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Abstract

Investigations focused on speech sound developmehildren with Cls have shown
initial accelerated growth, followed by a plateaene consonant order of acquisition generally
mirrors that of NH children, but is slower (Blamé@arry, & Pascale, 2001; Serry & Blamey,
1999; Spencer & Guo, 2013). A notable exceptiothi® pattern, /t/, has been shown to be
acquired later-than normal in several investigai@lamey et al., 2001; Chin, 2003; Ertmer,
True Kloiber, Jongmin, Connell Kirleis, & Bradford012). The primary purpose of this
investigation was to 1) examine the accuracy gdribluctions in children with Cls and 2)
guantify subtle phonetic differences in correcttgguced consonants and substituted consonants
(or covert contrast).

Two groups of children, who had participated larger study that examined the
influence of speech production abilities on spgaefteption scores in children with CI
(Gonzalez, 2013), provided the speech stimulitic investigation. The experimental group
included nine congenitally deafened children withr@nging in age from 2;11 to 6;4 years
(M=4;9), who were implanted by 3 years of age, aléast 12 months of device experience,
and only used an oral mode of communication. Tleagdren were matched to typically
developing children by articulation ability and gen.

Recordings of the verbal responses on the Olim@ae obtained from the Gonzalez

(2013) study. Thirty-three graduate students irespdanguage pathology used a 7 point equal-
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appearing interval scale to rate the phonetic aayuof /t/ and the phonemes that were found to
be most often substituted for it, /d/ and/

A three-way ANOVA was performed to determine tiféedences in perceived consonant
accuracy across: group, transcription category,pnmheme substitution. The significant
interaction between group and transcription catega@s of particular interest. Results indicated
that children with Cls did not show an unusualllaged development of /t/. When a confusion
matrix was generated to depict overall OlimSpadgoerance, the NH group was noted to
outperform the CI group across all phonemes. Thiglevsuggest that /t/ was not uniquely
poorer in the CI group, but instead these childn@denced poorer phoneme accuracy in general.
Finally, group differences also were apparent issitutions of [t] for target /d/ andl/

productions (i.e., covert contrast). Clinical ingaliions are described.

Vi
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Chapter 1

Literature Review

Cochlear Implants (Cls) have been approved foimushildren over 2 years of age since
1989 and in children as young as 12 months sin6@ PQational Institute of Health and Human
Services, 2010). Early implantation has been styoadvocated and repeatedly shown to be
beneficial since then as a means to encourageytiamel accurate development of speech (Shu-
Chen, Spencer, & Tomblin, 2004; Tomblin, Barkerefger, Xuyang, & Bruce, 2005; Tye-
Murray, Spencer, & Woodworth, 1995). However, ewdren implanted relatively early,
children with CI still have lost the early heariexperiences available to all children with normal
hearing (NH), which may significantly impact thepeech development. For example, Stoel-
Gammon and Otomo (1986) reported that although M&his and infants with hearing loss both
began babbling at the same age, their speech gewetd did not follow the same trajectory.
These authors found that over a 12 month periady#hniety of consonants produced by children
with hearing loss either plateaued or decreasedvé&sely, the consonant inventories of
children with NH increased significantly and theserences were noted, even in the babbling
of children at 8 months of age. Hence, despitelfimestoration of auditory input, deaf children
with cochlear implants are still decidedly at aadigantage.

Maturity of the speech mechanism and motor cokeawledge of the acoustic,
perceptual and articulatory characteristics of spemunds, knowledge of the phonotactic rules

of a language (Munson, Edwards & Beckman, 2005) parchaps most importantly, hearing
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acuity are all necessary prerequisites to the dpwvednt of speech in children. Yet children are
proven masters when tasked with deciphering thigranp rules and rhythms of their native
language. Despite the complexity inherent to speglaldren progress from random babbling
behaviors to the production of words quickly, usualithin 6-8 months (American Speech-
Language-Hearing Association, n.d.). Given thisirataptitude, it is no surprise that deaf
children go on to develop speech nearly as wathddren with NH when implanted early.
Although children with Cls develop remarkably aaterspeech in a timely manner, several
differences from NH children exist. What followsaseview of the current literature regarding
speech sound acquisition in children with Cls. t-patterns of speech sound development in
children with Cls will be described. Next, neurondiye differences between CI recipients and
the psychoacoustic effects of the altered CI signihbe explored as explanations for the noted
variability in speech outcomes for children witrsClFinally, a more sensitive approach to the

perceptual assessment of speech sound accuradyevd#scribed.

Patterns of Speech-Sound Acquisition in Children wh Cis

Once implanted, children with hearing loss havenlsf®wn to resume a normal, or near-
normal developmental rate and sequence of speecid sxquisition (Spencer and Guo, 2013).
In fact, several researchers have demonstratesdhsignificant differences exist between the
speech production abilities of children with Clslappically developing children when device
experience, as opposed to chronological age, wabasa referent (Flipsen, 2011; Spencer &
Guo, 2013). Specifically, Spencer and Guo (2018pred that 50% of early-implanted children
with one year of device experience scored withenrtbrmal range for chronological age on the

Goldman-Fristoe Test of Articulation, Second Eait{GFTA-2; Goldman & Fristoe, 2000).

2
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Because the children with Cls were able to acdaimguage in 12 months that children with NH
developed over 2 years, this finding strongly ss¢géhat children with Cls are able to “catch
up” much more quickly than NH children with similanguage experience. Nevertheless,
differences in the order and rate of consonantiaitgun between Cl and NH children have been
reported.

Findings regarding consonant inventory and rate oficquisition. Several authors have
attempted to measure consonant inventory sizeildreh with Cls at different stages of
development. For instance, Serry and Blamey (1889@wed nine Australian children with Cls
(mean age of implantation = 3years, 9 months)dar ffears. These children were videotaped
during natural play with a familiar adult six aridée months prior to implantation and bi-
annually thereafter. The conversations producetthése children were subsequently analyzed
using the following criterion. A phoneme was coesetl acquired by a child if at least 50% of
their attempts were produced correctly in intelilgiwords. The phoneme was considered
mastered by the group if at least five of the rah#dren had acquired it. After four years of
robust hearing experience, the children with Clly omastered 13 of 24 phonemes. Glides and
nasals were acquired earliest. Fricatives andcaties were acquired last. Additionally, the more
“visible” bilabial and labio-dental sounds were aicgd earlier than other consonants. These
findings are generally consistent with the ordeaajuisition for typically developing children.
The rate, however, was slower since typically depelg children had acquired 22 of 24
consonants at four years of age. In a follow-ughis study, Blamey, Barry and Pascale (2001)
discovered that of the 11 consonants that wer@msent in the children’s inventories after four

years, six were still not evident after six yedss, 1, z,0, [1/. They interpreted this result as
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suggesting an initial burst of consonant invengmgwth, followed by a period of slower
development.

These acquisition findings were confirmed by C{@003), who analyzed the speech of
12 children who had five years of Cl experienceseéiih was elicited in single words using a
picture naming task. The test probed all Englishsomants “in three word positions, in several
different words, and under conditions of potentmrphophonemic alternations” (p. 852).
Consistent with the results of the previous stu@@amey et al., 2001; Serry and Blamey,
1999), these children showed the greatest difffonlth producing alveolar and interdental
fricatives. Unlike the children in the previousdits, however, these children (as a group) had
mastered affricates by five years post-implantation

More recent studies suggest that order of conda@wuisition in children with Cls
differs slightly from that of typically developinghildren. Ertmer, et al. (2012) used a sentence
repetition task to elicit speech from 11 youngatah with 24 months of Cl experience (mean
age of implantation = 17.6 months) and their agel gender-matched peers. Their results for
initial consonants generally agreed with the lowebMiska norms (Smit, Hand, Freilinger,
Bernthal, & Bird, 1990) for both groups of childremith phonemes that are recognized as early-
developing produced more accurately than middldaterdeveloping phonemes (Shriberg,
Gruber & Kwiatkowski, 1994). The results for firmnsonants, however, did not follow the
same pattern. Children with NH produced early ssundst accurately, followed by middle and
late sounds. Children with CIs were much less ateysroducing all final consonants,
regardless of developmental sequence. Interestitiggychildren with Cls were also more

accurate when producing the late sounds (whenrefirtial position) than either the early or
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middle sounds. The authors noted that this mayatdithat the children with Cls had actually
acquired the “late” sounds first.

Spencer and Guo (2013) also utilized the lowa-Nsk@&aorms (Smit et al., 1990) to
compare the speech of children with Cls and typiaveloping children. In this study, 32
children who were implanted prior to 30 monthswkte tested with the GFTA-2 on the
anniversary of the activation of their cochlear lamp (£3 weeks) for four consecutive years.
Results revealed that by 24 months of device e&pee, the mean GFTA-2 standard score
achieved by children with Cls was within normalitisn The order of consonant acquisition was
also similar to that of typically developing chiudlr (anterior before posterior sounds, stops
before fricatives, etc.). The authors noted, howethat several sounds were acquired earlier by
the CI children (when matched for hearing expemgnican the children in the Smit et al. (1990)
normative sample. These sounds included: /f/sn the initial position and /I, s, f,/ in the
final position, lending credence to earlier findngf atypical order of acquisition for select
phonemes. When rate of consonant acquisition wasidered, these researchers reported an
early burst of improvement (between 24-36 montbkdived by a period of slower development
(between 36-48 months), which is consistent wittvjus studies (Blamey et al., 2001, Chin,
2003, Ertmer et al., 2012).

Findings regarding speech accuracy and error typedJany of these studies also
investigated the nature of the most common errofSlichildren’s speech. Blamey et al. (2001),
using narrow transcription, determined that theam@j of errors involved in sounds not yet
considered acquired involved distortions (i.e.,qmated /t/, or lateralized /s/). The next most
common error type was substitutions, followed bletiens. Careful inspection of these results

revealed that several delayed phonemes sharedvdwaa/palatal-alveolar place of articulation.
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Because several late-acquired sounds (such aml/t)/@shared a common place of articulation,
the authors hypothesized that lack of fine motarticd for place of articulation may be causing
those sounds to be unusually delayed. Howeverjdbagsdoes not seem to hold when looking at
the data as a whole, since place errors did naopnéate overall.

When using broad instead of narrow transcriptigreriger and Guo (2013) found error
patterns more consistent with those seen in tylpidalveloping children. They noted that
substitutions were more common in the initial gositof words and omission errors were more
common in the final position. Omission errors remedi high for the first three years of implant
experience and were noted to drop in the fourt.yea

Where previous studies described the acquisitidangflish consonants, Chin (2003)
noted that it was important to describe all speg@keductions, because successful acquisition of
a language also involves exclusion of non-nativends. Where NH children do not typically
produce non-native sounds, children with Cls déreguently. Using narrow transcription, Chin
(2003) analyzed participants’ speech for the presef non-English sounds in addition to the
more common search for missing segments. He fcwatdseveral consonants only differed
slightly and were affected by distortion-like preses, such as devoicing or dentalization. Some
consonants, however, were substituted with souadgtetely alien to the English language,
including a velar fricative, a voiceless uvularstnd a dental stop. Teoh and Chin (2009) assert
that these non-typical errors are common amongkireh with Cls, and that these errors often
make their speech sound accented. These authares @@t clinicians must not focus only on
general intelligibility, but must also ensure thhtldren with Cls produce all native sounds

(including appropriate allophonic variations) cathe. They stress that it is sometimes more
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difficult for children with Cls to seamlessly idégtwith their ambient social group if their
speech is anomalous, or sounds like a “foreignratce

Atypical emergence of select consonantRather than following a strictly
developmental sequence, the speech of children@ghhas been shown to deviate in several
important ways. For example, several typicallyrateveloping phonemes were found to emerge
earlier. These included /r/ (Ertmer et al., 20B2) / 1/ (Ertmer et al., 2012; Spencer et al.
2013), among others. However,//did not emerge early in some other studies (Blaatal.,
2001; Chin, 2003; Serry et al.,1999) and /t/, whigically develops early in NH children, was
repeatedly found to be delayed in children with @k&mey, et al., 2001; Chin, 2003; Ertmer et
al., 2012; Spencer & Guo., 2013). According tolthea-Nebraska norms (Smit et al., 1990),
87% of typically developing children produce /tf éophonotactically appropriate allophone) at
36 months. However, in children with Cls, the astjion of /t/ was noted 4 to 6+ years post-
implantation. This low level of accuracy could hetrelated to place of articulation since
production of both /d/ and /n/ had very high accynates (each above 80%) in the initial
position of words. So, the difficulties with /t/q@uction are not easily explained.

Overall, this body of research clearly showed @igparticipants made steady progress
toward a complete English consonant inventory. édtih Spencer and Guo (2013) asserted that
the proportion of distortion errors was very lowl¥) when errors were classified using broad
transcription, other studies that used narrow trapgon (Blamey et al., 2001; Chin, 2003)
found a large proportion of errors involving allapic variations of the target sound. This
finding would indicate that children with Cls ar@king many errors that are very close to the

target production, or that they are gradually acggiadult-like speech. However, characteristic
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of what is widely known about the speech develogroénhildren with Cls, there was

significant variability seen both between and witpreviously discussed findings.

The Effects of Neurocognitive Differences on CI Owomes

Children with Cls acquire speech similarly to thdl peers with some exceptions, but
there remains large (and seemingly unpredictal@dagability in individual outcomes. This is one
of the most oft-cited frustrations of researcherd dinicians who work with children with Cls.
While variability is most often attributed to ageimplantation and length of pre-implantation
deafness (Wilson & Dorman, 2008), other factorsehaseen found to explain outcome variability
in children with Cls: communication mode, clinic&iion (which impacts selection,
management and assessment of research subjecdtspeach processor. However, at least a
third of variability between subjects is unaccodn{®arant, Blamey, Dowell, Clark, & Gibson,
2001). Perhaps this some of this unexplained viitials neurocognitive in origin.

A cognitive explanation of variability is most appat when examining the outcomes of
children who are ostensibly implanted in identigalnearly so) circumstances. Prelingually deaf
children who have identical etiologies, who are lemped at the same age, and who receive
identical therapies, will often not develop speaniformly. The “Pisoni stars” are perhaps the
best illustration of this common phenomenon (PisGieary, Geers & Tobey, 1999). These
researchers selected 27 prelingually deafenedrehililom a larger pool of children with Cls
who had previously been tested as part of a diftdrevestigation. These children were given the
Phonetically Balanced Kindergarten Wofl@dBK) test, which is a difficult open-set word
recognition task. The “Pisoni Stars” achieved ssanethe top 20% of all children with Cls who

had taken the PBK test and were then were compar2d children who achieved scores in the

8
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lowest 20% and who had the same amount of impbgrgreence (i.e., two years). Since the
children did not differ significantly on preimplamteasures of cognition (such as non-verbal
intelligence and attention), cognitive differeneesre judged to have no predictive value on
post-implantation PBK test scores. However, redlitgeveal correlations between the PBK
results and several other related measures, swspeash perception, language comprehension,
spoken word recognition, and speech intelligibjliyly in the high-performing group. These
findings strongly suggest that there is a commattedging source of variance, generally
attributable to biological, neurologic differen@song children that affect learning and
memory. Because natural cognitive linguistic apltus not exclusive to children with normal
hearing, some deaf children are undoubtedly inhigremore skilled at the language acquisition
task.

Further, individual differences in brain plasticitgve been shown to greatly impact
speech perception and acquisition outcomes. Tligegso a process called “cross-modal
plasticity” that occurs following extended periaafssensory deprivation when other areas of the
cortex (usually neighboring sensory modalities)ibég encroach upon the suddenly inactive
cortical area (Wilson & Dorman, 2008). In other dsrwhen the auditory cortex is “silent” due
to prolonged deafness, cortical areas devotedaoegsing visual or somatosensory information
begin to “take it over”. Naturally, the more crassdal plasticity that occurs following the loss
of a sensory modality (such as hearing), the hataal be for the brain to interpret information
once sensory perception is restored. For instargrg,young children have been shown to
experience more favorable outcomes following imgd#@an than older children. Wilson and

Dorman (2008) contend that this demonstrates ittarehey are able to reorganize the sensory
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processing that takes place in the temporal lobemuoickly and more effectively, or that their
brains have experienced less cross-modal plasbeifyre the activation of the CI.

Seeking to support the idea of a neural-based eaptm for variability in outcomes,
Sharma, Dorman and Spahr (2002) compared the aloréisponses to speech sounds of early
(before age 4) and late-implanted (after age 4¥m with identical device experience. Cortical
responses (or latencies) are very short in NH oérlgwhich is indicative of normally-
functioning temporal lobes. Although both grouplildren with Cls initially demonstrated
longer-than-normal latencies as expected, thedasof the early-implanted group improved
faster and to a larger degree than the later-intg@thgroup. In fact, the early-implanted group
attained latencies in the normal range after 5 hraf Cl use, on average. The later-implanted
group did not achieve normal latencies, even afteryear of use. These results demonstrated
the younger brain’s superior ability to respond adedpt to altered sensory input.

Further support of this idea was provided by analgEpre- and post-implantation
positron emission tomography (PET) brain scangwfarelingually deafened children (Lee et
al., 2001). The children (ranging in age from 2y2@rs) had similar post-implantation device
experience when their speech perception was lagasured using a sentence recognition task.
These authors found that amount of device expegiditt not explain the variability seen
between subjects. Rather, the results revealedhbatource of variance was differences in the
children’s neural characteristics. The children velperienced the most success post-
implantation had lower than normal activity in tngditory cortex when it was measured prior to
implantation. Those who showed this pre-implantatiortical hypoactivity tended to be
younger and had shorter durations of deafness ostipg the idea that more cross-modal

plasticity occurs after longer durations of deatnétence, longer periods of sensory deprivation

10
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will cause other sensory modalities to encroachnupe areas of the cortex normally assigned to
receive the missing input and that this proces®igeadily reversible once input is restored
(Lee, et al., 2001). Taken together, these findneggorce a neurocognitive explanation for

variance among cochlear implant users, be it plygio or cognitive-linguistic.

Limitations of the CI Signal

Although the brains of certain Cl users are bett#e to adapt to and make use of an
impoverished signal, their perception abilitiedl ssually fall short of “typical” (Caldwell &
Nittrouer, 2013; Giezen, Escudero, & Baker, 20IW)s is in part because the signal delivered
by Cls, although adequate for reasonably accupsech perception, is significantly degraded in
relation to what is available to a person with NRispni et al., 1999; Spencer, 2002) due to the
methods of speech processing common to all Cld€elspecific, speech processors preserve the
amplitude envelope of speech, but much of the speéemporal “fine structure” information in
speech is not transmitted (Wilson & Dorman, 20@8)ce listeners must attend to both subtle
temporal and spectral cues when distinguishingauarsts, Cl listeners are decidedly at a
disadvantage.

The implications of this reduction in the transnassof speech sound information in
children with Cls are especially pressing when coresiders that children tend to weight
acoustic properties of the speech signal diffeyethithn adults. A large body of research has
shown that when attempting to interpret speechdi@n focus their attention on spectral cues,
like formant transitions, to a higher degree thdnlis (Hicks & Ohde, 2005; Nittrouer & Burton,
2001). Perhaps relatedly, children have also beew:s to develop a mature perception of

another spectral characteristic of speech callémb&d spectral structure” by seven years of age,
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but do not display similar adult-like perceptionashplitude envelopes (as produced by most
Cls) by the same age (Nittrouer, Lowenstein, & RacR009). Global spectral structure refers to
the gross frequency characteristics of speechfrandency changes over relatively long periods
of time. The authors attribute the developmerthefability to use global spectral structure to
language experience rather than maturity of thérakemervous system or speech mechanism
since Mandarin speaking adult subjects, who hageestionably mature auditory and motor
pathways, also performed poorly on the same tasks.

Thus, because children with Cls resemble youngéren in language experience, and
older children in anatomical and neurologic mayiitis possible that children with Cls attend
to spectral information (including formant transits) more than amplitude information in the
same way as younger children with less languagerexqce. However, like the amplitude
envelope speech used by Nittrouer et al. (2008)pttiput of Cl speech processors is very much
lacking in all but the most crude spectral inforioat(\Wilson & Dorman, 2008). Rather than
shift their attention to other acoustic cues thatsalient to more experienced language users
(amplitude information), children with Cls maintarspectral cue weighting preference, even
though they are not able to utilize spectral cumlteng as effectively as NH children (Giezen et
al., 2010).

Research has shown that children with Cls mairgapectral cue weighting strategy
preference despite impoverished access to sp@tivaination, but it has not directly established
what effect this has on speech perception. Howawveirect conclusions can be drawn based on
the Giezen et al. (2010) data. For example, thidrem in this study performed most poorly on
the place distinction task (a fu/su contrast). $akence of formant transitions (a spectral cue) in

the perception of place of articulation of consdsdras been well-established in the speech
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acoustics literature (Hicks & Ohde, 2005). It isaalvell-established that place of articulation is
the most difficult phonetic feature to transmit @&ain both children and adults (Clark, 2003;
Giezen et al., 2010; Pisoni et al., 1999). Thisguatof deficit is consistent with the idea that
children with Cls are not successful in discerrspgctral acoustic cues, even when they are
preferentially weighted. Conversely, manner anaingi are both consistently better transmitted
by Cls, and perceived by CI users (Clark, 2003z6&neet al., 2010; Pisoni et al., 1999). This is
not surprising, given that the most salient acousies related to these features are temporal in
nature (voice onset time, continuance, stop-batst) and not spectral.

However, findings regarding perception of consorieatures by children with Cls have
been inconsistent. A recent study comparing eaniytanted children and NH children matched
for articulation ability using the GFTA-2 revealedunterintuitive results (Gonzalez, 2013). All
children participated in th@n-Line Imitative Test of Speech-Pattern ContrastBption
(OlimSpac; Boothroyd, Eisenberg, & Martinez, 20@é)ch required them to imitate several
VCV non-words. A trained listener identified thensonant produced using a forced-choice task
in order to ascertain the children’s ability to geve several phonetic contrasts, including place,
manner and voicing. Gonzalez (2013) found that\Heparticipants most often failed the post-
alveolar consonant place contrast and children @igh most often failed the consonant voicing
contrast. While these results do not supportdea bf difficulty perceiving spectral cures, it
may be that the children with NH were younger aitideveloping the post-alveolar place
contrast, while the children with CI had possiblgrieed on this contrast in their speech therapy.

On the other hand, certain young Cl users mayuahyogexcel at discerning spectral cues,
and therefore be better able to perceive and therefcquire speech. This could explain the

previously “mysterious” success of a small percgataf children with Cls (Pisoni et al., 1999).
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Research has demonstrated that a Cl user’s afailiyeight acoustic cues similarly to NH adults
is a prerequisite to highly accurate word recognit{iMoberly et al., 2014). Specifically, these
researchers showed that Cl users' ability to usetsa cues predicted word recognition scores
better than age of implantation, which was previptisought of as the variable that affected
outcomes the most. Although spectral cue weightamgynot been examined in depth in children
with Cls, it is likely that successful Cl use inldhen is associated with similar cue weighting
strategies as adults.

While children do approach the language learnisg tadividually, researchers also need
to consider their own measurement techniques. ®usviesearchers differed in whether they
used broad (Blamey et al., 2001; Ertmer et al122&pencer & Guo., 2013) or narrow (Blamey
et al., 2001; Chin, 2003; Serry& Blamey, 1999) s@aiptions and this seemed to affect the types
of errors they noted. Given that children with @iay use different acoustic cues when
analyzing new phonemes, it is also possible thet thsplay this knowledge in their speech
sound productions. One way to begin to assessphmiuctive knowledge is to have listeners

rate the adequacy of their speech sound producfidmns approach will be described next.

Listeners’ Perception of Accuracy, and an Approactio Measurement

All prior descriptions and analyses of speech tgraent in children with Cls used
phonetic transcription. Specifically, some inveatags utilized broad phonetic transcription
(Ertmer et al., 2012; Spencer & Guo, 2013) whidbrapts to classify speech sounds into finite
categories, and others used narrow phonetic trigtiscr, which allows for the subtle variations
that exist in all examples of natural speech pradndChin, 2003; Serry& Blamey, 1999).
Narrow transcription, although able to convey mafermation regarding speech than broad
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transcription, is still inadequate when attemptimgecord gradual changes in consonant quality
as children develop speech. For example, whenrehildre beginning to develop speech, they
often collapse phonemic contrasts into what isgigeet! as a single phoneme. However, upon
acoustic analysis, there is often a statisticafipificant difference between two seemingly
identical productions (Weismer, 1984). Childrenowhake these distinctions are generally said
to display ‘tovert contrast”(Macken & Barton, 1980; Munson et al,, 2005). Tbatrast is
“covert”, or hidden, because it is not immediatelyvious to listeners, and the two contrastive
sounds are typically transcribed with the sameadtar from the International Phonetic
Alphabet. Acoustic analysis of children’s speech tevealed that covert contrast is ubiquitously
present in children’s speech as they gradually ise@alult-like contrasts between speech sounds
(Munson, Edwards, Schellinger, Beckman, & Meyed ®@chellinger, Edwards, & Munson,
2010; Weismer, 1984). Covert contrast also has Hearonstrated in the sound substitutions of
children with many language backgrounds, who hgpieally developing speech and who have
sound disorders (Li, Edwards, & Beckman, 2009; 8mGibbon, Hardcastle, & Fletcher,
2000).

While covert contrast is not present in all chidr®unson, Schellinger, & Carlson
(2012) assert that assessing the presence ofrtiegs is clinically important for three reasons.
First, its absence has been strongly linked tcemeed treatment times in children with speech
sound disorders (Tyler, Figurski, & Langdale, 1998¢linicians can accurately determine the
presence or absence of covert contrast, they cke mare accurate prognoses, and make more
informed decisions regarding therapy targets. S&dba child displays covert contrtast, a
clinician could rule out therapy choices that assuine child has no knowledge of the phoneme

that is substituted (for example, that “bear” apddr” should sound different). Third, the ability
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to measure the presence of covert contrast wouybtiyithe ability to track the progress of
phoneme development from immaturity to maturityinfian would not be forced into a choice
of either correct or incorrect, but would be alaérack subtle changes as the child develops.
Given its clinical significance, it is importariat clinicians are able to assess covert
contrast quickly and reliably. However, all prevsagtudies that investigated covert contrast did
SO using acoustic analysis, which is not alwaysnécally practical tool. Recognizing a clear
need for research, Schellinger et al. (2010) sotgytietermine whether or not listeners could
distinguish fine phonetic detail in children’s spkeaising another means of measurement, visual
analogue scales (VAS). They presented listenetsahildren’s productions of /s/ angf {some
correct, some distorted or substituted) and agsk&ehkrs to rate consonant accuracy by
reflecting their judgements on a computerized wersif a VAS where the target phonemes were
represented at either end. A click at either en&ref the scale represented a highly accurate
exemplar of either phoneme, and a click closehéocenter represented a distortion, or
“intermediate form”. Results revealed that listeneere able to perceive a small, but statistically
significant, difference in phoneme productions tas not represented in broad phonetic
transcription. As such, these authors concludetthirresult revealed a covert contrast in the

child’s speech.

Statement of Purpose and Research Questions

Previous research has established that childran@I& experience a large amount of
variation in speech production ability during thé@velopment (Blamey et al., 2001; Ertmer &
Goffman, 2011, Flipsen, 2011; Sarant et al., 2@encer & Guo, 2013) that can be partially

explained by differences in neural plasticity amardjviduals (Lee et al., 2001; Sharma et al.,
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2002; Wilson & Dorman, 2008) and acoustic cue @eZen et al., 2010; Moberly, et al., 2014).
Other investegators have identified and classBigelech sound errors, created phonetic
inventories and denoted change over time in tharacy of phoneme production by children
with Cls using both broad and narrow transcript{Blamey et al., 2001; Chin, 2003; Ertmer et
al., 2012; Flipsen, 2011; Spencer & Guo, 2013)eylound that children with Cls develop
speech similarly to children with NH, with a fewaeptions.However, it is not clear why some
phonemes developed in non-typical ways, while athesembled what is seen in children with
NH. One possibility is that children with Cls eithao not have adequate access to certain parts
of the speech signal, or they are attending seldgtto inappropriate acoustic cues.

Examination of a phenomenon that has been sholwa tmmmon among typically
developing and disorder children, covert contnasty shed light on this question. The existence
of covert contrast in children with Cls has not lgeén etablished, but may have important
clinical implications regarding therapy progres$ss Ipossible that using broad transcription,
coupled with a measurement tool that is sensibvaubtle changes in phoneme productions
would demonstrate covert contrast in this poputatiince /t/ was repeatedly shown to be
unusually late-developing in children with Cls (Blay et al., 2001; Ertmer et al., 2012; Spencer
& Guo., 2013), it was chosen as the phoneme ofasten this investigation. Specifically, this
study seeks to answer the following questions:

1. Do children with ClIs produce /t/ as accurately laigdeen with NH who have similar

gross articulatory ability?
2. When children with Cls and NH substitute anothemsbfor /t/, is there a significant
perceptible difference between the substitutionthedcorrect production of the other

sound?
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Chapter 2

Methods

Participants

Speakers.Two groups of preschool-aged children participanetthis study: children
who used Cls (Experimental Group) and speech-agehmd peers (Control Group). All of the
children were recruited as part of a larger stindy examined the influence of speech production
abilities on speech perception scores of childrgh @lIs (Gonzalez, 2013). Parents of the
participants provided the original investigatorshadetailed demographic information via
guestionnaire, which allowed them to rule out salvexclusionary characteristics. These
included: cognitive delay or impairment, cognitimepsychiatric disabilities, and primary
language use other than English.

Experimental group. The experimental group included nine congenitaligfdned
children with profound sensorineural hearing Idsfefnales, 4 males) who had been fitted with
Cls (see Appendix A for additional demographic miation). All participants in the CI group:
1) were implanted by 3 years of age, 2) had at [Easnonths of Cl device experience at the
time of testing, and 3) used an oral mode of comaoation exclusively prior to implantation.
This was important because children who use omainconication are encouraged to
communicate using speech. Previous research hasghat children trained in the oral

tradition have superior consonant acquisition (&nHieber, Arts, & Zwolan, 2000).
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Control group. Members of the control group were selected froma@ pf 24 possible
participants. Inclusion criteria were as follow}bktween the ages of 3-5 years, 2) normal
hearing (i.e., hearing threshold20 dB HL from 250 Hz to 4000 Hz), and 3) no midelée
involvement at the time of testing. Of the 24 cteld whose parents had consented for their
children to participate in this study, eight wesgaimined to have appropriate speech production
abilities to serve as matches to the experimemtalgy The control group participants (5
females, 3 males) were between the ages 2:8 tgeluks (M=4:0).

Each child with a Cl was matched to a child with Nydarticulation ability using scores
from a standardized test of articulation and genatben possible. Raw scores for each
participant (the sum of all articulation errors)reeonverted into standard scores based on
hearing age for the experimental group and chrajicédd age for the control group. Hearing age
was defined as time since device activation. Hpards were considered “matched” if their
respective standard scores fell within the 95% idemnice interval of a child with NH (see
Appendix B). One matched pair (C106 and NH17) ditimeet this criterion; the standard score
for the child with a Cl was higher than the NH dhilased on hearing age, and their 95%
confidence intervals did not overlap. However,tiie children were exactly the same age (56
months), were both female, and received similarseares (CI=3, NH=6). Given these
circumstances, the two were considered to havdasimniticulation abilities and were paired.

Listeners. Thirty-three graduate students in speech-languatf®fogy were recruited to
participate as listeners in this project. They banhpleted a phonetics course, voluntarily
participated in the listening experiment, and reegino compensation. No other demographic

data were collected on the listeners.

19

www.manaraa.com



Materials

Speech and language data were obtained from thepsainvestigation (Gonzalez,
2013). These tests include tAeabody Picture Vocabulary Tes{PPVT-4; Dunn & Dunn,

2007), the OlimSpac (Boothroyd et al., 2006), drelGoldman-Fristoe Test of Articulation 2
(GFTA-2; Goldman & Fristoe, 2000). These tests idldescribed briefly below.

Peabody Picture Vocabulary Test 4.The PPVT-4 (Dunn & Dunn, 2007) is a
standardized test of receptive vocabulary. Durdhgiaistration, a word was spoken aloud by
the examiner and the child was asked to make ats®wldoy pointing to the corresponding
picture in a field of 4 possible choices. All sutigachieved a score that was within one standard
deviation of the mean score for their typically ei®ping age-matched peers.

Group matches were not determined using this meaRather, it was deemed an
appropriate tool to assess differences in vocapaequisition that may have impacted
phonological representations, and thus speech ptioduGonzalez, 2013). Since all children
scored within one standard deviation of the meareptive vocabulary was effectively ruled out
as a confounding factor to differences in speecklyction ability.

OlimSpac. The OlimSpac (Boothroyd et al., 2006) is computtizoftware program
that was originally designed to clinically asséss ability of children with hearing loss to
perceive six phonologically significant speech casiis (see Table 1).

During testing, each subject was presented withrgmerded VCV nonwords over a
loudspeaker, while seated in front of a computenitoo in a sound-proof booth. The children
were instructed to “watch the screen”, listen fackesound presentation, and repeat the nonsense
word to the best of their ability. Each OlimSpaisiius item was presented in both an auditory-

only, and auditory-visual condition. During the &ady-only trials, the screen displayed a
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colorful image that changed color when the stimypllayed. During the auditory-visual trials,
the screen displayed an adult female’s face apsimunced the stimulus accurately.

Each speech contrast was represented at leasthwidiéferent phonemes. For example,
perception of consonant continuance was assess$iedath a t/s contrast, and @] contrast.
Selected contrasts were consistent among subpdtpresented in a random order during each
test session. Cumulatively, each child imitated/@3/ nonwords in each condition (auditory-
visual, and auditory-only), for a total of 32 im#d productions per child. Their imitated
productions were recorded for future analysis usim@lympus ME52 directional lapel

microphone connected to an RCA VR 5220 digital gacorder.

Table 1.0limSpac Speech Contrasts

Speech Contrast Example
Vowel height /udu/ vs. /ada/
Vowel place /utu/ vs. [iti/
Consonant voicing /ata/ vs. /ada/
Consonant continuance fiti/ vs. lisi/
Pre-alveolar consonant place /upu/ vs. /utu/
Post-alveolar consonant place /utu/ vsidb

Goldman-Fristoe Test of Articulation-2. The GFTA-2 (Goldman & Fristoe, 2000) is a
standardized test of articulation, which is consdeo be the gold-standard assessment of
speech production skill among speech-language |oafists. This test is typically used to assess
the acquisition and accuracy of 39 English constsnand consonant clusters at the single-word
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level in all three word positions (initial, medeahd final). During testing, the examiner shows a
colorful picture to the child in order to elicitord containing one or several target consonants.
If the child does not know the word, or produceskernate word, the examiner provides the
correct target, which the child imitates after &agie

For this project, a graduate student in speechdiageg pathology (SLP) phonetically
transcribed subject responses, which were theewed by a second graduate SLP student. A
third “expert” clinician, who was a certified SLRas consulted to resolve discrepant
transcriptions. Once the transcriptions were vedifinoted consonant and consonant cluster
errors were added up to determine a raw scoreh Ea&¢ score was converted to a standard
score and 95% confidence interval. For the NH gretandard score conversions were based on
chronological age. Standard scores for the CI grbawever, were calculated using the

subjects’ “hearing age.”

Development of Experimental Material

In order to study covert contrast, one has to mawmkiple productions/misarticulations of
the target phoneme. Given the stimuli availabli® project, the multiple productions of /t/
from the OlimSpac were selected for further pengalpainalysis. It is recognized that each child's
production of a phoneme on the OlimSpac is esdgnéia imitation of what they thought they
heard, which is different than asking a child toneaan object/picture with the desired target
phoneme. However, given the similar vocabularyleaad speech production skill, as well as
the high accuracy levels obtained on subtestseoOlimSpac (see Appendix C) for all

participants, it seems reasonable to assume thigiraductions taken from the OlimSpac will be
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representative of the child's ability to produce target sound and not significantly impacted by
misperception of the target.

Selection of consonantlimSpac recordings from the nine members of the
experimental group, and the eight articulation-rhatccontrol subjects were analyzed for
accuracy by the current investigator, who did rastipipate in the testing of the participants or
scoring of the GFTA-2. OlimSpac productions weemnscribed and determined to be either a
correct production or a clear substitution. Distm$ were counted as correct, but were
anomalous for some reason (inappropriate aspiratigurecise production, resembled a similar
phoneme, etc). A confusion matrix was then gendragésed on these categories, as illustrated in

Table 2.

Table 2.Cl user's productions, in percentage, for eaclr ¢ype.*

Child’s Production
/p/ /b/ /d/ /t/ /s/ /B/ /B/ | Other | Dist*
0 o/ {9222 | 278 | 833 | 833 833 | 19.23
i
m| /" | 1389 | 63.89 | 11.11 | 8.33 278 | 13.04
S
b /d/ 62.16 | 27.03 10.81 | 17.39
C
It/ 141 | 704 | 7324 | 1.41 | 2.82 | 14.08 34.62
st
a S 2.78 2.78 2.78 | 52.78 | 22.22 16.67 | 63.16
2
&1 /e 556 | 556 | 2.78 | 66.67 | 13.89 | 5.56 | 12.50
t
2/ 2.78 | 19.44 22.22 | 55.56 15.00

*Percentage of “correct” productions that were ledgn-perfect. See above for examples.
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Phoneme substitutions for /t/ (the phoneme of @#ein this investigation) were selected
using the data provided by the confusion matrixewmembers of the CI group substituted
another phoneme for /t/, they were most likelytoduce 71/ or /d/. These productions
accounted for 14.08% and 7.04% of /t/ errors, rethpely. When [/ and /d/ were produced
incorrectly, they were similarly very likely to peoduced as /t/ (see Table 2). Therefore, /t/, /d/,
and /1/ were selected as the phoneme productions oessttar this experiment. The result was
four error categories (i.e., transcription categ®yifor two possible substitutions for /t/: t/d,t/

d/t, and d/d or t/t. t/, [/t and([1/[].

The investigator was interested in studying cogeritrast, as previously discussed,
which can be found in the “intermediate forms” bfldren’s speech as they are developing
consonants. The selection of phonemes that weernadatto be frequently substituted for each
other increased the likelihood of discovering coeentrast.

These phoneme choices were particularly appropoetause one differed in voicing
(t/d) and the other in manner of articulation|{t/ Place of articulation consistently has been
shown to be poorly transmitted by Cls (Clark, 20B8zen et al., 2010; Pisoni et al. 1999), so a
place contrast (such as t/p) was not includedigékperiment. In addition, since coronal place
of articulation has been shown to be well-transeditty the speech processors of Cls, one can
assume that the speakers in this study receivetlab acoustic information as possible from
their speech processors for adequate /f,gderception (Dillon, Cleary, Pisoni, & Carter, 200

Isolation of VCV nonwords. After the appropriate VCV nonwords were selectied,
speech samples were digitized at 20,000 Hz usiagtRPBoersma & Weenink, 2013). For each
subject, every opportunity of the three target omasits was isolated from the recordings of the

participants and saved as a separate .wav soend&th child had eight opportunities to
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produce /t/, and four opportunities each to prochaté /d/ and(/l/. All target stimuli, with

vowel contexts included, are listed in Table 3.dffort was made to control for listening
condition because the original investigators fonadsignificant difference in consonant
accuracy between the auditory-only, and the augiual conditions for either the NH or CI
group. This decision also increased the numbepofords and consonant errors available for

the test procedures.

Table 3. OlimSpac stimuli that met the selection criteria

Isolated OlimSpac Stimul

lata/

futu/

fiti/

lada/

fudu/

ficlil

fuJu/

Isolated OlimSpac samples for each subject weeesed for clarity, and poor samples
were removed from the experimental pool. The paanes were deemed unusable because of
interfering noise, low intensity, the presence thieo voices, or the subject’s lack of cooperation.
This led some transcription categories to be ungvepresented in the final group of stimuli.
However, care was taken to ensure that each sudnedatach phoneme was represented as
proportionately as possible (see Tables 4 & 5).
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Table 4.Number of VCV non-words for each transcription gatey in block 1.

Correct [t]

[d] : [t]

[t : [d]

Correct [d]

Cl

9

5

7

5

NH

11

3

5

Table 5.Number of VCV non-words for each transcription gaiey in block 2.*

Correct [t] [ - [t] [t:[ 0] Correct [[]]
Cl 10 8 6 4
NH 10 1 5 6

* Note that there was only one occurrence 6fla/t/ substitution in NH children.

Acoustic equalization of sound filesAfter the experimental pool of isolated speech
samples was assembled, the files were individualganed” of noise using the noise reduction
feature of the audio editing software AudaCit§ourceForge, 2013). To do this, a segment of
silence was selected from the audio track. “Silerecdesigned to measure the ambient noise on
a tape, not related to the experimental stimulhe. Joftware then attenuated those "noise"
frequencies that had been identified.

After all files had been processed in this wayytvere then collectively normalized.

This was done to reduce the variation in loudnesaden samples. Some children spoke with a
significantly reduced vocal intensity, and somddren’s mouths were farther away from the
lapel microphone than others. This created vaitghil loudness among the raw files. In order

to achieve a uniform loudness, a single file wascded that had 1) an appropriate loudness level
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and 2) a clear-sounding, noise-free signal. Thesvias used as a benchmark and all other files
were normalized relative to it. The Auda€it§SourceForge, 2013) software automatically
performed these alterations after the baselinemMds selected, and all other experimental files
were input into the program.

Selection of measurement tooPrevious research using rating scales to assess the
presence of covert contrast utilized VAS succels{Munson et al., 2010; Munson et al., 2012;
Schellinger et al., 2010). The VAS has been shanretboth reliable and valid when used to
measure other subjective qualities that cannotraike be directly measured, such as vocal
guality and pain. In like fashion, equal-appeaiimgrval (EAI) scales have been shown to be
useful in rating subjective characteristics. Acoogdo Yiu & Ng (2004), there is a moderate
correlation (.56-.76) between VAS and EAI scalengd for identical stiumli. However, the EAI
ratings showed significanlty higher intra-raterability (VAS agreement = 0.57; EAI
agreement = 0.73). This may make the EAI scaleerappropriate for use in a clinical setting
where intrarater reliability is of utmost importandVhen assessing a child’s progress toward a
target sound, it is essential that the clinicigndgements are consistent. Therefore, the use of an
EAI scale, rather than a VAS was selected for eéxjzeriment.

Programming the experiment All altered sound files were divided into two bks.
Target [d] and [J] productions were separated into different blo@étssamples of target [d]
were placed into block 1, and all samples of tafgéfplaced into block 2. Samples of target [t]
were equally distributed between the two blockse distribution of subjects and target sound
was carefully checked to ensure proportional assegt between the two groups. After this
assignment was completed, each block containechiguel speech production samples. The

sound files were randomized using a random numéeergtor, and programmed in a fixed order
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into the block. File order was then quasi-randorhieensure that no more than two similar-
sounding files, (either by stimulus or subject) &presented consecutively. The first 12 files
presented in each block were duplicated for presient at the end of the block in order to assess
intra-rater reliability. The files were presentedhe same fixed randomized order each time the
experiment was presented.

The ECoS experimental design software (Avaaz, pall@wed the creation of “blocks”
as a means to separate the experiments. Eachmepehlock was preceded by a training block
consisting of 10 novel sound files that were ndized in the experiment blocks. These files
were carefully selected from the original pool oEpible experimental stimuli. The training
stimuli were not randomly selected, but were chdeaedtemonstrate a range of different
variables in which the experimental stimuli woultfet. They were meant to provide the
listeners with a representative sample of sounditguaocal quality, vocal intensity, and

consonant clarity or ambiguity, in order to alldvem to become familiar with the rating task.

Equipment

The experiment file and all associated sound fitese placed on two identical Dell
Optiplex desktop PCs with identical internal hardsvad he experimental sounds were directed
through Califone circumaural headphones connectdéiget PC through a 3.5mm headphone jack.

Listeners were tested in a quiet environment, artdndem, when possible.

Procedures
When the listeners arrived on the day they weatticipate, they were asked to fill out

a brief questionnaire with no identifying infornatiin order to ensure consistency in listener
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characteristics. All listeners self-reported: adsglhearing, typical neurological status and
cognition, and English as a first language. Addiidy, no listener showed evidence of a speech
or language disorder, as judged by the examiner.

The listeners were then given instructions regaytie experimental task. They were
told that they would be listening to children prothg VCV nonwords, and were given an
example (like [ada]). They were informed that sarh#dren would sound very clear and others
would be harder to understand. They were alsott@tisome trials would be shorter than others,
some would have different intonation, and some wda more distorted than others. They were
asked to not focus on these differences but todtie the adequacy of the sound production.
Other instructions included the following:

e Don’t spend too much time on finding the “right"saver. It is best to go with
your gut.

e Focus on the consonant in the middle of the vowsito ignore everything else.

e You may repeat the trial as many times as you wish.

e You may adjust the volume to a comfortable listgrigvel.

The listeners then were shown a duplicate of thmleappearing interval (EAI) scale that
would be presented during the experiment. The E&d w linear scale with 7 possible selections
(see Figure 1). The listeners were directed t&k @ipoint on the scale that most closely
corresponded to their interpretation of the phanaticuracy of the consonant presented in each
trial. A score close to either extreme of the EAdicated a very accurate production of the
nearest phone, with 1 or 7 being a “perfect” praiguncof that phone. A score of 4 would

represent an inability to distinguish between the phonemes (a perfect blend). In block 1,
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listeners rated the subjects’ attempts at /t/ dhdri block 2, they rated the subjects’ attempts a

producing /t/ and(//.

Riplay stimulin [ Terminsia Hock | End asgeriment

« Brzepl

Figure 1. A reproduction of the EAI seen by listeners dgrotock 1

They were told that during the experiment, they Maate the “phonetic accuracy” of
the consonant contained within each VCV nonwordhenscale provided, and were encouraged
to use the entire EAIl scale when rating the souRuhslly, they were informed that they would
have an opportunity to “practice” using the scalemy the short training blocks before
beginning the longer listening experiment.

When it was indicated that the verbal instructiasese understood, the listener was
seated in front of a computer monitor with thernastions “Click OK or press the Enter key to
start the experiment” displayed on the screen.rAlte listener initiated the experimental block,
written instructions were presented (see AppendixXTDe listener again selected “OK” and the
first training stimulus was automatically present&tfer making a selection on the EAI to
indicate the quality of the consonant presenteal|isitener clicked “Accept” and the next
stimulus automatically was presented. A “Replayttdm was visible during each trial and the
participant was allowed to replay the stimuli aswnames as needed. Once a selection was
made, and the listener clicked “Accept”, the ratbogld not be altered. After the 10 training

trials were rated, a second set of written instomst was displayed (see Appendix D). The
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listener clicked through as before, and listeneithéoeach of the 72 experimental stimuli. The
second training block and experimental block wess@nted in an identical way. After all
sounds were rated, a box appeared, notifying sitenler that the experiment had ended.
Data analysis

Intra-rater reliability was calculated using thepticated trials from each listening task.
Listener responses were separated by transcripaitagory (TC) (correct [t], substituted [t],
substituted other, correct other) and then an geeiar each TC was computed by participant. A
3-way repeated measures ANOVA was performed toyaedistener response data. The
independent variables were group (NH or Cl), T@oetype), and contrastive choice (CC;.
whether the comparison involved t/d ar}/ . The dependent variable was the average

perceptual score. Post-hoc analyses were condastededed and effect sizes were calculated.
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Chapter 3

Results

The primary purpose of this investigation was tmpare the accuracy of consonants
produced by children with NH and children with @lso were matched for articulatory ability.
The author sought to 1) examine the accuracy pfdductions in children with Cls, which had
been shown to be unusually late-developing in sfyeevious studies (Blamey et al., 2001;
Chin, 2003; Ertmer, et al., 2012), and 2) quartiiiptle phonetic differences in correctly
produced consonants and substituted consonanta lbsd sensitive articulation measure could
not detect. To this end, listeners rated produstmint/ and the phonemes that were found to be
most often substituted for it, /d/ and// Consonant ratings were made on a 7 point EAkséa
rating of 1 represented a “perfect” productiontifdnd 7, a “perfect” production of the other
consonant: /d/ (block 1), or/ (block 2). The center value on the scale, 4,iBeghan
intermediate production, or a “perfect blend” of tivo consonants. It was anticipated that the
use of EAI scale would more accurately portrayehstrs’ perception of consonant accuracy, and
reveal phonetic differences between productiotisay existed. Specifically, this study aimed to
answer the following questions:

1. Do children with Cls produce /t/ as accurately laigdeen with NH who have similar

articulatory ability?
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2. When children with Cls and NH substitute anothemsbfor /t/, is there a significant
perceptible difference between the substitutionthedcorrect production of the other

sound?

Intra-Rater Reliability

First, an examination of intra-rater reliabilityagrundertaken to determine whether or not
listeners were using consistent criteria to judgedpeech stimuli. A common method of
assessing intra-rater reliability is to calculdte percentage of repeated ratings that are within
one scale value of the original rating (Kreimanyr@g, Kempster, Erman, & Berke, 1993). Over
both experimental blocks, each listener rated dudittwice. For each listener, the percentage
of responses to duplicated stimuli that were withione scale value of the original rating was
calculated, and these values were averaged acstesseks. Calculations revealed that overall,
88.1% of duplicated trials were within + one scadue of the original rating. Of these, 56.6%
were in exact agreement. Hence, listener judgnetiatoility was determined to be good.

After participation, listeners were asked to pdavieedback on their performance. The
majority of listeners anecdotally reported thatsbends presented in the second block were
harder to differentiate. One listener noted thatdbunds presented in block 2 seemed to be “less
precise”. Another said that they were simply “hargedistinguish”. This observation was borne
out by the reliability data. Intra-rater reliabgis for both blocks were independently sufficient
(>80%), but listeners were consistently less réiab their responses for block 2. Detailed data

regarding reliability for each block can be foundrliable 6.
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Table 6. Percentage of listener ratings that agreed betaaplicated trials.

Mean Exact Mean + 1
scale value | Mode £ 1SV | Range + 1SV
Agreement
SV)
Block 1 61.7% 89.5% 100% 66.7 — 1009
Block 2 51.5% 86.7% 83.3% 58.3 - 1009

Selection of Variables

Independent variables included: experimental gi@lps. NH), TC (4 levels of correct
and substituted productions) and CC (/d/taf)/ The principal investigator’'s determination of
“correct” or “substituted” for each VCV trial wased to assign them into a TC (see Chapter 2).
All samples of VCV non-words were grouped into thessigned transcription categories, and

then ratings for each transcription category weesaged for each listener.

Results of the Statistical Analyses

A 3-way repeated measures ANOVA was conducted abyae the influence of group
(i.e., hearing status), TC and CC on perceptualgat Results revealed a significant 3-way
interaction. However, differences across the arpartal blocks were not of primary interest, so
they will not be discussed further. Statisticallgsia further revealed that two of the three main
effects were significant, experimental gro&fl,32) = 27.99p < .001,;7p2: 0.467 and
transcription category (TCI(3,96) = 760.70p < .001;1p2: 0.960. These results suggest that
differences were evidenced across groups an TCeMenythere was also a significant
interaction between group and TC, therefore, tsearch questions will be addressed within this

interaction. The main effects and interactionssaramarized in Table 7.
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Table 7. Summary of results the 3-way repeated measumnab/gis of Variance.

Main Effect df Mean F p npz
Square
Error
Group 1.32 7.548 27.99 <.001 467
cc 1.32 1.314 1.141 203 034
TC 3.96 272.597 760.70 <.001 960
Group 1.32 4.325 18.70 <.001 369
x CC
Gr?‘ép X 3.06 6.699 25.56 <.001 444
cC
3.96 48.735 149.74 <.001 824
xXTC
CC x
Group X 3.96 49.044 137.33 <.001 811
TC

*CC= contrastive choice; TC= transcription category

Accuracy of /t/ productions.In the past, /t/ has repeatedly been shown to bsuaily
late developing in children with Cls. The first go&this project was to confirm this observation
by examining listener perceptions of accuracy.sWeas best satisfied by examination of the
significant Group x TC interactiof(3,96) = 25.562p < .001,;7p2: 0.444. This finding suggests
that differences in transcription category wereatg@nt upon group. Post-hoc testing results
using paired samples t-tests with a Bonferroniexiion © = .004) revealed that 3/8 paired
comparisons of interest were not significant:rt/both blocks, and/[[] (see Figures 2 and 3).
In other words, [t] and([] productions were not judged to be significantiifedtent across

groups; however [d] productions were significamtifferent across groups. Therefore, when the
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author judged the production to be a /t/, childsetih Cls successfully produced /t/ as accurately

as their normal hearing peers.

uCl
ENH

t/t dit t/d d/d

Figure 2: Differences in listener perceptions of consoraaaiuracy for block 1

*Covert contrast is shown in the d/t and t/d costm

While the above findings demonstrated no groupediffices for /t/, it did not address the
issue of whether or not /t/ was produced in ergochuldren with Cl more often than other
phonemes or when compared to productions from Nidreim. Overall error frequency taken

from OlimSpac testing was determined to provideugihoadditional relevant information to

warrant analysis.

36

www.manharaa.com




? |

: _
A T |

3 T 1 I - '(N:'H
2 :I 1 J :

i tt | i1t | tf | )

Figure 3. Differences in listener perceptions of consorsauracy for Block 2

*Covert contrast is shown in thél]:[t] and [t]:[ [1] contrasts.

A confusion matrix of CI group productions had poessly been generated when
selecting contrastive consonant choices (as destimbChapter 2). To compare error
frequencies between groups, a second confusiomxnfatiNH productions) was created. The
combined results are found in Table 8. Examinaibtinis confusion matrix revealed that NH
children produced /t/ accurately in 87.93% of opyaities, whereas children with Cls produced
it accurately in 73.24% of opportunities. In addliti this discrepancy between the NH and ClI
groups in phoneme accuracy was found to be prapa@tiacross all consonants attempted
during OlimSpac testing. In other words, the claldwith Cls were uniformly less accurate. To
be specific, [t] was found to be perceptually lassurate when all attempts were considered, but

no more so than any other consonant presented.
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Table 8 A Confusion matrix that compares production aacyrand error patterns across NH

and CI groups.

Child’'s ProductionCl NH
Ipl Ib/ /d/ It/ /sl 1/ /0] | Other*
Il 72.22| 2.78 | 8.33 | 8.33 8.33
IO 81.25| 15.63 3.13
i by | 13:89163.89] 11.11] 8.33 2.78
m 9.38 | 78.13| 6.25 | 3.13 3.13
“;’ ol 62.16| 27.03 10.81
a 3.13 | 81.25| 12.5 3.13
C . 1.41 | 7.04 [ 7324 1.41 | 2.82 | 14.08
8.62 | 87.93 3.45
T 5 | 278 278 | 2.78 [ 52.78 | 22.22 16.67
? 68.75| 9.38 21.88
g | /oy 556 | 5.56 | 2.78 | 66.67 | 13.89| 5.56
? 21.88| 71.88| 3.13 | 3.13
P 2.78 | 19.44 22.22 | 55.56
21.88 6.25 | 71.88

*"Other" refers to phoneme productions not testedhe OlimSpac.

Perceptible contrast between substitutions and coerct targets.The second purpose of
this investigation was to determine whether oraosert contrast was present in the speech of
children with Cls, and if so, within what phonemekis question was also best addressed by
examination of the significant within group posttresults of the Group x TC interaction. All
within group paired comparisons for both the CI &l group were significant. In other words,
the "correct” /t/ was significantly different frothe /t/ used as a substitution, as well as when a
/d/ or ['1/ was used for a /t/. In contract, post hoc testewgaled significant differences in the
similarity of /t, d,[1/ productions across groups when they were usedlagitutions for other
phonemes (i.e., t/d, d/t/t/ [I/t). These findings illustrated covert contrastatidition, there

were significant differences in the patterns ofawontrast across groups. As illustrated in
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Figures 2 and 3, all four paired comparisons inMmg\phoneme substitutions across groups were
significant < .001). When children with Cls substituted d/tyas more [d]-like and when they
substituted t/d, it was more [t]-like. The oppegiattern was noted in NH children. However, a
different pattern was noted far//. For children with Cls, thet/ substitution was more //-like

than for NH hearing children. While there was angigant group difference for the/t

substitution, there was only one instance of thisren the NH group, so a group comparison is

not appropriate. Nevertheless, the [t] productieretfor the children with Cls was morgflike.

Summary of Results

The purpose of this project was to determine whdtteedevelopment of /t/ in children
with Cls differed from their articulation-matchediH peers, and to explore listener perceptions
of that consonant when correct, and when in efiroe. first stated purpose regarding /t/ accuracy
was addressed by comparing perceptual ratingsrogaidt] for both groups. As there was no
difference found, CI productions of /t/ were detared to be as accurate as those of their NH
peers when they were produced successfully. Howévsrresult represented success across
participant groups. It did not compare /t/ accurecgther phonemes attempted during the
administration of the OlimSpac. When a confusioririmavas generated to depict OlimSpac
performance, the NH group was noted to outperfdrenGl group across all phonemes. This
would suggest that /t/ was not uniquely poorehm €I group, but instead the children with Cl
evidenced poorer phoneme accuracy in general.

The second aim of this study was to assess whpltereme substitutions were
perceptibly contrastive to correct productionsha substituted phoneme and if these differences
were similar across groups. This is commonly reféto as “covert contrast” in the literature. To

this end, listener’s ratings of substituted [t], #ahd [ ] productions were compared to correct
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tokens of their most common substitutions. Coventiast was said to be present when the
substitutions were more /t/-like than the correcdoictions. It was determined that a statistically
significant contrast did exist between correctdd{l [ /], and those phonemes when substituted
for [t] for both groups. A significant contrast walsserved for both groups between correct [t]
and t/d substitutions; however the nature of thistiast differed by group. In the second block,
listeners perceived a difference between corrgenfd t/ 1 substitutions in the Cl group
productions. This error pattern did not occur o#@ough in the NH group to be reliably

analyzed. .
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Chapter 4

Discussion

Other investigations of speech development in cadvith Cls have shown initial
accelerated growth, followed by a plateau wheresonant order of acquisition generally mirrors
that of NH children, but is slower (Blamey et @001; Serry & Blamey, 1999; Spencer & Guo,
2013). A notable exception to this pattern, /t§ baen shown to be acquired later-than normal in
several investigations (Blamey et al., 2001; CBDO3; Ertmer et al., 2012). The primary
purpose of this project was to confirm that /tAishoneme that is more difficult for children with
Cls to develop. The secondary purpose was to adseslevelopment of /t/ by looking for
differences in correct and incorrect /t/ producsio his was achieved by examination of listener
ratings of Cl and NH productions of [t] and its hosmmon substitutions, [d] and]].

A three-way ANOVA was performed to determine thiéedences in perceived consonant
accuracy across three independent variables: gighipand CC. Results revealed a significant
main effect for both group and TC, as well as aifigant Group x TC interaction. These results
indicated that children with Cls did not show amusurally delayed development of /t/ when
produced correctly. However, differences betwe@ugs were apparent in substitutions of [t]
for target /d/ and// productions. This discussion will begin by fipsesenting the results of the
experimental findings relative to the two questitmes present study sought to address. Next,
strengths and limitations of the present study lellpresented. Finally, clinical implications and

future research needs will be explored
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The Development of /t/ in Children with Cls

The first research question was addressed in tws virst, listeners’ perception of
correctly produced /t/ was compared across grolpistee-way repeated measures ANOVA
found that listeners did not perceive a signifiadifference between groups when only correct /t/
productions were considered. Hence, the /t/ pradlipgechildren with Cls was no less accurate
than when produced by NH children when speakers wetched for articulation ability.

Lack of a significant finding may be related tovadces in Cl speech processing
technology, as several studies showing delayeatdphisition were more than 10 years old
(Blamey et al., 2001; Chin, 2003). Another posséxplanation is differing years of device
experience in the children from different studiBlse two other studies that previously showed
delayed /t/ development recruited subjects thatzhgelars, and 0-3 years of device experience
respectively (Ertmer et al., 2012; Spencer & Guii,3), whereas the children in the present
study had an average of 3 years device experi&@igen that children with Cls gain speech
sound accuracy rapidly at first, and then slowbrdafter, it is possible that our subjects had
reached the “plateau” stage of development, wheseljects in the comparison studies were
still experiencing rapid growth. If this were tha&se, our subjects’ accuracy for all consonants,
including /t/, would be understandably higher.

Accuracy of /t/ was further analyzed by examinting overall accuracy of all phoneme
attempts during OlimSpac testing. This was accashplil using a confusion matrix that
illustrated error frequencies of all OlimSpac stinfior both groups. This analysis revealed that
children with Cls erred more often than childrethwNH on all phonemes, including /t/.
However, the error pattern was proportional; A/ Wbt stand out as unusually delayed. If /t/

development were truly anomalous in the presewlystone would expect the discrepancy
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between Cl and NH percentage of tokens producaeaty to be much larger for /t/ than other
phonemes. However, this was not the case. Fuithveas found that both groups produced /t/
accurately more often than any of the other sixnghees considered on the OlimSpac
(/p,b,d,s,1,1/). This pattern is also inconsistent with the firgs of Ertmer et al. (2012) who
reported that children with Cls produced initialléss accurately than both /d/ and./Thus,
previous findings of unusually delayed developnarit/ in children with Cls were not
confirmed in the present study.

These differences may also be attributable t@difices between previous studies in the
demographic characteristics of their experimentaligs. The children with Cls who participated
in this study came from families with higher pasdrgducation and relatively high socio-
economic status (SES; see Appendix A). It is wetihblished that children with a higher SES
tend to experience better language-related skilish as vocabulary development, expressive
and receptive language, and phonological awardRzssv, Kessenich, & Morrison, 2004).
Children who have generally superior language faesuivill naturally outperform other children

on any language-related task, including speechyatazh, regardless of hearing status.

Covert Contrast

The second purpose of this study was to estabfidipeesent evidence for the occurrence
of covert contrast in children with Cls. It was loyipesized that listeners would perceive covert
contrast in the speech of the CI group becausasitbeen found consistently in children’s
speech (both typical and disordered) as they gitgdaeguire consonant contrast (Schellinger et
al., 2010). To address this question, listenengatiof substituted tokens of target /t| d, and

ratings of correct tokens of the same phonemes w@npared. Covert contrast was said to have

43

www.manaraa.com



been present if the two sounds (one substitutetipae correct) were transcribed as identical but
were perceived by listeners to be significantlyediént. This type of perception is related to a
gradual progression from a pure substitution toosenadult-like target. As a child experiences
this progression, substitutions will sound lessrgand more like their intended target.
However, a child who had no phonological repredemtaf the phoneme would produce a
substitution that was indistinguishable from thatcastive target.

Post-hoc comparisons of the group by TC interactivowed that the both the Cl and NH
groups demonstrated significantly perceptible défees between correct and substituted
phoneme productions for all phonemes of interdsé voicing contrast was more evident in the
listener's perceptions of the error phonemes fodien with NH than the children with Cls,
demonstrating that NH children who produce voigngstitutions are closer to mastering an
adult-like stop voicing contrast than children w@ks. On the other hand, children with Cls
appeared to struggle with the voicing distinctidhat is, t/d substitutions sounded more like [t]
than d/t substitutions sounded like [d]. This conf Gonzalez et al.’s (2013) observation that
the children with Cls struggled with either thegeption or production of voicing more than
other contrasts. Given that consonants within thm&pac stimuli are sandwiched between
vowels, one would expect any speaker to struggdlle the more complex perception of a
“voiced-voiceless-voiced” syllable (as in /atalah with a voiced-voiced-voiced syllable (as in
ada). That the opposite trend was observed inrgmldith Cls was surprising.

A comparison could not be made across group$iactcuracy of [t] in block 2 due to
the small number of [] : [t] errors produced by the NH participants.viver, sufficient CI
group productions were represented for both eyqmed, allowing comparison in that group.

Results revealed that, as in block 1, listenersgieed a difference between correct and
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substituted phonemes in that block 2. However kertlne voicing contrast pattern seen in block
1, the manner contrast in block 2 was perceivecerasrsomething between /t/ and./These
errors may be related to the poor perception osgeztral cues associated with /t/ and /

(Hicks & Ohde, 2005), given the imitative naturelod OlimSpac task. Nevertheless, evidence
of covert contrast in both substitution optionstfuoe /t/ phoneme would suggest that children
with Cls have developed a good phonological reprtasen for /t/, and that their substituted
productions are contrastive despite possible p&weépmbiguity. The demonstrable presence of
covert contrast in children with Cls reiterates tbeaclusion that this group has acquired /t/, even
if they have not completely mastered it.

More interesting is the finding that the childseith Cls produced a perceptible contrast
between correct [t] and t/substitutions, whereas the children with NH did. Mghile it was
expected that children with NH, who were only 4dags on average, would not have a mature
phonological representation for the later-develggin] phoneme, it was surprising that the
children with Cls did. The CI group participantdren average chronological age of 4;9 years,
which is approximately the age at which Smit e{H90) reported that typically developing
children acquired//. However, the CI group only had an average oé&y,2 months of robust
hearing experience. Perhaps some feature is priesttye speech of children with Cls that
causes [t] substitutions to sound more [t]-like wicentrasted with /d/, and more]flike when
contrasted with(//. It is possible that these children with Cls attending to different acoustic
cues, or find certain cues more salient than adildvith normal hearing. Idiosyncratic attention
to an acoustic cue that is more readily transmitiethe ClI, for example aspiration, may explain

these patterns. However, acoustic analysis is meedest this hypothesis.

45

www.manaraa.com



More than simply demonstrating the accuracy oergience of a certain phoneme, the
presence of covert contrast uncovered in this tny&son speaks to the phonological
development of children with cochlear implants. icad)y, in order to produce any contrast,
whether covert or overt, a speaker must pesiceivethe contrast. If the children with Cls
perceived no difference between /t/ and /d/, caritdd [1/, then /t/ would be produced identically
to the latter two phonemes. However, since thegrdduce a contrast, that they are receiving
enough auditory information to develop an accuuaigerlying representation of /t/, and likely

other phonemes.

Strengths and Limitations

A notable strength of this study was that it atieed to control for several possibly
confounding variables both between groups, witlougs, and within the experimental stimuli.
Between groups, this study controlled for age, gerahd most importantly, articulation ability.
These controsl| allowed conclusions to be drawn abow children with Cls acquire speech
(i.e., covert contrast), and not simply descriteegpeech that they acquire. On the other hand,
the variables that were controlled for within thk@erimental group (age of implantation and
communication mode) and within the experimentahsti (no place contrasts, stimuli shared
coronal place of articulation) ensured that thelem with Cls would be as successful as
possible in the speech perception part of the QbacS

The first notable limitation of this study was tivaited number of the stimulus items
available to the listeners. The number of availatil@ulus items was limited by the number of
times each phoneme was tested on the OlimSpacn®ieeaccuracy levels of all participants,

there were many fewer /t/ errors than correct rases. In addition ,stiumulus selection was
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negatively impacted by the subjects’ behavior. &whildren from both groups were
uncooperative during testing which affected voealliy, intensity, intonation and background
noise. This, in turn, reduced the overall numbespEfech samples with acceptable sound quality
for listener rating. Excluding samples with pooatity made statistical analysis less robust, but
did ensure that listeners judgements were baséldeotiearest exemplars of speech available
and that their judgements weren’t impacted by amy-speech noise.

The second major limitation of this study wag tanulus presentation was not
randomized across blocks. Sounds in block 1, wprekented the t/d contrast, were always rated
first by listeners which may have resulted in difat listener behavior between scales due to
listener fatigue in the second block. This is @ditisupported by the data. Although there was
no main effect observed for contrastive choiceyaisnspection of the data revealed that in
block 2, listeners were biased toward rating carnakens of [t] from both groups as much less
accurate than correct tokens of [t] in block 1.

The third limitation of this project is that it allyzed the characteristics of only three
phonemes, and only one of the three in depth. Rgedievealed interesting trends that may be
indicative of idiosyncratic patterns of consonarquasition. However, generalization of these

findings to the development of speech in generahitdren with Cls is tenuous at best.

Clinical Implications

Children with Cls often receive intensive aural iittion following implantation.
During this therapy, these children would be bested by well-informed clinicians who are
aware of their client's phonemic knowledge and gedgbrogress toward mastery of English

consonants. As mentioned previously however, ¢ang often record substituted and correct
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targets with identical phonetic symbols. This irtigetion has shown that, counter to customary
clinical practices, distinctions among substituti@ne often perceptible by an experienced
listener under careful listening conditions. Thisdings have several implications for clinical
practice involving prognosis, target selection, #dratapy trajectory.

Prognosis Children with Cls experience widely variable autes in aural habilitation.
To date, research has been unable to identifyigbtelcharacteristic that predicts successful Cl
use. However, covert contrast in NH children haanbeorrelated with improved therapy
outcomes. Since this investigation has tentatiestgblished that children with CI covertly
contrast certain consonants, it is possible tkgtiésence may also predict outcomes in that
population. A clinician who is able to reliably gpthe presence and extent of covert contrast
may be able to provide more accurate prognostiersints.

Target selection.There are several schools of thought regardirggetegelection (Gierut,
2007; Miccio, 2005). Some believe selecting tarfjeds are near mastery, or produced
inconsistently, will provide better therapy resul@hers favor target selections that the child has
not yet acquired (i.e., the child is less stimuabWWhen choosing between these methods, a
clinician must first assess the accuracy of taatfeimpts. In this type of assessment, small
phonetic differences are rarely considered. Howeterlisteners in this study were easily able
to distinguish between correct and substitutedetasgunds. If a clinician wished to choose a
sound that was close to mastery in order for thiel ¢h experience success, a substituted sound
with covert contrast would be a better target. lrentif the clinician wished to target sounds for
which the child had less phonological knowledge, sfould choose sounds that the child
produces with no contrast. Without consideringghesence of covert contrast, a clinician might

mistakenly assume that a child as no underlyingnfof a phoneme, when he does.
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Therapy trajectory. Phonetic transcription is notoriously biased tasstener
expectation. As a child progresses from producmgoantrast, to a covert contrast, to an overt
contrast, a clinician may be tempted to judge theneme as “mastered”, when it is still not
adult-like. Using narrow transcription, Teoh andrC{2009) reported that while a child may be
perceived to produce an acceptable token of acpdaticonsonant, he may still be perceived to
have an “accent” (pg. 389), which can have profopsythosocial consequences if mainstream
education is attempted. Conversely, a clinician pergeive that a child is failing to progress
toward a contrast when progress is occurring, batrtot crossed the threshold necessary for
obvious perception. If gradient change in a chikpsech is not measured accurately, the target

phoneme may be judged as accurate and therapystangg be changed when not appropriate.

Directions for Future Research

Future studies should include more speakers, dsawel larger sample size of speech
sounds to increase the robustness of statistiodihiys. Additionally, including several different
phoneme contrasts, including a place-of-articufationtrast, could lend insight into how
children with Cls develop speech in addition to@yrdescribing the speech production of
children with Cls. This project has shown that abeentrast is likely present in children with
Cls as they gradually develop speech sounds, atdhis phenomenon is perceptible to
listeners. However, only one phoneme was examiuedi for only two possible contrasts.
Examining several other phonemes for covert contvasild greatly add to knowledge about
how children with Cls acquire speech, and if theyze the same processes as NH children.

Several recent studies have shown that early Egegylearners (young children and older

Cl recipients) rely heavily on spectral informatieach as formant transitions, to perceive
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phonetic contrasts (Nittrouer et al., 2009). Mvill known that spectral information is poorly
transmited by CI devices, regardless of speechegsmssing strategy. Therefore, it is not
surprising that research has shown adult Cl ushsate sensitive to, and make perceptual use
of spectral information generally, achieve higheradvrecognition scores than those who cannot
(Moberly, et al., 2014). Sensitivity and attenttorspectral information among CI users in the
this study accounted for more variability than afjemplantation. Investigating the pattern of
covert contrast in children with Cls for other pkare contrasts, and comparing it to what is
typically seen in children with NH could shed ligitt how children with Cls (who have no NH
language experience) utilize spectral cues.

These findings could be further supplemented loysiic analysis of the speech sounds
that were rated in this study. While it was cldwttlisteners perceived differences, it is
impossible to describe tlmatureof the differences without some kind of instrunadrtid. For
example, [t] productions from the NH children imsttudy were found to be perceptually
identical to t/1 substitutions, while the children with Cls prodd¢bkem differently. With
acoustic analysis, it may be possible to identiy &coustic-phonetic features that allowed
listeners to differentiate the sounds of one grdaup,not the other. These findings might have
implications for how children with Cls approach @eguisition task and whether or not it differs
from NH children. Future reasearch should also@epihe correlation between different
acoustic cues and perceptions of accuracy in doaret substituted consonants. It is possible
that significant differences exist in the speechkloldren with Cls and that they are more or less
perceptible to listeners. This information couldgcainform therapy by allowing a clinician to

selectively attend to features that are known tdibproportionately noticible to listeners.
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Appendix A

Demographic Characteristics of Cl Participants

Parent Age at Age at Expe_rlence
Age Race/ : X i with
ID Gender - Education*  Implantation Activation .
(mo) Ethnicity Device
Mat Pat (mo) (mo)
(mo)
Clo1 70 F H 3 4 21 22 48
Cl02 65 M w 4 4 8 9 55
Cl0o3 56 F w 4 2 14 15 40
Clo4 43 F B 2 2 24 26 16
ClI0O5 42 M W 3 4 18 19 22
Cl06 76 F w 2 1 21 21 55
Cl07 70 M W 2 1 18 20 50
Clo8 35 M H 3 4 7 8 26
Cl0o9 59 M B 1 999 29 30 28
Means 57 18 19 38

*1 = High school diploma, 2 = Bachelor's Degree, 3iaster’'s Degree/Graduate Certificate, 4 = Doct@degree, 999 = did not report
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Appendix B

Matching Criteria for the Participants

Cl Participants Articulation-Matched, Normal Hearin g
Participants
, GFTA-2 GFTA-2
Pairs Chron.-Hearing - olconfidence Chron - T A plconfidence
ID Gender| Age Age SS | | ID Genderr Age SS | I
mo) | (mo) nterva (mo) nterva
(95%) (95%)
1 Clo1 F 70 48 112 106-110 NH15 F 52 108 102-114
2 Cl02 M 65 55 103 94-108 NH24 M 49 105 99-111
3 Clo3 F 56 40 123 116-130 NH17 F 56 110 104-116
4 Clo4 F 43 16 103 97-109 NH11 F 472 105 98-112
5 CI05 M 42 22 121 114-128 NH16 M 43 115  109-121
6 Clo6 F 76 55 111 105-11} NHO2 F 61 106  101-115
7 cClo7 M 70 50 86 79-93 No match
8 Clos M 35 26 94 87-101 NH23 M 48 100 94-1Q07
9 Cl0o9 M 59 28 103 96-110 NH20 F 32 10y  101-113
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Appendix C

Subtest Scores from the OlimSpac for Each Participat

Cl Group NH Group
Match AV Condition AQ Condition AV Condition AQ Condition
Pair \/H VP CV CC CPfCPr|VH VP CV CC CPfCPr|VH VP CV CC CPfCPI|VH VP CV CC CPfCPr
18 87 6 8 4,8 88 7 8 8/ 8 87 8 8 7|7 86 8 7 8
2|8 87 7 8 8/ 8 88 8 8 8/ 8 88 8 7 7|8 88 8 7 8
3|8 88 8 8 8/ 8 88 8 8 8/ 8 87 8 8 8/ 8 88 8 8 8
4 18 76 7 8 6(8 75 6 7 8/ 8 85 8 7 6|8 87 8 7 4
518 86 8 8 6/ 8 86 8 7 6(8 88 8 8 7|8 87 7 8 7
6 |8 836 8 6 8,8 87 8 7 8,8 88 7 8 8/ 8 88 8 8 8
7 |!8 88 8 8 6|8 88 8 7 6 No Match
8!8 76 7 6 8/8 88 7 5 7(8 87 8 8 4/ 8 88 8 7 6
918 85 4 7 6/8 66 4 7 7(8 88 7 8 7|8 86 8 8 6

Note AO = Auditory-only, AV = Auditory-visual. Singl&peech Contrasts: VH = vowel height,
VP = vowel place, CV = consonant voicing, CC = aramt continuance, CPf = pre-alveolar
consonant place, CPr = post-alveolar consonanéplac
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Appendix D

Listener Instructions for Practice and Experimental Blocks

Instructions for Practice Portion of Block 1:

You will hear a series of children producing VCMlaples that vary in quality. Listen
for the consonant between the vowels. Your tasé identify whether a /t/ or /d/ phoneme was
produced and to rate the quality of that phonenosdymtion. Using the mouse, click the point on
the scale that indicates how accurately the /tdbwas produced by the child. Marking the line
near the ends means that you heard a "good" olyrgafect /t/ or /d/. A mark in the middle
means that the consonant sounds like a perfecbatixeen /t/ and /d/, you didn't recognize the

sound, or you think it's a sound other than /#dérPress OK to complete several practice trials.

Instructions for Experimental Portion of Block 1

The sounds you just head are very similar to thumds that you are about to hear. Some
were shorter or louder than others, some had baakgrnoise, the child's voice may rise or fall;
ignore that. Focus only on each consonant. Remetalwarefully rate the QUALITY of the
production, and avoid simple identification. Yoaymreplay the sound as many times as you
wish. Please consider the entire scale when rankimguality of the production. At the end of

part 1, you will have the opportunity to take arshweak. Press OK to begin the experiment.
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Instructions for Practice Portion of Block 2

For the next part of the experiment, you will agigsten to children producing VCV
syllables and rate the quality of the consonantlpced. This time, however, you will choose
between /t/ and /ch/. Again, a mark at either efrth@® scale will represent a perfect example of
either a /t/ or /ch/. A mark in the middle will resent either a different phoneme, or a perfect

blend between /t/ and /ch/.Press OK to completerséypractice trials.

Instructions for Experimental Portion of Block 1

The sounds you just head are very similar to thmds that you are about to hear.
Carefully rate the QUALITY of the production, angoad simple identification. You may replay
the sound as many times as you wish. Please conbilentire scale when ranking the quality

of the production. At the end of this part, the exxment will end. Press OK to begin.
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