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LIST OF ABBREVIATIONS

aLDT Auditory lexical-decision test

CVC Consonant-vowel-consonant

HA Hearing aid

HE-N Higher-educated native listeners

HE-NN Higher-educated non-native listeners 

LDT Lexical-decision test

LE-N Lower-educated native listeners

NH Normal hearing

SD Standard deviation

SEM Standard error of measurement

vLDT Visual lexical-decision test

VS Vocabulary size



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 10PDF page: 10PDF page: 10PDF page: 10



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 11PDF page: 11PDF page: 11PDF page: 11

General introduction



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 12PDF page: 12PDF page: 12PDF page: 12

Chapter 1



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 13PDF page: 13PDF page: 13PDF page: 13

General introduction

Cochlear implantation is a commonly used method to improve hearing abilities of severe 

postlingually deafened adults is to restore auditory communication abilities. Although 

is a large range of performance, especially in more complex listening situations. To improve 

implantation, it is important to obtain a better understanding of the underlying factors that 
explain this wide range of speech-recognition performance. Several factors have already 

studies described in this thesis aimed to further investigate possibly relevant factors, 

challenging conditions. Various studies have shown the importance of top-down cognitive 
skills, like working-memory capacity, information processing, and phonological skills, in 
speech recognition in noise both in listeners with impaired and with normal hearing 

1
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Chapter 1

Although several studies support the assumption that linguistic factors and cognitive 

studies and do not point to tests that can be easily used in the clinic for pre-operative 

speech-in-noise recognition, which is closer to daily life speech understanding. The number 

avoid interaction with auditory capacity, these tests are conducted in the visual domain. 
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General introduction

more insight in the interaction between these linguistic skills and speech understanding 
as it occurs in daily life.  

OUTCOME MEASURES OF SPEECH RECOGNITION IN CI USERS
Speech-recognition ability can be measured in several ways and it is important to 
understand advantages and disadvantages of those measures. Often phoneme scores 

abilities in noise, to determine auditory functioning in daily life listening situations. 

performance in adverse conditions is usually assessed with the standard Dutch speech-

and clinic, severe hearing impairment or limited linguistic skills (as in children or second 

1
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Chapter 1

MEASURES OF LINGUISTIC SKILLS

study the interaction between linguistic skills and speech-recognition ability it is essential 
to select clinically suitable and relevant measures of linguistic ability that can be applied 

of the meaning of a language utterance and are thus central to the process of language 

speed of word retrieval, which we will refer to in this thesis as lexical-access ability, could 
 ability, the capacity 

also be important. Vocabulary knowledge is assumed to represent crystallized knowledge, 

results of some studies suggest that better receptive vocabulary knowledge is related to 
better speech recognition of NH listeners in adverse conditions (e.g., Benard, Mensink, 
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General introduction

Lexical decision and word naming. 

decision tests (LDT, because these are easy to use and can be applied both in the auditory 

are recorded for both word- and pseudoword responses. Pseudowords are letter strings 
that obey the orthography and phonology of the test language, but lack meaning. Using 
well-formed pseudowords is important to ensure that the response is based on lexical 
access, and not purely on a perceptual process that assesses whether the stimulus looks 

and does also not provide a pure measure of lexical-access ability. Combining the results of 

accurate estimate of lexical-access ability.

modality-independent model for lexical decision. This model was based on established 

Activation

simultaneously activated and form a cohort.

1
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Chapter 1

Cohort evaluation

Decision

keep in mind, however, is that in the auditory domain the stimulus is not presented and 

recognition thresholds, or higher baseline levels of activation, than words with a lower 

that is, the number of lexical candidates that, in addition to the element representing the 

the amount of spurious activation during auditory word recognition can be excessively 

of particular relevance in the context of the present studies because it may be expected 
that for listeners with hearing loss relatively many phonemes are confusable, even in the 

may be excessively large in people with hearing loss, resulting in relatively long response 
times and low accuracy. 
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General introduction

EFFECTS OF LINGUISTIC AND COGNITIVE ABILITIES ON SPEECH RECOGNITION
Relations between visual measures of linguistic and cognitive abilities and speech 

recognition. 

Accuracy is expected to be near ceiling in vLDT, when only highly familiar words are used.  
vLDT could be measured preoperatively to predict speech-recognition performance with a 

measured verbal information processing speed and working-memory capacity were 

auditory and non-auditory factors play a role.

Relations between auditory measures of linguistic abilities and recognition of degraded 

speech.

studies used the visual world paradigm to investigate lexical access with degraded auditory 
stimuli by tracking eye-movements to pictures of target words and competitor words. They 

Based on the model, we hypothesize that for speech stimuli that are degraded by a noise 

because the process of activation of candidates and evaluation of competitors takes longer 

longer in the vocoded condition because the response deadline is usually set higher for 

larger bias toward word responses, because they are used to guessing. These hypotheses 

1
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Chapter 1

OUTLINE OF THE THESIS
This thesis describes four studies that were conducted to achieve a better understanding 
of the role of linguistic skills, particularly of lexical-access ability, in speech-recognition 
performance of cochlear-implant users. 

Chapter 2 describes a study that examines the suitability of clinical outcome measures of 

Chapter 3 examines the relations of visual lexical-access ability and vocabulary size with 

listeners, and higher-educated non-native listeners. The aim of the study is to evaluate 
suitable linguistic measures and examine their relation with speech recognition in noise. 

Chapter 4 

Chapter 5 

Chapter 6 comprises a general discussion of the results of all studies reported in this thesis 
and provides suggestions for clinical implications. 
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1
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Assessing speech-recognition 
abilities with digits in noise in 
cochlear implant and hearing 
aid users
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Chapter 2

ABSTRACT

hearing-aid and cochlear-implant users and compare results to the standard sentences-

cochlear-implant users.

valid test.

Cas Smits
Paul Merkus

International Journal of Audiology 2015; 54: 48-57
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Assessing speech recognition in noise in CI and HA users

INTRODUCTION

Assessment of speech-recognition abilities in noise is important to determine the 

applicable over a wide range of hearing losses to enable comparison of results between 

and in rehabilitation, e.g. over the course of rehabilitative training, for the evaluation of 

the standard Dutch speech-in-noise test that uses short meaningful sentences (sentence-

and clinic, severe hearing impairment or limited linguistic skills (as in children or second 

recognition abilities, because the use of a closed-set paradigm with easy familiar words 

separate sessions of repetitive runs. Additionally the test was validated for university 
students with normal hearing and a wide range of simulated hearing losses to evaluate its 

2
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Chapter 2

overall recognition of digits vowel, consonant, and word length recognition is needed. All 

recognition abilities in noise. Currently similar tests are being developed in other countries 

a wide range of hearing losses and varying cognitive and linguistic abilities.

be homogeneous with respect to age and top-down processing abilities, the participants 

scores relate to linguistic abilities will be helpful for the selection of speech recognition 

mild to severe hearing loss, two linguistic tests based on vocabulary size were included in 

knowledge, because it is assumed to be a good predictor of overall linguistic skills.

with a standard test, which is expected to measure essentially the same auditory speech 
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Assessing speech recognition in noise in CI and HA users

listeners.

MATERIALS AND METHODS

PARTICIPANTS

TABLE 1.

NH listeners HA users CI users

Age [years]

Age at onset of hearing loss 
[years]

- -

Age at onset of severe 
hearing loss [years]

- - - -

Duration of hearing loss* 
[years]

- -

Duration of severe hearing 
loss* [years]

- - - -

Pre-operative aided word - - - -

Average pure-tone threshold - - - -

- -
Education***

2
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Chapter 2

NH participants, all university students, were primarily included to serve as control group 

native Dutch speakers.

HA users were patients of the ENT & Audiology department at VU University Medical 

with additional medical problems or prelingually deaf patients were not invited. All had 

volume setting they preferred for everyday use. All HA users were native Dutch speakers.

medical problems or prelingually deaf patients were not invited. All had at least one year 

speaking parents.

Participants provided informed consent before participating, they were reimbursed for 

The study was approved by the Medical Ethics Committee of VUMC.

SPEECH RECOGNITION MEASURES
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Assessing speech recognition in noise in CI and HA users

phonemes that are correctly reproduced. This test is commonly used in Dutch clinical 
practice.

noise test with adaptive procedure is considered as the gold standard for speech-in-noise 
testing in Dutch clinical practice.

digit-triplets were used to test digit recognition. The digits are pronounced by a male 

of the triplet. Both noise intervals were enlarged or reduced by a randomly chosen interval 

2
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Chapter 2

VOCABULARY SIZE

written and spoken by the experimenter. Participants were instructed to choose one out 

comparison of participants.

GENERAL PROCEDURES
Tests were performed in a sound-treated booth by a trained experimenter. Speech tests 

were presented in three blocks, in the same order for every participant, in one two-hour 

TABLE 2. Measurement protocol. Each participant received the three test blocks in the same order, 
with material being presented in a balanced order within the blocks.

Block Test order Test Practice 
list

Test list intensities

A. CVC

Break
D. PPVT
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Assessing speech recognition in noise in CI and HA users

the average data. Per participant the same order of presentation levels was used for each 
speech test in this block. The second block consisted of the tests for vocabulary size, PPVT 

practice list.

contralaterally were asked not to use the HA on the test day. The contralateral ear was 

ear, the contralateral ear being occluded with a hearing protector foam earplug and a 

RESULTS

SPEECH RECOGNITION IN QUIET

digit-triplets for the hearing-impaired participants.

performance on sentence recognition compared to recognition of CVCs in contrast to the 

speech material is calibrated in dB SPL, whereas sentences and digit triplets are calibrated in dBA.

2
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Chapter 2

FIGURE 1. 
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Assessing speech recognition in noise in CI and HA users

SPEECH RECOGNITION IN NOISE
SRTs and feasibility. 

TABLE 3. 

Test Participants Mean (SD) [dB SNR] ICC SEM [dB]
All data All data All data

test
NH
HA

All

test
NH
HA

All

2
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Chapter 2

not be valid as the upper limit for signals processed by hearing aids or cochlear implants. 

Reliability. 

FIGURE 2. 
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Assessing speech recognition in noise in CI and HA users

a good reproducibility for both tests for all participant groups.

Learning effect. 

F

p F

p F p = 
F p = 

F p 

measurement error could be somewhat higher.

Validity: relation between DIN test and SIN test. 

2
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Chapter 2

variable to avoid a sample selection bias on the dependent variable. Dichotomous 

t p

t p

p

EFFECTS OF PERSONAL CHARACTERISTICS ON SPEECH-IN-NOISE 
PERFORMANCE

FIGURE 3. 
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Assessing speech recognition in noise in CI and HA users

test was feasible and that where it was not.

between the groups, since these are aspects that should be taken into account in clinical 

Size” was created for the purposes of further analysis by converting both test results to 
z

p

p

TABLE 4. 

p

Personal characteristics 
and test scores

SIN feasible
(n = 36)

SIN not feasible
(n = 12)

z p

Personal 
characteristics

Age [years]

Duration of hearing-
impairment [years]
Age at onset hearing-
impairment [years]
Education

Test scores
phonemes]

<0.001

Vocabulary size [z-score] 0.07

2
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Chapter 2

a p

p

therefore examined whether these variables would improve our linear regression model 

improved the model (p

DISCUSSION

Most participants, even those with a severe hearing loss, achieved nearly perfect digit-

speech-in-noise testing in tests with an adaptive procedure. Seven participants with 
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Assessing speech recognition in noise in CI and HA users

mainly for listeners with normal hearing or mild to moderate hearing loss. The present 

to play an important role in the measurement of the ability of aided hearing-impaired 
listeners to recognize speech in noise. This is supported by the correlations found in 

2
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Chapter 2

EVALUATION OF EXTREME SRT VALUES

individual result for a speech-in-noise test with an adaptive procedure is reliable. Such a 

INFLUENCE OF LINGUISTIC AND PERSONAL FACTORS

digit-triplet recognition in noise in this population. Also other personal characteristics 

of linguistic abilities in speech recognition of listeners with hearing impairment, especially 
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Assessing speech recognition in noise in CI and HA users

studies we will also explore other, more process-related, measures of linguistic abilities and 

COMPARISON TO OTHER TESTS

clinical applicability of testing speech recognition using sentences. Other studies have 

wide range of listeners and to serve as an alternative to the sentence-in-noise test. The 

2



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 42PDF page: 42PDF page: 42PDF page: 42

Chapter 2

in this test. The use of digits makes it easy to translate the test to other languages, and 
therefore might enable comparison of large groups of listeners.

CONCLUSIONS

Declaration of Interest: The authors would like to thank Cochlear Europe LTD for their 
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Assessing speech recognition in noise in CI and HA users
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The influence of lexical-
access ability and vocabulary 
knowledge on measures of 
speech recognition in noise
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Chapter 3

ABSTRACT

stat

Lexical-access ability was measured with a lexical-decision test and a word-naming test. 

were compared. 

and high-educated non-native listeners. 

stat . 

listeners. These results are important to consider in the interpretation of speech-in-noise 
scores of hearing-impaired listeners. 

Cas Smits

International Journal of Audiology 2016; 55: 157-167.
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INTRODUCTION

Speech-recognition abilities vary considerably among listeners with impaired hearing, and 

variables involved is needed, for instance for selection of hearing-aid or cochlear-implant 

in explaining speech recognition in noise performance in listeners with impaired hearing 

cognitive skills, like working memory capacity, information processing, and phonological 
skills, in speech recognition in noise for listeners with both impaired and normal hearing 

linguistic skills and speech recognition in noise performance for several standard speech-

the Dutch language. A better understanding of this relation in a diverse group of normal 
hearing listeners is needed for the interpretation of speech-in-noise scores of hearing-
impaired listeners, where both auditory and non-auditory factors play a role. These results 

listeners with a normal peripheral hearing function in, for instance, educational settings. 

results can serve as a stepping stone for future research of speech-in-noise performance 
in hearing impaired listeners.

Because words

are thus central to the process of language comprehension, we consider the process of 
a word making contact with its representation in the mental lexicon, in psycholinguistics 

3
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Chapter 3

Hence, the current study on the relation between linguistic skills and speech recognition in 

be important. Vocabulary knowledge is assumed to represent crystallized knowledge, a 

as lexical-access ability

represent a  ability, the capacity of processing information and reasoning (Horn and 

composed of vocabulary size and reading scores, to represent crystallized knowledge. 
They found that this measure of verbal ability was not a predictor of speech-recognition 
performance of words presented in a linguistic context. However tests of episodic memory, 

average, smaller for listeners who were not able to perform a speech-in-noise test with full-
sentence scoring than for those who were able to perform the test. However, in line with 

lexical-decision test is essentially a discrimination task in which participants have to decide 

that obey the orthography and phonology of the test language but lack meaning. Using 
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well-formed pseudowords is important to ensure that the response is based on lexical 
access and not purely on a perceptual process that assesses whether the stimulus looks 

in speech recognition it is therefore essential to carefully construct these measures and to 

provide a more accurate estimate of lexical-access ability than using either test on its 

abilities to obtain results that are independent of hearing acuity. 

To cover a wide range of linguistic abilities among our participants, we included native 
listeners with higher and lower education levels, and to obtain a lower boundary of 
linguistic skills we also included non-native listeners, i.e. students who learned Dutch as a 

comparable to those of the high-educated native listeners, but perform less well in verbal 
processing tasks. Non-native listeners have had limited exposure to the Dutch spoken 

3
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Chapter 3

language. This also applies to listeners with congenital hearing impairment and may 

young participants were included.

response to be marked as correct. To facilitate clinical testing in the future and enlarge 
the group that is feasible for testing, we decided to adapt the scoring method to allow for 

the current study we used a keyword-scoring method, in which the sentence is considered 

this keyword-scoring method with the standard-scoring procedure for the three groups 

lexical-access ability, measured with two tasks, and vocabulary size with speech recognition 
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METHOD

PARTICIPANTS 

reported no dyslexia or reading problems in an interview prior to participation. Normal-

all students from the VU University, Amsterdam. LE-N were participants who had their 
highest degree in intermediate vocational education from various vocational schools. 

University Medical Center.

TESTS
Speech recognition measures. A sentences-in-noise test was used as well as a digits-in-

3
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Chapter 3

Contrary to the procedure described by Plomp and Mimpen we used a keyword-

function words that were needed to understand the content of the sentence, for example 

A response was considered correct if all keywords in the sentence were repeated correctly 

that compared keyword and sentence scoring, where responses were considered correct 
only if the entire sentence was repeated correctly, the same test procedure was used. 

test digit recognition. The digits were pronounced by a male speaker and were presented 

be considered correct. 

Linguistic measures. 

to people with the same age. Therefore, we used raw scores instead of the normally-used 
age related scores.

stat was used for the sentence-in-noise test in stationary noise 

stat

test that was used in the other studies described in this thesis.  
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(LDT

pseudowords were constructed from words of the CELEX database (Baayen, Piepenbrock, 

represent orthographically correct, but meaningless letter strings. Pilot testing showed 

, LDT , and LDT

right hand for each word and a red button with their left hand for each pseudoword. 

SDs from 

words,  that can be derived from this LDT setup were examined to evaluate whether they 

3
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Chapter 3

needed to read all the words was used as test score. Unfortunately, word-naming scores 
were accidentally left out for three HE-N and one LE-N participants. A combined variable 
of lexical decision and speeded word naming was used as measure of lexical-access ability. 
The group that word naming and lexical access are reported and analysed for comprised 

Questionnaire.

information on the internet, and texts at work, the number of books read, and number of 

PROCEDURE

TABLE 1. 

Test Test details
Protocol Part 1 
Lexical-decision test

stat test
 test

Vocabulary size test

Protocol Part 2 

stat keywords
 keywords

stat sentence
 sentence

stat = 
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design. Each condition was measured three times. Tests were performed in a sound-treated 
booth by a trained experimenter. Pure-tone audiograms were measured with the aid 

comfortable distance from the monitor. 

RESULTS

OUTCOME MEASURES: SPEECH RECOGNITION IN NOISE

stat

stat , and 

stat in group HE-NN. As a log-transformation (as used by e.g. 

untransformed variables. 

stat

p

p

p

groups. Post-hoc comparisons with Bonferroni correction for multiple comparisons showed 

stat p 

for HE-NN (p p 

but was better for both HE-N and LE-N (both p 

p 

p p 

abilities. This holds especially for the non-native group compared to the native groups. 

3
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Chapter 3

LINGUISTIC MEASURES
Lexical-decision test setup.
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FIGURE 1. stat
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Chapter 3

rs p

correlated to the overall LDT r p

test-setup is appropriate for measuring lexical-access ability.

FIGURE 3. 
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Lexical-decision variables. Various lexical-decision variables were examined to evaluate 

, LDT , and LDT
 =LDT -LDT  = ((LDT -LDT -

LDT
p r varying between 

 and LDT , and values around 
r

Bonferroni correction for post-hoc comparisons showed that LDT , LDT , LDT , LDT , 
and LDT  discriminated between all three groups (all p and LDT  only 
discriminated between non-native and native listeners. 

Hence, LDT , LDT , LDT , and LDT
lexical-access ability. LDT , LDT and LDT  in further 

clinical evaluations. 

Group results. Lexical-decision scores (LDT
were on average faster than LE-N. HE-NN had the poorest performance. 

correction, which showed that, compared to HE-N, LDT p 

p SD

ms (SD SD  

performance. The scores were approximately normally distributed for participant groups 

SD SD SD

3
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F p 

(p p 

SD SD

SD

F p 

score between HE-N and LE-N (p p 

but not between LE-N and HE-NN (p 

FIGURE 4.
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Combined variable for lexical access. ord naming and lexical decision are assumed to 

experiments indicate that lexical-access ability is more precisely measured when looking 

rs

z

used the resulting new variable Lexical Access. 

rs

are tapped with these tests.

RELATION BETWEEN LINGUISTIC MEASURES AND SPEECH RECOGNITION IN NOISE 

test on speech-in-noise recognition abilities separately, linear regression analyses were 

stat

each speech-in-noise test. 

TABLE 2 
the combined variable Lexical Access. 

SRTstat SRT DIN
Predictor R2 p R2 p R2 p

Linear regression
LDT

Vocabulary Size
Lexical Access
Stepwise linear regression 
Lexical Access 

 values. Predictor variables LDT

stepwise regression analysis, both Lexical Access and Vocabulary Size were included. Only Lexical 

3
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Chapter 3

The relation of both lexical-access ability and vocabulary size with speech-in-noise 

stat , 

stat

Hence, Lexical Access is an important predictor of speech recognition of sentences in noise. 

KEYWORD SCORING COMPARED TO SENTENCE SCORING 

p p

p = 
p p

p

p

with Bonferroni correction for multiple comparisons showed that scoring method had no 
p 

p p 

stat in our study population.

compared to sentence scoring. Post-hoc comparisons with Bonferroni correction for 

(p p 

p 

p p 



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 63PDF page: 63PDF page: 63PDF page: 63

FIGURE 5. 
stat

3



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 64PDF page: 64PDF page: 64PDF page: 64

Chapter 3

making the test suitable for a wider range of participants. However, application of keyword 

DISCUSSION

FIGURE 6. 

stat boxes are shown in grey.
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native listeners and high-educated non-native listeners. This successfully resulted in a 

stat for non-native listeners was poorer than for native listeners. The 

stat

triplets correctly. This supports the idea that digit recognition puts a much lower demand 

stat for the LE-N 

 between these participant groups. The latter seems counter-intuitive, because 
people with higher linguistic skills might be expected to make better use of information 
from short time frames of better audibility than people with lower linguistic skills. The non-

stat . Though this 

with even lower educated listeners, as might be expected in the general society, the 

communication settings with more complex linguistic content and longer utterances the 

3
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Chapter 3

between all three groups. The slower word-naming performance of the non-native group is 
not necessarily purely caused by slower processing during the lexical-access stage of word 
naming, but can also partly be caused by slower processing during the speech-production 

word naming with presentation of one word at the time and recording of responses by a 
voice-operated switch would provide more precise results than our simple test procedure 
and would most likely reduce some of the interindividual variance in naming latencies. 

power between Lexical Access and Vocabulary Size suggests that these tasks measure 

of the test items between tasks plays a role. The current LDT test measures the recognition 

Lexical Access were fairly highly correlated (rs

The main result of this study was that Lexical Access, composed of lexical-decision and 
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the sentence material used in this study (i.e. meaningful sentences, eight to nine syllables 

processing, than crystallized knowledge. 

hearing in speech-in-noise situations, e.g. classrooms and public intercom systems. They 
are also important for the interpretation of speech-in-noise scores of hearing impaired 

speech recognition will not only help to predict rehabilitation outcome, but also guides 
the construction of personalized training programs. Here, it is relevant to know which 

and Lexical Access, suggests that lexical access might improve with reading practice. 

after a certain age, whereas crystallized abilities are largely preserved during adult aging 

for older adults in how to use top-down processing based on knowledge to compensate 
for problems in bottom-up processing of the signal. 

therefore be preferred. 

One of the basic assumptions of the current study was that lexical-access ability is most 
accurately measured by combining the two measures of this construct, lexical decision 

3
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Chapter 3

this hypothesis we compared the predictive value of the separate tests to that of the 

R stat

native listeners alone (n

stat  outcome for only the native groups. Based on these results 

test performance, we assume that indeed lexical-access ability is more accurately tested 

use of both tests for a more accurate measure of lexical-access ability in future research 

tests will enhance the accuracy of identifying the role of lexical-access ability in speech 
recognition. This will be advantageous for research and clinic. 

LEXICAL DECISION VARIABLES 

 discriminated most between 

the lexical-access process is a stronger predictor of lexical-access ability than the individual 
 only 

words. Part of the lexical-access time is thus excluded in this variable. Compared to LDT  the 

 instead of LDT  showed similar results. 
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KEYWORD SCORING

of mostly university students with normal hearing, than when whole sentences had to 

stat between the 

sentence scoring, but not for keyword scoring in the sub-study. The discriminative power 

stat  stayed intact. Therefore, 

These results indicate that the keyword-scoring method facilitates the use of sentence-
in-noise tests in hearing impaired listeners in future studies, but a drawback may be the 

A wider range of people with lower linguistic abilities or more severe hearing losses (e.g. 

sentences measured by the Plomp and Mimpen procedure is more suitable for evaluation 
of auditory functioning in everyday listening situations, but for listeners who are not able 
to perform the standard sentence test, keyword scoring might be a valuable alternative.

3
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Chapter 3

CONCLUSIONS

Our lexical-access measure, composed of lexical-decision and word-naming scores, 

noise scores of hearing-impaired listeners. Lexical-access ability is best measured with a 
lexical-decision and word-naming task, that are clinically feasible, and should ideally be 
combined to measure lexical-access ability most accurately in relation to speech-in-noise 
recognition. 
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Lexical-access ability and 
cognitive predictors of 
speech recognition in noise in 
adult cochlear implant users
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Chapter 4

ABSTRACT

and cognitive factors determine most of speech-in-noise performance. The current study 

capacity and to a lesser extent poor lexical-access ability limit speech-recognition ability 

Cas Smits
Paul Merkus

Trends in Hearing, 2017; 21: 1-15.
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Lexical access and cognitive predictors of speech recognition in CI users

INTRODUCTION

A better understanding of the underlying factors that explain the wide range of speech-

Moreover, there is evidence that linguistic factors play a role in speech recognition as 

or general cognitive ability, but it was associated with higher verbal learning scores and 

correlation between a composite measure of cognition (including verbal learning and 

4
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Chapter 4

age-related declines in cognition were responsible for the lower speech-recognition 
performance in that study.

Although several studies support the assumption that cognitive and linguistic factors are 

point to a test or combination of tests that can be easily used in the clinic for evaluation 

skills and speech recognition of sentences-in-noise

with high education, native listeners with lower education, and non-native listeners with 

ability based on accumulated knowledge, referred to as a crystallized ability, Horn and 

minimal linguistic aspects, because it was less related to the linguistic variables. 

value of visual lexical-access ability and cognitive measures on speech-recognition 

as a second measure of linguistic skills because crystallized knowledge is known to be 

with young adult listeners. Two cognitive measures that are known to relate to speech 
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Lexical access and cognitive predictors of speech recognition in CI users

be measured preoperatively

postoperatively, we chose to use 

METHOD

PARTICIPANTS 

medical problems were reported in an interview prior to participation. Etiology of hearing 
loss was hereditary (n n n

tumor surgery (n n n

unknown (n
Ear & Hearing of the VU University Medical Center, Amsterdam, The Netherlands, who 

TM devices (Sydney, 
n

tests they used their device with the program and setting they preferred for everyday use. 

4
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Chapter 4

Participants provided informed consent before participating according to the declaration 
of Helsinki, and they received reimbursement for travel costs and additionally a fee of 

TESTS 
Speech-recognition measures. Speech recognition was measured using monosyllables, 
sentences, and digit-triplets. 

nine syllables in length. They were presented in steady-state long-term average speech 

correctly, was measured by the adaptive procedure described by Plomp and Mimpen 



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 79PDF page: 79PDF page: 79PDF page: 79

Lexical access and cognitive predictors of speech recognition in CI users

TABLE 1. Characteristics of the participants. 
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unknown no
hereditary no
measels no
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unknown yes
unknown

Harmony
yes

Sudden HL 
after giving 
birth

no

hereditary yes
hereditary no
otoscleroses yes
hereditary yes
after brain-
tumor surgery Harmony

no

hereditary no
unknown no
hereditary no
meningitis no
hereditary yes
hereditary no
unknown yes
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to match the test battery that is regularly used in our clinic at present, and there is no 
common alternative for this relevant test. Participants were not screened before inclusion 

triplets. The digits were produced by a male speaker and were presented in steady-state 

for the response to be considered correct. 

as a practice list. Scores on the second and third runs were averaged for the analyses. 
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Cognitive and linguistic measures. Linguistic skills were measured with a VS test and two 

commonly used tests that measure combinations of linguistic and non-verbal aspects 

used to permit direct comparison of participants. 

, LDT , and LDT

changing at least one letter in such a way they represent orthographically correct, but 
meaningless letter strings. All words and pseudowords were four to seven letters long 
and were presented in the middle of the screen. Participants were instructed to press a 
green button with their right hand for each word and a red button with their left hand for 

SD

of all six lists was used as the test score.

as possible. As soon as the words appeared, a timer was started. The timer was stopped 

the z scores, the mean and SD M 
SD M SD

4
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pattern and were presented on a computer screen. Participants were instructed to read 
the sentence out loud as accurately as possible. The test result indicated the percentage of 

response and down after an incorrect response. The test result was the mean percentage of 

Center

center test, sentences are presented word by word in the 
center of the screen. The presentation time of each word corresponded to the duration 
of the word in the respective audio recording of the sentence. Each participant did three 
runs. Scores on the second and third runs were averaged for the analyses.

complex dual task, test sets of sentences were presented on a computer screen. Sentences 

other half were absurd. Twelve sets of sentences in increasing set-size order were used, 

the participant had to indicate whether it was semantically sensible or absurd. At the end 

was the total number of correctly recalled target words. 

PROCEDURE
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calibrated with a sound level meter at the expected position of the participants heads. 

at a comfortable distance from the display monitor. 

with the data of listeners with normal hearing with a wide range of linguistic abilities 

performance for these groups. 

RESULTS

OUTCOME MEASURES AND PREDICTORS

approximately normally distributed (checked by visual inspection of histograms and 

were approximately normally distributed (checked by visual inspection of histograms and 

4
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TABLE 2. Means, standard deviations, and ranges are given for scores on the linguistic and cognitive 
tests. 

NH data Total CI group t-tests

Predictor variables M    (range) SD M    (range) SD t p
LDT [ms]

VS [# correct]

FIGURE 1. 

groups.
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t

(r p

n

TABLE 3. n

Participant 3 6 7 11

CVC
LDT

VS

threshold, in dB HL.

4
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BIOGRAPHIC AND AUDIOLOGIC FACTORS

variables and age, age at onset of hearing loss, age at implantation, duration of hearing 

r p

a longer dHL.

COGNITIVE AND LINGUISTIC FACTORS

r p r p

with LDT score (r p

FIGURE 2. 



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 87PDF page: 87PDF page: 87PDF page: 87

Lexical access and cognitive predictors of speech recognition in CI users

analyses for the total group (N

(r p r p

tests with higher age. 

REGRESSION ANALYSES 
Multiple linear regression analyses were done to evaluate predictive value of the cognitive 
and linguistic variables for sentence recognition performance in addition to other relevant 

LDT score. Because we expected a relationship with composite measure LA based on 
 in the correlation analyses, 

could be used preoperatively

TABLE 4.
n

Variables Word
naming

LDT LA VS RSpan TRT SFT

CVC

p p p

4



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 88PDF page: 88PDF page: 88PDF page: 88

Chapter 4

TABLE 5. n 

Predictor B SE p R2 change R2

Model with LA
dHL
LA
Model with LDT
dHL
LDT

dHL

B SE p R2 = 
proportion of variance.

TABLE 6. 
(n 

Variables B SE p R2 change R2

Model with LA
dHL
LA
Model with LDT
dHL
LDT

dHL

B SE p = 
R2 = proportion of variance.

TABLE 7. n
hearing listeners (n

Variables B SE P R2 change R2

LA

B SE = 
p R2 = proportion of variance.
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Next, multiple linear regression models were examined that could be used to explain 
results postoperatively.

COMPARISON TO NORMAL-HEARING LISTENERS

To examine the relation between LA and speech recognition 

n  values instead 

 was positively skewed. Log transformation, however, did not result in a normal 

FIGURE 3.

The area between the vertical dashed lines represents the range of native NH listeners.

4
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that LA has in NH listeners.

DISCUSSION

. 
The role of lexical access comes on top of auditory factors that account for most of 
the variance in performance as was expected. Analyses of speech-recognition outcome 

.

OUTCOME MEASURES

caused by poor cognitive and linguistic processing but could also originate from poor 
auditory processing. Only one of the four participants had scores on the linguistic or 
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speech-in-noise recognition performance about two years after data collection for this 
study. Six months after reimplantation, her speech-in-noise recognition thresholds had 
drastically improved, which agrees with our assumption that her poor performance in noise 
during the study was primarily caused by a very poor auditory input.

for instance electrode placement, neural survival, and the amount of channel interactions 
by spread of current in the cochlea. Several studies have shown that poor speech 

They hypothesized that the use of multiple electrodes was limited by electrode interactions 

the available spectral detail can be limiting speech-recognition performance in noise. A 

cognitive and linguistic factors. Very degraded signals might not contain enough usable 
information to put good cognitive or linguistic skills into action. The results of a study on 

the study group might explain the lack of a relation of linguistic and cognitive skills with 
speech recognition in their study. They concluded that predictive relations of cognitive and 
linguistic variables with spoken word recognition might exist only in groups of listeners 

of degraded speech and how this degradation can be compensated for using cognitive 

4
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of top-down processes on speech recognition in noise. This limits some of our conclusions 

PREDICTOR VARIABLES FOR SPEECH RECOGNITION

recognition. Compared with those studies, the range of scores and sample size of the 

a longer duration of deafness has a stronger impact on the linguistic and more central 

with any of the speech-recognition scores in the current study sample. 

listeners with a broad range of cognitive and linguistic abilities from previous studies. 
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but the relation is not as clear as in NH listeners. After controlling for auditory factors by 
, LA or LDT did add to the prediction model with dHL, which could be used 

awareness or improved speechreading with their implants, while others could understand 

 increases for larger hearing losses due 
to a less steep slope of the speech information function for listeners with hearing loss (see 

seems comparable to that for NH listeners but comes on top of auditory factors, thereby 
showing comparatively lower predictive power.

4
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r p = 

center, which is more 

to allow for comparison of results with previous studies. VS was also not correlated with 

hand, suggest that better receptive vocabulary knowledge is related to better speech 
recognition of NH listeners in adverse conditions (e.g., Benard, Mensink, and Baskent 

might show a larger range and on average better results in the current study group 

r p r p 

r p

NH listeners. Some studies on lexical access suggest that in lexical decision, the slower 

with older age, but a result of factors like motor movement and degree of cautiousness 

speech-recognition performance in the current study. Because age can relate to both 
higher as well as lower performance on some cognitive tasks, the variation in age in this 
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LEXICAL ACCESS – WORD NAMING AND LEXICAL DECISION 

 (r p

did not correlate with any of the speech-recognition measures, nor did the composite 

that measures response times to the onset of each response with a voice key, excluding 

ability in this population. 

visual tests to assess lexical-access ability because we wanted 

studies on auditory lexical access suggest that the process of lexical access might be 

measure of linguistic ability. Thus, where visual lexical access is a linguistic measure that 
can be obtained prior to implantation, auditory

4
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person and could better explain speech-recognition outcome during the rehabilitation 
stage. Auditory lexical access is a future topic of our research. 

To conclude, although we found only weak evidence that lexical-access ability is related 

possible predictive value of these tests.  

CLINICAL IMPLICATIONS

was likely due to auditory factors that can degrade the auditory signal, especially in noise. 

or slow lexical-access reaction times are not likely to become the best performers after 
implantation. The visually conducted verbal working-memory and lexical-access tests 
can be measured preoperatively as well as postoperatively. As in our previous study, 

 with the average of the two lists 

r p  (r p

thus performance in daily life and support a more personalized rehabilitation program. 

recognition of sentences in noise compared to their ability to recognize digit-triplets 

However, performance in real-life situations is probably better estimated with tests that 
demand more cognitive and linguistic skills. 
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Effects of vocoded speech 
or a cochlear implant on 
auditory lexical decision 
in relation to measures of 
speech recognition
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ABSTRACT

lexical access, measured with a visual

on auditory

and number of errors would increase with more degradation of the input and that response 

accuracy and response time.

relatively slower in pseudoword responses and showed a bias toward real-word responses, 

was mainly related to real word response times in auditory lexical-decision. The more 

in pseudoword responses and overall in responses. The results showed that measures of 
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auditory lexical decision, together with the earlier measures of visual lexical decision, can 

Cas Smits

(to be submitted to Journal of Speech, Language, and Hearing Research)
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INTRODUCTION

Speech recognition can be a challenge in complex listening situations, for example when 
there is background noise or when speech signals are unclear. Listeners with cochlear 

the heard words have to be matched to representations in the mental lexicon (lexical 

previous study, we found that lexical-access ability in the visual modality, i.e. with written 
stimuli, is a predictor of speech-in-noise recognition performance in normal-hearing 

users, only a weak relation between visual lexical-access ability and speech recognition in 

assessed in the visual modality, to allow for examination of one aspect of linguistic abilities 
prior to implantation. As a result, this measure can be used in pre-operative counseling. 

visual auditory lexical access. 

of degraded auditory input on auditory

in noise was examined.
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MODELS OF AUDITORY AND VISUAL LEXICAL ACCESS
Established models of lexical access in spoken-word recognition (the Cohort Model by 

becomes available, competitor words in the cohort that no longer match with the input are 

lexical-access models like the Multiple Read-out Model

assume that orthographically similar words are activated and evaluated simultaneously. 

in the auditory modality the stimulus is not presented and interpreted instantaneously, as 

often the whole word is needed to assemble all necessary information. Longer words can 

is the presence of cues to morphological structure in the auditory modality but not in 
return and rebuild

tests a person has to discriminate between real words and pseudowords. Pseudowords 
are letter strings that are in line with the orthography and phonology of the test language, 
but lack meaning. They need to be well constructed to ensure that the response is based 
on lexical access and not simply on a process that determines whether or not the stimulus 
looks word-like. Most models of lexical decision assume that the participant decides that 
the stimulus is a pseudoword if no match with a representation in the mental lexicon has 

tests to measure lexical access because they are easy to use and can be used both in the 
auditory and visual modality.

5
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of lexical access among participants. The reaction time in lexical decision comprises the 
total lexical-access time (activation of the cohort, evaluation of the cohort, retrieving 

auditory lexical-decision 
visual

information to identify spoken words similarly to the way NH listeners do. Pseudoword 

access may not take place at all, instead the decisions may be based on shallow perceptual 
processing of the stimuli.

that, in addition to the element representing the input stimulus, are initially activated (i.e., 

auditory word recognition can be excessively large in nonnative speakers, particularly when 
the nonnative language contains pairs of closely similar, confusable, phonemes that are not 

 and , in the English 
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loss, it may be expected that relatively many phonemes are confusable, even in the native 

excessively large in people with hearing loss, resulting in relatively long response times 

with older age, but a result of factors like slowed motor movement and a higher degree 

SIGNAL DEGRADATION AND LEXICAL ACCESS

input signals. A few recent studies used a visual-world paradigm eye-tracking task to 
investigate the time-course of spoken word recognition with several degraded auditory 
stimuli by tracking eye-movements to pictures of target words and competitor words 

in the input by replacing a certain number of phonemes in the sentence, but not the 

competitor evaluation when there is more uncertainty in the input sentence, even if the 
target word itself is clear speech.

simulated listeners were overall slower and less accurate in identifying the target word 

for later revision of interpretation, which might be the result of long-term adaptation to 

their lexical processing when input is degraded.

5
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auditory lexical-decision reaction times and accuracy, to compare aLDT with vLDT variables, 

threshold for the target word is reached, a YES-response follows, or if a time deadline 

accuracy bias toward words, more likely identifying pseudowords as words when they 

by the degraded auditory input signal on the lexical-access process, because individual 
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EXPERIMENT 1

MATERIALS AND METHODS
Participants. 

M SD

participating. The study was approved by the Medical Ethics Committee of VU University 
Medical Center.

CI simulation. All auditory speech stimuli were administered unprocessed and in two 

to vocoded speech stimuli before.

Speech-recognition measures. Speech recognition was measured using monosyllables, 
sentences, and digit triplets. 

5
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triplets. The digits were recorded by a male speaker and were presented in steady-state 

for the triplet to be considered correct. 

on the test and retest list were averaged for the analyses.

Lexical-access measures. visual

altered by changing at least one letter in such a way that they represent orthographically 
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thus known to all participants. 

Participants were instructed to press a green button with their right hand for each word 

to be used in the analyses. Accuracy was expected to be near ceiling in vLDT, since all words 

SD

resulting list average were not included in the analyses. 

The auditory

Simultaneously with the warning signal, a loudspeaker icon was presented on the screen. 

button with their right hand for each word or a red button with their left hand for each 

5
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SD

resulting list average were not included in the analyses. Like the speech-recognition tests, 
all LDT tests were administered two times and scores on the test and retest list were 
averaged for the analyses.

General Procedures.  A pure tone 

by a trained experimenter. Speech-in-noise tests were measured using a Soundblaster 

distance from the display monitor.

RESULTS
Speech recognition.

Auditory lexical decision. 

in the unprocessed condition was a bit left skewed and error percentages for the original 
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TABLE 1. Measurement protocol. 

Test Condition 1
Original stimuli

Condition 2
10chVOC

Condition 3
6chVOC

speech condition.

TABLE 2. 

Variable Original
mean (range)

10chVOC
mean (range)

6chVOC
mean (range)

TABLE 3. 

vLDT aLDT
Pseudowords Pseudowords

M M M M M M M M
NH 
Original

CI

5



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 112PDF page: 112PDF page: 112PDF page: 112

Chapter 5

p p

p

p

p

p

the two vocoded conditions (p  The interaction between Condition and Stimulus 

increased when degradation increased. 

p

p

p

To summarize, when stimuli were degraded to an extent resulting in speech-recognition 

increased and more decision errors were made. However, when the degree of degradation 

remained at the same level, while the error percentage almost doubled.  

Visual lexical decision and ∆LDT. 

T



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 113PDF page: 113PDF page: 113PDF page: 113

FIGURE 1. 

5
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Chapter 5

M = 

ms, SD M = SD

p

DISCUSSION EXPERIMENT 1

addition, it showed that participants made more errors when the amount of degradation 

TABLE 4. 

Participant nr. Age Age at onset of SHL Duration of HL CI experience FF threshold
[years] [years] [years] [years] [dB HL]

cochlear implant
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responses are slowed down. Accuracy was, as expected, lower for the harder vocoder 
condition. This pattern of results suggests that participants changed their strategy for 
lexical decision when more degraded signals were presented. This was also suggested 

larger than for the milder vocoder condition. Accuracy was the same for real words and 

degradation on auditory lexical access in listeners with hearing loss, the outcomes of 

to speech-recognition performance in listeners with hearing loss.  Therefore, this variable 

EXPERIMENT 2

MATERIALS AND METHODS
The speech-recognition measures, lexical-access measures and general procedures were 

speech stimuli were used. All tests were administered two times. 

Participants. 

No dyslexia, reading problems, or relevant medical problems were reported in an interview 
prior to participation. 

Participants were all patients of the Otolaryngology department, Section Ear & Hearing 

with known relevant medical problems or prelingually deaf patients were not invited 

tests, they used their device with the program and setting they preferred for everyday 

5
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Chapter 5

vision, with corrective eyewear if needed, was also checked with a near-vision screening 

RESULTS

Auditory lexical decision: comparison between groups. 

p

p

t

p

p

p

accurate in real-word responses than in pseudoword responses.
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Auditory versus visual lexical-decision. , as 

M range = M range 

= 

p p

Correlations between speech recognition and LDT. 

FIGURE 2. 

5
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Chapter 5

access ability. Pearson correlations were calculated between the three speech-recognition 

number of correlations were calculated, the results have to be interpreted carefully as Type 

level of p
r p

p p 

in pseudoword responses and overall responses seemed to be more related to the 
more complex speech-in-noise performance. Thus, persons who have more problems 
understanding speech in noise are either more inclined to accept a pseudoword as a 
word, suggesting that they are used to guessing relatively often, or they need more time 
before making a decision.

TABLE 5. Pearson correlations between speech-recognition measures and measures of auditory 

CVC
aLDT 

vLDT 

* p p
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FIGURE 3. 
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DISCUSSION EXPERIMENT 2

more likely to accept pseudowords as real words. The underlying reason might be that 
they are used to guess and select the most probable target word when they mishear parts 
of the stimulus.

GENERAL DISCUSSION

The results of this study showed that young normal-hearing adults listening to vocoded 

FIGURE 4
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pseudoword responses and had a large bias toward real-word responses in contrast to 

to aLDT variables. 

noise to the stimuli. These results agree with our hypothesis that degraded input causes 
changes in the activation stage and in the cohort-evaluation stage because of spurious 

context was neutral, which could be compared to the current study without priming. 

between conditions. This can have various reasons. Participants could have adopted a 

were to respond as fast and accurately as possible. Perhaps, the increase in errors in the 

case, more errors are made because listeners try to maintain their speed. Another reason 

can be limited in its performance either by limits in the amount of available processing 

are such that more processing will not improve performance, and from there on become 
data-limited. Applying this theory to the results of the vocoder conditions, we could say 
that more resources were applied in the mild vocoder condition than in the unprocessed 

5
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in use or applying more resources would not help to maintain the same accuracy level 

were related to the adopted time-deadline. Several studies have shown that listeners 

input is less certain, the perceptual deviation of pseudowords from real words will be 

with more certain input.

for mildly degraded input, but the accuracy only decreased further for more degraded 

examining the relation between aLDT and speech recognition. Second, the interaction 

with increasing degradation of the signal than responses to real words.
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with their visual-world

as they suggested, was caused by maintaining activation for competitors for later revision 

also adopt a longer time deadline in the decision stage to allow more time analyzing the 

listeners listening to vocoded stimuli. This indeed suggests that the long-term adaptation 

with naive listeners. 

made more errors in non-word responses. They argued that in the aLDT, when receiving 

auditory lexical-decision task to investigate their ability to identify words they did or did 
not know. They found that, when listening in noise, both children with normal hearing and 
those with hearing loss often misperceived nonwords and mistakenly accepted nonwords 

likely to underestimate the number of nonwords in a sentence compared to children with 
normal hearing, suggesting that children with hearing loss apply strong repair strategies 
during speech perception. Thus, with degraded input, children tend to change words they 
do not know into words they do know, which likely also applies to adults that are used to 
receiving uncertain input. 

more distortion of the primes, in contrast to the younger listeners. They argued that 
their young participants might have adopted a more automatic listening strategy, where 

5
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the older participants might have adopted more controlled processing strategies. Other 

processing are the result from adaptations to long-term degraded input. To examine a 

oldest half. A comparison of results between these age groups showed that the youngest 

responses to words and even longer for responses to pseudowords. Also, the youngest 
group made more errors and had a larger bias toward words. Thus, age does not explain 

COMPARISON OF AUDITORY AND VISUAL LDT RTS
Lexical access was measured and compared in the visual and auditory modality to gain 

visual-world eye-tracking paradigm, 
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than the used balancing on word length and concreteness. Such an approach would, 

more real words than pseudowords were used in the vLDT. This choice was based on the 
assumption that pseudowords are perceptually more salient than real words, and therefore 

this saliency of pseudowords would be less prominent with degraded stimuli. Since the 

results.

time-deadline used for pseudoword decisions in vLDT is a predictor of that in aLDT. The 

with various levels of education and the high educated young adult group listening to 

5
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Chapter 5

LEXICAL DECISION AND SPEECH RECOGNITION OF CI USERS
p

r p

words. This could be expected, because for listeners with poorer CVC recognition ability 
there is probably more spurious activation during lexical access, resulting in a larger cohort 

in a longer period before the critical activation threshold for the target word is reached. 

p p

recognition measures. 

word responses. Thus, participants who used a relatively long time deadline, or relatively 
often accepted pseudowords as real words, had more problems recognizing speech in 

pseudowords. Possibly, listeners who need a longer time deadline in lexical decision 
because of the degraded input, have more problems in recognizing longer segments of 
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To sum up, the present results suggest that aLDT real-word responses and pseudoword 

study the LDT measures in a larger study group to gain more insight into the value of 
these measures in personalizing rehabilitation programs.

CLINICAL IMPLICATIONS

we intended to compare the outcome of this test in the auditory and visual modality (which 

that is easy to use in the clinic. A drawback of the LDT is that it captures not only lexical-
access ability, but also other processes that are needed to respond to the given input, 
like pressing the button. Comparison of LDT in the auditory and visual modality could 
partly eliminate these factors. Another way to gain a more pure measure of lexical access 
is by looking at the shared variance of multiple tests that share a common lexical-access 

Although more research is needed in larger participant groups to obtain a better 
understanding of the relation of the separate LDT measures with speech recognition, 
the current results already provide some information for use in the clinic. vLDT was not 

5
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Chapter 5

provide information about dealing with the poor input in longer speech segments and 

limited and rehabilitation should focus on strengthening the use of linguistic and cognitive 
resources. 

CONCLUSIONS

Degraded auditory input resulted in slower responses and lower accuracy in the lexical-

normal-hearing participants listening to vocoded speech, possibly because they are used 

related to auditory response times for real words. More complex recognition in noise was 

with measures of visual lexical decision can be helpful in identifying whether speech-
recognition performance is data limited or resource limited and hence in determining 
the rehabilitative approach. 
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General discussion

skills on speech-recognition abilities was examined with visual tests of lexical-access ability 

and discussed, and suggestions for further research and clinical implications are provided.

OUTCOME MEASURES OF SPEECH RECOGNITION IN CI USERS
Standard clinical measures of speech recognition are important for comparisons between 

tests that are currently used in Dutch clinical practice were utilized to assess the ability to 

the same time, that high CVC scores not necessarily indicated good speech-in-noise 

functioning in daily life listening situations, comparisons between listeners, and follow-up 
of rehabilitation progress. Therefore, it is important to also measure speech recognition in 
noise performance. Adaptive speech-in-noise tests have proven valuable tests for listeners 

6
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reached in this population. Secondly, adding noise to the speech stimuli further reduces 

The comparison of keyword- and sentence-scoring in NH listeners showed that, on average, 

scoring is applicable to a wider range of listeners, likely enabling reliable test results for 

Taken together, the results showed that it is important to add speech-in-noise tests to the 

the CVC test and can be suitable to follow-up progress within rehabilitation periods. This 
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General discussion

MEASURES OF LINGUISTIC SKILLS  

ability that are important for speech recognition in noise. The motivation for this choice 
was that words convey most of the meaning of a language utterance. 

with the onset of word input multiple candidates are activated. The cohort of activated 
candidates that results is then evaluated until a decision about the target item can be 

follows when a preset time-deadline has passed. 

Lexical access in the visual modality. 

participants than for participants that were expected to have lower linguistic skills, that 
is, lower-educated native- and high-educated non-native participants. Although it might 

results showed that although the lower-educated native- and high-educated non-native 

correspond to the assumption that for listeners with more access to a language, pre-
set activation levels of familiar words are higher than for listeners with less access to a 

The selection of young participants in the normal-hearing study aimed to cover the wide 

6
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the correlation between vLDT and word naming was indeed high, indicating a large shared 
variance. However, for a sample with only native listeners the word-naming test was less 
discriminative. This will be further discussed in the Methodological considerations section. 

Lexical access in the auditory modality. After examining visual tests of lexical access to avoid 

words and pseudowords in aLDT were longer for two vocoder conditions compared to 

hypothesis that uncertainty in the input signal might cause more spurious activation of 

the use of a longer time-deadline. Accuracy was expected to be near ceiling in vLDT, since 

that possibly, in the harder vocoder condition, adopting a longer evaluation phase would 
not result in more accuracy, because there is not enough information available to use more 

its performance either by limits in the amount of available processing resources (resource-

limitations of processing seems important, because hearing- impaired listeners might try 
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General discussion

might not result in better performance. Thus, in the auditory modality, in contrast to the 

responses of listeners with normal hearing listening to degraded speech. This is in line with 

a pseudoword as a word, suggesting that they are used to guessing relatively often or 

might involve an adaptation to degraded input caused by long term hearing loss. 

THE INFLUENCE OF LINGUISTIC SKILLS ON SPEECH RECOGNITION

The effect of visually measured linguistic abilities on speech recognition. 

for pre-operative testing. The results of the study with three groups of NH listeners with a 

cognitive ability, were predictors of speech recognition in noise. 

clear, because auditory factors were the main predictors of the results. A comparison of the 
role of lexical access and vocabulary size with the role of other cognitive measures showed 
a relatively stronger impact of working-memory capacity on speech recognition than of 

to the results of several studies on the role of working memory in speech recognition in 

6
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recently pointed out that the relation between working-memory capacity and speech 
recognition in noise seems to be dependent of hearing status and age of the listener. 
Their analysis revealed that for young NH listeners working-memory capacity predicted 

capacity is probably important in sentence-in-noise recognition because with degraded 
input a listener needs to be able to reconsider speech segments in memory when more 

might be too poor to enable the use of top-down processing (i.e., for them processing 

linguistic and cognitive ability, on the one hand and speech recognition on the other 

The results of the present studies indicate that visually measured linguistic skills largely 

in-noise recognition that can be used pre-operatively. These measures may thus provide 
information for counselling pre-operatively and can help explain performance post-
operatively. 
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General discussion

The effect of auditorily measured linguistic abilities on speech recognition. The relation 

on sentence-in-noise recognition. However, the discussed results indicate that when the 

might change. Also, long term adaptation to degraded speech signals seems to change 

 of processing in lexical decision (in terms of the 

understand sentences in background noise. This seems plausible since running speech 
does not allow for long processing of separate words. 

processing. Listeners who in a lexical-decision test adopt a longer time deadline because 
of the degraded input, have more problems in longer segments of speech (as in the 

Thus, measures of auditory lexical decision, together with the earlier measures of visual 

research is needed in larger participant groups to obtain a better understanding of 
the exact relation between the separate LDT measures and how they relate to speech 
recognition.

6
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METHODOLOGICAL CONSIDERATIONS AND SUGGESTIONS FOR FURTHER RESEARCH

other studies have used the same criterion, indicating that they encounter similar problems 

acuities, other speech-in-noise tests or test methods could be considered, for instance, 

to compare participants over a wide range of performance or for follow-up of rehabilitation 

lexical access and, therefore, converging evidence is preferred to obtain a more accurate 

used next to the vLDT and results were combined in the composite measure LA. The 

precise word-naming test would probably give more representative results, for instance 

applicability together with lexical decision. 
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General discussion

with special reading or listening programs, and if it could be trained, whether this would 
improve speech-recognition performance.

and biomedical factors constant. This approach was successful in examination of the 

to investigate the role of auditory and visual lexical decision on speech recognition in 

users. To better understand the interaction between linguistic and cognitive ability with 

should be compared.

is less clear, because processing might be data-limited, and the use of linguistic and 

available to use linguistic or cognitive skills. Thus, including speech-in-noise test settings 

cognitive abilities.

6
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CLINICAL IMPLICATIONS
The studies described here give valuable information to consider when measuring speech-
recognition performance and relevant linguistic skills in clinical otological and audiological 

factors in speech-in-noise performance, although auditory capacity remains the main 

visual lexical-access ability or poor working-memory capacity potentially limit performance 

capacity in cases of poor speech-recognition performance after implantation, indicate that 
the poor performance is likely caused by poor auditory processing. Thus, these tests could 
help to interpret the results post-operatively and individualize rehabilitation programs. 

Using linguistic tests in clinical practice. 

or in research to measure lexical-access ability it is important to be aware of the factors that 

test lexical-access ability, not the vocabulary size. Secondly, it is important to use well 
formed pseudowords to ensure that lexical access actually takes place. Our results also 
support the assumptions of the model that response times for words and pseudowords 

Preferably a second test of lexical access is used to obtain a more accurate estimate of 
lexical access by looking at the functional overlap between tests. Although the simple 

probably give more representative results for groups of native listeners, like those tested 

Measuring speech recognition in clinical practice. 

that linguistic skills and working-memory capacity are important factors in speech 
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General discussion

task was associated with cognition, while performance on the digits-in-noise task was 

of a wide range of listeners with normal hearing, mild hearing losses, hearing-aid users, 

estimate of performance in the non-native language. The lower demand on linguistic and 

applicable to young children, providing an indication of mostly bottom-up processing of 

the other hand, for evaluation of daily life speech-recognition performance, where context 

sentence-in-noise test. 

or cognitive abilities should be evaluated to obtain a better understanding of the locus 

GENERAL CONCLUSIONS
The main purpose of cochlear implants for postlingually deafened adults is to restore 
communication abilities. Speech-recognition performance measures are, thus, very 
relevant to evaluate cochlear implant outcome. The results of this thesis demonstrate that 

6
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Chapter 6

can be used as an alternative. 

vocoded speech, indicating that they have adapted their processing strategy for listening 

make a decision and seem to be used to guessing and select the most probable target 
word when they mishear parts of the stimulus.

Sentence-in-noise recognition of normal-hearing listeners with lower linguistic abilities, 
including non-natives listeners, was largely explained by lexical-access ability and to a 

working-memory capacity and to a lesser extent lexical-access ability predict sentence-
in-noise performance. These measures, thus, may provide information for counselling 
pre-operatively and can help explain performance post-operatively. Performance of these 
patients may be resource-limited and rehabilitation should focus on strengthening the 

helpful in identifying whether speech-recognition performance is data limited or resource 
limited and hence determining the rehabilitative approach. 
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Summary

of the underlying factors that explain this wide range of performance is needed to improve 

recognition were distinguished. An increasing interest has emerged in non-auditory factors, 

between clinically applicable linguistic measures and speech-recognition performance 

access ability and vocabulary size were used as measures of linguistic abilities. As these 
studies are focused on people with limited auditory abilities, there is a need for a speech-
recognition test which is applicable over a wide range of auditory capabilities. Additionally, 
linguistic abilities need to be tested such that the results are not limited by poor auditory 

measure speech-in-noise recognition ability comparable to the Sentences in Noise test 

test was added to the standard test battery with phoneme recognition in monosyllable 

abilities independent of auditory performance, as would be needed in pre-operative 

vocabulary size. Young adult listeners with normal hearing were tested to avoid interaction 
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Summary

non-native listeners. Lexical-access was measured with well-known tests that were built 

showed that lexical-access ability was best measured with the combined results of both 

in the two groups of native listeners. The results described in this chapter showed that 
lexical decision and word naming are suitable measures of lexical-access ability and they 

the test applicable to a wider range of listeners. 

and a test of the ability to recognize visually masked sentences (with a visual analogue 

. Correlation analyses revealed that better 

 scores were related to better working-memory capacity and 

post-operative factors suggest that poor verbal working-memory capacity and, to a lesser 
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Summary

between measures of linguistic skills in the auditory domain and speech understanding 

a large bias toward real-word responses, which was not present in the normal-hearing 

to listening to degraded stimuli. Correlation analyses with measures of speech recognition 

word response times in the auditory lexical-decision test. The sentence recognition in 

responses. These results show that measures of auditory lexical decision together with 

use.

their limits and that adaptive tests of speech recognition in noise can provide more and 

may also be used for follow-up measurements to monitor progress in speech-recognition 

auditory functioning in everyday listening situations, because it involves more linguistic 

test, keyword scoring can be used as an alternative. The relation between linguistic and 
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Overall, visual measures of linguistic abilities and working memory should be used to 



516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp516088-L-bw-Kaandorp
Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018Processed on: 2-1-2018 PDF page: 165PDF page: 165PDF page: 165PDF page: 165

Samenvatting

SAMENVATTING

in een rustige omgeving. De  onderlinge  verschillen in de vaardigheid om spraak te 

onderliggende factoren, die deze grote variatie in het verstaan van spraak verklaren, beter 

mate is er aandacht voor de rol van niet-auditieve factoren, zoals werkgeheugencapaciteit 

relaties tussen klinisch toepasbare talige maten en de vaardigheden in het verstaan van 

werden woordherkenning (i.e., lexicale toegang, de toegang tot woorden in het mentale 

met beperkte auditieve vermogens. Om die reden was er behoefte aan een test die het 

auditieve vermogens. Bovendien moesten talige vaardigheden zodanig worden getest 
dat de uitkomsten niet werden beïnvloed door de auditieve beperkingen. De eerste 
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waren sterk gecorreleerd. Uit deze onderzoeksresultaten bleek dat de tests die momenteel 

op verschillende maten voor het verstaan van spraak in ruis. De deelnemers aan dit 

met auditieve vermogens of biomedische factoren werd beperkt. Talige vaardigheden 
werden in kaart gebracht met visuele tests voor het meten van lexicale toegang en 
woordenschatgrootte. Deze tests werden gekozen omdat ze talige vaardigheden meten 

test als de responsen van deelnemers werden gescoord op basis van correct herhaalde 
sleutelwoorden in plaats van het correct herhalen van de volledige zin.

het meten van de vaardigheid in lexicale toegang werden twee bekende testmethodes 

Uit een evaluatie van de uitkomstmaten bleek dat de vaardigheid van lexicale toegang 
het best kon worden gemeten met de gecombineerde resultaten van de twee tests. 
Non-native luisteraars presteerden beduidend minder goed dan native luisteraars op de 

studiegroep en een kleiner deel in de twee groepen met native luisteraars. De resultaten 

Samenvatting
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die in dit hoofdstuk worden beschreven, toonden aan dat de tests voor lexicale decisie 

talige en cognitieve maten en verschillende maten voor spraakverstaan werd onderzocht 

met visuele tests voor lexicale toegang en woordenschatgrootte. Daarnaast werden de 

Verder werden biomedische en audiologische factoren onderzocht. Er werden geen 

hielden met een beter werkgeheugen en een kortere duur van gehoorverlies. Betere 

postoperatieve factoren suggereren dat een kleinere verbale werkgeheugencapaciteit en, 
in mindere mate, een minder snelle lexicale toegang het verstaan van spraak beperken 

interactie tussen maten van talige vaardigheden in het auditieve domein en het verstaan 

dat de relatie tussen visuele lexicale toegang en het verstaan van spraak in ruis minder 

Samenvatting
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Samenvatting

onderzoeken op de uitkomsten van een auditieve

te maken van een andere strategie voor lexicale toegang dan normaal horende luisteraars 

stimuli. Deze resultaten tonen aan dat het meten van vaardigheden in lexicale decisie, 

Het laatste hoofdstuk bespreekt de bevindingen van de beschreven onderzoeken en hun 

gebruikers. De resultaten tonen aan dat het meten van het verstaan van eenlettergrepige 

van spraak in ruis en wordt minder beïnvloed door cognitieve en talige vaardigheden.  De 
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in het spraakverstaan na cochleaire implantatie te volgen. Omdat het verstaan van zinnen 

om het auditief functioneren in alledaagse luistersituaties te evalueren. Als luisteraars 

goede talige en cognitieve vaardigheden te beperken. De studieresultaten geven aan dat 
het in kaart brengen van talige vaardigheden en werkgeheugen in de visuele modaliteit 

de operatie. Daarnaast kunnen de resultaten van deze tests, in combinatie met auditieve 

Samenvatting
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