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Abstract

Purpose: To compare the effectiveness of three seliréstered strategies for
auditory training that might improve speech perception byt aders of cochlear
implants. The strategies are based, respectively, onrdisating isolated words,

words in sentences, and phonemes in nonsense syllables.

Method: Participants were 18 normally-hearing adults wdterled to speech
processed by a noise-excited vocoder to simulate themafan provided by a
cochlear implant. They were assigned randomly to wordtesee-, or phoneme-
based training and underwent nine 20-minute training sessiseparate days over a
2-3-week period. The effectiveness of training was assessdee improvement in
accuracy of discriminating vowels and consonants, amdifgig words in

sentences, relative to participants’ best performamcepeated tests prior to training.

Results: Word- and sentence-based training led to sigrtificgmovements in the
ability to identify words in sentences that were sigaifitly larger than the
improvements produced by phoneme-based training. There weigniicwant
differences between the effectiveness of word- anteeee-based training. No
significant improvements in consonant or vowel disaration were found for the
sentence- or phoneme-based training groups, but some impotgewere found for

the word-based training group.

Conclusions: The word- and sentence-based traininggiteatwere more effective
than the phoneme-based strategy at improving the perceftepectrally-distorted

speech.

Keywords: Auditory training, cochlear implants, perceptual learning
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Comparison of word-, sentence-, and phoneme-basecgatrategies in improving

the perception of spectrally-distorted speech

Auditory training can improve the accuracy of speech peepl several groups
with communication difficulties, including language-learnimgpaired children
(Tallal, Miller, Bedi, Byma, Wang, Nagarajan, Schrejrilankins, & Merzenich,
1996), adult second-language learners (Lively, Logan, & Pi&68B), and hearing-
impaired adults (Walden, Erdman, Montgomery, SchwartBrdsek, 1981). In
addition, evidence from Fu, Galvin, Wang, and Nogaki (2004, 2])0fjggests that
computer-based auditory training can improve the accurasyesich perception by
adult users of cochlear implants. There is uncertainawever, about how training
materials for use by adult cochlear-implant users shoeilstructured to achieve
maximum effectiveness. The goal of the present studgytavaompare the
effectiveness of three computer-based auditory trainigigness that might be used to
improve the speech-perception skills of adult users dflear implants.
Overall approach

Experiments on auditory training for users of cochlearamisl could be
conducted directly with patients, or by first evaluatingeffectiveness of training
procedures with normally-hearing participants. Like sotier researchers
(Faulkner, Rosen, & Norman, 2006; Fu, Nogaki, & Galvin, 2005bjsen, Faulkner,
& Wilkinson, 1999), we chose to minimise the involvemenpatients in evaluating
ineffective strategies and we instead trained particgpaith normal hearing to
discriminate speech which had been processed by a noisedexacoder (Shannon,
Zeng, Kamath, Wygonski, & Ekelid, 1995). A noise-excited w&acan be used to

mimic the speech processing that occurs in a cochlgaamnsystem, and it allows
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the spectral and temporal information that is trangahitd the listener to be
manipulated. In addition, signals can be spectrally shifiesihtulate the
consequences of tonotopic misalignment between the fregband transmitted by
an electrode and the characteristic frequency of ttaitmn of that electrode.
Tonotopic misalignment is one of the causes of poor sgesckption by users of
cochlear implants (Skinner, Ketten, holden, Harding, ISn@&ates, Neely, Kletzer,
Brunsdn, & Blocker, 2002). The term ‘spectrally-distorspeech’ will be used to
describe the resulting signal.
Strategies for auditory training

Roseret al. (1999) evaluated the effectiveness of Connected Discourse
Tracking (CDT, De Filippo & Scott, 1978) for improving the pgpton of spectrally-
distorted speech. In CDT, an experimenter reads agasd text, and the participant
attempts to repeat verbatim what was said, with caveet@edback from the
experimenter. The strategy improved the perception otrgigaistorted vowels,
consonants, and sentences (see also Fawdkakr 2006). However, CDT is labour
intensive and therefore expensive to administer clinic&gjf-administered training
could be more cost-effective. Bual. (2005[b]) compared two such regimes. ‘Word-
based training’ required participants to identify the vowetsonsonant—vowel-
consonant monosyllabic words; ‘sentence-based traimag’a computer-based CDT
procedure. Fet al. (2005[b]) compared the effectiveness of the two regimes in
improving the ability of normally-hearing listeners toadiminate spectrally-distorted
vowels and consonants. Word-based training led to significggrovements in the
ability to discriminate both types of material, whagintence-based training led to
significant improvements only in the ability to discrinte@onsonants. Fai al.

(2005[b]) concluded that word-based training might be moretaféeethan sentence-
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based training in improving the speech-perception skills dilear-implant users.
However, Fuet al. (2005[b]) did not include a test of sentence percepti@nas
outcome measure. This omission may limit the scopkenf tonclusions, given that
training with sentences leads to larger improvementsitesee perception than
training with isolated words (Greenspan, Nusbaum, & Pid®d8; Hirata, 2004),
and that the perception of words in sentences is nrepresentative of everyday
listening situations than the perception of isolated wdtdsthis reason, we included
tests of the ability to identify words in sentencesateome measures in the present
experiment.

The evidence reviewed above suggests that perceptual learsipgenh can
be specific to trained stimuli and training contexts. Haevegeneralisation to
untrained stimuli is important if auditory training is t@ & useful therapeutic
intervention for impaired populations. Some authorsuaiiolg Moore, Rosenberg,
and Coleman (2005), have argued that training to discriminateeptes in nonsense
syllables might be the optimal strategy for achievingeg@lisation to natural speech,
because phonemes can be thought of as ‘the buildingstddanguage’. Mooret
al. (2005) evaluated the effectiveness of a phonetic trainimg gzhonomena®, at
improving phonological awareness in typically-develogihddren. Phonological
awareness was measured with the Phonological AssesBaitery (Frederickson,
Frith, & Reason, 1997), which includes tests of the altitynanipulate sounds in
words, identify rhymes, and read non-worlsonomena consists of eleven sets of
synthetic speech sounds, each of which ranges acresesaf intervening sounds
from one consonant-vowel nonsense syllable or isblabdavel to another (for

example, from “bee” to “dee”, or “I” to “e”). Pariants are trained to discriminate

! Mindweavers Ltd
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members of each sound set. The difficulty of the tngiiask varies adaptively to
provide training at ‘the edge of competence’ (Mogiral., 2005). Mooreet al. (2005)
demonstrated that twelve 30-minute sessions of training &soigpmena were
associated with significant, and large, improvementfierPtionological Assessment
Battery by typically-developing children aged 8 to 10 yearge®Gthe success of
Phonomena in this context, we evaluated its effectiveness iprowing the perception
of spectrally-distorted speech.
Role of lexical information in perceptual learning of speech

Although Mooreet al. (2005) demonstrated that phonetic training can lead to
improvements in the ability to manipulate speech soundsntevidence shows that
lexical information plays an important role in the @gtual learning of speech
(Davis, Hervais-Adelman, Taylor, McGettigan, & Jonsru2lgd5; McQueen &
Mitterer, 2005; Norris McQueen & Cutler, 2003). These resultgyest that there may
be advantages for word- and sentence-based trainingggtsateer phoneme-based
strategies. For example, Daesal. (2005) showed that learning to identify words in
noise-vocoded sentences is enhanced if participantvedegical feedback.
Learning was compared between two groups of participantdirshgroup heard a
noise-vocoded sentence, followed by the sentence unpeai;emnd finally the noise-
vocoded sentence again (Distorted-Clear-Distorte@[1). The second group heard
a noise-vocoded sentence twice, followed by the santersge unprocessed
(Distorted-Distorted-Clear, ID,C). The accuracy with whichiDwvas identified
improved in both groups from approximately 45% of words comeite first block
of 10 sentences, to approximately 64% of words corretieis¢cond block of 10
sentences. However, learning was significantly greatdra DCD, group than the

D1D,C group. Performance was equivalent between the groufisefeery first
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sentence that was presented (mean words corrgeD3 4.5%, OD,C = 5.1%), but
during the second block of 10 sentences t{fed group reported 69% of words
correctly, while the ED,C group reported 58% of words correctly. Thus, repeated
presentation of the original stimulus facilitated leagniprovided that unambiguous
feedback had already been provided. The same patterowabwith written
feedback, but was not found when participants receivedrtgawith non-words.
These results are compatible with the idea that a teprdiexically driven
mechanism is involved in the perceptual learning of noisedextspeech. For this
reason, we included lexical training regimes in the presqrériment.
Controlling for incidental learning

Although improvements on tests of speech perceptionifolp auditory
training may be caused by the training task itself (‘trammglgted’ learning),
‘incidental learning’ may also contribute. Incidentakfeag refers to improvements
in performance on outcome tests that occur for reasther than learning produced
by the training task. Improvements might arise through proeétharning of the
methods and requirements of tests (Robinson & Sumritkrii896), or perceptual
learning resulting from repeated exposure to test matdtigglifficult to be sure
that incidental learning has been fully controlled. Sotadiss designed to improve
the ability of normally-hearing participants to understspectrally-distorted speech
(e.g. Fuet al., 2005[a]) have sought to account for incidental learning dydireg
control groups whose members undertook repeated testseahsperception without
undertaking training. However, evidence from Amitay, Irvand Moore (2006)
suggests that it may not be sufficient to exercise obfdr incidental learning in this
way. Amitayet al. (2006) found larger improvements in frequency discrimimalbip

participants who played a purely visual computer game betstemessive tests than
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by participants who did not engage in an intervening fasksibly, maintaining
attention and arousal, without explicit training, may biéicent to induce
improvements on auditory perceptual tasks. Thus, contrapgrmay need to
undertake forms of training as well as testing. That appre@as adopted by Stacey
and Summerfield (2007) to examine the short-term effecsiditory training, but is
inefficient when an experimental design requires extersmounts of training and
testing.

As an alternative, the present study attempted to cdotrtthe effects of
incidental learning by repeatedly administering testpeésh perception at baseline
until an asymptote in performance was reached. A subsequenaiviement in
performance following auditory training was interprete@wadence that training was
effective. The design assumes that incidental learnsiagshort-term phenomenon
that can occur fully in a single session in which pgréints are exposed to a large
amount of spectrally-shifted speech. Although this proceduiiegly to control for a
large component of incidental learning, we cannot be cetttat the effects of
incidental learning have been completely eliminated. &fthee, hereafter we state
that we have ‘partially controlled’ for incidental learg.

Aims of study

The present study had two main aims. Firstly, we invatsdjthe
effectiveness of word, sentence, and phonetic trainnagesfies at improving the
perception of spectrally-distorted speech. Tests of seate€onsonant, and vowel
perception were included to investigate the generalisafitnaining to a range of
tests of speech perception. Given the role of lexidalimation in the perceptual
learning of speech, we hypothesised that larger improveroartsts of speech

perception would be produced by word- and sentence-basedjissaten by the
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phonetic strategy. In addition, we expected sentencedlagining to lead to larger
improvements on tests of sentence perception thanbased training. Secondly, we
investigated the extent to which incidental learning cbutes to improvements in
performance on tests of speech perception. We antidipadéerial improvements
related to incidental learning, but we also expected sigmifitraining-related
learning once incidental learning had been partially cdattol
Method

Participants

Participants were 18 students and staff from the Untyes§iY ork with
normal hearing€25dB HL at octave frequencies between 250 and 8000Hz, inclusive,
in both ears) measured according to British Socieduafiology (BSA) guidelines
(BSA, 1981). All participants were native speakers ofi@riEnglish, and were aged
between 18 and 28 years (median 19 years).
Speech recordings and presentation of stimuli

Speech recordings used as training materials and irofegisech perception
were recorded digitally (sample rate 44.1kHz, amplitude quaitiz 16 bits) in a
carpeted double-walled sound attenuated chamber. Stimulipresented to
participants through an Audiomaster LS3/5A loudspeaker ingdeswalled sound
attenuated chamber. Sound levels were measured at theoptagied by the
participant’s head, with the participant absent. Thempeak level was 70dB(A),
ranging between 65 and 75 dB(A) within training and test mégeria
Training tasks

Word training task. Training was provided by a 2-alternative forced-choice
task. At the start of each trial, two words were pnese orthographically on the left

and right of a computer touch screen. The target wosdten presented
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acoustically. Participants responded by touching the worésjmonding to the target.
Visual feedback on accuracy was given by a green tiekred cross. If participants
responded correctly, the next trial began. If theipoese was incorrect, the trial was
repeated until the correct response was given. Repgdatis if participants
responded incorrectly allowed them to hear the word aghaile knowing what the
correct answer should be. This should facilitate émeapping between auditory
sensations and linguistic knowledge.

To construct the training materials, 200 key words weretseldrom 40
IEEE sentences not used in the test of sentence percepiiree foils were created
for each key word, forming quasi-minimal pairs. Most & wWords were
monosyllabic (e.g. hot, ship, sell), but some words weangdr (e.g. shimmered,
friendly). Materials were recorded by a single malketalith a southern British
accent. There were 1200 training trials.

Sentence training task. Three-hundred IEEE sentences were used for training.
These sentences were different from those used IEEie sentence test. Each trial
of the sentence training task began with an acoustic pateenof the target
sentence. Six words then appeared orthographically azothputer screen.
Participants were instructed to select the three wooas this set which were present
in the target sentence. Visual feedback on accuracgiwes by a green tick next to a
selected word which was in the sentence, or a red ceas$aa selected word that
was not present. If participants selected a word wiih not present, the sentence
was presented again acoustically. Participants continusel@¢ot words until all three
target words had been selected. Once all three taaydswad been selected, the
target sentence was displayed orthographically abiheftthe screen and

participants were asked to study the sentence. Finadlysethtence was presented
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acoustically once more. Participants were askedtenlisarefully and to attempt to
pick out words in the sentence that they now knew wessent. The aim was to
maximise the amount of lexical feedback that particpasteived. This training task
is analogous to the Distorted-Clear-Distorted@D,) condition which was found to
facilitate learning by Davist al. (2005), supplemented by an intervening task which
allows performance to be monitored and which maintaingcehts’ engagement.
Materials were recorded by a single male talker wibwthern British accent; this
was the same talker who recorded the materials éowthrd training task.

Phonetic training task.
Description of task

The phonetic training task was basedRbionomena (Mooreet al., 2005).
Phonomena consists of 11 sets of sounds, each of which rangessaargeries of
intervening sounds from one syllable to another. The aatgereither from one vowel
to another (e.g. “i” to “e”) or from one consonant-véwylable to another (e.g. “va”
to “wa”, or “sa” to “sha”; Table 1). The sets were desid to exemplify a wide range
of the phonemic contrasts found in British Englisheaher extreme of a sound set is
a synthesised example, derived from a naturally-spokeraate. To create the sets,
Mooreet al. (2005) warped the extreme examples acoustically int@aoother in
equal steps to create continua each consisting off@@lstBased on pilot testing, the
sound set ‘d_g’ was excluded from the present study, betstesers were unable to
discriminate stimuli in this sound set reliably.

[TABLE 1]

The training task consisted of an XAB two-alternative éarchoice

procedure, in which participants heard a target sound (X}vane asked to decide

which of two following sounds (A or B) was the same ast#nget. Three boxes,
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labelled “Target”, “A”, and “B”, were displayed on theraputer screen. Each box
was illuminated by changing its background colour while theesponding sound
was presented. At the top of the display, participami®weminded that their task
was to decide “Which is the same as the target sound,BXR”. Participants
responded by pressing keys labelled “A” and “B” on a computdrdaed. Visual
feedback on accuracy was given by a green tick or a osd.cr
Adaptive procedure

The separation of the pairs of stimuli from the ntedaf the sound set varied
according to participants’ performance, thus allowingJist Noticeable Difference
(JND) to be estimated. At the beginning of each blockialkt stimuli were selected
from towards the end points of sound sets (stimuli 8 andT@@)se stimuli should be
easy to discriminate. The procedure then reduced the separastimuli following
correct responses to make discrimination more ditfi@rlincreased the separation of
stimuli following incorrect responses to make discrirtiovaeasier. The switch
between the separation of stimuli being reduced to beimgased (or vice versa) was
labelled areversal. The adaptive procedure was run in three phases.thest,
separation between stimuli was reduced by 20 steps folloavoagrect response and
was increased by 20 steps following an incorrect respohserdle was used until
two reversals had occurred. Second, the separation wagdeolyd 0 steps following
two correct responses and was increased by 10 steps followingaarect response.
This rule was used until a further three reversals leadroed. Third, this ‘two-down,
one-up’ rule was used with a step size of 2 steps untitjents had completed 60
trials in total. The ‘two-down, one-up’ procedure yield¥\® corresponding to 71%

correct performance (Levitt, 1971). The JND was calculasetthe average of the
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separations at the reversals during the third phase tdgkeFigure 1 reproduces the
separations traversed during an example run of the task.
[FIGURE 1]

Testing materials

BKB sentence test. Eight blocks of 32 sentences from the BKB corpus (Bench
& Bamford, 1979) were recorded by two adult talkers of Brigsglish (1 male, 1
female). Blocks contained 16 sentences recorded by alken. tOne block was used
during each test. Sentences were not repeated. Ther¢hneszekey (content) words
in each sentence. Participants were asked to repdat aords they heard, and the
experimenter recorded which key words had been identifigéatty, using the
‘tight’ scoring procedure (Bamford & Wilson, 1979). An exaenpf a BKB sentence,
with the key words underlined, is: “The clowad a funnyacé.

| EEE sentence test. Four blocks of eighty sentences from the IEEE corpus
(IEEE, 1969) were recorded by ten talkers with a range agBrnd Irish accents (4
male, 4 female, 2 female children). Blocks contained 8&seat recorded by each of
the 10 talkers. One block was used during each test. Sentesierot repeated.
There were five key words in each sentence. Participests asked to repeat all the
words they heard, and the experimenter recorded which kedswad been identified
correctly, using the tight scoring procedure. An exampkndEEE sentence, with

the key words underlined, is: “The whaduld be seefrom the _oppositeshoré.

Consonant test. Twenty f:/-consonantd:/ nonsense syllables were included,

incorporating the consonants ffld fg hdzk Imnprgt6vw z/. Presentation was

computer controlled. Each consonant was displayed gnapbically on a computer

touch screen using its usual spelling (e.g. the sdfindas written “CH”).
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Participants reported the consonant in each stimlisuching its orthographic
transcription. Materials were recorded by 10 talkers (€afemale, 2 female
children) who each recorded single token of each syllable.

Vowel test. Ten h-vowel-d words were included, containing 5 short Yawe

leel (had), /e/ (head)/ (hid), b/ (hod), &5/ (hood), and 5 long vowelsa:/ (hard), 5./

(heard), fi/ (heed), 3:/ (hoard), /u/ (who’d). Presentation was computer controlled.

Each word was displayed orthographically on a computer tscreen. Participants
responded by touching the orthographic transcription of theoppate word. There
were 200 trials in each test. Materials were recordetDiplkers (4 male, 4 female, 2
female children). Each talker recorded two tokens of eexd.
Speech processing

Speech processing was performed in real time with an@ehaoise-excited
vocoder (Shannoet al., 1995) implemented on a SHARC digital processor (Analog
Devices ADSP21065L). Speech signals were analysed withr@ér-elliptical IR
filters with centre frequencies of 433, 642, 925, 1306, 1820, 2513, 84d9,712Hz.
Filtered signals were half-wave rectified and low-pé@tsré€d at 160Hz. The resulting
waveform envelopes were multiplied by a white noise thdtheen low-pass filtered
at 10kHz. The resulting signal in each channel was filterefl by a 6th-order
elliptical IIR filter whose centre frequency had beetitstirelative to the analysis
filter in that channel in accordance with Greenwood’s (19®)e-to-frequency
function to simulate a 6mm tonotopic shift on the basiiambrane on the cochlea.
The centre frequencies of these reconstruction fitere 1206, 1685, 2332, 3205,

4382, 5971, 8115, and 11007Hz.
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Design & procedure

There were 3 training conditions (word training, sentéraiaing, phonetic
training), with 6 participants in each training group. Apeohf the training regime,
the design and procedure were the same for each grotipidaats participated over
the course of 10 sessions, which took place on 10 diffémeh necessarily
consecutive) days. Figure 2 illustrates the sequenceimhtyaand test sessions.

[FIGURE 2]

Baseline session (Session 1). Pure-tone audiometry was conducted to measure
air-conduction thresholds in each ear. Then particgpantertook the BKB sentence
test, the vowel test, and the consonant test, trotfaker. At least three runs of each
test were administered, until an asymptote in performaasergached. A participant
was declared to have reached asymptotic performance if panrice was stable,
within a 3% margin of error, on adjacent runs. If perfance on the third run was
more than 3% better than performance in the firsieoond run, a test was repeated,
either until performance was stable, within a 3% maof®rror, or until a test had
been administered five times. Finally, participants gleted the IEEE sentence test
once.

Training sessions (Sessions 2, 3, 5, 6, 8, & 9). Twenty minutes of auditory
training were administered in each training session. patits in the phonetic-
training group were exposed to the sound sets in the order shdwble 1. On
average, participants completed 5 or 6 sound sets in essios. To ensure that
participants in the word- and sentence-training groups werexposed to the same
materials repeatedly, trials that had been complet¥d excluded from subsequent

training sessions.
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Training and testing sessions (Sessions 4, 7, & 10). Participants began by
completing 20 minutes of auditory training. They then cotapl¢he tests of speech
perception. The IEEE sentence test was administedfbllowed by the vowel test,

the consonant test, and finally the BKB sentence test.

Results
Baseline performance
Table 2 shows the average baseline performance foroé#oh training
groups on each of the tests of speech perception. On&etagen groups ANOVAs
revealed no significant differences in baseline peréore according to training
group, for any of the speech tests.
[TABLE 2]
Data from training tasks
Table 3 shows the average amount of training completgadigipants in
each training group, in each training session. Performamed the training tasks
improved significantly over time (Figure 3).
[TABLE 3]
[FIGURE 3]
I mprovements following auditory training
In order to assess whether performance had improvedavintcauditory
training, a conservative measure of baseline performaasedopted, which
consisted of each participantest performance during any of the baseline tests
(referred to as the ‘highest baseline’). For exampéeparticipant scored 5% the first
time a test was completed, 15% the second time thevéasstompleted, and 10% the

third time a test was completed, their ‘highest baselas recorded as 15%.
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Figure 4 shows the improvements on the IEEE, BKB, @aaust, and vowel
tests following one, two, and three hours of trainingefach of the training groups.
One-sample t-tests with a Bonferroni correction folergcomparisons were used to
test whether improvements were significant. Adjustsie@rdre made for nine
comparisons because we wished to test whether improvefodatving one, two,
and three hours of training were significant for thraeing groups. Table 4 shows
the results of these analyses. Bonferroni correctealyes are reported. There were
no significant improvements for the phonetic trainingugron any of the tests. There
were significant improvements on the IEEE and BKB sec tests for the groups
who received word and sentence training. Other signifiogmtovements were not
sustained after three hours of training. There were gignifimprovements in
consonant discrimination for the word training group follegvone and two hours of
training; improvements following three hours of trainingraaly missed significance
for the word and sentence groups. A significant improvémevowel discrimination
was found only for the word training group following two heof training.

[FIGURE 4]
[TABLE 4]
Comparison between training conditions

This section compares the effectiveness of therdifteraining strategies. The
dependent variable was the amount of improvement, veltaiithe highest baseline,
following auditory training. Results were analysed V@itfiraining time: one, two,
three hours) x 3 (training strategy: word, sentence, grneh mixed Analyses of
Variance. When there was a significant interactiamben training time and training
strategy, planned comparisons were carried out using onémalyses of Variance

to establish whether performance improved over timedoh of the training groups.
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A Bonferroni correction for three comparisons was &gpfindicated by the notation
adjusted F). When there was a significant main effect of trajrstrategy, planned
comparisons were carried out on the differences betiheemaining groups
following three hours of training. A Bonferroni correctitam three comparisons was
applied (indicated by the notatiadjusted t). Bonferroni corrected p-values are
reported.

| EEE sentence test. There were significant main effects of training tirkes0
=14.13, p<0.001) and training strategy {#= 11.22, p<0.01), along with a
significant interaction between training time and trairstrgtegy (k30 = 3.66,
p<0.05). Significant improvements over time were foundterword adjusted F, 10
= 10.29, p<0.05; linear trend 3 £= 16.03, p<0.05) and sentence training groups
(adjusted F; 10= 11.32, p<0.01; linear trend 5 &= 19.09, p<0.01), but not for the
phonetic training groupafljusted F, 10 = 0.14, linear trend =1k = 0.13; Figure 4).
Following three hours of training, both the word- and sex@draining groups
displayed significantly larger improvements than therghic-training group (word
training vs phonetic trainingdjusted t;o = 3.73, p<0.05; sentence training vs
phonetic trainingadjusted t;o = 7.28, p<0.001; Table 5). There was no significant
difference between the improvements displayed by the aod sentence training
groups following three hours of training.

BKB sentence test. There were significant main effects of training timesg=
24.57, p<0.001) and training strategy {£= 7.56, p<0.01), but no significant
interaction between the variables {= 0.57). There were significant linean =
24.92, p<0.001) and quadratic g= 23.05, p<0.001) components to the effect of
training time. On average, participants identified 2.67% (85%0.24 to 5.58) of

key words correctly following one hour of training. Thisrimased to 10.38% (95%
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c.i. 8.16 to 12.61) following two hours of training, and thenlledeoff at 10.72%
(95% c.i. 7.0 to 14.45) key words correct following three hof@itsaining. The group
who received word-based training displayed a significdattyer improvement
following three hours of training than the group who resgiphonetic training
(adjusted t10 = 4.50, p<0.01; Table 5). There were no other significaférdifices
between the training groups following three hours of training.

Consonant test. There was a significant effect of training time {f= 6.63,
p<0.01), but no significant effect of training strategy:6= 2.97) and no significant
interaction between training time and training strategyd#& 0.45). There was a
significant linear component to the effect of trainimget (R 5= 13.29, p<0.01).
Following one hour of training, 5.58% (95% c.i. 3.25 to 7.92)oosonant sounds
were discriminated correctly. This rose to 7.00% (95% @D # 9.01) following two
hours of training, and to 9.56% (95% c.i. 6.61 to 12.50) followimge hours of
training. Following three hours of training, all of theinnag groups improved
between 7 and 12% (Table 5).

Vowel test. On the vowel test, there were no significant effexttraining time
(F230=2.93), training strategy {ls = 1.48) and no significant interaction, o=
0.60).

[TABLE 5]
Effect of not controlling for incidental learning

Figure 5 shows the amount of improvement betweent$tetifne tests were
completed in the baseline session (Base 1) and thedstalg session for the BKB,
consonant, and vowel tests after three hours of tiurlihese improvements are
labelled ‘uncontrolled’ because the effects of repetdsiihg were not controlled.

The amount of improvement between the ‘highest basaethe final testing
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session is also shown. These improvements are ldbedlatrolled’ because the
effects of repeated testing were partially controldnificant improvements are
highlighted. Bonferroni corrections were applied within e, separately for
‘uncontrolled’ and ‘controlled’ comparisons. (Thenefpadjustments were made for 3
comparisons.) Figure 5 shows that if no control is egedcover the effects of
repeated testing, all the groups would be judged to displaifisant improvements
on the BKB and consonant tests. When control isoes@al, however, only the word
and sentence training groups display improvements that saauaficance on the
BKB and consonant tests.

[FIGURE 5]

Discussion

In this study, word- and sentence-based training stratlegi¢s significantly

larger improvements on tests of sentence perceptiondidea phoneme-based
strategy. Contrary to the expectation that larger ivgmeents on sentence tests would
follow sentence training than word training (Hirata, 2003 &Bsparet al., 1988),
both types of training improved the accuracy of identifyirggds in sentences. There
were no significant differences between the trainingtegies in improving consonant
or vowel discrimination. However, there were sigrfitimprovements on the
consonant and vowel tests for the word training group difon the sentence or
phonetic training groups. The word training group displayedfggni improvements
on the consonant test following one and two hoursamfitrg, and on the vowel test
following two hours of training. These findings lend tentatupport to Fet al.’s
(2005[b]) findings that word training was more effectivéngproving phonemic
discrimination than sentence training. In addition,dgresent study demonstrated

quite large improvements in performance from simply aéipg the outcome tests. If
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we had not partially controlled for these effectsnoidental learning, each of the
training strategies would have been judged to produce signtifitgrovements in the
BKB sentence test and the consonant-discriminatidn tes

Why was phonetic training relatively unsuccessful ?

There are three non-exclusive explanations for wionptic training produced
improvements in performance in the study reported by ®letal. (2005) but not in
the present study. The first explanation is associatithe nature of the outcome
measures. Mooret al. (2005) investigated the effectiveness of phonetic trginsing
the Phonological Assessment Battery (Fredericlesah 1997). Good performance
on the tests in that battery requires participant&taldbe to identify and manipulate
phonemes. In contrast, good performance on the seraadceowel tests used in the
present experiment requires participants to use lexicalletge. Phonetic training
led to only minimal improvements on these tests. Tmsanant test however, taps
phonetic rather than lexical knowledge, and the phoreiitinng task was associated
with larger improvements on this test. This patterrestilts is compatible with the
idea that the phonetic training task produces learning tnagfars to the perception
of phonemes in nonsense syllables more than to the percepteal words.

The second explanation is associated with the nafute training stimuli. In
the study by Mooret al. (2005), children listened to un-distorted speech. It is
possible that the phonetic training task was effectithigicontext because the
mapping between the input and phonetic representationgna@htorward,
allowing participants to label stimuli as one phonemanmther. However, the noise-
vocoded versions of the stimuli that were used in thegnt study may have been
more difficult to map onto existing phonetic represeatati Although performance

improved over time on the phonetic training task itsefimprovement in speech
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perception would be expected if the training stimuli werenmapped onto phonetic
representations. Moreover, while the word- and sentbased training tasks required
participants to label stimuli (as one word or anothég ,XAB forced-choice task in
the phonetic training task did not require phonemes to bdddbélis possible that
larger improvements following phonetic training with distorspeech would have
been found if participants had been required to label tand thereby remap
representations for sounds onto existing phonetic représastalo test this
explanation, phonetic training could be administeredsmalar 2-alternative forced-
choice task as was used for word-based training (e.g.ipartis hear ‘le’ and are
required to classify the stimulus as ‘le’ or ‘re’).

The third explanation is associated with the differerimstween the
participants. Mooret al.’s (2005) study was carried out with pre-adolescent children,
whose attentional skills are likely to be more vaedblan those of the adult
participants in the present study. The children in M@#gt.’s study may have
displayed improved phonological awareness becauseaihgng task improved their
attentional skills, rather than their perceptual skithdeed, Mooret al. found no
significant improvement on the phonetic training task owee, which suggests that
no perceptual learning occurred. Although the study includedh&rotgroup, those
children did not receive an alternative to training. Thée&d group might have
improved more than the control group because maintainiegtath and arousal
alone can be sufficient to lead to improvements ongmoal tasks (Amitagt al.,
2006).

Importance of lexical information
The present results are consistent with the hypottiestidexical information

is important in the perceptual learning of distorted spéPekiset al., 2005).
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However, there are two alternative explanations for thieyword- and sentence-
based strategies led to larger improvements in speeckppiert than the phoneme-
based strategy. The first is that the word- and seetaming tasks required
participants to label stimuli, whereas the phonetiaingitask did not. Labelling
stimuli might be particularly important with distortegeech since the mapping
between stimuli and existing linguistic representatioigghtmot be straightforward.
The second alternative explanation is that word antésee training tasks exposed
participants to a larger amount of distorted speech, andea vange of phonemes,
than did the phonetic training task. However, if this tsonly reason for
differences between the effectiveness of word antkeea training compared with
phonetic training, we would have expected larger differebheeseen the word and
sentence training tasks than we found. There were oage/&words in each training
sentence, which meant that participants heard approxymia#€0 words in the
sentence training task, compared with the 800 words in the tnaining task.
Basis of improvements following training

Word- and sentence-based training in the present study meyhaked
participants to map the novel input provided by a noise-exciteolder onto existing
linguistic representations. Cochlear-implant users @ilgglay quite marked
improvements in performance over time after their desvare switched on (Tyler,
Parkinson, Woodworth, Lowder, & Gantz, 1997; Tyler & Sunfral, 1996), with
larger improvements during the first year of implant asel smaller improvements
thereafter. SvirskySilveira, Suarez, Neuburger, Lai, and Simmons (2001) asked
whether longitudinal improvements in vowel identificatiare driven by improved
discrimination of stimulation delivered to different@l®des, or by improvements in

labelling speech sounds. They measured electrode disctionirzend vowel
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identification in seven postlingually deafened cochlearamipusers immediately
after their devices were switched on, and then 6.5 to 32nhstimereafter. They found
that improvements in electrode discrimination werefifi@gant to explain the
improvements in vowel recognition, and concluded thatrtam factor driving
improvements in speech perception following implantaisocan improvement in
labelling speech sounds.

The finding that word and sentence training tasks led toasioverall levels
of improvement in the ability to identify words in sentes suggests that participants
abstracted general information about the mapping betweaistac properties and
phonetic and/or lexical information. If performance hagroved more following
sentence training than following word training, this migdntensuggested that the
cognitive skills required for sentence perception had ingdprather than a general
improvement in the relationship between acoustic inpdtexisting representations.
In addition, the relative failure of phonetic trainingpports the hypothesis that
improvements in speech perception arose due to changesnmpping between
sounds and lexical representations. The phonetic traiaskgdid not require sounds
to be labelled, and did not exploit lexical informatibath of which may play a role
in altering the relationship between sensations and Bhigiknowledge.

Importance of controlling for effects of repeated testing

The improvements without control for repeated testiege approximately
twice as large as those found when partial controlexascised. If no control had
been exercised over the effects of repeated testiof,cfdhe training strategies
would have been judged to lead to significant improvementseoBKIB sentence test
and the consonant test. Whilst we found partially cdietomprovements of 13%

and 16% on the BKB sentence test following word- andesestbased training, these
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improvements would have been 27% and 28% if no control hadebeecised over
the effects of repeated testing. Such improvementsoanparable to the uncontrolled
improvement of 30% on the BKB test following three hafrene-to-one training via
Connected Discourse Tracking reported by Rasah (1999).
Conclusion

The word- and sentence-based training strategies weereafiective than the
phoneme-based strategy at improving the perception of sihedistorted speech.
These results have implications for the design aifitrg procedures for use by adult
cochlear-implant users. It is possible that the wond- gentence-training strategies
will be more effective than phonetic training strategleat, like the one examined in

this paper, do not require participants to assign phonéidslao sounds
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Table 1.

Phonemic contrasts Phonomena. Adapted from Mooret al. (2005).

Strategiesfor auditory training 30

Sound set Phonetic Phonemic Informal description ~ Training
name transcription  contrast of syllables order
leel_N + back ‘a’_'uh’ 1
a _uh -
/bi:/ /di:/ + labial ‘bee’_ ‘dee’ 2
b d S IH
|t Nzl _hi:/ + lateral ‘lee’ 'ree’ 3
e a lel_leel + low ‘eh’_'a’ 4
. . + labial ‘mar’_'nar’ 5
m_n /ma:/_/ma:/ _
Isa:/_ffa:/ + anterior ‘sar’_'shar’ 6
s _sh SN
| o + round ‘err’_'or’ 7
er_or 13:1_fo:l _
s th Isa:/_oa:/ + distributed  ‘sar’_'thar’ 8
. . + sonorant ‘var_'wah’ 9
v W Iva:/_Iwa:/ _
ie 1l _Jlel + high ‘in’_'eh’ 10
d_g Ida:/_lga:/ + coronal ‘dar’_'gar’ Not used
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Table 2.
Average (and standard deviation) baseline performance i%ctofor each training
group on each speech test. For the BKB, consonant,camel tests, the highest

baseline score is shown.

Training group

Word Sentence Phonetic
IEEE sentences  11.79 12.88 11.75
(5.47) (7.65) (3.14)
BKB sentences  42.17 38.67 41.33
Speech test (10.23) (13.82) (2.42)
Consonants 47.83 45.42 48.33
(9.06) (10.93) (6.20)
Vowels 31.92 27.75 29.00
(8.69) (8.12) (7.31)

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Table 3.

Strategiesfor auditory training 33

Average (and standard deviation) amount of training conglggearticipants in

each training group during each 20 minute training session.f@atze word and

sentence training groups are the average number of wiagleted. Data for the

phonetic training group are the average number of soundsepeated. The overall

average is the average total number of trials or sousdsapleted.

Training group

Word Sentence Phonetic
379.0 (24.3) 62.7 (5.2) 4.83 (0.75)
418.2 (35.7)  64.7 (5.6) 4.83 (0.41)
Training 390.8 (23.6) 68.7 (4.6) 5.33 (0.52)
session 415.5 (40.6) 68.7 (7.1) 5.00 (0.63)
407.3 (18.8)  72.3(11.8) 5.67 (0.52)
403.0 (30.2) 77.7 (7.3) 5.00 (0.00)
417.5 (32.0) 75.5 (5.2) 5.67 (0.52)
441.8 (26.8)  71.8 (5.5) 5.67 (0.52)
421.8(51.2)  76.0(9.3) 5.17 (0.41)
Overall average 3695.0 (159.4) 638.0 (39.5) 31.44 (2.13)

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



[eul - JISluM 4dd 4AdXSap UM paleald 4dd

WI02°}Sapnaop MMM/ :dny ::

Strategiesfor auditory training 34
Table 4.
Values ofadjusted t with five degrees of freedom calculated on the impramsifollowing one, two, and three hours of auditory tngini
relative to the highest baseline score for training guyupach test of speech perception. A Bonferroni cooredbir nine comparisons was

applied to each test. Bonferroni corrected p-valuesegarted (* = p<0.05, ** = p<0.01, ***, p<0.001).

(continued on next page)
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Speech Overall time Training strategy
test spent training Word Sentence Phonetic
IEEE One hour 3.29 6.16 * 1.21
Two hours 473 * 6.75** 1.64
Three hours 5.44 * 14.82 *** 1.50
BKB One hour 1.58 4.00 -1.87
Two hours 6.97 ** 6.11 * 4.46=0.06)
Three hours 7.19 ** 3.40 2.32
Consonant One hour 5.05* 2.93 1.61
Two hours 581+ 3.88 2.99
Three hours 4.2%=0.07) 4.38(p=0.06) 3.35
Vowel One hour 1.73 3.58 0.19
Two hours 5.13* 2.65 2.38
Three hours 2.30 2.48 1.13
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Table 5.

Average (and standard deviation) improvement (%) followimge hours of training

on each of the tests of speech perception, for eaitiedfaining groups.

Training group

Word Sentence Phonetic
IEEE sentences  12.46 15.63 2.25
(5.61) (2.58) (3.68)
BKB sentences  13.00 16.17 3.00
Speech test (4.43) (11.63) (3.16)
Consonants 12.33 9.75 6.58
(7.06) (5.45) (4.81)
Vowels 5.83 7.75 1.83
(6.20) (7.65) (3.98)
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Figure Captions
Figure 1: Example of a run of the phonetic training task.

Figure 2: The sequence of training and testing sessions undertakantimypants

with the approximate duration of each session.

Figure 3: Improvements over time on the training tasks. For thelwarning task,
the average percentage of trials discriminated correctiptted. For the sentence
training task, the averageimber of errors made (i.e. the average number of non-
target words selected) is plotted. For the phonetinitrgitask, the average JND isn

plotted.

Figure 4: Improvements on the IEEE sentence test, the BKBzgea test, the
consonant test, and the vowel test following one, amal, three hours of word-based
training, sentence-based training, and phonetic trainingr Bars denote Bonferroni
corrected (99.44%) confidence intervals. Open circlesipiprovements for

individual participants.

Figure 5. Improvement in performance on the BKB sentence(Restel A), the
consonant test (Panel B), and the vowel test (R@ndihe light grey bars
(uncontrolled) show the overall level of improvemertineen the first time tests were
completed in the baseline session and the final testsgjan. The dark grey bars
(controlled) show the level of improvement between‘tiighest baseline’ and the
final testing session. Error bars denote 95% confidemneevals. Significant
improvements (tested with one-sample t-tests wBlom@ferroni correction for three

comparisons) are highlighted (* = p<0.05, ** = p<0.01, *** = p<0.001).
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Baseline session: Repeated tests of speech perception
(Test until an asymptote is reached, 3 hours)
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Figure 5
BKB Sentences Consonants Vowels
50 . . . . . . . .
*%
KKk o A * C
40 1 ]
° T KKK
L o
%\ 30 é* *%* *x I * o
8 *
S 20 . ? i ° ° 3 0
: ; ] 1 [ T
S 10} § ° Jj 8 . i I § % l l é
(o)
; A | o : ] L Ly
° ° [o] o
-10 : . : : :
@0‘6 o2 KO & o2 0 o2 Y
e(\\.e Q\(\O(\ ® e(\\.e @ e(\\_e \(\0(\

Training group

— Uncontrolled
—= Controlled




