configurations.

14 | nmi ttance Eval uati on and ABRs

| mm ttance eval uation showed normal tynpanograms. However,
stapedi al acoustic reflexeswereabsent indl patients. Noneof the patients
showed ABRs for clicksinany ear.

15 ( oacoustic Em ssions

Transi ent evoked ot oacoustic em ssions were bilateraly present indl

the 61 subjects. The mean em ssion anplitude of TEOAE was 16.7 dB SPL
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(SD=3.9) for the right ear and 16.4 dB SPL (SD = 3.6) for the left ear. A
two-tailed paired Y test failed to showany statistically significant difference
between the right and the left ear inthe anplitude of otoacoustic em ssions (t
= 1.23, p>.05). The relation between TEOAE anplitude and puretone
threshol ds at 500 Hz, 1 kHz, 2 kHz and 4 kHz was exam ned. Datafromboth
the ears were conbined as there was no statisticaly significant difference
between the two ears for either TEOAE anplitude or puretone threshold.
Pearson's Product Moment Correlation was not staisticaly significant
between hearing threshold and TEOAE anplitude at any frequency.
Correlation between the anplitude of TEOAEs and speech identification

scores was not significant for either ear.

2.0  Phasell

Tabl e 4.2 shows the audiol ogical profile of 30 subjects with auditory

dys-synchrony who participatedinPhase || and Phase Il of the study.
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Tabl e 4.2. Audi ol ogi cal profileof personswithauditory dys-synchrony.

Efferent
N | Agersx (RP;/CE) (RE'/EE) TEOAE ABR /598 SPPC  configuration
(indB)
1 16/F 43/43 45/45 P A A 0.2 peaked
2 16M 13/16 84/84 P A A 0.0 pesked
3 30M 23/35 80/80 P A A 04 rising
4 24/F 31/46 38/36 P A A 0.0 rising
5 16M 55/63 0/0 P A A 01 pesked
6 26/M 40/51 444 P A A 0.0 peaked
7 23/F 41/26 55 P A A 0.0 pesked
8 23M 76/73 0/0 P A A 01 pesked
9 27M 31/31 80/80 P A A 0.0 rising
10 | 23M 23/23 86/84 P A A 03 peaked
11| 24m 53/53 8/8 P A A 0.0 peaked
12 25/F 43/43 68/68 P A A 0.0 peaked
13| 28M 31/31 80/80 P A A 0.3 rising
14 25/F 36/31 0/0 P A A 02 peaked
15| 16M 36/31  60/60 P A A 02 peaked
16 18/M 31/31 76/80 P A A 0.3 pesked
17 22IM 50/53 0/0 P A A 0.0 rising
18 24/F 33 90/90 P A A 0.0 peaked
19| 23Mm 15/13 95/95 P A A 0.2 peaked
20 | 26/M 56/65 0/0 P A A 0.1 peaked
21 20/F 48/51 0/0 P A A 02 rising
22 18F 43/43 26/40 P A A 03 peaked
23 16/F 13/16 84/84 P A A 0.1 pesked
24 18M 25/25 82/82 P A A 0.1 rising
25 19M 31/46 38/36 P A A 0.0 rising
26 | 30M 52/63 0/0 P A A 0.0 peaked
27 28M 40/51 444 P A A 0.0 peaked
28 27IF 31/26 6/6 P A A 0.0 peaked
29 22IF 76/26 0/0 P A A 00 peaked
30 | 20M 3131 62/80 P A A 01 risng

RE- Right ear, LE- Left ear, SI'S- Speech identification scores,
P- present, A- Absent.
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2.1 Experiment 1. Speech Identification Scoresw thUnmodified
Stimli
Al subjects in the normal hearing group got speech identification
scores of 100%for the unnodified stimli. The speech identification scores
of subjects inthe auditory dys-synchrony group ranged from0%to 87 %with
a mean of 28%and an SD of 25.8% Independent sanple Y test showed a
significant difference bet ween the mean speechidentification scores of the two

groups (t=15.19, p<0.01).

2.2 Experiment 2. JNDs for Temporal Parameters of Speech

Repeated measures ANOV A revealed a highly significant difference
bet ween the JNDs of normal's and auditory dys-synchronics for each of the
three tenporal paraneters of speech, namely, transition duration [F (1, 63) =
4471, p<0.01], burst duration[F(1, 63) =1389, p<0.01] and voi ce onset time
[F (1,63) = 2191, p<0.0l]. Independent sample Y tests were run for the
significance of difference in mean JNDs for each of the CV syllables and
separately for TD, BDand VOT. The questions asked were: (&) whether the
JNDfor TDfor /ba/ was significantly different between normals and auditory
dys-synchronics, (b) whether the JND of VOT of /pa/ was significantly
different between the two subject groups, and so on. Thus, atota of 24 Y
tests were run. The results reveal ed a significant difference between the t wo
groups inthe JNDs for each of 8 CV syllahles and for each of the tenporal

parameters. These miltiple Ytestswll not increasetypel error because the
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significant main effect at 0.01 level was established by repeated measure
ANOVAfor each of the tenporal parameters of speech. Figures 4.6, 4.7 and
4.8 show mean JNDs for the 3 tenporal parameters tested with 95%

confidence interval error bars, between the t wo groups, across dl the eight

speech sounds.
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Figure 4.6. JNDfor transition duration for the t wo
groups of subjects for each of the eight CV
syllables. Error bars show9 5 %confidence interval .

AD = auditory dys-synchrony.
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Figure 4.7. JND for burst duration for the two
groups of subjects for each of the eight CV
syllables.  Error bars show 95% confidence
interval. AD=auditory dys-synchrony.
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Figure 4.8. JND for voice onset time for the two
groups of subjects for each of the eight CV
syllables. Error bars show95 %confidence interval.

AD - auditory dys-synchrony.
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The difference in mean JND between the eight CV syllables, wthin each
group, was anal yzed with repeated measures ANOVA. The results of these

anal yses are descri bed bel ow:

2.2.1 Normal Hearing Group

Tabl e 4.3 shows the mean and standard devi ation of JNDs for the three
tenporal paraneters of speech in normal hearing individuals. Repeated
measures ANOV Areveal ed a significant effect of stimilus on the JNDs for
BD[F (7,203) = 18.5, p<0.05], TD[F (7,203) = 13.4, p<0.05] and VOT [F
(7,203) =44.4, p<0.05]. Bonferroni's pair wi Se conparisonwas carried out
toanal yze the interaction effects. Questions answered were: (&) whether the
mean JND for TD for syllable /ba/ was significantly different fromthe JND
for TD of other seven CV syllables; (b) whether the mean JND for TD of
syllable /da/ was significantly different fromthe JND for TD of other seven
CV syllables, and so on. Tables 4.4 a, b and ¢ show results of this

conpar i son.
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Tabl e 4.3, Mean JNDs, and standard deviation (SD) for TD, BD, and VOT

i nnormal hearing group.

Stimulus Parameter Mean (in ms) D (in ms) Range
BD 186 113 10-40

foal TD 36.1 87 20-50
VOT 415 104 20-60

BD 313 9.7 10-50

da/ D 382 123 20-60
VOT 351 9.9 20-60

BD 228 9.4 10-50

fdhal TD 3238 14 20-60
VOT 34.0 102 10-50

BD 317 134 10-50

foal D 310 75 20-40
VOT 321 11 10-50

BD 196 80 10-40

Ipal TD 303 124 10-50
VOT 137 53 10-30

BD 233 14 10-50

Ikal D 213 9.9 10-40
VOT 279 18 10-50

BD 200 6.4 10-30

hal D 326 137 10-60
VOT 155 6.8 10-30

BD 121 36 10-20

fthal D 237 8.6 1050
VOT 182 6.7 10-30
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Tabl e 4.4a. Results of Bonferroni's pair wi se conparisonof JDNs for TD.

ba da dha ga ka pa ta tha
ba NS | NS | Ns | ** [ NS | Ns | =
da NS | NS | * | NS [ NS | *
dha NS | * | NS | NS [ ==
ga * | NS | NS | NS
k'a * %k NS * ¥
pa NS | NS
ta ]
tha

*p<0.01

NS = difference not statistically significant
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Tabl e 4.4b. Results of Bonferroni's pair wi se conparisonof JDNs for BD.

*p<0.01

NS = difference not statistically significant
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Tabl e 4.4c. Results of Bonferroni's pair wi se comparisonof JDNs for VOT.

*p<0. 01

NS = difference not statisticaly significant

2.2.2 Auditory Dys-synchrony Group

Tabl e 4.5 shows the mean and standard devi ati on of JNDs for the ei ght
speech sounds and for each of the tenporal parameters: TD, BDand VOT, in
individuals with auditory dys-synchrony. A repeated nmeasures ANOVA
showed no significant effect of stimlusonJNDs of TD[F (7, 238) =2.14, p>
0.05] and of VOT [F (7, 238) = 2.4, p>0.05. However, JNDs for BD
signficantly differed between the stimli [F (7, 238) = 3.62, p>0.05].

Bonferroni's pai rw se conparison showed that the mean JNDs for BD were
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significantly different betweenthe stimli 'ba-dha' and 'dha-pa’. Figure 4.9
shows error hars of JNDs for burst duration, for the three syllables of /bal,
[dhal/ and /pa/. It isclear fromthe figure that JNDs for these three stimili
overlap and that the observed statistical difference may be because of extreme

SCores.
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Table 4.5, Mean JND and standard deviation (SD) for TD, BDand VOT
of the subjects inauditory dys-synchrony group.

Stimulus Parameter Mean (in ms) SD (in ms) Range
' BD 95.5 14 30-100
D 103.1 16 60-150

fba/ VOT 1017 13.04 60-150
BD 88.5 23.4 30-100

D 108.2 163 70-150

da/ VvOT 100.5 14.7 60-150
BD 82 26.8 20-100

D 100.5 21.4 40-150

tdha/ VOT 100.5 9.9 70-150
BD 91.4 20.3 30-100

TD 9.8 19.8 50-150

Igal VOT 98.5 13 60-150
BD 90.5 335 10-100

TD 982 24.6 40-150

ipa VOT 95.7 24.7 40-150
BD 98.2 23.5 10-100

D 104.2 24.6 40-150

Ika/ YOT 89.7 24.7 40-150
BD 87.2 4.1 30-100

TD 954 175 50-150

hta/ VOT 91.7 20.9 30-100
BD 86.2 ‘ 26.4 30-100

™D 98.2 13.1 50-130

| /tha/ voT 86.8 24.8 30-100




120
100 1
i
” i1
£
£ d]
. 80
o
=
-
60 o
40 . - .
ba dha pa

Stimulus

Figured.9. JNDs for burst durationsfor /ba/, /da/ and/dha/.
Error bars showmean + 1SD.
2.3 Experiment I11: Speech Identification Scores for Tenporal |y

Modi fied Stimuli (inisolation)

2.3.1  Speech Identification Scores

Each CV syllable was presented 10 times in each testing condition.
This resulted in a total of 320 presentations per subject (8 CV syllebels X 4
condi tions X 10 presentations). The four testing conditions were unmodifi ed,
transition duration nodified, burst duration nodified and voice onset tine
modi fied. Figures 4.10 (a-d) showthe speech identification scores obtained

by subjects in different testing conditions. Speech identification scores varied
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between 0 to 87%for unnodified stimlus, 0 to 100% for stimli wth

modi fied transition duration and VOT, and between 0to 50 %for stimli with

modi fiedburst duration. Other inportant observations fromFigures 4.10 (a-d)

areasfol | ovs:

a) 11 patients with auditory dys-synchrony had 0% speech identification
score for unmodified stimli. Only four patients had speech
I dentification scores morethan50%.

b) Five subjects with auditory dys-synchrony had 100% speech
Identification scores for stinuli with modified TD

¢) Modification of burst duration resulted in less than 50 % speech
identificationscoresinal the subjects. Whenastinuluswas nmodified
for TD, it means that other tenporal parameters like BDand VOT was
asinoriginad unmodifiedstimii.

d) Modification of voice onset time resulted in 100% speech
identification scores in one subject while six subjects obtained more
than 50 %speech identification scores.

Figure 4.11 shows the mean speech identification scores in the four
testing conditions. Modification of transition duration resulted in better
perception of CV syllables fol l owed by modification of voice onset time and

burst durati on.

95



Speech identification scores in %

Speech identification scores in %
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Speech identification scores in %

Speech identification scores in %

100 '|
80 9
60
) Conditions
40 2
s I unmodified
20 B TD modified
Il eo modified
0 [CJvoTmodified
17
Subjects
d
100

80

Conditions

40

BB voodified

20 B2 0 modified

Il eD modified

EE8 vOoTmodified

Subjects

Figure 4.10 (a-d). Speech identification scores of individual
subjects under different conditions,
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Speech identification scores %

Urimodified TO modified BDmodifled  VOT modified

Conditions

Figure4.11. Mean speech identification scores under different
testing conditions.

2.3.2 Speech Identification Scores for Each Speech

Figure 4.12 shows mean speech identification scores for the
unmodi fied and the tenporal |y modified CV syllables (modified for TD, BD
and VOT) . As can be seen nodification of transition duration resulted in
better speech identification scores for al syllables except for /gal.
Modi fication of voice onset timeresultedin better speech identification scores
for stimlus /ga/. Modification of transition duration resulted in speech
identificationscores of greater than50 %for al speech sounds other than /ka/,

I pal and/ tha/ .



Conditions

BB unmodified

B 10 modified

Speech identification scores in %

[l &0 modified

BB o1 nodified

dha ga ka

Speech sounds

Figure 4.12. Speech identification scores for nodified
stimili.

2.3.3  Stinulus- Response Matrices

Separate stimulus-response matrices were constructed for unnodified
as wel | as for each of the three modified conditions. Inthese matrices (Tables
4.6-4.9), the numoer ineach cell isthe frequency with which each stimlus-
response pair occurred. The number of correct responses may be obtained by
totaling the frequency al ong the mai n di agonal (by adding the bol d numbers).
In each of the conditions, the stimulus concerned was presented 10 tines.
This resulted in 300 presentations of each stimulus, in the unnodified

condition, for 30 subjects. However, indl thethree nodified conditions, the
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total number of stimlus presentations was always less than 300. This is
because number of speech stimli that the subjects could identify in the
unmodi fied condition was not considered in future experinents. Therefore,
the total number of presentations was different for different stimli in the
modi fied conditions, but they remained constant across modified conditions.
Hence, any number inthe stimulus-response matrix can be directly conpared
between each of the three nodified conditions, but none of these should be
directly comparedtoanyinthe unnodifiedcondition. Moreover, therowtota
for each stimilus in these matrices is less than the total number of
presentations because some subjects who coul d not abel the stimili (identify)
correctly, reported it as noise. These responses were not considered while

constructing the stimulus-response matrix.

2.3.4  Stimlus- Response Matrix for Unmodi fied Speech Sounds

Table 4.6 is the stinulus-response matrix for the unmodified
condition. Aprelimnary [ ook at the matrix reveals that speech identification
scores did not exceed 50% Orher observations fromthis matrix are as
fol I ous:

a) Individuals with auditory dys-synchrony perceived /dha/ hetter in
relation to other speech sounds. This was closely followed by the

I dentificationof syllable/gal.

b) No consi stent grouping among phoneme categories was evident inthe

stimlus-response matrix. The exceptions were /ba/ which was
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frequent!y confused wi th its unvoi ced cognate /pa/, and/dha/ which
was confusedw th/gal.

¢) The phonemes /ta and /pa/ were rarely identified correctly.

Table 4.6. Similus response matrix for unnodified speech sounds. Bol d
numbers indicate correct responses. The nunber in each cell reflects the
conbi ned responses froma| the subj ects.

Response

No

ba ' | da | @ ka | |p | ta | th
response
ba | 42 L 2| 2| % |6 2 12
;S 8 60 | 24 | 12| 12| 3% 108
:n da | 12 3 | 63 82
) @ | 2 60 | %4 |18 5 D 19
: ka 8| 12 | 24 | 100 | 12| 24| 24 56

pa 74 |48 T2
ta | 12 | 8 1 | % 2 3% | %0 o
tha 3l 24 | 12 | L | 16 8

235 Stimilus Response Matrix for Speech Sounds Mdified for
Transition Duration
Stimul us response matrix for stimili modifiedfor transitiondurationis

showninTabled.7
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Tabl e 4.7. Stimulus response matrix for speech sounds modified for transition
duration. Bol d numbers indicate correct responses. The number in each cell

reflects the combi nedresponses fromal the subj ects.

Response
ba | da |dnha| Ga ka| pa | Ta  tha No | Tot number
responses of
presentations
ba | 144| 12 | 12 | 5 6| 12 1 32 264
s | da 139 52| 12 2] 49 264
t
1] dha 95 3 82 180
m
u| ga 36 | 24 | 55| 18 59 192
1
u| ka 12 96 | 24 | 14 74 220
s
pa 12 15| 24 | 24 89 264
ta 24| 24 2141 13 62 276
tha 4 12 90| 110 216

The matrix reveals that |engthening transition duration resulted in greater

number of correct responses when compared to unmodifiedstinuli. This was

true for dl the speech sounds. This resulted in correct identification of more

than 50 %in respect of syllables /ba/, /da/, /dha/ and/tal. It is also observed

that:

a) confusionof/bal with/pal, persisted, but withgreatlyreduced

b) /dha/ continuedto be confusedw th/dal/,

frequency, and
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2.3.6 Stimulus Response Matrix for Speech Sounds Modified for Burst

Duration

Tabl e 4.8 shows the stimul us-response matrix for stimili nodified for
burst duration. Lengthening of burst durationimprovedidentificationof only
Ibal and/pal syllables conparedto unmodifiedstimili. However, frequency
of correct identification did not cross 50% for even these two syllables.
Lengt heni ng of burst durational soresultedin
a) reduced number of responses. Many a time the subjects could not even

| abel the speech sounds, and

b) I ncreased conf usi on bet ween speech sounds
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Tabl e 4.8. Stimulus-response matrix for speech sounds nodified for the burst
duration. Bol d numbers indicate correct responses. The number in each cell

reflects the combi nedresponses fromal the subj ects.

Response
ba | da da | ga ka pata th res':(;)nses nurTT(t)Jtear| of
presentations
ba | 84 48 | 12 2|12 36 264
s | da |48 |36 2 24 | 24 108 264
ti dha | 36 2 |24 12 12 & 180
TS ga B | 2 24|24 2 1 12 192
u1 ka | 12 | 12 2| 42 24 118 220
i pa iV 2|12 84|24 |48 [ 264
ta 213% 12 12|24 168 216
thh | 12 | 12| 12 212 36 120 216

2.3.7 Stinulus-Response Matrix for Speech Sounds Modified for Voice

Onset Time

Tabl e 4.9 shows stiml us-response matrix for stimli whose VOT was

| engt hened.

Lengt heni ng voi ce onset time resulted in a decrease of 'across

category' (voicing) confusionsinconparisonto'wthincategory' confusions.

For instance, /ka/ was confusedw th other unvoi ced sounds suchas /pa/, /td,

and/tha/, but never withany voiced sound. Thisisshownindarkandlightly

shaded areainTabl e4.9. It was al so observed t hat
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a) there were quite a few instances of voiced sounds being identified as

unvoi ced sounds, and

b)  correct identification of /ta/, /tha and /ka/ was poorer conpared to

identification of other CV syllables.

Tabl e 4.9. Simlus-response matrix for speech sounds nodi fied for voi ce onset
time. Bol dnunbers indicate correct responses. The nunber ineachcell reflects
the conbi ned responses fromal the subj ects.

Response
No Total
ba | da|dha| ga| Ka|pa| ta|tha responses | number of
presentations
ba 120 | 12 12 24 48 48 264
s | da B| 2] 6 120 264
t 90
i jda 12 " | 60 108 180
m
U ga 121 22 | & 12 62 192
1
u | ka 42 | 15| 12| 12 | 139 220
s
pa 24 196 | 12| 24 108 264
ta 24 | 12 24 136 | 24 156 276
tha 12 12| 12 24|48 12 96 216

2.3.8  Sequential Information Transfer Analysis

Asequential information transfer analysis (Wang & Blger, 1973) was

performed on group data for each experimental conditionto assess the amunt
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of informationtransfer fromstinmulustoresponse for aset of phonetic feature.
This was done with 'Feature Information Xfer (FIX)' software fromthe
Departnent of Linguistics, University College of London. Sequential
Information Transfer Analysis (SINFA) is a method for determining the
degree of informationtransfer fromstinulustoresponsethat isattributableto
aparticular feature. Frst, eachfeature'sinformationtransfer fromstinulusto
response is conputed. Then a sequence of iterations is done in which one
feature selected according to some criteria is partialled out per iteration by
hol dingit constant. Typically, thefeaturethat istransmttedtothe maxi mum
extent i sheldconstant insubsequent iterations. Table4.10 shows thedifferent
features that were assigned to speech sounds. The speech sounds have been
classified based on the features of voi cing and pl ace of articulation. Thus the
speech sounds were either voiced or unvoiced (voicing), and bilabia, or
dental, or velar or al veol ar (place).
Tabl e 4.10. Features assignedtothe different CV syllables.
ha da dha ga ka pa ta tha
Voi cing + + + +

R ace b ad \Y; \Y; b a d

b=hilabial, a=alveolar, d=dental, v =velar

Tabl e 4.11 shows the relative information transmtted in bits per stimulus for

each feature. The maxi muminformation that could be transmtted for the

eight stimili wasthreehits.
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Table4.11. Relativeinformationtransmttedfor eachfeature

Voicing (in Place (in bits) Tota transferred

bits) information (in bits)
Unmodified 0.129 0.186 0.812
TD modified 0.464 0514 153
BD modified 0133 0.317 0.731
VOT modified 0416 0.346 132

The numbers inthe 2nd and the 3nd col ums represent the extent of
informationtransmtted. 0 indicates no transmssion of that particular feature
and a value of "1' indicates maxi mum transmssion of information. The
numbers inthe fourth col um represent the total informationtransmtted. As
saidearlierinformationtransmttedinthis particular experinental paradigmis
between 0 and 3 bits.

In general, the pattern of information transfer as shown by SI NFA
analysiswas simlar tothe patternfoundinthe confusionmnatrices (Table4.7 -
4.10). It was found through SI NFA analysis that the stimli modified for
transition duration facilitated the highest information transfer followed by
stimli modified for VOT and burst duration, in that order. Some salient
findings of SI NFAanalysis were as foll ows:

1. The nodification of transition duration resulted in the transmssion of
place informationto a greater extent than voicing information. This

wasalsotruewithregardtostimili modifiedfor burst duration.
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2. The chosen set of features coul d not account for the total infornation

transferred fromstiml us to response.

2.4 Experinment 4. Speech ldentification with Temporal ly Mdified

Stimili (inconbination)

2.4.1 Speech Identification Scores

Inthis experiment speech identificationtestingwas done with stimli
whi ch had been nodified to reflect the JNDs for TD, BDand VOT that had
elicited the best speech identification scores in Experinent 3. These stimili
are | abel ed here as ' conbined stimili' for want of better nomencl ature. Figure
4,13 (a &b) showindividual speech identification scores for dl the subjects
for the conbi ned stimili. The last bar inFigure 4. 13b shows the mean correct
response of the auditory dys-synchrony group. The scores ranged from0%to
100% In none of the subjects*, combined nodification reduced speech
i dentificationscores. & her observations fromthe dataareasfoll ows:

a)  In 16 subjects, speechidentification scores remainedthe same as those
obtained for stimli nodifiedfor TD. Speech identification scores of
these subj ects wer e absol utel y same as those obtained with the stimili
modi fied for TD

h) In nine subjects, speech identification scores for conbined stimili
wer e better than those resul ted f romnodification of transition duration

al one.

' I'n 12 sty ects conbi ned noai fication did not invol ve burst duration nodificationas it did not
dte the speech i dentification scores conpar ed to unnodi fi ed cond tion
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)

Speech Identification scores in %

Speech identification Scores

Subjects

Figure 4.13a. Speech identification scores of
i ndi vi dual subjects (1-8) for combi ned nodification.

16 12 20 12 24 % 28 30
17 19 21 23 25 27 29 Average

Subjetes

Figure 4.13b. Speech identification scores of individual
subjects (16-30) combi ned nodi fication.

7 subj ects had 100 %speech identification scores on combi ned stimili.
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The last bar inFigure 4.13bisthe mean speech identification score
for combined stimli. A repeated measure ANOVA was performed for
significance of difference of mean speech identification scores across the 5
conditions of speech (unmodified, TD nodified, BD modified, VOT nodified
and optimally modified). Results showed that the main effect of stimulus
modi fication on speech identification scores was statisticaly significant [F =
(4, 132), 33.89, p< 0.05]. Bonferroni's post hoc analysis showed that
modification of transition duration and 'combined nodification' of al the
three parameters resulted in significantly better speech identification scores
than other nodifications.  Combined stimli vyielded better speech
I dentificationscoresinmany subjects, but the group effect was not statisticaly

significant.

2.4.2  Speech Identification Scores for Each Speech Sound

Figure 4.14 shows identification scores for each speech sound for the
combined modification in comparison with other conditions. The results
observed were simlar tothose obtainedw thstimli whose transition duration
was modified, /ba/, /dha/ and /tal was identified more than 50 %of the tine.

I dentificationscores for /ga/ was |essthanother speech sounds.
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Figure 4.14. ldentification scores for 8 CV syllables for
optimal |y modified stimili.

2.4.3  Stinulus-Response Matrix for Optimally Mdified Speech Sounds

Table 4.12 shows the stimlus-response matrix for the optimally
modified stimli. It can be seen from Table 4.12 that the combined
nodification definitely increased the total number of correct responses.
However, confusions between speech sounds remained at the same level as

those for stimuli modified for TD (Table 4.7).
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Tabl e 4.12. Stimul us-responsematrix for theoptimally nodifiedspeechsounds.
Bol d nunber s indicate correct responses. The number ineach cell reflects the
combi nedresponses fromal | the subj ects.

Response

No
ba | da [da | goa | ka | pa | ta |th Total

I esponse
ha | 152 12 5 | 12 3% | 12 % | 264
tS @ 37| 8 | 2 B | w4
n‘n dha % 280 | 180
1 @ 2% 2% 2 W R 12
.k 2 % | 24 | 12 7 | 220
o 2 105 | 24 | 24 | 8 | 264
ta | 2 12 2B 2 | 12| e | 26
tha 3 297 | 18 | 206

Sequential information transfer analysis was carried on the stimulus response

matrix showninTable4.12. Results of SI NFAare showninthe Tabl e 4. 13.
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Tabl e 4.13. Information transmtted for each speech conditions. 1to4 are

fromTabl e 4. 11 for conpari son here.

Place (in
Voicing (in bits) Tota transferred
bits) information (in bits)
1 Unmodified 0.129 0.186 0.812
2 TD modified 0.464 0514 1535
3 BD modified 0.133 0.317 0.731
4 VOT modified 0.416 0.346 1322
5 0.515 0422 1312

Combined modified

It can be seen fromthe table 4.13 that combined nodification of
speech stimuli (TD, BDand VOT) didnot leadtothe expected results speech
identification. Information transfer for combined nodification was at the
sane |evel asthat for stimli nodifiedfor VOT, andlessthanthat for stimli

nodi fied for TD al one.

3.0 Phase Hl

3.1  Mdul ation Detection Threshol ds

Figure 4.15 shows the tenporal nodul ation transfer function ( TMTF)

for subjects withnormal hearing and auditory dys-synchrony. Nor mal hearing

listeners wer e most sensitive to slowtenporal fluctuations but became Iess
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and less sensitive for increasein fluctuationrates. Asimlar trend was noticed
in individuals with auditory dys-synchrony. Average peak sensitivity of
normal hearing listeners was -17.36 dB (SD: 1.2 dB). In contrast, average
peak sensitivity for auditory neuropathy group was -6.2 dB (SD: 18 dB). At
hi gher nodul ation frequencies, many of the subjects with auditory dys-
synchrony (20 subjects) did not even detect modul ation depth of 0dB(100% .
Figure 4.15 shows TMTF for subjects with normal hearing and auditory dys-

synchrony.

-18 4 -—e— Auditory dys-
synchrony

-14 —a— Normals

dB
11

-

L

4Hz 16Hz 32Hz 64Hz 128Hz 200M:z
Frequency

Figure 4.15 TMTF in normal hearing individuals and

i ndi vi dual s wi th auditory dys-synchrony.
Pearson's Product Moment Correlation was conputed between peak
modul ation detection threshol ds and speech identification scores obtained for
each acoustic nmodification. Table 4.14 shows correlation coefficient 'r'
bet ween peak modul ation detection threshol d and speech identification scores

obtainedindifferent conditions.
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Table 4.14 Correlation matrix between peak modul ation detection threshol ds
and speech identificationscoresobtainedindifferent conditions.

Unmodified | TD BD VOT combined
lengthened lengthened lengthened modification

-0.566* -.611* -272 -.241 -3

*p<0. 05

There was a significant correlation between peak modulation detection
threshol d and speech identification scores obtained for unmodified, transition
duration l'engthened and combi ned nodification stimli. Figure 4.16 shows
scatter plot and regression line between modul ation detection threshold and
speech identification scores obtained for different experimental conditions. It
is clear fromTable 4.14 and Figure 4.16 that speech perception abilities of
individuals with auditory dys-synchrony were related to tenporal resolution.
Individuals with better modul ation detection thresholds had better speech
identification scores and henefited more fromlengthening of transition than

ot her subj ects.
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Insummary, someinportant findings of thisstudy are:

a) prevalence of auditory dys-synchrony among adults in India is about

0. 53%of sensory neural hearinginpairedand0. 28%whendl types of
hearing i npai r ment s are consi dered,

individuals wth auditory dys-synchrony have severely affected
tenporal processing ailities as evident inelevated JNDval ues for TD,
BD and VOT,

no consistent error patterns between phoneme categories could be
obser ved for unnodi fi ed speech sounds,

modification of transition duration resulted in significantly better
speech perception than nodi fi cation of either BDor VOT,

l'engthening of VOT reduced across-category confusions (voiced vs
unvoi ced) bet ween voi ced and unvoi ced speech sounds,

| engt hening of BDdid not result ininprovement in speech perception
and,

combined nodification of TD, BD and VOT did not significantly
i nprove speech identification conpared to that for TD nodification
al one,

individuals with auditory dys-synchrony showed significantly poorer

modul at i on detection threshol ds than nor mal hearing subj ects,

1) speech identification scores of individuals wth auditory dys-synchrony

was a significantly correlated with their nodul ation detection

threshol ds, and hearing sensitivity inthe | owfrequency hearing region.
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CHAPTERS

DI SCUSSI ON

1.0 Preval ence and Audiol ogical Profile of Auditory Dys-synchrony

Inthe first phase, preval ence of auditory dys-synchrony was estimated
through a retrospective register-based study. Aretrospective analysis of case
reports was done wherein test findings of al those whovisited the Depart ment
of Audiology, All India Institute of Speech and Hearing, Mysore between
January 2000 and December 2003 were reviewed. The results showed the
fol | ow ng:

a) prevalence of auditory dys-synchrony was 1 in 183 in individuals with
permanent sensori-neural hearing | oss,
b) the most common audi ometric configuration seeninthese patients was

a 'peaked' audi ogram
) wi de variationin speech identification scores,

d) individuals with 'peaked' audiograms had better speech identification
scores, and that

e) speech identification scores were significantly correlated with hearing
thresholds at |ow frequencies.  The speech identification scores

decreasedwi th decrease inthreshol ds at | owfrequenci es.
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11 Preval ence

61 of 11, 205 individuals with permanent sensory-neural hearing |oss
wer e identified to have auditory dys-synchrony which means a preval ence of
0.53%or | in 183 persons. This figureis significantly | ower than the figure of
11%reported by Ranee et a. (1999) and the 1.8% reported by Tang,
McPherson, Yuen, Wong, and Lee (2004). This difference m ght be because
of the difference in the popul ation tested. A large number of subjects inthe
study of Ranee et a. (1999) were bompremature and were at risk for a
neurodevel opnental disorder (hyperbilirubinema). It is known that
hyperbi | i rubi nema can cause both permanent and tenporary dysfunction of
auditory pathways. Some of the infants may recover fromabnorml ABRas
they grow. Therefore, the figure reported by Ranee et a. (1999) seems to be
an overestimate of the extent of auditory dys-synchrony. The figure of 1.8%
reported by Tanget a. (2004), inschool -aged children(N=56), alsoseemsto
be an over estination because their sanple size was too small to allowany
generalization. In the 56 children that they studied, only one child had
evi dence of auditory dys-synchrony, whi ch meant a preval ence of 1. 8%

The results of the present study are simlar tothose reported (1/200) by
Davis and Hrsh (1979). Actually, the preval ence of auditory dys-synchrony
m ght be slightly higher than what is reported in the present study because
some or the other test was not admnistered for nearly 30%of the hearing

inpaired inthe present study, andthus, some subjects m ght have nmissed the
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diagnostic criteria for auditory dys-synchrony empl oyed in this study. Also,
the present study empl oyed transient evoked otoacoustic em ssions to infer
normel functioning of outer hair cells. However, Sarr, Sininger and Praat
(2000) have reported that around 169% of individuals with auditory dys-
synchrony | oose otoacoustic em ssions over time. Thus, some patients with
auditory dys-synchrony mght have been missed out in the present study.
However, irrespective of the number of patients with auditory dys-synchrony,
early identification of this disorder is necessary because conventional
management techniques like use of anplification devices does not seemto be
effectivewiththis popul ation and may even be dangerous.

Only 2 of the 61 patients in the present study showed neurol ogi cal
deficits which is much |ower than the 80%reported by Sarr, Sininger and
Praat. (2000). This may be because Sarr et al. dealt predonminately with
neurol ogi cal popul ationinanedical setup. However, the Al Indialnstitute of
Speech and Hearing, Mysore where the present study was conduct ed functions
inanon-nedical setup. It maybethat not many patients wth medical history
have consul ted at thisinstittte.

Femal e to mal e ratio of auditory dys-synchrony was 21 in this stuady.
This along with the report of two patients that they devel oped the problem

after the delivery of their first child suggests the need for investigation of

hormonal influence in precipitating the condition of auditory dys-synchrony.
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1.2 Audiological Profile

The most common audiometric configuration Seen in persons with
audi tory dys-syhchrony inthis study was ' peaked' type, withthe peak usual Iy
occurring at 2 kHz. Frequent occurrence of such an audi ogrammay be due to
anat om co- physi ol ogi cal make up of the auditory nerve. The | ongest fibers are
most susceptible to pathol ogy. The longest cochlear nerve fibers are those
going fromthe apex of the cochlea (which mediates | ow frequencies). The
shortest fibers are those going to the second half of the first cochlear turn
(which medi ates mddl e frequencies). Those going to the basal parts of the
cochl ea have lengths in between these t wo extremes. These mediate high
frequencies. Hence, the m d frequencies are affected |ess than the | ow and
hi gh frequenci es (Sarr, Picton &Ki m 2001). Thisisonly a supposition. Qur
subj ects wereinthe age range of 16-30years, withthe meanage of 22. 4 years.
Therefore, it is possible that high frequency hearing loss was not set in
(because of youngage) thoughthey al had sensori-neural type of hearing | oss.
Low frequency hearing loss (500 Hz and 1 kHz) in patients with miltiple
sclerosis who al so showed sympt oms of brainstem|esions has been attributed
to pat hol ogy of the central nervous system(Cohen & Rudge, 1984) and not to
a lesion of the auditory nerve. However, Cohen and Rudge thensel ves have
recogni zed t he i nadequacy of their expl anation. Insummary, it isunclear why
m d frequencies are |ess affected in patients with auditory dys-synchrony in

the present study.
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Speech identification scores varied with audionetric configuration.
Patients with ' peaked' audiograms had better speechidentification scores than
patients with other types of audiometric configurations. Halpin (2003)
described a type of audi ogramwhich he termed ' Tuning curve audiogrant.
The characteristic of these audiograms is that they wll have a single normal
threshold at a given frequency with a sharp slope on either side of this
frequency. Individuals with such tuning curve audi ogram general ly exhibit
speech recognition scores that are disproportionate to their puretone
threshol ds. He hypot hesi zed that such audiograms are the result of normal
functioning inner hair cells located in the region subserving the peak
frequency. At sufficiently highintensities, these same cells respondto other
frequencies resulting in a conplete audiogram However, the 'peaked'
audi ogramobserved inour patientsis slightly different fromthe tuning curve
audi ograms described by Hal pin (2003) in the sense that the | ow and hi gh
frequency tails of audi ograms of our popul ation was not steep. This indicates
that there may be surviving inner hair cells/ functioning auditory nerve fibres
at the md frequency region while there are dead regions underlying extrene
frequencies. Functioninginner hair cells/ auditory nerve fibres may be present
onlyintheextremefrequency regions inother audionetric configurations. For
exanple, at 8 kHz inrasing, at 250 Hz and 500 Hz i n sloping, and at 250 Hz
and at 8 kHz in saucer shaped configuration. M d-frequency bands contribute
more to speech intelligibility than | ower or higher frequencies. Presence of
dead region in the cochl ea/auditory nerve fibers at m d frequencies m ght be

responsible for poor speech identification scores, in addition to tenporal
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asynchrony in auditory nerve firings, in patients with rising, sloping and
saucer-shaped audiograms than in patients with peaked audiograms. Even
though there was a significant negative correlation bhetween threshol ds at al
frequenci es and speech identification scores except at 8 kHz, scatter plots
showed no specific trend bet ween the t wo variabl es except at | owfrequencies.
No relation bet ween speech identification scores and behavioral threshol ds are
expected either as inability of theses patients to understand speechis because
of tenporal asynchrony in auditory systemand not dueto elevated threshol ds,
per se.

Thi's frequency specific correlation may be related to the underlying
physiology of coding of high frequencies and [ow frequencies. Low
frequencies are usually coded by phase |ocked responses in type | auditory
nerve fibers. Individuals with auditory dys-synchrony cannot use phase
locking cues to the same extent as normal hearing listeners due to
dyssynchronous firing of auditory nerve fibers. However, detection of high
frequencies does not depend on phase locking cues as much as |ow
frequencies do. Onthe other hand, it depends on information on the place of
excitation on the basilar membrane. V& hypothesize that hearing sensitivity at
| ow frequencies in these individuals may indicate the extent of tenporal
disruption in the auditory system Therefore, the greater the loss at |ow
frequencies, the greater is the severity of tenporal asynchrony whichinturn
reduces speech perception ahilities.

Mean anplitude of TEOAE for adults in our clinic is 11.5 dB SPL.

The anplitude of TEOAE in individuals with auditory dys-synchrony in this
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study was 16 dB SPL. Higher anplitude of evoked otoacoustic enissionin
patients with auditory dys-synchrony has also been reported by others (Hood
& Berlin, 2001). This phenomenon has been attributed to lack of efferent
suppression of otoacoustic emssions. As there is evidence to say that the
efferent systemhelps in the perception of speech (Kumar & Vanaja, 2004;
Michink, et a., 2004), and high anplitudes of TEOAE reflects the non-
functioning efferent system one woul d expect poor speech identification
scores to be correlated with high anplitudes of TEOAE. However, this was
not observed inthe present study. Anplitude of TEOAEalso didnot correlate
with behavioral threshold at any of the frequencies. Hence, OAEs were not
hel pful in predicting speech identification scores or behavioral thresholds in
patients with auditory dys-synchrony.

Sarr, Sininger and Praat (2000) have reported that around 16 % of
individuals with auditory dys-synchrony |oose otoacoustic em ssions over
time. This means that some of the auditory dys-synchronics cannot be
identified fromOAE testing. Though cochl ear m crophonics are present in a
mgority of auditory dys-synchronics it is difficut to record cochlear
m crophonics in an out patient ward. Also, as said earlier, there was no
significant correlation observed between anplitude of OAE and speech
identification scores. One woul d expect a significant correlation between
these t wo as hi gher anplitude of OAE reflects nonfunctioning efferent system
and efferent systemhel ps in perception of speech. This casts serious doubts
onthe uility of OAEtesting inthe study of auditory dys-synchrony except to

verify the integrity of outer hair cells. Onthe other hand, al individuals tested
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inthe present study demonstrated significantly poorer JNDs and nodul ation
detection threshol ds. These results show that testing for the perception of
temporal parameters is amore efficient and effective means of screening for

audi tory dys-synchrony thantesting for OAES.

2.0  Tenporal Parameters Influencing Speech Perception in Persons

wi th Audi tory Dys- Synchrony

Perception of three tenporal parameters of speech, namely, transition
duration (TD), burst duration (BD) and voice onset time (VOT) was
investigated i nthe second phase of the study. Some of theinportant findings
of experimentsinthisphaseareasfol | ows:

a) individual's with auditory dys-synchrony demonstrated el evated JNDs

for TD, BD and VOT indicating deficient processing of tenporal

i nformation

b) lengthening of TD inproved perception of both place and manner
i nf or mat i on,

c) lengthening of VOT resulted in inproved perception of voicing

feature, and

d) speech stimli which were nodified to reflect best JNDs for TD, BD
and VOT did not significantly i mprove speech perception conparedto
stimli which incorporated | engthened TD or BD or VOT.
Tenporal processing deficits in individuals with auditory dys-

synchrony have been well docunmented using non-speech signals (Rance,
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Mckay, & Grayden, 2004; Zeng, Oba, Garde, Swinger, & Sarr, 1999; Zeng,
Kong, M chal ewsk, & Sarr, 2005). Our dataindicatedthat individualswth
audi tory dys-synchrony had difficulty in differentiating CV syl lables that were
modi fiedinrespect of TD, BDand VOT. The JNDs of subjects with auditory
dys-synchrony were al nost three to four times larger than those for normal
hearing listeners. Elevated JNDs for these tenporal parameters of speech
mean that auditory dys-synchronics have difficulty in discrimnating speech
sounds that differ in temporal aspects. Kraus et al. (2000) reported that a
subject with auditory dys-synchrony had marked difficulty in discrimnating
speech sounds that differedin spectral onset. Transitions and bursts are rapid
spectro-tenporal changes at the onset of stimulus. These two observations
together mean that individual s with auditory dys-synchrony have difficulty in
processing tenporal and spectral infornationat the stinulus onset.

Confusion mtrices and SINFA showed that lengthening of TD
resulted in maxi muminfornation transfer, fol lowed by |engthening of VOT
and BD, inthat order. Results of SI NFA should be interpreted with caution.
SINFAis robust when the stimili occur with equal frequency. But, inthe
present series of experinents, the number of stimli was slightly different for
different speech sounds dependi ng on whet her or not they were identified in
the experinental condition of presentation of unmodified stimili. Chviously,
speech syllables which were identified in unmodified condition were not
included in subsequent experiments. This [imtation shoul d be kept inmnd
while interpreting the results of SI NFA. It has been shown that individuals

with auditory dys-synchrony have difficulty in processing short duration
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sounds (Zenget a., 2005). Formant transitions are short (<50ms), but, they
are inportant acoustic cues for place of articulation in stop-vowel syllables.
Lengt hening of transition duration may have enhanced their wility for speech
perception, but howof this process i s not clear. Simlar results with stimili
wi th lengthened transition duration have been reported by other investigators
inlanguage learning inpaired children (Tallal &Piercy, 1975; Tallal et d.,
1996). Tallal and her col | eagues showed that speech perception in | anguage
l'earning i mpaired children i nproved when the duration of formant transitions
and modul ation depth were increased. W hypothesize that |engthening of
transition duration reduces modulation frequency without atering the
modul ation depth and overal| spectrumof the stimlus. This hypothesis was
tested by lengthening sinusoidally anplitude modul ated white noise by a
factor of two. Lengthening resulted in a reduction of modul ation frequency,
but the modul ation depth and spectrumwere unaltered. Figure 51 shows the
modul ation frequency, modulation depth and spectrum of the modified (a)
I engthened (b) white noise and (c) the spectrum Reduction in nodul ation
frequency augments speech perception in individuals with auditory dys-
synchrony as their nodulation detection is better at |ow modul ation
frequencies than at high modul ation frequencies and there is good correlation

bet ween the perception of modul ation depth and speech perception ahilities.
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Figure 5.1 a) Snusoidally anplitude modul ated noise at 16
Hz. b) The same sinusoidally anplitude modul ated noise
lengthened two times.  Note that modul ation frequency is
reduced, yet modul ation depth remainsthe same, ¢) Spectrum
of unnodified (black line) and lengthened (red Iing)
sinusoi dal |y anpl i t ude modul at ed whi t e noi se.

Lengt heni ng of transition duration i nproved perception of both place
and voicing information.  Lengthening of VOT resulted in greater
i mprovement invoicing cue than place cue. One of the factors that contributes

to poor speech perception in persons with auditory dys-synchrony is el evated
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gap detection threshold (Zeng et a., 1999). Gap detection ability has been
associated with discrimnation of syllables that vary in voice onset tinme
(Dreschler &Pl omp, 1985; Tyler, Summerfield, Wood, & Femandes, 1982).
It may be inferred fromthese observations that some of the difficulties faced
by individuals with auditory dys-synchrony in the perception of voicing may
be due to their inadility to perceive short duration VOT. Lengtheningof VOT
mght have made this acoustic cue more salient and helped persons with
auditory dys-synchrony to perceive voicing. Furthermore, individuals with
auditory dys-synchrony have difficulty in processing short duration signals,
more so in the presence of noise. Zeng et a. (2005) have demonstrated
forward and backward masking effects that are 3-4 times larger in subjects
wi thauditory dys-synchrony thaninnormal listeners. These observations, in
combination, suggest that the vowel portion follow ng/preceding the VOT
mght mask (forward or backward as the case may be) the VOT and pose
difficulty in perceiving this voicing cue. It is plausible that increasing the
duration of VOT woul d reduce masking effects and which in turn facilitates
better processing of VOT in persons with auditory dys-synchrony. Even then
this result was not as per our prediction. W hypot hesized that voicing ( VOT)
being such a distinct physical phenomenon, lengthening it woul d enhance
speech perception. Though Iengthened VOT did inprove identification of
voi ¢i ng and thus speech perception, there were other short el ements of speech
like TD whose lengthening promoted higher transfer of information (better

speech identificationscore). This defies any explanation.

129



Stimili used in the experinents of Phase Il were uttered by a mal e
speaker. Since male voice is rich in |ow frequency and individuals with
audi tory dys-synchrony have difficulty i nprocessing | owfrequencies, it woul d
be interesting to specul ate on the perception of the speech of afemal e speaker.

It may or may not be different. Future researchcanlookintothis aspect.

2.1 ModulationDetectionin Personswth Auditory Dys-synchrony

Mobdul ation detection thresholds for sinusoidally anplitude modul ated
whi te noise at 4Hz, 16 Hz, 32 Hz, 64 Hz, 128 Hz and 200 Hz wer e measur ed
inPhase Il of the study. Previous studies have reported significant tenporal
processing inpairment, and a significant correlation between inpairnent of
temporal processing and deficits in speech perception in individuals with
auditory dys-synchrony (Ranee et al, 2004; Zeng et al, 2005; Zeng et al,
1999). Simlar results were obtained inthe present study. Peak modul ation
detection threshol ds were significantly correlated with speech identification
scores obtained for unnodified stimli, for speech stimli nodified for TD as
vel | as for speech stimili modified for TD, BD and VOT (combined). The
peak nodulation detection thresholds in individuals with auditory dys-
synchrony wer e about 3 times higher than those in normal hearing listeners.
Individuals with auditory dys-synchrony had more problems in processing
high (> 128 Hz) modul ation frequency than | ow. Inability of many subjectsto

perceive anplitude modulation of O dB (100% at nodulation frequencies
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higher than 128 Hz indicates the inportance of tenporal synchrony in

audi tory percepti on.

W& propose a phenonenol ogi cal model to explain poor perception of
tenporal modul ations inindividualswthauditory dys-synchrony. This model
is based on the model of auditory dys-synchrony proposed by Zeng et al
(2005) as wel | as information available on processing of anplitude mdul at ed
sounds in the auditory nerve and | ower brainstem(see Frisina, 2001; Jons,
Schreiner &Rees, 2004, for adetailed discussion). Auditory nerve fibersand
onset units of cochl ear nuclei are hi ghly synchroni zed and phase | ocked to the
envel ope of anplitude modul ated signals. It has al so been denonstrat ed that
different sets of cochl ear neurons are tunedto different anplitude modul ation
frequencies. The synchronization or phase |ocking of the discharges of the
auditory nerve fibers as well as cochl ear neuron units to the envel ope of
anplitude nodul ation reduces with increase in nodul ation frequency (see
Frisina, 2001, Figure5, pp 7). Figure 5.2 shows synchronized firing of three
auditory nerve fibers (a, b &c). Trace (d) represents the combi ned out put
response of auditory nerve fibers or cochl ear nuclei (average of a, b &c). The
bottom trace (e) represents the unnodul ated and sinusoidally anplitude
modul ated stimilus. Neural synchrony preserves modulation in terns of
temporal discharges relative to unnodulated noise and background
spont aneous random neural activity. Figure 5.3 shows responses to high
nodul ation frequency.  Figure 5.4 shows the model based on dys-

synchroni zed nerve conduction in three denyelinated nerve fibers at |ow
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modul ation frequency.  Due to dys-synchrony, these fibres respond
differentialy to modul ation, and the result is asmearedrepresentation of the
stimilus. Eventhoughthe average neuronal output i s smeared, someamount
of tenporal informationisstill preservedwhi chhelpsindetecting mdul ation
at hi gh modul ation depths (as the modul at i on dept hincreases, synchronization
also inproves). Figure 55 shows neural responses at high modul ation
frequencies. Due to dys-synchronous firing of the nerve fibers, the average
response is smeared and it conpletely abolishes the coding of modul ation
informtion. Average responses to high modul ation frequencies appear

simlar tothosefor unmodul at ed stimlus (Figureb.5d).
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Effects of reduced tenporal fluctuations on speech perception in
normel listeners have been reported previously (Drul | man, Festen & Plonp,
1994).  Hevated nodulation detection threshold at [ow modulation
frequencies in combinationwth virtualy conplete absence of perception of
nodul ations at hi gh modul ation frequencies is sufficient to disrupt perception
of anplitude envel ope cues innormal speech. Inthe auditory system higher
modul ation frequencies are processed at the level of auditory nerve and
brainstem whereas | ower modul ation frequencies are processed mainly inthe
thal amus and auditory cortex. As one ascends the auditory system a shift in
neural encoding occurs. Synchronous response for tenporal coding is
enphasi zed at the level of auditory nerve and brainstem (which codes high
modul ation frequencies) while less and | ess enphasi s is placed on synchrony
as one moves up central Iy (whi ch code | ow modul ation frequencies - Frisina,
2001). This may be the reason for the greater probl emthat persons with
auditory dys-synchrony have in processing high rate of modul ations, which
require synchronous firing of auditory nerve fibers in conparison with
processing of | owfrequency modul ations. However, only peak sensitivity was
consideredinadl theanalysesinthisstudy. Reduced peak sensitivity may al so
be due to reduced ability of auditory dys-synchronics to perceive anplitude
changes. But, thisisleast |ikely because presentation|evel was changedinadl
the subjects at least at one modul ation frequency and modul ation detection
threshold was rechecked to ensure that subjects were not using |oudness

j udgment s.
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At present, cochl ear i nplant i sthemost preferredtreatnent of choice
for individuals wth auditory dys-synchrony. But, the degree of hearing | oss
may not justify use of cochlear inplant insome patients with auditory dys-
synchrony. Qur results suggest that | engt heningof transition durationof stop
consonants does inprove speech identification scores in individuals with
audi tory dys-synchrony. The results on speech perception fromthe present
study suggest, in combination with data from previous psychophysi cal
research (Zenget a., 1999, 2005), that i nnovative processing strategies that
l'engthen transition duration of speech sounds inahearingaidwll bringin
significant benefits for individuals with auditory dys-synchrony. O her
schemes that may help in facilitating speech perception inindividuals wth
auditory dys-synchrony include lengthening of other short elements of
speech such as voi ce onset time. It has been shown that individuals with
audi tory dys-synchrony have probl ens i n perceiving short duration acoustic
stimili, but not long (Zeng et a., 2005), and thus | engthening these short

el ements may hel p auditory dys-synchronicsintheir perception of speech.

An interesting observation fromthe present study is with respect to
the age range of auditory dys-synchronics inthis study and age of on set of
the problemin them Subjects in the second phase of the study wereinthe
age range of  16-30 years (mean age 22.4 years) when their probl emwas
identified. Sininger and Oba (2001) have reported that the problem of
audi tory dys-synchrony had been identified in 75%of their patients before
they were 10 years, and nearly 40%had been identified before they were

two years of age. This means that problemis identified at a much later age
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in this country thus depriving such subjects, particularly children, from
val uabl e auditory stimlation duringtheir | anguage acquisitionyears. There
is no needto reiterate that such difficulty in speech perception will have
consequences for the child's overall devel opment, particularly educational.
Therefore, there is a great need to put in a mechanismto identify such

childrenwithauditory dys-synchrony at the earliest age possible.
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CHAPTERG

SUMVARY AND CONCLUSI ONS

The purpose of this study was to (a) estinmate the preval ence of auditory dys-
synchrony in Mysore, acity of one mllion population in Southern India, (b)
evaluate perception of tenporal parameters of speech in individuals with
audi tory dys-synchrony, and (c) measure modul ation detection threshol ds for
sinusoi dal |y anpl it ude modul at ed white noi se inindividualswthauditory dys-
synchrony.

The study was conducted in three phases. In Phase I, preval ence of
auditory dys-synchrony in Mysore city was estimated using a register-based
study. Data pertainingtonearly 21,500 patients with hearing inpairment who
visited Al IndiaInstitute of Speechand Hearing, Mysore between Jaunary 2000
and December 2003 was anal ysed for preval ence of auditory dys-synchrony.

Perception of three tenporal paranmeters of speech, namely, transition
duration (TD), burst duration (BD) and voice onset time (VOT) were
investigated for their influence on speech perception in individuals with
auditory dys-synchrony in Phase Il of the study. Four experiments were
desi gned for this purpose: Speech identification scores for unmodified stimili
were measured in 30 auditory dys-synchronics in Experiment |. The second
experiment was on determning just noticeable difference (JND) for TD, BD
and VOT in CV (consonant + vowel) syllables. CV syllables with voiceless

stop consonants - velar /k/, alveolar /t/, retroflex/t/, andbilabial /p/ - andtheir
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voi ced cognat es wer e used i nthe study. JNDwas det erm ned usi ng an adapt i ve

tracking technique - Parameter Estimation through Sequential Testing ( PEST)

withan" AXsame-difference" discrimnation paradigm

The effect of lengthening of each of these tenporal parameters on
speech perception inindividual s wth auditory dys-synchrony was eval uated in
the third experiment. The fourth experiment was designed to evaluate
perception of speech inindividuals wth auditory dys-synchrony for CV stimli
whi ch had JNDs whi ch had yi el ded the maxi mumspeech identification score in

Experiment 3.

Mbdul ation detection threshol ds for sinusoidally anplitude modul at ed
whi tenoise at 4Hz, 16 Hz, 32 Hz, 64 Hz, 128 Hz and 200 Hz wer e measuredin
Phase H of the study.

Some of the inportant findings of this study can be summarized as
fol | ows:

a) Prevalence of auditory dys-synchrony among adults with sensory- neural
hearinglossinindiaisabout 0.53%or 1in183. Itisonly0.28%(I in
348) if dl personswithhearinginpairment are considered.

b) 46% of the individuals with auditory dys-synchrony had peaked
audi ograms and individuals with peaked audiogranms had significantly
better speech identification scores than individuals with other types
audi onetric configuration.

C) Puretone hearing thresholds at |ow frequencies were significantly

correlated wi th speech identification scores.
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d) JNDs for TD, BDand VOT wer e significantly poorer i nindividualswth
audi tory dys-synchrony thaninnormal hearing subj ects.

e) Lengt heni ng of TD significantly i mproved speech identification scores
i nauditory dys-synchronics than | engthening of BDand VOT.

f) "Sequential information transfer analysis (SINFA)' showed that
l'engthening of TD resulted better in transmssion of place and voice
feat ures.

g) Combi ned modification of TD, BD and VOT did not bring about
significant inprovement in speech identification scores conmpared to
| engt heni ng of TD al one.

h) Peak modulation detection thresholds were significantly |ower in
i ndivi dual s wi thauditory dys-synchrony conparedto normals.

) Peak nmodul ation detection threshol ds were significantly correlated with
speech identification scores obtained for stimli modified for TD,

combi ned stimli (nodifiedfor TD, BD, VOT) and unmodi fied stimli.

These results have been interpreted in the light of findings from
psychophysical as well as neurophysiol ogical research on hearing.  Poor
tenporal processing in persons wth auditory dys-synchrony was expl ai ned wth
a phenonenol ogical nodel.  Lengthening of TD resulted in significant
i mprovement in speech identification scores in individuals with auditory dys-
synchrony. Lengthening of TDresulted in 100%speech identification scores in
five of the 30 subjects. Hearing aids that incorporate algorithms to |engthen

transition in conversational speech may prove beneficial for individuals with
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auditory dys-synchrony. Poor modul ation detection threshol ds in individuals
with auditory dys-synchrony reflect their inadility to process anplitude
envel ope cues. Therefore, we suggest that anplitude conpression in hearing
ai ds shoul d be avoi ded for individual s withauditory dys-synchrony.

Though, at present, cochlear inplantation is the preferred treatment
option for auditory dys-synchronics, our behavioural data suggests that signal
processing strategies that enhance tenporal information wll benefit these
individuals. One such option isto lengthen TD and VOT. COther potential
strategies that may i mprove speech perceptioninindividualswthauditory dys-
synchrony include (a) |engthening of other short duration tenporal cues such
closure duration, syllable duration, (b) enhancement of modulations in the
formant transitionregions, (c) transpositionof higher modul ationfrequenciesto
| ow modul ation frequency as individuals with auditory dys-synchrony have
severe probl ems i n perceiving high frequency modul ations. These features are
not present intoday's hearing aids. Efforts are onway at our laboratory to
incorporate some of these modifications indigital hearing aids andseeif they

areindeed beneficial toauditory dys-synchronics.

The significance of this study shoul d be seenin the fol | owi ng context:
there are as many studies whi ch say that hearing aids are useful to subjects
with auditory dys-synchrony as those which have failed to show these
beneficial effects. The present study provides indirect evidence that hearing
aids which process speech to enhance certain critica short events may be
beneficial to persons with auditory dys-synchrony. One such factor is

enhancement (lengthening) of transition duration which seems to inprove
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perception of both manner and place cues. VOT is another factor whose
I engthening seems to benefit auditory dys-synchronics in their perception of
speech.

This study also throws light, for the first time, on the extent of the
probleminIndia Prevalence of 1in 183 means that the probl emoccurs much
mor e frequently than believed al these years. Data such as this based on a
conpl etely randomsanpl e shoul d be considered intrinsically very strong. The
somewhat high (1/183) preval ence together with the controversy on the benefit
that the auditory dys-synchronics derive from anplification means that
management of this probl emisquiteachallengeinour country. It isalsohoped
that the high preval ence of auditory dys-synchrony woul d drawthe attention of
planers and public tothis probl em particularly in Indian context, and helpin
initiating discussion on aids and concessions to be givento this popul ation on

par with individuals with other disabilities.
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Kumar, preval ence and (haracteri stics of Auditory Dys-synchrony.

Preval ence and Audi ol ogi cal Characteristics of Individualswith
Audi t ory Dys-synchrony
ABSTRACT

The purpose of this study wastoa) estinate the preval ence of auditory dys-
synchronyinMsore, acityof onemllionpopulationin Southernindia, andb)
topresent the audi ol ogi cal findings, aswel | astherelationshipbet ween different
findings, inthisclinica population. Aregister based study desi gnwas empl oyed
whereintheresults of audiol ogi cal findingsof 21,236 patientswhovisitedthe
Depart ment of Audi ol ogy, Al Indialnstitute of Speechand Hearing bet ween
January 2000 and December 2003 wer e revi ewed. Results showed that the
preval ence of auditory dys-synchrony was around 1in 183 nindividual swith
sensorineural hearingloss. Behavioral threshol ds and speechidentification
scores wer e variable. About 60 %of the auditory dys-synchronics had no

measur abl e speech identification scores. There was no relationship bet ween
hearing t hreshol ds and speech i dentification scores, or bet ween ot oacousti ¢

em ssi ons and speech i dentificationscoresinthisclinica popul ation. Overall,
the results of the present study indicatedthat auditory dys-synchronyisnot an

extremel y rare disorder.
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The use of auditory evoked potential s such as auditory brai nstem
responses ( ABRs) inthe assessment of hearingiswel | established now. A
number of studies have denonstrated a strong correlation between ABR
threshol ds and behavi oral hearing | evel s inbothnormally hearingand hearing-
I npai red subj ects (Gorga, et a, 1985; Boettcher, 2002; Anthony, et a, 2002,
amongothers). However, there have beenreportsinliterature onsubjectsin
whomevoked potential threshol ds are significantly worsethan can be expected
fromtheir audi ogram(Davis &Hrsh, 1979; Kraus, et a, 1984; Sarr et al,
1996) . These patients may not benefit fromhearingaids. Sarr et al (1996) used
presence of preneural responses such as cochl ear m crophoni ¢s and ot oacousti ¢
em ssionsinagroupof 10individual swthabsent ABRtoidentify normal
functioningouter hair cells. Theterm auditory neuropathy' or "auditory dys-
synchrony' isusedtodenote theanatom c and functional disturbancesinthese
individuals. Advancesintheaccurate measurement of outer hair cell function
have made it easier todiagnose this hearing disorder characterized by abnor mal

tenporal encoding (Zeng, et a, 1999) and neural asynchrony.

Davi sand H rsh(1979) reportedthat 1in200 hearinginpairedchildren
exhi bit anaudi ol ogi cal picturethat i'sconsistent withthecontenporary
di agnosi s of audi tory dys-synchrony. The overal | preval ence rate varies from
11%(Ranee, et a, 1999 - hospital based statistics) to 1. 83%of hearinginpaired
popul ation(Tang, et a, 2004 - onschool - aged popul ation). Bot hthese studies
are on \est ern popul ation and have used arelatively smal| sanpl e size (Ranee,
et al, 1999- N300; Tang, et a, 2004 - N56) .

The exact site of | esionand pat hophysi ol ogy of auditory dys-synchrony
i's not yet conpletely understood. These individuals have preserved cochl ear

anplification, but disturbednormal synchronous activity of the auditory nerve.
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Di schar ges of the auditory nerveare presumedto be asynchronous as is evi dent
fromnormal otoacoustic em ssionsinthe presence of absent or abnor mal

audi tory brai nstemresponses. These individuals typically have speech
recognitiondeficitsthat arenot inconsonancew ththeir puretone hearing
threshol ds. They do not usual Iy benefit fromconventional anplification. Poor
speech perceptioninthese patientsisattributedtoabnormal tenporal coding
andasynchrony (Zenget al, 1999; Krauset al, 2000; Raneeet a, 2004; Zeng et
al, 2004). Etiologies of auditory dys-synchrony areonlynowbeginningtobe
appreci at ed and appear diverse. It hasoftenappearedinclinical reports that
neonat es, at risk for hyperbilirubi nem aandanoxia, seemtobeat riskfor

audi tory dys-synchrony as wel | (Raneeet al 1999). Genetic factors have al so
beenidentified Sarr et al (2003) reportedanovel mitationinMPZgeneina

fam|yw thhereditary motor sensory neuropathy and deaf ness.

Interventionstrategies for individual swthauditory dys-synchrony are
very different fromthose providedto many other hearing inpaired children.
Conventional anplificationthrough hearing aids does not seemto be beneficial
as this does not address the probl emof neural dyssynchrony. Useful ness of
hearingaidsisalsoreportedtobedependent oncortical evoked potentialsand
tenporal processingahilities (Raneeet a., 2002, 2004). Cochl ear inplantation
isof benefit tosomepatientsw thauditory dys-synchrony (Sninger, et al,
1999) . However, the useful ness of cochl ear inplantationseemstodependonthe
site of |esion. Comunicationdifficultiesinindividualswthauditory dys-
synchrony, eveninthosew thm|dhearingloss, aremuchmor e severe
compar ed those individual s w th cochl ear hearing |oss of 60 dBHL or more.
Eventhen, individualswthauditory dys-synchrony are not covered under the

di sabled category [for exanpl e: Inindia, PersonswthDOsabilityAct (1995)].
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Theref ore, theseindividual s cannot avail the benefits whichare otherw se
provided for individual s with hearingloss of 60 dBHL or nore.

It isnecessarytoknowthe preval ence, audiol ogi cal characteristicsand
therelationshipbetweendifferent audiol ogi cal measuresinthisclinica
popul ationtoreformlatetherulesgoverningtheir hearing probl emandto

sel ect appropriate management strategies. Therefore, the present study aimedto

1) estimate the preval ence of auditory dys-synchrony in hearing
i npai red individual s with sensori-neural hearingloss, and

2) toanal yze the rel ationshi p bet ween speech identification scores and
ot her audi ol ogi cal measures such as pur et one threshol d, anpl i t ude of
ot oacoust i ¢ em ssi on, and audi ometric configurationinthisgroupof patients
wi thaudi tory dys-synchrony. .

METHOD

Qi ects

Aregister based study desi gnwas enpl oyedtofindthe preval ence and
todescribe the audi ol ogi cal characteristics of patientsw thauditory dys-
synchrony. Aretrospective anal ysis of case reports was done wherein test
findingsof al thosewhovisitedthe Departnment of Audiol ogy, Al India
Institute of Speechand Hearing, Mysor e between January 2000 and December
2003 werereviewed. MysoreiscityinSouthern!ndiaandhasapopulation
predom nant|yrural of about amllion. Peopleinthispart of thecountry speak
Kannada a Dravi di an | anguage (Jayaram 1984) Atotal of 21,236 (11,712
mal es and 9524 femal es) records wer e reviewed. 11,205 of these wer e of
persons wi th permanent sensori-neural hearing loss. 61 of these 11,205 (5854

mal es and 5351 femal es) individual s wer e identified as cases of auditory dys-
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synchrony. Griteriaenmpl oyedtoidentify auditory dys-synchrony wer e those
recommended by Sarr, et al (2000). Accordingly patients whoshowed
a) preserved cochl ear anplification, that is, presenceof transient evoked

ot oacoust i ¢ emi ssi ons,

b) altered auditory nerveresponses (absent or severely abnormal auditory

brai nst emr esponses),

¢) no evi dence of space occupying | esion on neurol ogi cal exam nation

(clinical neurological exam nationor CTscanor MRI ) inthe presence of

normal otol ogi cal andtynpanonetric findings wereidentifiedtohave

audi tory dys- synchrony.

Al theseindividual s had undergone a) puret one, speechandimmittance
audi omet ry, andb) audi tory brai nst emresponse and ot oacoust i ¢ em Ssi ons
eval uation. However, otoacoustic em ssion testing had been done onl'y when
ABRwas abnormal . Roughly, 20 %of the patients had under gone neurol ogi cal
exam nation, but dl the 61 individual s whower e di agnosed t o have auditory
dys- synchrony had been subjectedtoal testsincl udi ng neurol ogi cal
i nvestigation.

Testing procedur e and i nstrunents

It was ascertainedfromcaserecordsthat al these subjectshadbeen
tested under standard conditions. All subjectshadbeentestedw thcalibrated
(150, 983) audi ometersinsoundtreatedrooms. Puretone testinghadbeendone
usi ng modi fied versionof Hughsonand West | ake procedure. Speech
identificationtestinghadbeendonew thlivevoicepresentationof phonetically
bal anced nonosyl | abl es at maxi mumconfortabl e [evel. I nm ttance eval uation
(tympanomet ry and acousti ¢ reflex threshol d testing) for 226 Hz probe t one had

beencarriedout withcalibratedm ddl e ear anal ysers (GSI-33or Tynpstar).
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Audi t ory brai nst emr esponse measur enent

Audi tory brai nst emr esponse testing had been done usi ng ei ther Bi ol ogi ¢
Navi gat or or N col et Bravoevoked potential system Identical protocol hadheen
usedtotest al thepatients. Table1shows the protocol usedfor auditory
brai nstemresponse testing. It was checkedfromtherecords that auditory
brai nst emt esting had beendonetw cetoensure reproducibility of wavef orns.
Agroup of 30 normal hearingadults hadbeentestedto establishthenHL
val ues. Results showed that 0 dBnHL click had a peak equi val ent SPL of 26
dB. Transient evoked otoacoustic em ssions (1L0292) were measuredina
soundtreated roomfor clicks at 80 dB +5 dBpe SPL. An emissionwas
consi deredtobe present i f thewavef or mreproducibility wasmorethan50 %
andtheoveral | signal tonoiseratiowasmorethan3dBat twofrequency bands
at least.

Neur ol ogi cal eval uation

All the 61 patients had been subjectedtoaneurol ogi cal exam nation by a
qualifiedneurologist. Thisincludedclinical neurological exam nation, and/or
CT scan and/ or MRI .

RESULTS
Preval ence

61 of 21,236 hearinginpairedwereidentifiedtohave auditory dys-
synchrony fol lowingthecriteriaof Sarr et al (2000) whi chmeansthat 1 out of
348 hearinginpaired had auditory dys-synchrony. However, the preval ence
was 1in183(0.54% whenonlyindividual swthpernmanent sensoh-neural
hearing | oss wer e consi dered (61 of 11, 205).

The average age of onset was 16 years (range 1to31years). 59 %of the

61 patientsw thauditory dys-synchrony had onset of the probl embet weenthe
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ageof 14to24years(Figurel). 81%of this auditory dys-synchrony popul ation
reported their hearing probl emas progressive. No specific etiology coul d be
tracedinmost of these patients. Two patients had a neur odegenerat i ve di sor der
and 2 patientsreportedthat the probl emstarted after they gavehirthtotheir first
child.

Insert Figurel

Only two patients with auditory dys-synchrony demonstrated abnor mal
MR1, whilethe remaining presentednormal clinical neurological andimaging
studies. All patientsshowednormal findings onotologic examnation. There
was no evi dence of any i ddl e ear disorder. 50 %of the auditory dys-synchrony
popul ationreportedhilatera tinnituswhile8patientsreportedof vertigo. Al
patients who had vertigo conpl ai ned of tinnitus al so.

Pur et one audi omet ry

Indl the 61 patients, the auditory probl emwas bilatera though
asymmet ry was observedinsomeindividuals. Females and mal es were aff ected
intheratioof 2:1. 54 of the 61the patients, camefrompoor soci oeconomi ¢
strata (monthly i ncome Rs <2000 or <USD42). OF the 61 patients, 26 showed
peaked audi ograms (sharp peak at a single frequency wi t hwor seni ng of
threshol ds at i mredi at el y adj acent frequencies), 11 showed fla (<5 dBraise or
fall per octave), 11 showedrising (a5 dBor more decrease inthreshol d per
octave), 8 showed saucer - shaped audi ograms (20 dBor mor e | oss at the extrene
frequenci es conparedtom ddl e frequenci es) and 3 showed sl opi ng audi ogr ans
(5-12 dBincrease i nthreshol d per octave) inbothears (Figure?2). Among
patients who showed peaked audi ogram 77 %had a peak at 2000 Hz. Puret one

threshol ds wer e not availableintwo childrenhbel ow2 years of age.
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Insert Hgure 2 here

Degree of hearingloss variedfrommldtosevere. This classification
may not bevalidinnost of thecases because not only wer e the responses
i nconsi stent, but alsoangjorityof t hemhad peaked audi ograns. Responses of
40 %of the patients werej udged as inconsi stent because t hreshol ds had vari ed
by morethan 10 dBwthinatest session. Pairedtwo-tailed Ttest showed no
significant difference betweenthet woearswthrespect to3-frequency pure
tone average (t =0.5, p>0.05).

Speech per cepti on

Speech perceptionabilities of patients variedfromno neasurabl e
speech identificationscoreto9 0 %speech identificationscore. Fgures 3aand
3bshowthe distribution patternof speechidentificationscoresfor theright and
the | eft ear, respectively. It isclear fromF gures 3aandbthat around 6 0 %of the

patients di dnot have nmeasurabl e speechidentification scores.

Irsert Fgures 3aand 3b here.

Rel ationbet weenthe speechidentificationscores andthe results of other
audi tory assessnent s wer e exam nedindl thepatients. Patients' threshol ds at
each of the audi onetric frequenci es (octave frequenci es bet ween 250 Hz and 8
kHz) wer e conpar ed wi t h speech perception score by conput i ng a Pearson' s
Product Moment Correl ationbetweenthetwofactors. Therewas asignificant
negative correlation betweenthetwovariables at dl thefrequencies except at 8
kHz. The observed correl ati on may have been because of subjects who had no
neasur abl e speech perceptionablitiesinthe presence of m|dtomoderate

Insert FHgures 4 here.
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hearingloss. Ascatter plot was drawn betweenthetwovariables, at dl
frequencies, toverifythevalidity of correlation (Figure4).
Thecorrelationcoefficient 'r' isshownonthetopright comer of each
of the graphs. Ananalysis of thescatter plots reveal ed no specific trend bet ween
hearing threshol d, at any frequency, and speechidentification scores except at
250 Hz and 500 Hz (individuals who had no measurabl e speech identification
scores wer e excl uded f ormthe scatter plot). Speech perception scores wer e al so
comparedw th audi ogramconfiguration. Figure 5 shows the mean speech
I dentificationscoresfor eachof theaudionetric configurations describedearlier.
It isclear fromthisfigurethat patientswhohad peakedaudi ogramshowed
hi gher speech i dentificationscores, inbothears, thanpatientsw thother
audi onetric configurations. But, any generalizationonthisis dangerous because
of thefar toosmal | number of patients, particularlythosew thrisingand saucer
shaped audi ogr ans.

| mm ttance eval uation and audi tory brai nstemresponses

| mmi ttance eval uati on showed nor mal tynpanograms, but absent
stapedial acousticreflexesinal patients. Noneof the patients showed ABRfor
clicksineither ear.

( oacoustic em ssi ons

Transi ent evoked ot oacoustic em ssionswerebilateraly present indl the
61 subjects. The mean em ssion anplitude of TEOAE was 16.7 dB SPL (SD =
3.9) for theright ear and 16.4 dB SPL ( SD=3.6) for the left ear. Atwo-tailed
paired Ttest failedto showany statisticaly significant difference betweenthe
right andthe left ear intheanplitude of otoacoustic emssions (t =1 23, p>.05).
Therelationbet ween TEOAE anpl i t ude and pur et one threshol ds at 500 Hz, 1

kHz, 2 kHz and 4 kHz was exam ned. Asthere was no statistically significant
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difference betweenthetwoearsinterns of TEOAEanplitude and puretone
threshol d, datafromboththe ears wereconbined. Pearson's Product Moment
Correlation was not significant bet ween hearing threshol dand TEOAE
anplitude at any frequency. Correlation betweenthe anplitude of TEOAES and

speech i dentification scores was al sonot significant for any ear.

DI SCUSSI ON

61of 11, 2051 ndi vi dual s wi t h per manent sensory-neural hearing | oss
wer e identifiedtohave auditory dys-synchrony, whi ch means a preval ence of
0.54%or 1in183 persons. Thisfigureissignificantly | ower thanthe figure of
11%reported by Raneeet al (1999) andthe 1. 8%reported by Tang et al (2004).
Thi s difference m ght be because of the differencein the popul ationtested A
l'arge number of subjectsinthestudyof Raneeet al (1999) wer e bompremature
andwereat risk for neurodevel opment al disorder (hyperbilirubinema). Itis
known that hyperbilirubinema can cause bot h permanent and t enporary
dysfunction of auditory pathways. Some of the infants may recover from
abnormal ABRasthey grow. Therefore, thefigurereportedby Raneeet al
(1999) seems tobe anoverestinate of theextent of auditory dys-synchrony. The
figureof 1. 8%reportedby Tanget al (2004), inschool aged children(N=56),
al so seems to be an over estimation because sanpl esizeistoosnall toal | ow
any generalization. Inthe 56 childrenthat they studied, only onechildhad
evi dence of auditory dys-synchrony whi chcomesto 1. 8% Theresults of the
present study arenearer tothose reported(1/200) by Davi s and H rsh(1979).
Actual Iy, the preval ence of auditory dys-synchrony may be slightly hi gher than
that isreportedinthe present study because some or the other test result was not
avai | abl e for nearly 30 9%of the hearinginpairedinthe present study, andthus,

some subj ects m ght have m ssedthe diagnostic criteriafor auditory dys-
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synchrony enpl oyedinthisstudy. Al so, the present study enpl oyed transient
evoked ot oacoustic em ssionstoinfer normal functioningof outer hair cells.
However, Sarr et al (2000) havereportedthat around 16 %of individual swth
audi tory dys-synchrony woul d | oose ot oacoustic em ssi ons over tine. Thus,
some patientsw thauditory dys-synchrony m ght have beenm ssedout inthe
present study. However, irrespective of the number of patientswthauditory
dys-synchrony, earlyidentificationof thisdisorder i snecessary because
conventional management techniquelike use of anplification devices does not
seemto be effective wi ththis popul ation and sometimes may even he

danger ous.

Only 2 of the 61 patientsinthe present study showed neurol ogi cal
deficitswhi chismuchlower thanthe 80 %reportedhby Sarr et al (2000). This
may be because Sarr et al (2000) deal t predom nately wi th neurol ogi cal
popul ationinanedical setup. However, the Al Indialnstitute of Speechand
Hearing, Mysorewherethe present study was conducted functionsinanon-
medi cal setup. Thus many patients with medical history may not have consul ted
at thisinstitute.

Femal etomal eratioof auditory dys-synchrony was 2:1inthis study.
Thisalongwi ththereport of t wopatientsthat they devel opedthe probl emafter
the deliveryof their first childsuggests theneedfor investigationof hormnal
influenceinprecipitatingthe conditionof auditory dys-synchrony.

The most common audi ometric configuration seeninpersonswth
audi tory dys-synchronyinthis study was ' peaked' type, withthe peak usually
occurring at 2 kHz. Frequent occurrence of suchan audi ogrammay be dueto
anat om co- physi ol ogi cal make up of the auditory nerve. Thelongest fibers are

most susceptibl e topathol ogy. The longest cochl ear nerve fibers are those goi ng
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cochl ea/audi tory nerve fibers at m dfrequencies m ght be responsiblefor poor
speechidentificationscores, inadditiontotenporal asynchronyinauditory
nervefirings, inpatientsw thrising, slopingandsaucer-shapedaudi ograns than
inpatientsw thpeakedaudi ograms. Eventhoughtherewas asignificant
negative correlationbet ween threshol ds at al frequencies and speech

i dentificationscores except at 8 kHz, scatter plots showed no specific trend

bet ween the t wo variabl es except at | owfrequencies. Norelation bet ween
speech identification scores and behavi oral threshol ds are expected either as
inability of theses patientstounderstandspeechisbecause of tenporal

asynchrony inauditory systemand not dueto el evatedthreshol ds, per se.

Thi s frequency specific correlation may be relatedtothe underlying
physi ol ogy of high frequency and | owfrequency coding. Lowfrequencies are
usual I'y coded by phase | ocked responses intype | auditory nerve fibers.

I'ndi vidual s wi t hauditory dys-synchrony cannot use phase | ocking cuestothe
sameextent as normal hearinglisteners duetodyssynchronous firingof auditory
nervefibers. However, detection ofhighfrequencies depends oninformation
on place of excitation on basilar membrane, and does not depend on phase
l'ocking cues as much as | owfrequencies. W hypot hesi se that | owfrequency
hearing sensitivityintheseindividual smayindicatetheextent of tenporal
disruptionintheauditory system Hence, the greater thelossinl ow
frequencies, the greater i stheseverity of tenporal asynchronywhichinturn
reduces speech perceptionabilities.

Mean anplitude of TEOAEfor adultsinour clinicis 11.5dBSPL. The
anplitude of TEOAEinindividualswthauditorydys-synchronyinthis study
was 16 dB SPL. Hi gher anplitude of evoked otoacoustic emssionin patients

wi thauditory dys-synchrony has al so been reported by others (Hood &Berlin,
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2001) . Thi s phenomenon has beenattributedtolack of efferent suppression of
otoacoustic em ssions. Asthereisevidencetosaythat theefferent systemhel ps
inthe perceptionof speech (Michink, et al, 2004), and hi gh anpl i t udes of
TEOAEr eflecting the non-functioningof efferent system one woul d expect
poor speechidentification scoresto be correlatedw th highanplitudes of
TEOAE. However, thiswas not observedinthe present study. Anplitude of
TEOAEalsodidnot correlate with behavioral threshol dat any of the
frequencies. Hence, OAEs are not hel pful inpredicting speechidentification
scores or behavi oral threshol dsinpatientsw thauditory dys-synchrony.
Insummary, theresults showedthat the preval ence of auditory dys-
synchrony inindividual swthpermnent sensori-neural hearinglossislinl183.
Mor e femal es t han mal es are affected. The subj ects describedinthis study
variedsignificant!yintheir audiol ogical characteristics. The most common
configurationseeninthesepatientswasa'peaked audi ogram Speech
i dentificationscoresvariedw dely. General lyindividualswith'peaked
audi ograms had better speech identificationscores. Therewas nocorrelation

bet ween speech i dentification scores and ot her audi ol ogi cal measures tested.
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Abstract

Background: Auditory neuropathy is a disorder characterized by no or severely impaired
auditory brainstem responses in presence of normal otoacoustic emissions and/or cochlear
microphonics. Speech perception abiliies in these individuals are disproportionate to their hearing
sensitivity and reported to be dependent on cortical evoked potentials and temporal processing
abiliies. The disproportionate loss of auditory percept in presence of normal cochlear function s
suggestive of impairment of auditory neural synchrony.

Methods: W e studied the auditory evoked potentials and psychophysical abiliies in 14 adults with
auditory neuropathy to characterize their perceptual capabilities. Psychophysical tests included
measurement of open set speech identification scores, just noticeable difference for transition
duration of syllable /da/ and temporal modulation transfer function. Auditory evoked potentials
measures were, recording of P|/Ny P,/N, complex and mismatch negativity (MMN).

Results: Results revealed a significant correlation between temporal processing deficits and speech
perception abilities. In majority of individuals with auditory neuropathy P|/N P,/N, complex and
mismatch negativity could be elicited with normal amplitude and latency. None of the measured
evoked potential parameters correlated with the speech perception scores. Many of the subjects
with auditory neuropathy showed normal MM N even though they could not discriminate the
stimulus contrast behaviorally.

Conclusion: Conclusions drawn from the study are
1. Individuals with auditory neuropathy have severely affected temporal processing.

2. The presence of MM N may not be directly linked to presence of behavioral discrimination and
to speech perception capabilites at least in adults with auditory neuropathy.

Background activity [ 1 ]. The clinical findings that define auditory neu-
Auditory neuropathy (AN) is recently described hearing  ropathy are

disorder characterized by abnormal auditory nerve func-

tioning in presence of normal cochlear receptor hair cell
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Table 1: Audiometric and electrophysiological details of auditor neuropathy subjects.

SN Age/sex PTA (5,1 and Speech OAE ABR Acoustic Efferent Configuration
2 KHz) identification reflex suppression
scores
1 16/F 45.00 45.00 Present Absent Absent 02 Raising
2 16/M 13.00 84.00 Present absent Absent 00 Peaked
3 30/M 23.00 80.00 Present absent Absent 04 Peaked
4 24/F 25.00 38.00 Present absent Absent 00 Peaked
5 16/M 40.00 .00 Present absent Absent 01 Raising
6 26/M 45.00 4.00 Present absent Absent 0.0 Raising
7 23/F 45.00 5.00 Present absent Absent 00 Raising
8 23/M 75.00 .00 Present absent Absent 01 Flat
9 27IM 20.00 50.00 Present absent Absent 00 Peaked
10 23/M 40.00 86.00 Present absent Absent 03 Peaked
I 24IM 23.00 8.00 Present absent Absent 00 Peaked
12 25/F 45.00 00 Present absent Absent 00 Raising
13 28/M 5.00 90.00 Present absent Absent 03 Peaked
14 25/F 10.00 95.00 Present absent Absent 02 Peaked

P T A = Pure tone average
O AE = Otoacoustic emissions
ABR = Auditory brainstem responses

a) Presence of outer hair cell integrity in evoked otoacous-
tic emission or cochlear microphonics.

b) Absence of synchronized neural activity at the level of
8" nerve and brainstem.

Though the audiometric and electrophysiological find-
ings are consistent with the 'retro outer hair cell dysfunc-
tion' exact site(s) of the pathology is yet to be determined.
Some possible sites of lesion that could produce the audi-
ometric and electrophysiological profile of AN include:
inner hair cells, synaptic junction between inner hair cell
and type | afferent nerve fibers, spiral ganglion cdls, spe-
cific damage or demyelinization of type | auditory nerve
fibers [1-3]. Therefore, AN consists of many varieties
depending on the sites of lesion [4]. Speech perception
ability in these patients also varies considerably. Some
patients perform at the levels expected for patients with
comparable degrees of sensory hearing loss and others
show speech understanding which is disproportionate to
their degree of hearing loss [5,6].

Speech perception abilities in these patients appear to
depend on the extent of suprathreshold temporal distor-
tions of cues rather than access to speech spectrum, unlike
the patients with sensory hearingloss [7,6]. Zeng et a [8]
reported the abnormal results on two measures of tempo-
ral perception in their group of children with AN: (i) gap
detection threshold (identification of silence embedded
in within the bursts of noise) and (ii) temporal modula-
tion transfer function (measure of sensitivity to slow and
fast amplitude fluctuation). They also found a correlation
between temporal modulation transfer function (TMTF)

and speech perception abilities in their patients. Ranee et
al [6] aso reported poor performance on the task involv-
ing timing cues (TMTF, temporal aspects of frequency dis-
crimination) in a group of 14 children with AN. These
temporal processing abnormalities had significant corre-
lation with speech perception abilities. They attributed
the speech perception scores that are disproportionate to
pure tone hearing loss to these suprathreshold temporal
processing deficits.

Another factor that is reported to be related to speech per-
ception abilities in these individuals is cortica evoked
event related potentials. Ranee et a [5] reported that a
subgroup of children with AN, who had recordable corti-
ca evoked potential performed well on open set speech
perception task and derived significant benefit from
amplification. In contrast, subjects who had no recorda
ble cortical evoked potential performed poorly on the
same tasks. From this observation they concluded that
presence of cortica auditory evoked potential reflects
some amount of preserved synchrony in central auditory
system which contributes to better speech understanding
despite the distortion that occurs at 8" nerve and auditory
brainstem in these individuals.

Speech perception process can be investigated in neuro-
physiological as well as psychophysical perspective. An
important aspect of this study is use of acombined neuro-
physiological and psychophysical approach. With this
multidisciplinary technique we hope to gain insight into
both stimulus representation and processing in individu-
as with AN. This study is sought to explore the relation
between their psychoacoustic abilities and evoked poten-
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tial parameters, in agroup of adults with auditory neurop-
athy. Psychophysical experiments included were
measurement of open set speech identification scores, just
noticeable difference (JND) for transition duration of the
syllable /da/ and temporal modulation transfer function.
Auditory evoked potentials measures included recording
of N1/P;, No/P, and Mismatch negativity (MMN) poten-
tials.

Methods

Study was carried out in two phases, first phase involved
psychophysical experiments and auditory evoked poten-
tials were measured in the second phase.

Subjects

Two groups of subjects participated in the study. The first
group consisted of 14 individualswith AN (16 to 30 years
with the mean age of 23 years) and second group con-
sisted of age and gender matched 30 normally hearing
subjects. All AN subjects were recruited from Department
of Audiology, All India Institute of Speech and Hearing,
Mysore. No subject complained about any middle ear dis-
ease (assessed using otoscopy, tympanometry and clinical
history), noise exposure or ototoxic drug usage. Results of
different audiological measurements of AN subjects are
shown in Table 1. As al the subjects had symmetrical
hearing loss, (symmetrical hearing loss was operationally
defined asthe difference in threshol ds between two ears at
corresponding frequencies within 15 dB), pure tone
thresholds were measured again with loudspeakers and
these measurements were considered for al future pur-
pose. Furthermore, subjectsin the normally hearing group
had their hearing thresholds within 15 dB HL at octave
frequencies between 250 Hz to 8 kHz and normal results
on immittance evaluation. All the subjects were native
speakers of Kannada, a South Indian Dravidian language.

Psychophysical tests

The experiment protocol consisted of speech identifica
tion score testing, measurement of JND for transition
duration of/da/ and TMTF.

(a) Speech identification testing

Only AN subjects participated in this experiment. Van-
dana's speech identification test in Kannada was used to
assess the open set speech perception abilities in the sub-
jects. This test consists of 50 bisyllabic meaningful words
in Kannada. Validity and reliability of this test on native
speakers of Kannada have already been established by
Vandana, [9]. Recorded material was presented at ‘com-
fortable level' which ranged between 30 to 40 dB SL ref:
Average thresholds at 500 Hz, 1 kHz, and 2 kHz, using
MA-53 clinical audiometer through a loudspeaker kept at
1 mdistance and 0° azimuth. Output of the loudspeaker
was calibrated using Quest 1800 sound level meter and
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Quest 4180 free field microphone. A calibration tone
recorded before the test material was used to adjust theVu
meter deflection to zero. Thetest was carried out in aquiet
listening condition and each stimulus was presented in
isolation without being embedded in a carrier phrase. The
subjects were required to repeat each stimulus and a per-
centage of correct identification was determined. All the
subjects were screened for misarticulations using Kannada
Articulation Test [10]

(b) IND measurements

Both AN and normal listeners participated in this experi-
ment. Stimuluswas derived from retroflex /da/ uttered in
isolation, by a 25 year old male native speaker of Kan-
nada. The spoken was digitally recorded on a data acqui-
sition system a 44 kHz sampling frequency. The
transition duration was identified using both spectral and
wave form view of the stimulus. Transition duration was
lengthened up to 'original transition duration +100 ms' in
10 ms steps by means of Pitch Synchronized Overlap and
Add (PSOLA) technique. PSOLA performs the lengthen-
ing of the stimulus in time domain and preserves most of
physical characteristics of the stimulus such as spectral
shape, amplitude distribution, and periodicity [11].

Subjects were tested individually in a sound attenuated
room. Signals were played via a PC, at a sampling fre-
guency of 44 kHz and were subsequently fed to a MA-53
audiometer. Subjects received the signals through audi-
ometer's loudspeaker kept at adistance of 1 m and 0° azi-
muth. Presentation level of the stimulus was fixed at 30
dB SL ref: Average thresholds at 500 Hz, 1 kHz, and 2 kHz.
Stimuli were presented at equal presentation level to com-
pensate for the audibility in individuals with auditory
neuropathy. IND was determined using an adaptive track-
ing technique (PEST) with AX same difference discrimina-
tion paradigm (in this A = anchor stimulus, X = Variable
stimulus and subjects task is to indicate whether A is same
as X or not). Inter stimulus interval between anchor and
variable stimulus was 500 ms. Step size and the direction
of variable stimulus were changed according to rules of
PEST [12]. The subject's IND was determined by calculat-
ing the difference in transition duration between anchor
and variable stimuli that is required to achieve aperform-
ance level of 69% correct responses. Test trials also
included equal number of catch trials. Catch trial con-
sisted of either two identical anchor or two identical non
anchor stimuli.

(c) Temporal modulation transformer function

Both AN and normal listeners participated in this experi-
ment. Modulation detection thresholds were measured by
determining the sensitivity to sinusoidal amplitude mod-
ulation as a function of modulation frequency. Presenta-
tion level of the stimuluswaskept at 30 dB SL ref: Average
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Table 2: Protocol used for evoked potential testing

Stimulus Standard - unmodified /da/
Deviant — Synthesized /da/

Intensity 30to40dB SL

Probability 5:1

Repetition rate /s

Analysis time S00 ms

Gain 75000

Band Pass Filter Ito30H 2z

Transducer EAR-3A insert ear phones

thresholds at 500 Hz, 1 kHz, and 2 kHz. Stimuluswas pre-
sented through a loud speaker kept at a distance of 1 m
and 0° azimuth. Stimuli were presented at equal sensa
tion level to compensate for the audibility in patients with
auditory neuropathy. A broad band noise was generated
and controlled digitally to measure TMTF. Broad band
noise had a duration of 500 ms and ramp of 2.5 ms. The
modul ated signal was derived by multiplying the 500 ms
white noise by a dc shifted sine wave. The depth of the
modulation was controlled by varying the amplitude of
modulating sine wave. Modulation depth for the various
stimuli varied between 0 to -30 dB and step sizewas 3 dB.
M odulation detection thresholds were measured for 5 fre-
guencies; 4 Hz, 16 Hz, 32 Hz, 64 Hz, 128 Hz, and 200
Hz,. Procedure was same as that described for the meas-
urement of JNDs. In all the subjects at least at one modu-
lation frequency the presentation level was changed and
modulation detection threshold was rechecked to ensure
that subjects are not using the loudness judgments.

100.00-

75.00- _
JHD in m=

50.00+

AN Non‘nals
Subjects

Figure 1

Mean and SD (error bars show | SD) of JND in transition
duration for the auditory neuropathy (AN) group and nor-
mally hearing subjects.
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Auditory evoked potential measurements

In this experiment both normal hearing subjects and indi-
viduals with AN participated. The cortical evoked poten-
tialswere obtained in one session lasting lessthan 15 min.
The subjects were seated in a comfortable position to
ensure relaxed posture to minimize muscular artifacts.
They were instructed not to pay attention to the stimuli. A
silent cartoon movie was played to minimize the possibil-
ity of active attention. The stimuli was unmodified /da/
and synthesized /da/ in which transition duration was
lengthened by 100 ms. This was decided on the basis of a
pilot study measuring the behavioral IND in AN subjects.
Synthesis technique was same as the one used for psycho-
acoustic testing. These two contrasts were presented in an
odd ball paradigm. Stimuli were presented at ‘comforta-
blelevel' to both ears (usually 30to 40 dB 9, Ref: Average
thresholds at 500 Hz, 1 kHz, and 2 kHz) through EAR-3A
insert receiver. IHS smart EP module was used to control
the stimulus presentation and acquisition of evoked
potential. Conventional recording techniques were used.
After skin preparation at electrode site, silver-chloride disc
electrodes were placed at C,, with ipsilateral mastoid as
reference, using conductive electrode paste and adhesive
tape. Ground electrode was placed at F, Datawas acquired
after ensuring that the impedance at all electrode sites was
within permissible limits. The protocol used for recording
is shown in Table 2.

In order to probe the representation of these two stimulus
contrasts at pre-attentive neural level MMN responses
were derived from recorded cortical evoked potentials.
MMN is a passively dlicited cortical evoked potential that
is known to reflect the brain's response to an acoustic
change [13]. The MMN is seen as a negative deflection
around 200 ms after stimulus presentation. MMN was
identified in the difference wave between frequent and
infrequent recordings. Grand average waveform was also
constructed by utilizing the individual waveform which
had MMN.

Results

Psychophysical tests

(a) Open set speech identification test

Open set speech identification scores in individuals with
AN varied considerably. The mean speech identification
scorewas 41.7% (SD: 38.8%), but scores ranged from 0%
to 95%. Speech identification scores correlated with low
frequency (250 Hz, 500 Hz, 1000 Hz) hearing thresholds
(r=0.67, p=0.001) but not with the high frequency hear-
ing thresholds (2000 Hz, 4000 Hz and 8000 Hzr = 0.3, p
=.234).

(b) IJN D measurements
Figure 1 shows the mean and SD values of JND in transi-
tion duration for stimuli /da/. Independent sample 't' test
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Figure 2

TMTF for the auditory neuropathy (AN) group and normally
hearing subjects. AN20 = TMTF for auditory neuropathy
subjects with speech identification scores less than 20%.
ANS50+ = TMTF for auditory neuropathy subjects with
speech identification scores more than 50% Normal = TMTF
for normally hearing subjects.

showed a significant difference between two groups at
.001 level. Of 14 subjects 10 could not differentiate the
stimuli that differed in transition duration by as much as
100 ms. Four subjects whose JND were less than 100 ms
also had their open set speech identification scores more
than 80%.

Temporal modulation transfer function

Figure 2 shows the TMTF for subjects with normal hearing
and auditory neuropathy. Normal hearing listeners were
most sensitive to slow temporal fluctuation and became
less sengitive as the fluctuation rate was increased. Similar
trend was noticed in individuals with AN. Average peak
sengitivity of normal hearing listeners was -17.36 dB. In
contrast, average peak sensitivity for auditory neuropathy
group was-6.6 dB (SD: 5.4 dB). At higher modul ation fre-
gquencies many of the AN (12 subjects) subjects did not
even detect a modulation of depth of 0 dB (100%). Peak
sensitivity of AN group tended to fal in two distinct cate-
gories. Eight individuals had peak sensitivity of more than
-10.4 dB and 7 of these patients had open set speech iden-
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identification scores of less than 20%. One subjects i-
each category had paradoxical results on speech percep-
tion and TMTF results. When data from individual sub-
jects were examined speech identification scores and
temporal modulation transfer function in these two sub-
jects were in extreme. Hence these two subjects were
treated as outliers and when data from these two subjects
were excluded a significant correlation was observed
between peak sensitivity and speech identification scores.
No relation could be established between JIND measure-
ments and TMTF.

Auditory evoked potential measurements

Before doing the analysis al the wave forms were cor-
rected for baseline EEG activity by subtracting the pre-
stimulus electrical activity (for 50 ms before the presenta-
tion of stimulus). Table 3 shows, the latencies and ampli-
tudes of peaks Pj, N;, P, and N, for AN and normal
hearing group. P,/N, complex was present is al 14 indi-
vidualswhereas P1/N 1 complex was not present in 4 sub-
jects. Whenever LLRs were present, latency and
amplitudes were within normal range. Presence or
absence of LLR peaks did not bear any relation to the
speech identification scores. Pearson's product moment
correlation failed to evidence any significant correlation
between evoked potential parameters and other psycho-
physical test results. Table 4 shows latency, amplitude and
area of MMN parameters. Area of the MMN was deter-
mined by calculating the area between wave and baseline
and took into account both the duration and amplitude of
MMN response. In 5 of 14 subjects, MMN could not be
eicited. Pearson's product moment correlation was per-
formed between MMN parameters and other psychophys-
icd measures. Only peak latency of MMN evidenced a
significant correlation with speech identification scores.
As the number of subjects with MMN present was less, to
interpret the results of correlation, a scatter plot was
drawn between MMN peak latency and speech identifica-
tion scores. As seen from the scatter plot (Figure 3), no
trend could be observed between MMN peak latency and
speech identification scores. Figure 4 shows the grand
average of MMN waveform in AN subjects and normal
hearing listeners. Whenever the MMN was present in indi-
viduals with AN, wave form was indistinguishable from

tification scores more than 50%. Six subjects had peak ~ normal listeners.
sengitivity less than -5.6 dB and 5 of them had speech
Table 3: Mean and SD (values in parenthesis) of amplitude and latencies of LLR components in both groups
P. N, P, N,
AN subjects Amplitude (n @V) 2.8 (0.9) 0.9 (0.8) 2.8(2.08) Al (2.3)
Latency (n ms) 81 (16.2) 125.4(23.04) 154.1 (27.1) 205 (23)
Normal subjects Amplitude (n u.V) 2.5 (0.6) -0.5 (0.5) 2.8(1.5) -1.6(1.5)
Latency (n ms) 69(15.2) 120.5(23.5) 145.3 (25.6) 200.2 (26.3)
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Of the 9 subjects who had MMN, 5 of them could not
behaviorally discriminate the two stimulus contrast (i.e.
JND was morethan 100 ms). Other 5 subjectswho had no
MMN also could not behaviorally discriminate the two-
stimulus contrast. The MMN wave forms of those subjects
who could behaviorally discriminate the stimulus con-
trast were virtually indistinguishable from those who did
not behaviorally discriminate the contrast. This data indi-
cate that presence of MMN does not necessarily indicate
the presence of behavioral discrimination.

Discussion
The mgjor findings of this research were:

i) Open set speech identification scores varied considera-
bly in individuals with AN and speech identification
scores had a significant correlation with the low frequency
hearing sensitivity.

ii) All subjects with AN had severe temporal processing
deficits as shown by JIND measurements and TMTF.

iii) In majority of AN patients cortical evoked potentials
could be recorded but none of the measured evoked
potential parameters had any relation with psychophysi-
ca measurements.

Psychophysical measurements

Speech identification scores in AN individuals had good
correlation with low frequency hearing sensitivity but not
with the high frequency hearing sensitivity. This fre-
guency specific correlation between hearing thresholds
and speech identification scores, may be related to differ-
entia physiology between high frequency and low fre-
guency coding. Low frequencies are usually coded by
phase locked responses in type | auditory nerve fibers.
Individuals with AN cannot use phase locking cues to the
same extent as normal hearing listeners due to dyssyn-
chronous firing of auditory nerve fibers. However, detec-
tion of the high frequency depends on place of excitation
on basilar membrane and does not depend on the phase
locking cues as much as low frequencies. We propose that,
low frequency hearing sensitivity in these individuals may
indicate the extent of temporal disruption in the auditory
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system. Its
relation with speech identification scores is suggestive of
importance of neural synchrony in understanding speech.
This is aso supported by other two observations:

i) A retrospective inspection of the datareveled, al 8 indi-
viduals who obtained speech identification scores more
than 50% had their low frequency hearing sensitivity
(average of 250 Hz, 500 Hz, and 1000 Hz) better than 25
dB HL and 6 individuals who had speech identification
scores less than 20% had low frequency hearing sensitivity
morethan 40 dB HL.

ii) There was significant correlation between low fre-
guency hearing sensitivity and peak modul ation detection
thresholds. Based on the above observations, we propose
that low frequency hearing sensitivity in AN individuals
may be the indicator of suprathreshold temporal process-
ing deficits.

All AN individuals experienced severe difficulties in dis-
criminating the speech stimuli that differed in time
domain. As stimuluswas presented at equal sensation lev-
elsto both the groups this resulted in difference in presen-
tation levels (SPL) for each of the subjects. However, the
difference in the JNDs for transition duration of syllable /
da/ between two groups cannot be attributed to difference
in presentation level (SPLS). It is shown that when the
stimuli are sufficiently loud or at comfortable level audi-
tory duration discrimination is independent of the inten-
sity [14]. Individuals who had better discrimination
abilities also possessed better open set speech identifica
tion scores. These findings stress the importance of per-
ception of temporal variation in understanding speech
information. Temporal processing deficits in individuals
with AN are also demonstrated by poor performance on
TMTF. Average peak sensitivity of individualswith AN was
threefold more than the normals. Poor sensitivity to tem-
poral modulationsin these individualsis also reported by
other investigators [6,8], A significant correlation was
observed between modulation detection thresholds and
speech identification scores (when data from two subjects
with paradoxical results were removed). This finding
agrees with the results obtained from Ranee et al [6], Zeng
etd [7,9]

Table 4: Mean and S D (values in parenthesis) of amplitude and latencies of mismatch nagativity components in the auditory

neuropathy group

AN individuals Normal subjects
MMN (On set) MMN (Peak) MMN (Off set) MMN (On set) MMN (Peak) MMN (Off set)
Amplitude (n uVv) -0.068 (0.6) -4.6(2.1) 1.9(3.2) -0.071 (0.2) -4.8(1.5) 1.5(2.5)
Latency (n ms) 117.3(23.6) 186.4(19.04) 209 (25.5) 120.5(20.5) 180.6 (20.8) 204 (25.5)
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Scatter plot between speech identification scores and peak
tatency of MMN in auditory neuropathy subjects.

Difference between normal listeners and AN subjects in
detection of modulation was more at higher modulation
frequencies. The extent of temporal processing deficits
were morethanwhat is been reported for cochlear hearing
loss of comparable degree [15]. This difference between
two groups cannot be because of different presentation
levels (SPA) used because modulation detection thresh-
olds are reported to be stable over awide range of intensi-
ties. In the auditory system, higher modulation
frequencies are processed at auditory nerve and brain-
stem, whereas lower modulation frequencies are proc-
essed mainly in the thalamus and auditory cortex. As one
ascends the auditory system, a neural encoding shift
occurs. An emphasis on synchronous response for tempo-
ral coding exists at auditory nerve and brainstem (codes
low frequencies) and less reliance on synchrony occurs as
one move centrally (codes high frequencies) [16-18].
Hence, it can be expected that individuals with AN will
have more problems in processing high rates of modula-
tions which require synchronous firing of auditory nerve
fibers. Inability of many the subjects to perceive ampli-
tude modulation of 0 dB (100%) at higher modulation
rates indicates the importance of temporal synchrony in
auditory perception. Effects of reduced temporal fluctua-
tions on speech perception in normal listeners have been
reported previously [19]. Elevated modulation detection
thresholds at slower modulation rates in combination
with virtually no perception of modulations at high mod-
ulation rates are sufficient to disrupt the perception of
amplitude envelop cues in normal speech. As this study
measured only peak sensitivity, reduced peak sensitivity
may also be due to reduced ability to perceive the ampli-
tude changes in patients with auditory neuropathy.
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Grand averaged MMN wave form in the auditory neuropathy
group and normally hearing subjeces.

Electrophysiological measures

P1/N1 and P,/N, complex amplitude and latency did not
appear to be related to degree of hearing loss or speech
identification scores. This result is in contrast to Ranee et
a [5] who evidenced a strong relation between presence
of event related potential and speech perception scores.
This difference in the results may be due to difference in
subjects and the stimuli. Ranee et al [5] primarily studied
children younger than 92 months and were fitted with the
amplification devices before 28 months of age. This may
have prevented the retrograde loss of speech perception
abilities. In our subjects, average age at which amplifica-
tion provided was 18 years. Many of the subjects were not
identified in childhood as they had near normal hearing
sensitivity and were grouped as slow learners in the class.
This huge gap in the auditory experience between two
groups might have adversely affected the speech percep-
tion abilities of the later. Presence of LLR components
with normal latency and amplitude represent the stimulus
registration in the primary auditory cortex, which do not
involve complex decoding and representation of the sig-
nal as it isrequired for the speech perception.

Large numbers of studies in last decade have established
MMN as an objective electrophysiological measure of
auditory discrimination (e.g. [13]). Our results of MMN
and behavioral discrimination are paradoxical. Significant
MMN was seen in the magjority of subjects with auditory
neuropathy, even though stimulus contrast could not be
behaviorally discriminated. Fried et a [20] have provided
evidence for the existence of preconscious perception in
the visual system. Preconscious perception describes the
physiological or neurological process that occurs without
behavioral or conscious perception. Some evidence of
preconscious perception is also reported in auditory sys-
tem using MMN. Allen et al. [16] reported the presence of
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MMN in normal listeners for the stimulus contrast that
they could not behaviorally discriminate. Presence of
MMN in AN subjectswho could not behaviorally discrim-
inate the stimulus contrast supports the hypothesis that
neural generators responsible for the MMN are not neces-
sarily linked to conscious perception [21]. But all theindi-
viduals who had no MMN could not behaviorally
discriminate the stimulus contrast. These two results in
combination support the notion that MMN is necessary,
but not a sufficient component for conscious perception
of stimulus change.

Another possible explanation for the discrepancy between
behavioral discrimination and MMN in some AN subjects
may be related to perception of stimulus onset cues. We
hypothesis that cues in the stimulus onset play a major
role in the behavioral discrimination between the stimu-
lus contrasts that differ in transition duration. Kraus et al
[20] reported that perception of any change in the stimu-
lus onset was extremely difficult in a subject with AN who
had normal hearing. Hence the individuals with AN had
larger IND's. We propose that MMN, which was present in
some AN individuals, was dlicited by the difference in the
later part of the stimulus. However, it is unclear that why
AN individuals could not discriminate the stimulus con-
trasts by using the information in the later part of the
stimulus that elicited the MMN.

Conclusion

Findings of this study indicate that individuals with AN
have severely affected temporal processing abilities. These
temporal processing deficits correlate significantly with
the speech identification scores and hearing sensitivity in
the low frequency region. Psychophysica measures
including speech perception did not correlate with the
electrophysiological measurements used at least in adults
with AN.
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Processi ng of Tenporal Mdul ationsinalOgital HearingAid

ABSTRACT

The purpose of the present study was toinvestigate the processing of tenporal
envel opeinadgta hearingad Perceptionof tenporal modul ationsthrougha
digita hearingaidwas al soinvestigated under linear and conpressi on
processing strategies inahearingald Mdul ation detectionthreshol ds were
measured for sinusoi dal |y anpl i t ude modul at ed white noi se at 4 Hz, 16 Hz, 50
Hz, and 100 Hz i n 10 nor mal hearing adul ts for three conditions of (a)

audi onet er - | oudspeaker out put, (b) audi onet er-hearing ai d- | oudspeaker out put
under conpressi on mode, and (c) audi omet er- hearing ai d-1 oudspeaker out put
under inear mode. I'nananother experinent, theinput and output functions of
the test hearingai dwas conparedfor sinusoidal anplitude modul at ed white

noi se at these modul ation frequencieswith0dB(100% anplitude modul ation.
Resul ts showed that the hearing ai d enpl oyedinthis study didnot influencethe
modul at i on det ection threshol ds for | ownodul ati on frequencies, but it

i ncreased det ection threshol ds for 100 Hz. Theresults a so showed that the
hearingaiddidnot replicate the tenporal modul ations of the origina signal at
any of the modul ationfrequenciesineither conpressionor linear mode. These
results suggest that it isnot the processing strategy (conpressionor linear), per
se, that influences perceptionof tenporal infornation. Perhaps, itisthe
distortioninduced by hearing ai dwhi | e processing rapidtenporal changes

which interferes with speech perception. The results of the present study
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suggest aneedtorevisit signal -processingstrategies, particularlyasrelatedto

tenporal information of speech, in digital hearing aids.
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Processing of Tenporal Mdulationsinalgital HearingA d

The tenporal envel ope of asignal canbe thought of astheline
connect i ng successi ve peaks i nastiml us wavef or m(Scharf and Buss, 1986).
I'nconpl ex signal's, such as speech and nusi ¢, spectra conposi tion changes as
afunctionof tine. Inother words, speechsignal may be described as a
sunmat i on of anplitude nodul at ed nar r owf requency bands. Fromthis
perspective, it canbe saidthat every frequency band of a speechsigna has a
carrier (finestructure) aswel | as amodul at ed conponent. These nmodul ations
aresignificant for the perceptionof speech sounds (Drul | man, Festen and
Pl onp, 1994). Drul | man, Festenand Pl onp (1994) studied the effect of
smearing of tenporal envel ope onsentenceirntdlighlity and phoneme
recogni tion. They divided thew de band speech signal intoaseries of frequency
bands. Amplitude envel ope of each of these frequency bands was hi gh pass
filtered They presented speech, nodul atedw ththis hi gh pass filtered envel ope,
t0 36 normal hearingindividuals. Theresults indicatedthat speech recognition
significantly reduced whentenporal envel ope was hi gh pass filtered above 64
Hz. They al soreportedthat tenporal smearingof signal s affected perception of
consonant s (especial |y the stops) mor e thanthat of vowels. It isthus clear that
hearing ai ds shoul d preserve | owfrequency modul ati on bel ow64 Hz whi | e
processi ng speech. Failuretodosow!| result intenporal smearingof the
signal affectingspeechintdlighility. Infact, near perfect speech recognition
can be obtained evenif spectral informationis greatly reduced, but if tenporal
envel ope cues are preservedinat |east afewfrequency bands ( Shannon, Zeng,

Kamath, Wgnoski and Ekelid, 1995). Therefore, speech processing and
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transmtting strategiesin hearing aids shoul d ai mat fathfu preservation of
| owf requency t enpor al modul ations.

Modi ficationof tenporal informationduringanplificationandits effect
ontheirtelighlity of speech has beenatopic of discussionfor many years.
Some resear chers have mai ntai ned that mul ti-band anplitude conpression
circuits, particularly thosewthshort attack andrel ease times, adversely affect
speech recogni tion by reduci ng the natural tenporal fluctuations of speech
(Plonp, 1988; Moore, Johnson, O ark and Pl uvi nage, 1992). Boot hroyd and
Nttrouer (1988) reportedthat performance of their subjects onaphoneme
di scrimnation task reduced when conpressi onwas i ntroduced. Perhaps,
anpl i t ude conpressi on reduces bot h t enporal and spectral contrast inthe
speech signal (Pl onp, 1988).

Oneway of descrihbingtenporal resolutionof agivensystemisto
measur e tenporal modul ation transfer functions (TMTFs). TMTF represents
det ectionthreshol ds for anplitude nodul at ed signal s as a function of
modul ationrate (/m. This approach has extensivel y been enpl oyedin
psychophysi cal studies of auditory tenporal resolutioninind vidualswth
normal hearing (eg: Vieneister, 1979), withsensori-neural hearingloss (Bacon
and Vi enei ster, 1985; Moor e and d asberg, 2001; Moore, Sailer,

Schoonevel dt, 1992), with cochl ear and brai nstemi npl ants ( Shannon, 1992;
Bushy, Tongand dark, 1993), withcorticad damage (Lorenzi, Wbl e, Moroni,
Der obet and Frachet, 2000), andinindividual s w th devel opmental dyslexia
(Lorenzi, Dumont and Ful | grabe, 2000). Astrong rel ationshi p has been
reported bet ween modul at i on det ection threshol ds and speech

recogni ti on/ phonene i denti fication scores inindividual swthcochlear inplants
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(Cazal s, Pelizzone, SaudanandBoex, 1994), andinpatientswthauditory
neur opat hy ( Kumar and Jayaram 2005; Ranee, McKay and G ayden, 2004;
Zeng, Kong, Mechal ewski and Sarr, 2005).

As tenporal envel ope of thesignal isveryinportant for the perception
of signals, the present study investigatedif tenporal nodul ations of theinput
signal are preserved fol | ow ng processingof thesesignasinadgta hearing
ad Secificaly, processing of tenporal nodul ations throughlinear and
conpressionalgorithns of adigita hearingaidwas conpared. |nother words,
the obj ective of the present study wastoseeif adigta hearingaidinduces
di stortions whil e processing t enporal modul ations at different nmodul ation
frequenci es. Thi s was done by neasuring TMTFs, innormal listeners, inthree
condi tions: w thout hearingaid, throughhearingaidprogrammedfor |inear and
conpressionstrategies. Processing of tenporal modul ationinadgta hearing
al d was ohj ectivel y assessed by conparing the i nput and out put of the hearing

aid under linear and conpressi on condi tions.

METHOD
Igeds

Tennormal hearinglisteners, dl males, inthe age range of 18-22years

(meanage 20 years) participatedinthestudy. Al subjects had hearing
threshol ds of <15 dBHL i n octave frequenci es bet ween 250t 0 8000 Hz and
had nor mal results onimmttance eval uation. None of the subjects reported any

history of ear disease, or exposure to loud noise, or usage of ototoxic drug.
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Hearing aid details

Pbonak Super o, acomercial |y avail abl e 5-channel dgita hearingaid,
was usedinthe study. Inthe conpressionmde, the hearingaidenpl oyeda
conpressionratioof 1. 23across thefrequency range withanattack tine of
5ms and arelease tine of 8ms. Threshol d knee point was kept at 40 dBto
ensure that the test signalsweredl above the knee point. The hearingaid
anplifiedthesignal wthaconmpressionratioof 11over arange of 80 dBSPL
inthelinear mde
Stimli.

The stimili consisted of unnodul at ed and si nusoi dal |y anpl i t ude
modul at ed br oadband noi se of 500ms witharanpof 2. 5ns. The nodul at ed
signal was derived by mul tiplying the broadband noi se by a dc-shifted sine
wave. The depth of nodul ationwas controlled by varyingthe anpl it ude of
modul ati ng sinewave. Modul ationdepthfor different stimli varied between0
to-30dB(where 0dBisequal to100%modul ationdepth) withastepsizeof 3
dB. Detectionthreshol ds were measured for 4 nodul at ed frequencies: 4 Hz, 16
Hz, 50 Hz and 100 Hz. Al the stinuli were generated usinga32hit D/ A
converter at asanplingfrequency of 44.1kHz. Figure 1 shows one of the
stimuli usedinthestudy (4 Hz nodul ationat 100%and 50 %nodul ation
depth).

Insert Hgure 1 about here

Procedure

Experinent 1
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Thi s exper i ment was desi gned t o measur e nodul at i on detection
threshol ds for different modul ation frequenci es. S nusoidal |y anpl it ude
modul at ed whi te noi se at different nodul ation frequenci es was pl ayed t hr ough a
personal conput er at asanpling frequency of 44.1kHz whi chwas |aer
inputtedintoan audi oneter (Mico MA-53) . Subjects received the stimii
through a | oudspeaker connectedtothe audi oneter. Loudspeaker was
posi tioned at adistance of 1 neter andat 90° azimuth (F gure 2a).

The wor st threshol d that can be obt ai ned corresponds t o a modul at i on
depth of 0dB( 100%nodul at ed noi se). Intensity of the stimilus was kept at 40
dBSL (this val ue was al ways bel ow60 dB SPL) indl the conditions. The
output of the | oudspeaker was cal i brated usi ng Quest 1800 sound | evel net er
and 4180 free field m crophone i n the begi nni ng of the experinment. Sel ection of
the ear was done randoni y. Non-test ear was occl uded w th EAR(E ynotic

Research, USA) earpl ugs.

Insert Hgure 2 about here

Mbdul ati on det ection threshol ds wer e det erm ned usi ng AX ' sare-
difference' discrimnationparadigm Inthisparadi gm Ais theanchor stimlus
whi | e Xisthe variable stimilus. The subjects' task was toindicate whet her Ais
the same as Xor not. Anchor stimulus was al ways unnodul at ed whi t e noi se
whi | e variabl e stimil us was sinusoi dal |y anpl i t ude modul at ed noi se. The dept h
of anplitude modul ationwas variedaccordingtothefollowngrule reducethe
depth by 3 dBfol | ow ng two correct responses, andincreaseit by 3 dB
fol I ow ng anincorrect response. This procedur e provi des an estinate of the

val ue necessary for 70. 7%correct response (Levite, 1979). Inter- stimlus
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interval between anchor and variahl e stiml us was 500nms. Mbdul at i on detection
threshol ds wer e measur ed, with the procedur e described here, for four
modul at i on frequencies: 4 Hz, 16 Hz, 50 Hz and 100 Hz. Test trids al so
included catchtrids. Acatchtrid consistedof either twoicdentica anchor or
two identical non-anchor stinmuli. Subjectswere testedind vidualyinasound
treated room
Experinent 2

Thefirst experiment was repeated, but thistime, the output fromthe
audi onet er was fed tothe | oudspeaker through the test hearing aid ( Phonak
supero). Furthernore, the hearingai dwas programmedfor either conpression
or linear al gorithm The out put fromthe audi oneter was routed t hrough t he
hearing aidtothe | oudspeaker (see Figure 2b). The experinental procedure
was ot herw se the same as i nexperinment 1. The order of presentation of
modul at i on frequenci es and condi ti ons was random sed to nullify the order and
| earning effect.
Experi ment 3

The tenporal envel ope of theinput and output of the test hearingaid
was anal ysed. Abl ock di agramof the experinental settingisshowninFigure
3. The test hearing a d was kept i nan anechoi ¢ box andthe input stimilus was
sinusoi dal |y anpl i t ude nodul at ed white noise (4 Hz, 16 Hz, 50 Hz and 100 Hz) .
Ami crophone (m d), kept near the m crophone port of the hearingaid, picked
uptheinput tothehearingaidandstoredit inaconputer at asanpling
frequency of 44.1kHz. Qut put of the hearing aidwas routed, througha 2cc
coupl er and a second m crophone (m c2), toaconput er whi chstoredthis signal

at asanplingrateof 44.1kHz. Bot hthe m crophones ( Mai co 188) had simlar
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response characteristics. Acorrelationanal ysis was performed bet ween the
tenporal envel ope of theinput and output of the hearingaidusing MATLAB
sof tware. Thi s procedure was repeat ed under t wo condi tions: withandwi t hout

the conpressioncircuit on.

Insert F gure 3 about here

RESULTS

Modul at i on Det ect i on Threshol ds

Tabl e 1 shows the mean and standard devi ati on of nodul at i on det ection
threshol ds across different frequencies for the three conditions tested (resu'ts of
experinents land2). Mitivariateanalysis of variance was usedtotest the
signi ficance of difference between the modul ati on detectionthreshol ds obtai ned
wi thandwithout the hearingaid MANOV Areveal edasignificant main effect
of hearingaidonnodul ation detectionthreshol ds[F(4,16) =5.41, p<0.05].

Insert Tabl e 1 about here

Bonferroni' s post-hoc conpari son reveal ed that modul ati on det ection t hreshol ds
obt ai ned wi thout the hearingaiddiffered significantly fromthose obtai ned
under bot hlinear and compressi on conditions at 100 Hz. However, the

modul at i on detectionthreshol ds did not differ significantly betweenlinear and
conpr essi on condi tions t hensel ves. Figure 4 shows error bars for nmodul ation
detectionthreshol ds for the three conditions: without hearingaid, linear and

conpressi on condi tion of hearingaid.

Insert Fgure 4 about here
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I nput - Qut put of HearingAi d

Tabl e 2 shows correl ation coefficients bet weenthe tenporal envel ope of
i nput wavef or mand out put of the hearingaidfor linear and conpression

conditions of thehearingaid. If thehearingaidreplicatedthetenporal

Insert Tabl e 2 about here

envel ope of the signal wi thout any distortion, thenthe correlation coefficient
bet weeninput and out put woul d be 1. Thus, any val ue closer to 1indicates good
replicationof theinput by the hearingaidwhileval uesaway froml reflect
tenporal distortioninduced by the hearingaid. Inother words, thelower the
correlation coefficient (nearer to0), thegreater isthedistortionintroduced by
the hearingai d. As canbe seenfromTable 2, therewas asignificant correlation
bet ween the i nput and out put of the hearingaidonlyin'linear' conditionand at
the modul ationfrequency of 4 Hz. Thi s shows that the hearing aiddid not
reflect thetenporal changes of theinput wavef or mat any of the ot her

modul ati onfrequenci es. Figure5shows arepresentativetine domainwave
formof input to, and output from the hearingaid Tenmporal distortioninduced
by the hearing aidwas morein' conpression' conditionthanin'linea
condition, andit increasedw thnodul ation frequency (interested readers can

get rawdatafromthe authors).

Insert Hgure 5 about here

10
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O scussi on

Mbdul at i on det ection threshol ds did not differ significantly bet ween
unai ded and ai ded condi tions, except for 100 Hz nodul ati on f requency.
Mbdul at i on detection threshol d was significant!y hi gher withthe hearing aid
thanw thout the hearingaidat this nodul ation frequency. However, the signa
processing strategy (linear vs. conpression) didnot influence modul ation
detection threshol ds. These results, inconbi nation, suggest that it is not
conpressi onwhi chis influencing the detection threshol ds of modul ations, but,
ontheother hand, it isthefalureof thehearingaidtoreflect therapidtenporal
fluctuations that is responsiblefor f&e increase mmoc\Véfz' oMckf ecf zoM
f Ar &Wd. Previous research (Pl omp, 1988) has shown that mul ti-channel
anpl i tude conpressi onenpl oyedindgita hearingaids reduces the
"nodul ation-transfer function', thereby reducingtheintelighility of speech.
The ' nodul ationtransfer function' describes the extent towhi ch speech
intensity envel opeis transferred by the devi ce. Mbdul ationtransfer functionis
equal tothe nodul ationindex as afunctionof frequency at the output of the
transmssion channel for 0 dB(100% anplitude modul at ed i nput signal .
Though mul ti-channel conpressi onhas beenshownto affect modul ation
transfer function (Pl onp, 1988), it does not seemto have affected modul ation
detection threshol ds i nthe subjects of the present study. Al the subjectsinthe
present study had modul ati on detection threshol ds of |ess than-11.5dB.
Per haps, suchasmall changeinintensity over tine causedthe hearingaidto
operateineither conpressionor |inear mode, as the case may be, throughout the
modul ation cycl e and didnot al | owthe hearingaidtotoggl e bet ween

conpressi onand | inear modes, thereby reduci ng distortion.
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Conpressi onmay have adetrinental effect onsigna processing and
perception of hi gh nodul ationdepths. Thi s was evident fromthe results of
experiment 3. Whentheinput tothehearingaidwas0dB(100% anplitude
modul at ed noi se, hearingaiddidnot replicate the tenporal envel ope of the
signal at any of the modul ationfrequencies. It isclear fromthe correlation
coefficients that distortionof tenporal envel opeincreased w th modul ation
frequency. Theresults of experinent 3 on simltaneous measurement of the
input to, andthe output of, hearingaidusingtwoidentica m crophonesrule out
the possibility of thesignal gettingdistortedat the signal acquisitionstage. The
distortion may be duetosomeamount of ringingof the di aphragmof the
hearing aid m crophone whi chm ght have interfered with the processing of
nodul ations. Anot her factor that m ght have contributedto distortion of
tenporal envel ope was the response of hearing aid m crophones to starting
transients. Thisistheaility of di aphragmof the m crophonetorespond rapidy
tothe changes that occur at the start of the sound (Tal bot-Smth, 2001). Inthe0
dB(100% anplitude nodul at ed noi se, response of the m crophonetothe start
of every modul ati on cycl e can be consi dered as starting response and t he
ingdility of the m crophone di aphragmtorespondtothisrapidtenporal change
may have i nduced distortioninthe processing of the signal.

Speech contai ns bot h spectral (fornant frequenci es and transitions) and
tenporal cues (finestructure and nodul ating envel ope). Many studies have
shown that tenporal cues may, by thensel ves, |eadtogood recognition of
consonant s, vowel s and sent ences ( Souza &Kitch, 2001; Shannonet d., 1995,
among ot hers). Tenporal cues nust be preserved for faithful transfer of speech

signal. It can be hypot hesi sed that a hearing aidwhi chattenuates hi gh, rather

12
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than | ow, frequency conponents of the envel opetoagreater extent may reduce
the contrast bet ween consonants inthe process. This may, inturn, reducethe
overal | speechintelighility. Dgital technol ogy has enhanced the use of speech
processing strategies inhearingaids. Thishasledtodevel opnent of newer
strategies for noi se reduction, spectral enhancenment, andanincreaseinthe
number of channel sinhearingaids. Evenwthal these advancenents, it has
been shown (i gand, Bodkin, Madel |, Rosenfel d, &Press, 2002) that around
9%of the hearingaidusersreturntheir hearingaidsandthat anajority of them
do so because of what they consi der as 'insufficient benefit' fromthe hearing
aids. The perceptionof "insufficient benefit' may have somethingtodow ththe
"I nadequat &' processi ng of rapidtenporal changes of the stimlusinthe hearing
aldsresultinginlessintelligbieandunnatural speech. Theresults of the
present study suggest aneedtorevisit signal processingstrategies, particularly

asrelatedtotenporal informationof speech, indigita hearingaids.

Ingeneral, the dataof the present study showed that the hearing aid
studi ed did not ater modul ation detectionthreshol ds at | ownodul ation
frequencies, but it significantlyincreased modul ation detection threshol ds at
hi gh nodul at i on frequenci es. Besi des, the test hearing aidinduced significant
level of tenporal distortionat adl modul ation frequencies. Tenporal distortion
I ndi cat es poor processing of rapi d changes i nanplitude by the hearing aid.
Efects of reduced perceptionof modul ations arewel | known. Smearing of the
tenporal envel ope significant!y reduces sentenceintelighility and phoneme
recognition (Drul | man, Festenand Pl onp, 1994). Poor speech perceptionin
i ndi vi dual s wi t hauditory neuropat hy has been rel ated t o poor nodul ation

det ection threshol ds ( Kumar and Jayaram 2005). These patients general |y do

13
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not benefit fromhearing aids probabl y because hearing ai ds are not sufficiently
responsi ve totenporal modul ationsintheinput signal, andthus, may induce
significant tenporal distortion Therefore, technol ogy shoul d focus on reduci ng
tenporal distortioninthe hearingaidtofacilitae better speech perception for

I nali vi dual s wi th hearing i npai rment .
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Tenpor al modul at i on processi ng and hearing ai d

Tabl e 1. Mean nodul ation detectionthreshol ds, and standard deviations (SD),

under three conditions

Unaided Linear Compression
Mean SD Mean SD Mean SD
(dB) (dB) (dB)
4Hz -18.01 2.7 -17.3 42 -14.6 2.4
16 Hz -15.1 4.3 -13.3 6.00 -11.9 4.5
50 Hz -13.0 2.8 -12.0 3.4 -11.6 5.8
100Hz |-10.4 I.4 -8.5 1.2 -8.0 7
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Tempor al modul at i on processi ng and hearing ai d

Tabl e 2 Correl ation coefficients bet weeninput and out put of the hearingaid for

different modul ationfrequencies

4 Hz 16 Hz 50 Hz 100 Hz
Lincar 0.6* 0.025 0.053 -0.132
compression 0.016 0.007 0.001 0.004
* p< 0.05
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Tenpor al modul ati on processing and hearing aid

Legends for figures

1. Figurel. (a) Unmodul ated, (b) 100%anpl i tude nodul at ed noi se at 16
Hz and (c) 50 %anpl i t ude modul at ed noi se at 16 Hz.

2. Fgure 2. (a) Bl ock di agramof the settings for experinent 1and (b)
experinent 2

3. Figure 3. Bl ock diagramof the settings for Experiment 3.

4. Fgure 4. Modul ation detection threshol ds for different conditions (error
bars shownmean +1 SD) .

5 Fgureb5. (a) Input, and output of the hearingaidin(b) linear and (c)
conpressi on modes for 100%anpl i t ude modul at ed whi t e noi se at 16
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