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Abstract 

This experiment investigated the effectiveness of lexical 

training to improve the ability of 32 normally-hearing subjects 

to understand speech that had been processed by a simulation 

of a cochlear-implant system. Signals were vocoded and 

spectrally shifted to simulate the consequences of a 3mm 

tonotopic misalignment between frequency and place of 

stimulation in the cochlea. The training task was a 2-

alternative forced-choice procedure.  On each trial, subjects 

chose which of two words displayed orthographically on a 

computer screen matched a target word. The effectiveness of 

‘High-Variability’ auditory training, in which training words 

were recorded by ten different talkers, was compared with 

‘Single-Talker’ auditory training. The control task was a visual 

analogue of the auditory training task. Auditory training was 

more effective than control training: control training produced 

an improvement of 4.1% (95% c.i. 2.0-6.2%), in the ability to 

identify words in sentences, while auditory training produced 

an improvement of 9.4% (95% c.i. 7.4-11.4%). There was a 

trend for High-Variability auditory training to be associated 

with greater improvements (mean improvement 11.5%,  95% 

c.i. 9.2-13.9%) than Single-Talker auditory training (mean 

improvement 7.2%, 95% c.i. 4.9-9.6%). In addition, auditory 

training was associated with improved consonant recognition, 

but no change in vowel recognition. Hence, computer-based 

lexical training can improve the ability to recognise spectrally-

distorted speech, and might therefore prove valuable to 

cochlear-implant users.  

1. Introduction 

Cochlear implantation improves the speech perception abilities 

of profoundly-totally postlingually deafened adults [1]. 

However, although many cochlear-implant users achieve very 

good speech perception, outcomes following implantation are 

highly variable [2]. A successful outcome with a cochlear 

implant depends on a complex chain of events. Outcomes may 

be poor because any one or more of the links in the chain is 

weak. Variables such as duration of deafness and pre-operative 

speech perception have been shown to be associated with 

performance following implantation. In addition, speech 

recognition with a cochlear implant is impaired by tonotopic 

misalignment between the frequency band transmitted by an 

electrode and the characteristic frequency of the location of 

that electrode [3].  

    Auditory training might improve outcomes for the poorer 

performing groups of cochlear-implant users. Explicit auditory 

training has been shown to be beneficial to people with 

difficulties    in    communication,  including   Japanese

Americans 

seeking to learn the distinction between /r/ and /l/ [4] and 

children with specific language impairment [5]. Moreover, 

even mature brains show marked capacity for reorganisation 

following behavioural training [6].  

    Evidence from normally-hearing subjects who listen to a 

simulation of the information provided by a cochlear implant 

also suggests that patients might benefit from auditory 

training. Rosen et al [7] found that when subjects were given 

spectrally shifted signals to simulate the consequences of 

6.5mm tonotopic misalignment, less than 1% of words in 

sentences could be correctly identified (compared with 64% 

correct performance with unshifted signals). However, after 

nine 20 minute sessions of auditory training using Connected 

Discourse Tracking, performance improved to 30%. Although 

this study suggests that subjects can partially adapt to 

spectrally shifted signals, it does not distinguish improvements 

that result from training from improvements that result from 

repeated testing. Moreover, Connected Discourse Tracking is a 

labour intensive approach.  

    The present study investigated the effectiveness of a 

computer-based, self-administered auditory training strategy. 

The subjects had normal hearing and listened to speech which 

had been processed by a simulation of a cochlear-implant 

system. Following a previous investigation which simulated 

the consequences of 6mm tonotopic misalignment and found 

only small effects of training, the present experiment simulated 

a smaller, 3mm, misalignment. We were interested in whether 

a computer-based training package, which could potentially be 

used unsupervised by patients in their own homes, would lead 

to improvements in performance of a similar magnitude to 

those reported in other studies (e.g. the 30% improvement in 

sentence understanding, reported by Rosen et al). The training 

task consisted of a 2-alternative forced choice procedure, in 

which subjects were required to distinguish between quasi-

minimal pairs of words. We compared improvements in 

speech perception (sentence understanding, vowel and 

consonant recognition) following auditory training with 

improvements in performance following a control task which 

was a visual analogue of the auditory training task. The 

effectiveness of High-Variability auditory training, in which 

training words were recorded by several different talkers, was 

compared with the effectiveness of Single-Talker training. As 

there is evidence that High-Variability training is more 

generalisable to new words and new talkers than is training 

with a single talker [4], we hypothesised that there would be 

greater improvements in performance following High-

Variability auditory training than following Single-Talker 

auditory training. 
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2. Method 

2.1. Subjects 

32 normally-hearing (≤25dB HL at 250 to 8000kHz, inclusive) 

subjects took part in the study. All spoke English as their 

native language and had lived in Britain or Ireland for at least 

10 years. 

2.2. Speech processing 

Speech processing was carried out in real-time using an eight-

channel noise-excited vocoder with a frequency range of 350-

5500Hz. Processing was carried out in the same way as 

described by Rosen et al [7]. To simulate a basalward 

tonotopic misalignment of 3mm, the frequencies of the output 

filters were shifted upward relative to the frequency of the 

input filters in accordance with Greenwood’s [8] place-to-

frequency function 

2.3. Training and testing materials 

2.3.1. Sentence test 

240 sentences from the IEEE corpus [9] were spoken by 10 

talkers (4 male, 4 female, 2 female children). The talkers had a 

range of British and Irish accents. 80 different sentences were 

used in each session. There were 5 key words in each 

sentence. Subjects were asked to repeat all the words they 

heard, and the experimenter recorded which key words in each 

sentence were correctly identified. 

2.3.2. Vowel recognition test 

Ten h-vowel-d words were recorded by 5 talkers (2 male, 2 

female, 1 female child). The set consisted of 5 short vowels: 

/æ/ (had), /e/ (head), / / (hid), / / (hod), / / (hood), and 5 

long vowels: / / (hard), / / (heard), /i / (heed), / / 

(hoard), /u / (who’d). Each talker recorded 2 tokens of each 

word, and these were repeated twice, giving 200 trials. 

Presentation was computer controlled. Subjects responded by 

touching the orthographic transcription of the word on a 

computer screen. 

2.3.3. Consonant recognition test 

Twenty / /-consonant-/ / nonsense syllables were 

recorded by 5 talkers (2 male, 2 female, 1 child). The 

consonants were /b  d f g h  k l m n p r s  t θ v w z/. 

Talkers recorded two tokens of each syllable, giving 200 trials. 

Presentation was computer controlled. Each consonant sound 

was displayed orthographically on the screen using its usual 

spelling (e.g. the sound / / was written “CH”), and subjects 

responded by touching the orthographic transcription of the 

appropriate sound. 

2.3.4. Training and control tasks 

200 key words were selected from 40 IEEE sentences. 3 foils 

were created for each word, forming quasi-minimal pairs. For 

the High-Variability training condition 10 talkers (4 male, 4 

female, 2 female children)  recorded  the 800 words, with each  

talker recording 80 words. A single male talker with a 

southern British accent recorded all 800 words for the single-

talker condition. Over the course of 1200 trials, each key word 

was presented as the target word itself with each of its three 

foils, and the three foils were presented as the target word with 

the key word as the alternative. The training task was a 2-

alternative forced choice task, in which subjects heard the 

target word, and were asked to decide whether that word was 

the same as the word displayed orthographically on the left or 

right of the computer screen. Subjects responded by touching 

the appropriate word on the screen. The control task was 

designed to be as similar as possible to the auditory training 

task. The target appeared visually in the centre of the screen 

masked by visual noise, and was flanked by the two 

alternatives. The 1200 trials were the same as those used in the 

training task. Visual feedback on accuracy was given, with a 

green tick indicating that the subject had responded correctly, 

and a red cross indicating that an incorrect decision had been 

made. If subjects were incorrect, the trial was repeated until 

the correct response was given.  The training and control tasks 

took approximately one hour to complete. 

2.4. Design 

Each group participated in three sessions. There were four 

groups of participants, Groups 1 and 2 received High-

Variability (H-V) training. Groups 3 and 4 received Single-

Talker (S-T) training. Groups 1 and 3 received auditory 

training between Test sessions 1 and 2, whilst groups 2 and 4 

received auditory training between Test sessions 2 and 3 

(Table 1). There were 8 subjects in each group. 

Table 1: Study design 

Group Day 1 Day 2 Day 3 

1 Test  

Session 1 

H-V train Test  

Session 2 

Control Test  

Session 3 

2 Test  

Session 1 

Control Test  

Session 2 

H-V train Test  

Session 3 

3 Test  

Session 1 

S-T train Test  

Session 2 

Control Test  

Session 3 

4 Test  

Session 1 

Control Test  

Session 2 

S-T train Test  

Session 3 

2.5. Procedure 

Sessions took place on consecutive days. During the first 

session, they completed baseline tests of speech perception 

(Test session 1). During the second session subjects completed 

the auditory training task or the control task, followed by 

further tests of speech perception (Test session 2). In the final 

session, they either completed the control task or the auditory 

training task, again followed by further tests of speech 

perception (Test session 3; Table 1). The three tests of speech 

perception were completed in each testing session. No 

feedback on accuracy was given during any of the tests. 

Subjects firstly completed the Sentence test. The second test 

was the test of vowel recognition. Subjects then completed the 

test of consonant recognition. 
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3. Results 

3.1. Sentence test 

Figure 1 shows the percentages of key-words reported 

correctly in the sentence test. A 3 (Testing Session: 1, 2, or 3) 

x 2 (Variability: H-V or S-T) x 2 (Group: Auditory First or 

Control First) mixed ANOVA revealed a significant main 

effect of Testing Session (F 2, 56 = 119.41, p<0.001) and a 

significant interaction between Testing Session and Group (F 

2, 56 = 6.31, p<0.01). The group which received auditory 

training first improved significantly between test sessions 1 

and 2 (q=13.39, p<0.001), but not between test sessions 2 and 

3, following the control task. The group which received the 

control task first also improved significantly between test 

sessions 1 and 2 (q=7.45, p<0.001) due to repeated exposure 

to testing materials, but displayed an additional significant 

improvement in performance between testing sessions 2 and 3 

after receiving auditory training (q=7.84, p<0.001). There was 

also a three-way interaction between Session, Group and 

Variability  (F 2, 56 = 3.39, p<0.05) which indicated that High-

Variability auditory training was more effective than Single-

Talker auditory training in improving the ability to understand 

words in sentences. This effect is illustrated in Figure 2, which 

plots the improvement in performance after receiving High-

Variability (H-V) or Single-Talker (H-V) auditory training and 

the control tasks. 

Figure 1: Percentage of key words correctly identified 

according to testing session and training group. The mean 

value is represented by the dashed line in the box, the 

median by the solid line. The box represents the inter-

quartile range. Outliers are shown as dots beyond the 10th

- 90th percentile whiskers. 
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    A (Training Task: Auditory or Control) x 2 (Variability: H-

V or S-T) ANOVA on improvements in performance 

confirmed that auditory training was significantly more 

effective than control training in improving the ability to 

understand words in sentences. There was additionally a trend 

for High-Variability auditory training to be more effective in 

improving the ability to understand words in sentences than 

Single-Talker training, although the interaction between 

Training task and Variability failed to reach significance. 

However, an independent samples t-test revealed there was a 

significantly  greater  improvement  in  performance  following  

High-Variability auditory training than following Single-

Talker auditory training (t 30 = 2.38, p<0.05). 

Figure 2: Improvement in the percentage of key words 

correctly identified according variability and training task 
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3.2. Vowel recognition 

A 3 (Testing Session: 1, 2, or 3) x 2 (Variability: H-V or S-T) 

x 2 (Group: Auditory First or Control First) mixed ANOVA 

revealed a significant main effect of Testing Session (F 2, 56 = 

83.29, p<0.001; Table 2). There was a significant 

improvement in performance between each testing session. 

Table 2: Percentage of vowels correctly identified in each 

testing session 

     There was additionally a three way interaction between 

Testing Session, Group and Variability  (F 2, 56 = 3.38, 

p<0.05). To follow this up, we examined the improvement in 

performance following the auditory training and control tasks. 

A (Training Task: Auditory or Control) x 2 (Variability: H-V 

or S-T) ANOVA found no main effects or interactions. There 

was therefore no evidence in support of the hypothesis that 

auditory training is more effective than control training in 

improving the perception of vowel sounds. An independent 

samples t-test showed there was no difference between the 

effectiveness of High-Variability and Single-Talker auditory 

training. 

3.3. Consonant recognition 

Figure 3 shows the results from the consonant test. An 

ANOVA revealed a main effect of Session (F 2, 56 = 52.90, 

p<0.001) and a significant interaction between Testing Session 

and Group (F 2, 56 = 3.67, p<0.05). Post hoc analyses of this 

interaction showed that both the Auditory first and Control 

first groups displayed significant improvements in 

performance following auditory training, but not following the 

control task. 

 Test Session 1 Test Session 2 Test Session 3 

Mean 62.9 71.1 74.2 

95% CI 60.6-65.3 68.5-73.7 72.2-76.1 

Standard Dev 6.7 7.0 5.3 
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Figure 3: Percentage of consonants correctly identified 

according to testing session and training group 
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    We also carried out an analysis on the improvement in 

performance after receiving auditory training and control 

tasks, whether subjects received High-Variability or Single-

Talker training. This analysis revealed a significant effect of 

training task, confirming that auditory training was more 

effective than the control task in improving the ability to 

identify consonant sounds (F 1, 30 = 7.25, p<0.05). There was 

additionally a trend for High-Variability auditory training to 

be more effective than Single-Talker auditory training. This is 

illustrated in Figure 4. The difference between the 

effectiveness of High-Variability and Single-Talker auditory 

training failed to reach significance (t 30 = 1.89, p=0.069).  

Figure 4: Improvement in the percentage of consonants 

correctly identified according variability and training task 
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4. Discussion 

The results show that an unsupervised computer-based 

auditory training task is effective in improving the ability of 

naïve listeners to understand spectrally-distorted speech, even 

when exposure to the training vocabulary and the test 

materials is controlled. There is also some evidence that 

training with several talkers is more effective than training 

with a single-talker. However, although the improvements in 

performance are significant, they small compared with gains 

reported in other investigations. For example, Rosen et al [7] 

found an improvement of 30% in the ability to understand 

words in sentences following auditory training, whereas we 

found improvements of 11.5% and 7.2% following High-

Variability and Single-Talker training respectively. It is 

possible that the gains reported in the present study are 

smaller than those found previously either because we 

provided insufficient training in the present experiment (one 

hour compared with three in the study by Rosen et al), or 

because the training task was not optimal. These possibilities 

are being addressed in further studies. 

    Overall, the results are encouraging as they suggest that a 

simple training regime, which could be used in patients’ own 

homes, could be useful in improving the perception of speech. 

There is need for caution in generalising our results however, 

since the subjects in this study were naïve whereas the 

performance of implantees may have reached a plateau before 

commencing training. However, recent evidence supports the 

idea that computer-based auditory training may prove 

beneficial for cochlear-implant users [10]. 

5. Conclusions 

Auditory training is associated with significant improvements 

in the ability to understand distorted speech. There is a small 

advantage for High-Variability auditory training over Single-

Talker auditory training. 
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