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Abstract

Phonological awareness is a crucial component of reading development and a 

phonological deficit has been consistently found in poor readers. Associations have 

previously been found between basic auditory processing and phonological 

awareness (PA). Studies of the auditory processing abilities of poor readers, 

however, have found conflicting evidence of deficits for perceiving either fast or 

slow rates of acoustic change, both of which may act as cues for speech perception. 

The evidence for a perceptual deficit which is specific to speech in poor readers has 

also been inconclusive, and the exact contribution of speech processing to 

phonological awareness is not known. The aim of the present research was to 

investigate if a difference exists between poor readers' and normal readers' 

processing of the acoustic cues within speech in PA tasks and if this contributes to 

poor readers' phonological deficit. Previous research has studied the effect of sub- 

optimal listening conditions on the presence of speech perception deficits in poor 

readers. The effect of sub-optimal listening conditions on the presence of 

phonological deficits in poor readers, however, has not been studied. This research 

set out to investigate the robustness of the phonological deficit in a variety of 

listening conditions with both children and adult poor readers. The studies 

presented in this thesis used various methods to modify the speech in phonological 

awareness tasks. These tasks were administered to groups of poor readers (mean 

age=8 years 10 months), chronologically age matched controls (mean age= 8 years 

10 months) and reading age matched controls (mean age=6 years 8 months). 

Neither the enhancement of high nor low frequency bands In speech were found to 

improve PA in poor readers or controls. Slow fluctuations in noise masking of
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speech in a PA task were found to impair PA performance more so than fast 

fluctuations in noise masking, although the latter may provide benefits for response 

speed. The temporal expansion of speech in a PA task was not found to benefit 

poor readers. Typically developing children were found to be sensitive to the 

temporal degradation of speech in a PA task when the words were compressed to 

50%, while the poor reading children were not. When this was followed 

longitudinally, the younger controls developed to display the same sensitivity to 

temporal degradation that the older controls had displayed the previous year. The 

fourth study used event related potentials to find that dyslexic adults (mean age 

25.5 years) experience difficulties in processing speech tokens and words during a 

PA task in addition to their impairment for phonological segmentation. The 

research in this thesis found that the PA deficit in poor readers was robust across 

multiple age groups as well as across both optimal and sub-optimal listening 

conditions. This research brings some clarity to the speech-in-noise research of poor 

reading, as for the first time, noise masked speech was used within a PA task. This 

novel study design facilitated the finding of evidence to suggest that speech-in

noise deficits are absent in poor readers even when measured with an explicit PA 

task, rather than with the basic speech perception tasks used in earlier research. A 

further contribution of this work is the finding of evidence that poor readers and 

normal readers use speech perception skills differently: Differences were found 

between poor and normal reading children in terms of how they respond to 

compressed speech and differences were found between poor and normal reading 

adults in terms of their ERP responses to speech in a PA task. The EEG study design 

allowed ERP responses to all words in a PA task to be studied. This is a significant
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advantage over previous research which could only analyse responses to the target 

word. An additional methodological contribution of this thesis is the development 

of a method of error analysis for PA tasks. The findings of the present studies 

allowed a model of the development of sensitivity to acoustic cues in speech to be 

presented in the general discussion, alongside an overview of the evidence for 

differences in how poor and normal readers may process speech in PA tasks.
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Chapter 1 - Typical reading development

1.1 Learning to read

Learning to read is a crucial element of child development, and reading skills are 

weightily emphasised throughout a child's education. Although reading tuition is a 

consistent element of pedagogy, most accounts of how children learn to read 

involve the progression of the child through numerous distinct stages of skill 

acquisition. The models discussed here account for how a child may progress from a 

pre-reading period to early reading, decoding and finally fluent reading though the 

number of distinct phases in each model may vary (Ehri, 2005). Frith (1985) 

proposed that if reading development is viewed as consistent learning through a 

steady trajectory, phenomena such as sudden improvements, very slow changes 

and plateaux cannot be sufficiently explained. Mapping reading development as 

progress through a series of clear steps provides the advantage of accounting for 

sudden changes or falls in performance, as new strategies may be abruptly adopted 

and previous strategies dropped from use. Not only should the reading style of each 

phase be considered, but also what developmental change occurs to allow the child 

to transition from one stage to the next and how skills from each phase are 

maintained or neglected as development progresses. The models discussed here 

also provide the advantage of describing how teaching methods typically stimulate 

progression to more advanced stages of reading development.
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Frith's (1985) developmental model is regarded as the standard model for reading 

in alphabetic languages (Ramus, 2004). Frith (1985) described three stages in the 

acquisition of reading skills: logographic skills, alphabetic skills and orthographic 

skills. The first stage, where logographic skills dominate the reading strategy used 

by the child, involves instant recognition of words that are familiar to the reader. 

Visual cues are critical for recognition of words at this stage. Phonological 

information, i.e. information about the individual sounds which the word is 

composed of and letter order, is attended to minimally. Before the child is able to 

reach this phase, they must establish meta-linguistic skills, i.e. concepts of words 

and sentences. The onset of this phase is variable. When it begins, the child may 

quickly acquire a vocabulary of words that they recognise by sight. Frith (1985) 

suggests that errors in this phase are representative of the strategy's limitations. A 

child might read "Max" as "Alex" because they usually use the "x" in "Alex" to 

identify that word. Marsh (1981) found evidence to support this use of only minimal 

features to recognise a word. Marsh found that sounding out the first letter of a 

word helped with recognition, without decoding all the letters and without needing 

information about the rest of the sounds within the word. Once the child begins to 

gain skill with the alphabet and phonemes, i.e. the smallest meaningful units of 

sound within a word, the alphabetic phase begins (see Figure 1.1. for an explanation 

of the various sizes of units of phonological segmentation into which a word can be 

decomposed). At this point the child will decode each grapheme (written letter) 

into a phoneme, and can attempt to read novel words. Frith (1985) suggested that 

reading using this left to right decoding strategy may be influenced by spelling
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practice. The temporal order of the letters begins to be valued at this stage, which 

was previously ignored in the logographic stage). Bradley and Bryant (1979) found 

that children's spelling reaches an alphabetic strategy before their reading. Pre- 

reading children were able to spell simple mappings of grapheme to phoneme, like 

"bun", despite not being able to read them. The third phase begins when the child 

develops a syllabary of letter strings. Onset of this phase is possibly triggered by 

teachers' emphasis on blending phonemes into longer strings. Using this 

knowledge, the child can now instantly convert words into orthographic units. This 

phase differs from the logographic phase as the child begins to use an analytic 

strategy and from the alphabetic phase as the child does not depend on phonemic 

decoding. Frith (1980) found that reading ability may reach this stage first, before 

spelling ability. A group of children in her 1980 study were able to distinguish 

between homophones when reading ('whole' vs 'hole'), but could not consistently 

write them.

Syllable CUFF
Onset/Rime CL / IFF 
Phoneme C / L / I / FF

Figure 1.1 -  Example of the various sizes of units of phonological segmentation for 

an example word, "CLIFF". Syllable is the largest unit; a vowel sound, in this case 

surrounded by consonants. The onset is the initial consonant or cluster of 

consonants and the rime is the remainder of the word. Phonemes are the smallest, 

meaningful sounds within a word.



13

Frith's three phase model provides a clear picture of the developmental trajectory 

necessary for learning to read efficiently. Her model also makes clear how failure to 

move beyond the use of early skills, such as logographic recognition, or failure to 

acquire alphabetic skills will result in failure to read fluently. Ehri (1995) suggested 

modifications to this model, splitting reading development into four phases: pre- 

alphabetic, partial-alphabetic, full alphabetic and consolidated alphabetic. In the 

first phase, Ehri (1995) explains that, prior to gaining alphabetic knowledge, 

children rely on visual characteristics of the word. Gough, Juel and Griffith (1992) 

explained that attributing physical qualities of the word's meaning to the word's 

grapheme string may aid identification in this phase, e.g. "camel” has 'humps' 

(relating to the shape of the "m"). Masonheimer, Drum and Ehri (1984) found 

evidence of individual letters not being important to children in this phase as long 

as the context of the word remained the same, e.g. changing a "PEPSI" label to 

"XEPSI" did not affect how pre-alphabetic children pronounced the word. Beech 

(2005) proposed that "salient visual cue phase" was a more appropriate term for 

this stage in reading development. Ehri (1995) suggested that children move on 

from this phase once they begin to receive alphabetic tuition and are able to 

attribute sounds to letters. In this partial-alphabetic phase, they may only use the 

first and last letters to help identify the word. Savage, Stuart and Hill (2001) found 

that children in this phase made an increased number of errors discriminating 

between words which had the same first and last letter in comparison with 

discriminating between words which did not share first or last letters. Frith's model 

included both these pre and partial alphabetic skills within her logographic phase,
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but Ehri & Wilce (1985) found evidence to distinguish between these types of 

readers. Pre-alphabetic readers and partial-alphabetic readers were presented with 

either a set of words spelled with varied shapes, but where the spelling had no 

relation to the sound of the word (e.g. spelling "mask" as uHo), and with a set of 

words spelled with salient phoneme information (e.g. spelling "mask" as MSK"). 

Pre-alphabetic readers had more success with recognising the former words, and 

partial-alphabetic had more success with the latter. Frith suggested that children 

move into a full alphabetic phase once they have sufficient knowledge of 

grapheme-phoneme correspondences and Ehri agreed with this in her model. She 

disagreed, however, with Frith's suggestion that children stop using decoding 

strategies in order to move into the final stage of reading. Rather than an 

orthographic phase, Ehri proposed a consolidated alphabetic phase in which sight 

word reading is aided by grapheme-phoneme connections. Sight word reading is 

instantaneous recognition of previously encountered words. The grapheme- 

phoneme connections used for sigh word reading become consolidated into larger 

units such as rimes, syllables. Decoding is still involved in this phase, but memory 

load is reduced as fewer units need to be processed than in earlier phases.

Ramus (2004) criticised Frith's (1985) model for being too dependent on explicit 

phonics instruction (a style of reading tuition that emphasises decoding in small 

units) for becoming a successful reader. Section 1.2 of this chapter (Phonological 

awareness and reading), however, will outline the evidence for the importance of 

phonological skills (using various sizes of sub-syllabic units) for learning to read of

learning to read.
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Connectionist models of reading

The phase models outlined above accounted for the progression that children may 

move through when acquiring the skills necessary for fluent reading. Computational 

models have been created to Investigate how mappings between letters and sounds 

are made and how these correspondences affect the lexicon built by reading 

experience. These models have attempted to map how orthography, phonology 

and semantics are processed and represented when reading, stimulated by an Input 

of text and resulting In an output of pronounced words.

Coltheart, Curtis, Atkins and Haller (1993) presented a computational model called 

the dual route cascaded (DRC) model of reading which used two routes: a lexical 

and a non-lexlcal route. Coltheart et al.'s (1993) DRC model processed words using 

two separate processing routes. The lexical route would process orthographic 

Information, select an appropriate entry from the lexicon, and create a phonological 

output. The non-lexlcal route of the DRC model converted the orthographic Input 

Into graphemes, then Into phonemes, and then created a pronunciation for the 

word. Coltheart et al. (1993) used this model to account for reading difficulties as 

being a consequence of a damaged non-lexlcal route. This model, however, does 

not account for learning or for the building of the lexicon and associations of 

grapheme-phoneme pairings over time. It only accounts for word processing by 

skilled reader.

Parallel distributed processing (PDP) models of reading (Harm & Seldenberg, 1999; 

Plaut, McClelland, Seidenberg & McClelland, 1989; Seldenberg, & Patterson, 1996) 

are connectionist models which complete language tasks such as word reading, 

writing, speaking. Like the DRC model, PDP models represent orthographic and
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phonological information, but with the addition of semantic information, i.e. 

meaning and context. Plaut et al. (1996) created the Triangle model (see Figure 1.2) 

in which information from these different levels of lexical information is 

represented by sets of neuron like processing units. Connections between these 

units are mediated by sets of hidden units. In order to carry out language tasks, e.g. 

creating a phonological output from an orthographic input), networks of activation 

between the units need to be created. The weight of activation of each network 

determines how quickly and efficiently the task can be completed. In order to 

complete the task as efficiently as possible, PDP models use a learning process of 

backpropagation. This involves the comparison of the output string, created by any 

given network of activation between units, with the correct target. The discrepancy 

between the output and the correct target is used to determine the weight that 

network should be given. Seidenberg and McClelland's (1989) model was presented 

with an input of 2900 words and the more frequently a word was presented, the 

more it influenced the learning of grapheme-phoneme correspondences. More 

frequently presented words gave more weight to the activation network for that 

particular pronunciation of a letter string than less frequently presented words gave 

to their associated pronunciations. Though this suggests that the models can 

account for how a child may learn to read when provided with feedback, e.g. from a 

teacher, there are some problems with the proposed learning strategy of 

backpropagation. Plaut et al. (1996) said that PDP models have a distinct advantage 

over the DRC model as there is no need for a theoretical lexicon. Dual processing 

models of reading required a lexicon, a dictionary look-up strategy, to account for 

phenomena such as frequency effects (more frequent words are read more
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efficiently than infrequent words). This can also be accounted for using a 

connectionist model as frequency still effects the weight of the connections used to 

create a pronunciation, but with an explanatory approach closer to a neural level, 

i.e. connections between processing units. Seidenberg (2007) comments that 

although these models use neuron-like processing units, neurons do not actually 

behave like this. Neurons do not use feedback to determine strength of connections 

in task oriented networks. Although backpropagation learning is similar to teacher 

feedback for child learning, children also provide their own internal feedback by 

using comprehension skills to ensure the output makes sense in the context of the 

task. Seidenberg (2007) suggested that PDP models could be improved if the 

feedback was inconsistent, i.e. not wholly generated on every trial, to ensure robust 

learning and not word specific learning.
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Figure 1.2 -  Plaut et al.'s (1996) Triangle model shows the connections between 

groups of processing units for the various levels of lexical information, with arrows 

dictating connections between units (Reproduced from Plaut et al., 1996)

Overall, connectionist models have provided some Insight Into potential 

mechanisms for learning based on word exposure. They have done this without the 

need for dictionary style mechanisms, which bear little resemblance to anything 

that happens on a neural level. Given that phonological processing Is a crucial 

component of both the computational models and of the stage/phase models 

discussed earlier, the next step in this review of reading development Is to explore 

the acquisition of phonological skill Itself.
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1.2 Phonological awareness and reading

It was clearly apparent in the reading models discussed earlier that the ability to use 

phonological cues played a key role in the progression to successful reading 

development. Response to the teaching of the alphabetic principle, grasping 

grapheme-phoneme connections, and the recognition of letter strings were all 

necessary steps in reaching fluent reading. It is broadly accepted that phonological 

awareness, i.e. the ability to detect and manipulate small units of sounds within 

words, is a crucial skill for learning to read fluently (Vellutino, Fletcher, Snowling, & 

Scanlon, 2004). As described earlier, words can be segmented into various sizes of 

sound units, and there has been extensive debate over which of these sizes is most 

important for reading development (see Fig 1.1 for example of levels of 

segmentation). The smallest units of sound that it is possible to segment a word 

into are phonemes, for example, "CAT" can be segmented into 3 phonemes ~ /k/ 

/ae/ /t/. A word can also be segmented into onset and rime. Here segmentation 

occurs after the first consonant or consonant cluster, e.g. "CAT" can be segmented 

into k/aet. The largest units of sound within a word are syllables, e.g. the two 

syllables in "CARPET" are "kar -pet".

The importance of phonological awareness is highlighted by studies that show it to 

be predictive of later reading ability in typically developing children. Phonological 

awareness tests involve the manipulation of words in terms of one of the three 

possible unit sizes: phoneme, onset/rime and syllable. Some PA tasks involve the 

deletion of a unit, e.g. a phoneme deletion task involves the removal of a phoneme 

from the word. The child may be asked "What is cat without the /k/?", to which the
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correct response would be "at". Onset and rime deletion tasks may also be used to 

test phonological awareness, e.g. a rime deletion task may ask "What is cat without 

the [at]?" and the correct response would be "/k/". Oddity tasks may also be used 

to test phonological awareness. These involve selecting the word that differs from 

others presented, in terms of one unit. A phoneme oddity task may require the 

child to choose the word which has a different "beginning sound" (first phoneme), 

e.g. "mat, mop, cat". "Cat" is the correct answer as it has a first phoneme that is 

different to the other words' first phonemes. An onset or rime oddity task is also 

used to test phonological awareness, e.g. selecting "bat" from "ball, bat, fall", as 

"bat" has a different rime. Two key questions should be considered when looking 

at the literature on phonological awareness' contribution to reading development. 

Which level of segmentation is most important for reading?

What type of phonological awareness task is most useful in assessing this level of 

segmentation?

The following subsections of this chapter will address these two questions.

1.2.1 Onset/rime level PA's contribution to early reading

Bradley and Bryant (1983) carried out a longitudinal study which used a pre-school 

assessment of phonological awareness skills to predict later reading ability. They 

administered oddity tasks to 403,4-5 year old, children who had not yet had any 

formal reading tuition. In the oddity task, the odd word out did not share any 

phonemes with the others, e.g. “RUG, PILL, PIN". In the longitudinal follow up, 3 to 

4 years later, it was found that these phonological skills significantly predicted 

reading (r = +.57) and spelling abilities (r = +.48), after controlling for memory,



vocabulary and IQ. Goswaml and Bryant (1990) presented a model for how 

onset/rlme awareness contributes to reading ability. They suggested that children 

learn to read by attending mostly to the letters important for onset/rime 

segmentation, as is reflected in the predictive ability of the onset/rime task for later 

reading ability in Bradley and Bryant's study (1983). Once skill with these larger 

units is established, children learn phoneme awareness. Goswami and Bryant 

(1990) suggest that phoneme skills develop partly because there is a reciprocal 

relationship between phonological awareness and reading and partly because 

learning onset/rime distinctions will also often correspond to learning to segment at 

the first phoneme, e.g. the /d/ in "dog" is both the onset and the first phoneme. 

Bryant, Maclean, Bradley and Crossland (1990) found evidence to support this 

developmental model, where onset/rime skill influences reading through two 

routes: directly in the early stage of development, and indirectly later in 

development via phoneme awareness. In a longitudinal study of 64 children, they 

tested participants using an alliteration task (measuring ability to categorise words 

according to onset) at 4 years 7 months, an initial phoneme deletion task at 5 years 

11 months and finally reading and spelling at 6 years 7 months. Bryant et al. (1990) 

used causal path analysis, and found that onset/rime awareness contributed to 

reading through two routes. One route directly predicted reading at 6 years old 

from rime awareness at 4 years old, and the other route indirectly predicted 

reading at 6 years old from rime awareness at 4 years old via phoneme awareness 

at 5 years old. Savage and Carless (2005) criticise Bryant et al. (1990) for not testing 

phoneme awareness at the first time point (mean age 4 years 7 months) as it too 

may have predicted reading at age 6. Castles & Coltheart (2004) also criticise
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Bryant et al. (1990) for not controlling for early literacy when predicting later 

reading from PA at the first point. Castles & Coltheart suggested that the mean age 

(4 years 7 months) made it likely that the Bryant et al.'s sample possessed some 

level of reading ability at the beginning of the study. This may have contributed to 

the prediction of later reading ability. It should also be noted that the onset/rime 

task involved only the ability to categorise words as rhyming or not, whereas the 

phoneme awareness task involved actual manipulation of the word. Snowling, 

Hulme, Smith and Thomas (1994) investigated the processing demands of this 

sound categorisation task. They investigated the effect of phonetic similarity of 

items on this task and of the number of items (3, 4 or 5) on task performance. They 

found that, although memory load did not significantly influence task performance, 

increased phonetic similarity made the task harder. Muter et al. suggested that this 

task be more of a measure of speech perception than of phonological 

segmentation, due to the effect of phonetic similarity on task performance.

1.2.2 Phoneme awareness & contribution to reading

Seymour and Evans (1994) tested the developmental model of the progress from 

onset/rime to phoneme skills, but also included include phoneme skills in the 

earliest testing stage (unlike Bryant et al., 1990). They administered both 

onset/rime and phoneme segmentation tasks to preschool children (4-5 years), year 

1 (5-6 years) and year 2 children (6-7 years). The findings failed to support Goswami 

and Bryant (1990) as the preschool children found both tasks too difficult and the 

year 1 and 2 children both scored more highly on the phoneme task than on the 

onset/rime task. The developmental model would have predicted that the younger
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children score more highly on onset/rime than phoneme segmentation. Hoien, 

Lundberg, Stanovich and Bjallid (1995) looked at PA skills with phonemes, rhymes 

and syllables in two separate samples: one of preschool children (6 years 5 months 

to 7 years 5 months, n=128) and the other in their first year school (7 years 4 

months to 8 years 4 months, n=1506). Hoein et al. found, in multiple regression 

analyses, that early phoneme skills were a much stronger predictor of later reading 

ability than the larger units were (beta of .546 for phoneme, .136 and .143 for 

rhyme and syllable respectively).

Nation and Hulme (1997) administered two segmentation tasks (phoneme and 

onset/rime) and two sound categorisation tasks (alliteration and rhyme) to three 

groups of 25 children: year 1 (mean age 6 years 1 month), year 3 (8 years), year 4 (9 

years). They found the year 1 group was significantly better at onset/rime than 

phoneme segmentation (pc.OOl), year 3 showed a non-significant difference 

between the two types of phonological segmentation, and year 4 showed a trend of 

being better at phoneme segmentation than onset/rime It should be noted the 

stated improvement of phoneme segmentation over onset/rime for year 4 had a 

significance value of p>0.06. There was no trend of improvement at onset/rime as 

year increased but there was a pattern of year 4 scoring higher than 3, who scored 

higher than 1 on phoneme segmentation. When controlling for all other variables, 

phoneme segmentation was a significant predictor of spelling and reading ability, 

whereas onset/rime failed to correlate with age, reading or spelling ability. Sound 

categorisation (alliteration and rhyme) predicted reading and spelling but this failed 

to be significant when phoneme skill was controlled for. Nation and Hulme (1997) 

speculated that onset/rime may not be related to reading and that failure to move
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beyond this level of phonological segmentation only occurs if that size of unit is 

emphasized in the teaching methods the child is exposed to. The children in the 

study were receiving "look and say" and phonics based teaching, which emphasizes 

use of small units, and this may have influenced their effective use and increased 

skill with age, of phonemes.

Hulme et al. (2002) measured oddity, detection and deletion PA tasks, on onset, 

rime, initial phoneme and final phoneme for 72 children (mean age 5 years 6 

months). They assessed reading at a second time point with a lag time that ranged 

from 7 to 14 months. Reliability coefficients were calculated for each of the PA 

tasks. Deletion tasks scored consistently high, detection less so, and oddity tasks 

had consistently poor reliability (a<.7). This again highlights problems with the use 

of oddity tasks in support of the early importance of onset/rime may (Bradley & 

Bryant, 1983; Goswami and Bryant, 1990). From regression analyses of variance in 

reading accounted for by performance on the various PA measures, Hulme et al.

(2002) found that performance on the initial phoneme tasks significantly accounted 

for 10% unique variance in reading and that no other tasks accounted for unique 

variance. Composite scores on all phoneme measures, and all onset/rime measures 

were calculated. Phoneme awareness significantly accounted for 13% unique 

variance in reading whereas onset/rime awareness accounted for only 1% variance 

(non-significantly). They also found that initial phoneme skill was the only PA skill 

that acted as a unique predictor of later reading from PA performance at time 1.

The authors noted, however, that the children already had a level of reading ability 

at time 1, and ran a second regression analysis to control for reading at the first
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assessment. This revealed that final phoneme skills were the only unique predictor 

of later reading. Hulme et al.'s study (2002) provides strong evidence that phoneme 

skills both accounted for significantly variance in reading and acted as significant 

predictors of later reading ability in contrast with onset/rime skills which did not. It 

should be considered that the task in this study provided feedback to the child, and 

Bryant (2002) suggested that it was possibly more of a measure of response to 

phonological training than a pure measure of phonological awareness. Savage and 

Carless (2005) administered both onset/rime and phoneme tasks in a longitudinal 

study of 351 children aged 5 at their first testing. They found that phoneme 

manipulation at 5 years predicted later reading skill at 7 years, after controlling for a 

range of individual and environmental differences. In contrast, onset and rime 

awareness made no significant prediction of later reading skill, after phoneme 

awareness had been controlled for in the regression analysis. It is apparent that for 

children beginning reading tuition, phoneme awareness may be the most critical 

measure of phonological skill.

In addition to their higher reliability, phoneme deletion tasks may also have the 

advantage of lighter working memory demand than onset/rime tasks. Oakhill and 

Kyle (2000) administered a sound categorization task (identifying an odd-one-out of 

four words on the basis of a differing onset or rime), a phoneme deletion task, and 

a working memory task to 58 children (with a mean age of 8 years 1 month). The 

working memory task was a sentence span task, which required children to fill in 

the missing final word in a series of sentences and then recall these final words in 

order. They found that the working memory task did not predict performance on
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the phoneme deletion task. Performance on the onset/rime measure, however, was 

significantly predicted by working memory, independent of reading ability.

1.2.3 Transition of PA skill from onset/rime to phoneme

Goswami (2002) deemed Hulme et al.'s (2002) assertion of phoneme skills as the 

overall best predictor of reading to be "misleading". Goswami and Bryant's (1990) 

developmental model actually stated that onset/rime skill was most important for 

pre-readers and that the most efficient predictor depends on stage of reading 

progress. The children in Hulme et al.'s study had already begun reading tuition 

using phoneme methods. Goswami (2002) suggested that if Hulme et al. had tested 

pre-readers, they would have been unable to complete the phoneme tasks. In a 

study by Bryant et al. (1989), phoneme tasks could only be completed by children at 

a minimum of 5 years 6 months. Bryant (2002) agreed that phoneme skill did act as 

a predictor of reading in children in Hulme et al.'s study (2002) and that this does 

not actually contrast with the developmental model of transition from onset/rime 

to phoneme awareness. He acknowledged that onset/rime skills affect reading 

directly early on, then indirectly via phoneme awareness. This suggests that 

spelling/reading dissociations (as seen in Frith's 1985 phase model) highlight a 

period in which phoneme skill has not yet developed for reading: the early period in 

Frith's model during which children can spell grapheme-phoneme based words but 

cannot read them. In addition to the early use of onset/rime by pre-readers, 

Goswami (2002) suggested that larger units of phonological segmentation are also 

used by adult readers. The skill may be retained later into development (i.e. both 

the direct and indirect influences of onset/rime on reading remain). Treiman et al.



(1995) suggested that larger units are advantageous to adult readers as they are 

less ambiguous than the many pronunciations of grapheme-phoneme 

correspondences. Ziegler and Perry (1998) also found that adults are able to use 

rime to aid visual recognition of words. Brown and Ellis (1994) suggested that, for 

early readers, large and small units each have their advantages and disadvantages. 

This may lead to discrepancies between phonological and orthographic processing 

for each unit size. Small units may be more easily represented orthographically than 

large units are. However large units may be more easily represented phonologically 

than small units are, as the former are pronounced with more consistency than the 

latter. There is, however, considerable evidence that early readers show no 

preference for onset/rime segmentation (Hoein et al., 1995; Hulme et al., 2002; 

Nation and Hulme, 1997; Seymour and Evans, 1994). This phenomenon of 

conflicting representations may not occur for a beginning reader when small unit 

tuition has been emphasized. Metsala and Walley (1998) suggested that the 

transition of segmentation skill from large to small units is influenced by vocabulary 

size. When vocabulary is small, there is no necessity to represent words in fine 

detail/small units. As vocabulary increases, both the need for specificity increases 

and the phonological detail of word representations also increase. Metsala and 

Walley also point out that an increasing vocabulary will increase the number of 

phonological neighbours of any given word (phonological neighbours are words that 

are phonologically similar). Goswami (2002) agrees that phonological neighbours 

may affect the unit size for phonological representation, but argues that the 

qualities of the words being learned are more important than the size of the 

vocabulary. Goswami (2002) proposed that if we accept a connectionist approach
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(Harm and Seidenberg, 1999), i.e. that the statistical structure of the input affects 

the brain's representation of phonological knowledge, then the frequency of a 

phonological input will affect the representation of those phonological units and 

the sound output created. Goswami and De Cara (2000) found that 58% of words in 

dense phonological neighbourhoods depend on rime to be deemed similar, 

whereas only 41% in sparse phonological neighbourhoods were similar on the basis 

of rime. Goswami and De Cara (2000) found that children were better at rhyme 

tasks when the stimuli words were dense phonological neighbours than when they 

were words in sparse phonological neighbourhoods. Therefore it is likely that early 

acquired words increase the demand for onset/rime segmentation skill, as they are 

often dense phonological neighbours and therefore rime neighbours (e.g. pot, 

shot),. As more complex words are learned, which are no longer as likely to be 

dense phonological neighbours, emphasis for phonological segmentation shifts to 

phoneme sized detail.

It is clear, from the research of PA's role in reading development, that skills at 

segmenting words into both large and small units contribute to reading 

development. It is possible, however, that onset/rime is only independently 

important in pre-reading children. Once children have begun reading tuition, 

phoneme level segmentation may rapidly become the most important skill. The 

increased reliability of deletion tasks, especially phoneme deletion tasks, suggests 

that these may be the most revelatory about phonological awareness. Phoneme 

deletion tasks may therefore be the most useful for the prediction of later reading 

success. Ideally these tasks should avoid feedback, to avoid the problem of the task
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being more of a measure of response to training than skill (Bryant, 2002). They also 

offer the advantage of lower demand on working memory, as shown by their 

independence from working memory (Oakhill and Kyle, 2000).
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Chapter 2 - Poor reading and dyslexia

2.1 Introduction

After reviewing accounts for the typical development of reading, it is clear that 

acquisition of efficient phonological awareness skill is a necessary step in learning to 

read fluently. Disruption in learning to read accurately and fluently, when other 

facets of learning are unaffected, is diagnosed as developmental dyslexia (Snowling, 

2001). It should be noted that when discussing accurate and fluent reading, the 

decoding of text into a verbal pronunciation is the skill being referred to and not the 

comprehension of text. Variation in the criteria for a diagnosis of dyslexia has led to 

considerable variance in the reported prevalence of dyslexia. The discrepancy 

definition of dyslexia states that a person can be diagnosed with the disorder if their 

score on a reading test is significantly below what would be expected for their age 

and IQ. Using criteria that required participants' reading scores to be 2 standard 

deviations (SD) below what would be expected for their age and IQ, Yule, Rutter, 

Berger and Thompson (1974) found dyslexia to be present in 3.1% of children on 

the Isle of Wight and 6.3% of children in a sample from Inner London. Stein (2001), 

also using a discrepancy cut off point of 2 standard deviations, found that 9.4% of a 

sample of nearly 400 children from Oxford were dyslexic. Shaywitz, Escobar, 

Shaywitz, Fletcher & Makugh (1990) found that in first grade, 5.6% of children met 

the diagnostic criteria, as did 7% in third grade and 5.4% in fifth grade, using a 1.5 

SD cut off. The variation in prevalence of discrepancy defined dyslexia is clear, but 

reading difficulties may be more observed with more increased prevalence when IQ 

is not used to discriminate between types of poor readers.



31

2.1.1 Discriminating between dyslexia and poor reading

Formal diagnosis of dyslexia requires a significant discrepancy between IQ and 

reading ability. It may not be the case that the reading difficulties of this group are 

significantly different from difficulties experienced by a group of poor readers who 

have comorbid low IQ. Stanovich (1988) found that “garden-variety" poor readers 

(the term he coined for those with reading difficulty, but without the discrepancy 

with IQ) did not differ from those diagnosed with dyslexia, in terms of the problems 

they exhibited with reading skills. Similarly, Shaywitz, Fletcher, Holahan & Shaywitz 

(1992) found no differences in reading skill between a group of discrepancy 

diagnosed dyslexic children and a group of "garden-variety" poor readers who did 

not meet the diagnostic criteria for dyslexia. Both groups exhibited a deficit in 

phonological skills. In a study of 7 year old poor readers' responsiveness to a 

remediation program, Hatcher and Hulme (1999) found that IQ scores did not 

predict the success of remediation. This lack of difference in both deficits and in 

response to remediation between poor readers on the basis of IQ suggests that the 

educational policy of providing special educational services to only discrepancy 

diagnosed children is not justified, as both low and normal IQ groups benefit from 

specialized reading programs (Shaywitz et al., 1992, Hatcher & Hulme, 1999).

Hulme and Snowling (2009) suggest that studying poor readers with average IQ 

provides the benefit of excluding more general learning deficits and this opens up 

the possibility of establishing causal influences on reading difficulties. The following 

chapters of this thesis will reveal, however, that studies of poor readers have
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provided insight into causal influences on reading difficulties to a similar level of 

merit as studies of traditionally diagnosed dyslexic children have. Given the 

similarity between poor readers and children with a traditional diagnosis of dyslexia 

in terms of both exhibited reading deficits and response to remediation, the present 

research has focussed on all struggling readers, not discriminating between the two 

on the basis of IQ.

2.2 The phonological deficit

Phonological awareness has consistently been found to predict reading success. 

When a deficit in this skill exists, reading difficulties are likely to occur. When the 

skill is acquired successfully, fluent and accurate reading is facilitated (Bradley & 

Bryant, 1983; Bryant et al., 1990; Goswami &. Bryant, 1990; Hoein et al., 1995; 

Nation & Hulme, 1997; Savage & Carless, 1994). Comparisons of poor readers with 

typically developing controls on different types of explicit phonological awareness 

tasks have provided significant insight into the characteristics of the phonological 

deficit in poor readers.

Phoneme deletion tasks, as described earlier, require the removal of one phoneme 

from either the beginning or the end of the word (e.g. "remove /d/ from dog" 

J'/og/"). These tasks have been used to reveal a PA deficit in poor readers in 

numerous studies. Bruck and Treiman (1990) found dyslexic children (with a mean 

age of 10 years 2 months) to be significantly worse at a phoneme deletion task than 

a control group of typically developing younger children (with a mean age of 7 years 

5 months). In addition to their overall worse phoneme deletion performance, 

dyslexic children showed a specific pattern of errors during this phoneme deletion



task. They had a greater tendency than controls to erroneously drop the second 

consonant in addition to the first, when asked to delete only the first, e.g. saying 

"ring" rather than "tring"; when "string" was the target word. DeGelder and 

Vroomen (1991) compared 14 dyslexic children (with a mean age of 11 years 5 

months) with chronologically age matched controls and reading age matched 

controls (with a mean age of 8 years 11 months) on a range of phonological 

awareness measures. They found that dyslexic children were significantly less 

accurate than controls on an initial phoneme (consonant) deletion task, but not on 

initial consonant reproduction tasks, vowel reproduction tasks or a rhyme 

judgement task. Phoneme deletion deficits have also been found in older children. 

Fawcett and Nicolson (1995) found three groups of dyslexic children with mean 

ages of 8,13 and 17 years to be worse than controls on a phoneme deletion task. 

This deficit is also apparent when comparing dyslexic adults and controls. Dole, 

Hoein and Meunier (2012) found that a group of 16 dyslexic adults performed a 

phoneme deletion task both less accurately and more slowly than normal reading 

controls.

Poor readers have also been found to be impaired at phonological oddity tasks, 

which are another explicit measure of phonological awareness. These tasks involve 

identifying an oddball or 'odd-one-out' in a series of words, on the basis of a 

phonological property. For example, in the string of "bat, ball, cap", "cap" is the 

odd-one-out as it differs from the other two in terms of initial phoneme. Bradley 

and Bryant (1978) found that a group of 60 poor readers, who had normal IQ but 

were at least 18 months below average in terms of reading development (mean age 

10 years 4 months), performed worse on an oddity task than a group of younger
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children matched for reading age (mean age 6 years 10 months). 85% of the 

children with reading difficulties made more than 1 error, compared to only 27% of 

the RA group doing so. Bowey, Cain and Ryan (1992) found a group of 16 poor 

readers (with a mean age of 9 years 4 months) were significantly worse at two 

oddity tasks (one based on onset/rime, the other was a phoneme oddity task) than 

both chronological age matched controls and reading age matched controls (with a 

mean age of 7 years 4 months). Ackerman, Dykman and Gardner (1990) 

administered a phonological oddity task to a group of 20 poor readers (mean age 

10.5 years) and found those with more severe reading impairment performed 

significantly worse than less impaired readers. Performance on this task, however, 

did not account for any significant variance in reading ability.

Spoonerism tasks involve both the deletion and addition of phonological units, by 

way of swapping units between words. For example, "coffee mug" would be 

changed to "moffee cug" during a spoonerism task. Cornelissen et al. (1998) 

assessed 58 children (with a mean age of 10.5 years) for phonological awareness 

and reading ability and found that the performance on a spoonerism task 

significantly predicted likelihood to make orthographically inconsistent errors on a 

reading task. Cornelissen et al. also found that the most impaired readers were the 

most impaired on the spoonerism task. In a study of eighteen German and eighteen 

English dyslexic children (mean ages 11 years 7 months and 12 years 3 months 

respectively), age matched controls and reading level controls (mean ages 8 years 8 

months and 8 years 3 months respectively), Landerl, Wimmer and Frith (1997) 

found both dyslexic groups to be significantly worse at a spoonerism task than age 

matched controls. Only the German dyslexic group, however, was worse than their
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reading level controls. The English dyslexic group performed at a similar level to 

their reading level controls. Ahissar et al. (2006) found that dyslexic children with 

comorbid learning disabilities (with a mean age of 13.1 years) were significantly 

worse at a spoonerism task than both typically developing children and a group of 

children with learning disabilities but without dyslexia.

Pig Latin tasks are another explicit measure of phonological awareness. They are 

regarded as more difficult than other measures, as they involve moving the initial 

phoneme of a word to the end, and adding "ay", e.g. "Latin" would be pronounced 

as "atinlay". Pennington et al. (1990) suggested that this type of task was well 

suited to studying phonological processing in adults with dyslexia as they might 

perform typically on simple phoneme awareness measures. Their study involved a 

group of "familial dyslexics", i.e. adults with dyslexia from a family history of three 

generations of dyslexia, and a group of "clinic dyslexics", i.e. adults with dyslexia 

who were attending a reading intervention program.. These groups were compared 

with CA and RA groups on a pig Latin task. Both groups with dyslexia were 

significantly worse than controls at the pig Latin task. Deficits in phonological 

awareness measured using a pig Latin task have also been observed in children with 

dyslexia (with a mean age of 11 years) when compared with age matched controls 

(Johnson & Pennington, 2011). This experiment, however, used a composite 

measure of PA in which both pig Latin and a task involving the reversal of phonemes 

in words was used. Group differences specifically in the pig Latin task are not 

specifically known.

Overall, it is apparent that there is considerable evidence to suggest that poor 

readers are impaired at phonological awareness when tested explicitly. It is also
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apparent that phoneme deletion tasks may be the most consistent measure of the 

PA deficit in poor readers.

2.2.1 Deficits in implicit use of phonological representations

In addition to causing impairment at decoding words, a deficit in phonological 

awareness affects the ability of a poor reader to represent the phonological 

components of a word. Numerous studies (detailed below) have found that poor 

readers exhibit deficits on tasks which implicitly require phonological awareness, 

even though the tasks require no segmentation or manipulation of words.

The phonetic confusability effect is the phenomenon of poorer recall of verbal 

material when the list of items sound similar compared with recall of items that do 

not sound similar (Conrad, 1964). This influence of phonetic similarity on recall is 

the basis for the belief that recalling verbal information depends on phonetic coding 

of the material. It has been found that poor readers, who struggle with building 

accurate phonological representations, show deficits on verbal short term memory 

tasks. Plaza, Cohen and Chevrie-Muller (2002) administered a series of auditory 

memory tasks to 26 children with dyslexia, chronological age matched controls and 

reading level controls. The dyslexic children were significantly worse than controls 

were at recalling digits, unfamiliar words and sentences. In a study of digit span 

(recall of strings of verbally presented digits) in dyslexia, Helland and Asb]0rnsen 

(2004) found that a group of 57 dyslexic children (with a mean age of 12 years 7 

months) were significantly impaired in comparison with age matched controls 

(mean age of 12 years 2 months). When compensatory strategies were prohibited,



such as finger-counting and lip reading, the controls were unaffected but the 

dyslexic group was further impaired. This suggests that dyslexic children may rely 

on strategies which reduce emphasis on phonetic coding, to compensate for their 

reduced phonological awareness. There is evidence to suggest that this pattern of 

impaired verbal short term memory in poor readers persists into adulthood. 

Martinez, Majerus and Poncelet (2013) found that a group of thirty adults with 

dyslexia than controls at recalling single non-words at a delay of 8 seconds.. It 

should be noted that the participants were asked to count backwards from 95 to 

avoid using any repetition strategies which would compensate for poorer short 

term memory. Helenius, Parviainen, Paetau and Salmelin (2009) found that dyslexic 

adults performed worse than controls on a digit span task, but better performed 

than an SLI group.

Poor readers may also be impaired at rapid automatized naming (RAN) tasks. These 

tasks involve naming a series of familiar objects as rapidly as possible. Denckla and 

Rudel (1976) found that a group of dyslexic children were significantly slower than 

typically developing controls and children with learning disabilities other than 

dyslexia, at RAN tasks for naming objects, colours, letters and numbers. This may 

persist into adulthood, as adults with a diagnosis of dyslexia have been found to be 

significantly slower for RAN of both colours and objects (Law, Vandermosten, 

Ghesquiere & Wouters, 2014). Wolf and Bowers suggest (1999) suggest that a RAN 

deficit is indicative of an impaired timing mechanism which in turn slows down the 

automaticity which poor readers can develop for reading and phonological 

decoding. Snowling and Hulme (1994) suggest that dyslexic people, although they 

may possess the semantic representation to know what the object is, are restricted
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by their impaired phonological representation of the word at how quickly they can 

verbalise the object's name. This explanation would suggest than the RAN deficit is 

another consequence of impaired phonological awareness.

In conclusion, it is clear that there is considerable evidence for the phonological 

awareness deficit in poor readers. This is apparent through the findings of poor 

readers' impaired accuracy on both tasks which depend on explicit manipulation of 

phonological units, and on tasks which depend on implicit phonological awareness,

2.3 Causal Theories of poor reading
The widely demonstrated phonological awareness deficit in poor readers is most 

obviously revealed through tasks requiring the manipulation of phonological units. 

However, phonological decoding is also related to numerous, more basic, 

fundamental abilities: motor automaticity, visual processing, basic auditory 

processing and speech perception. Deficits in these fundamental processes may be 

beneath the specific phonological awareness deficit. Numerous causal theories 

have been proposed to suggest that these basic abilities have underlying influences 

on phonological awareness.

2.3.1 Deficits in skill automatisation

A deficit in cerebellar function has been suggested as a possible causal explanation 

for dyslexia. Nicolson and Fawcett (1990) proposed that a deficit in phonological 

awareness was the result of a general deficit in skill automaticity. They suggested 

that a problem with the automatizing of skills impaired the ability to decode words 

accurately. Children with reading difficulties have been found to perform worse at



dual task paradigms. They were significantly worse than typically developing 

children at performing a language task while also performing a balance task on a 

beam (Fawcett and Nicolson, 1992). This lack of automaticity for balance was 

suggested to be representative of a deficit in skill automatisation in poor readers. 

Poor readers have also been found to be impaired at time estimation tasks, which 

are an index of cerebellar function, in comparison with controls (Nicolson, Fawcett 

and Dean, 1995). Nicolson, Fawcett and Dean (2001) reported that 80% of their 

dyslexic child sample showed motor deficits and suggested this was evidence for 

cerebellar dysfunction. Nicolson et al.’s account of dyslexia has two main 

components: firstly that dyslexia is a result of a more general deficit in skill 

automatisation and sensory-motor ability (skill at grapheme-phoneme decoding), 

and secondly that this deficit is a result of cerebellar dysfunction.

Kaltner and Jensen (2013) used a mental rotation task, which has been found to tap 

cerebellar function (Podzebenko, Egan & Watson, 2002). They found a significant 

interaction between the difficulty of the task (measured by angle of rotation of the 

target object) and reading ability. Dyslexic participants were significantly worse at 

the more difficult task conditions and this was suggested as evidence for a 

cerebellar deficit. However, Kaltner and Jensen (2013) did not measure 

phonological decoding; the skill which would supposedly suffer if a deficit in 

cerebellar-influenced automatisation was present. They also did not measure 

attentional skill, which as described below, may mediate the presence of motor 

skills in poor readers.

Motor deficits in poor readers may be considerably less frequent than Nicolson, 

Fawcett and Dean (2001) suggest. Ramus, Pidgeon and Frith (2003) found only 59%
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dyslexic children had motor deficits, and Ramus, Rosen, Dakin, Day et al. (2003) 

found only 33% dyslexic adults had motor deficits. Kaplan, Wilson, Dewey and 

Crawford (1998) found that 55% of children with Developmental Coordination 

Disorder (DCD) also had reading difficulties, and 63% of children with dyslexia had 

motor difficulties. There is also strong evidence to suggest that the presence of 

motor difficulties in poor readers is mediated by comorbid attentional deficits. 

Wimmer, Mayringer and Raberger (1999) found that motor impairments, measured 

with a balance task, were only comorbid in dyslexic children who also had ADHD. 

Wimmer et al. (1999) suggested that ADHD may be responsible for motor 

impairments in dyslexic children, rather than motor impairments contributing to the 

reading disorder.

Chaix et al. (2007) conducted a retrospective study of French-speaking children 

tested across a 7 year span, who were given a diagnosis of dyslexia and were also 

tested for attention and motor skills (n=950). They measured motor skills with 

Lincoln-Orseretsky Motor Development Scale (LOMDS), comprehensively measuring 

6 areas of motor development. Sustained attention was measured on a d2 test (a 

cancellation test - score out any "d" with 2 marks around it, requiring inhibition of 

scoring out similar symbols, e.g. "p") and selective attention on a Stroop task. Chaix 

et al. found that 40% of children with dyslexia had no motor impairment. They 

found motor skill to be independent of reading skill with no correlation between 

the two. 44% of dyslexic children without attention deficits also had motor 

impairments, but 75% of dyslexic children with attention deficit also had motor 

impairment. Dyslexic children with motor deficits were thus significantly more likely 

to have an attention deficit (61%) than those without motor impairments (24%). It
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is likely that any motor deficits in poor readers are not indicative of a causal 

cerebellar deficit in poor reading. At most, a subgroup of children with reading 

difficulties may have motor problems which are mediated by comorbid attentional 

deficits. Ramus (2004), in a paper on the neurobiology of dyslexia, suggested that 

the deficit is not cerebellar in nature. He suggests the phonological deficit is a result 

of cortical abnormalities in the left perisylvian cortex. Sensory motor deficits may be 

a result of abnormalities in the thalamic nuclei, these being much less prevalent, 

and only a symptom not a causal influence on reading difficulties.
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2.3.2 Temporal visual deficits

A deficit in visual processing has been proposed as a causal influence on poor 

reading (Galaburda, Menard and Rosen, 1994). Magnocellular neurons have a large 

receptive field and are associated with the temporal processing of transient visual 

and auditory stimuli.

Numerous studies have found the magnocellular system to be associated with 

reading skill. There is, however, little evidence to suggest that magnocellular 

abnormalities are causal of reading difficulties. Livingstone, Rosen, Drislane and 

Galaburda (1991) recorded visually evoked potentials (VEPs) as a measure of 

sensitivity to visual contrast in both dyslexic adults and controls. Dyslexic adults 

showed typical VEPS to the high contrast stimuli but showed smaller VEPS to the 

rapid, low contrast stimuli. Livingstone et al. (1991) suggested that this reduced 

sensitivity to visual contrast was representative of a deficit in the magnocellular 

system and noted the presence of this in only the dyslexic group as a possible causal



42

influence on their reading difficulties. Livingstone et al. (1991) also studied layers of 

the lateral geniculate nuclei, post mortem, in both dyslexic and control brains. 

Smaller magnocellular neurons were found in the dyslexic brains compared with 

controls nuclei, with the parvocellular layers showing no significant difference, 

providing some neuroanatomical evidence for a magnocellular deficit in dyslexia.

No direct causal influence can be drawn from post mortem studies on reading 

behaviours, as it cannot be determined if this neuroanatomical abnormality is a 

cause of poor reading or a result of poor reading experience and reduced exposure 

to print.

Motion sensitivity tasks can be used as an index of magnocellular processing. These 

involve a random dot kinematogram (150 white dots moving on a black 

background) and participants are asked to judge if the group of dots appear to 

move coherently in a particular direction (each dot only appears for under 2 

seconds). Performance on this task significantly predicted reading ability (Talcott et 

al., 1998, Witton et al., 1998). Poor readers have shown less activation in the 

middle temporal area of the visual cortex when exposed to a random dot 

kinematogram during functional magnetic resonance imaging (Eden et al. 1996, 

cited in Talcott et al., 1998).

A fundamental problem with the extrapolation of an explanation for reading 

difficulties from correlations between measures of magnocellular activity such as 

low contrast sensitivity and motion sensitivity and reading ability is that printed text 

does not flicker on the page and that reading is typically not done in a low contrast 

setting (Hulme, 1988). A magnocellular deficit may, however, be associated with 

impairment at visual guidance and result in unstable binocular fixation (the ability
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of the eyes to work together). Occluding one eye to improve binocular fixation has 

been found to improve reading ability (Stein, Richardson and Fowler, 2000). This 

visual deficit may account for some of the disruptive visual phenomena reported by 

some people with dyslexia (Stein & Walsh, 1997), but it does not offer a causal 

explanation for what has been established as the core deficit in reading difficulties -  

a deficit in phonological awareness. Visual attention deficits have also been 

proposed as having a causal influence on poor reading. Carsco and Prunetti (1996) 

found that poor readers were worse at identifying targets in a visual search task, 

when distractors similar to the target were present. Facoetti, Paganoni, Turatto, 

Marzola and Mascetti (2000) found that, when asked to visually detect a target, 

dyslexic participants were not helped by a cue appearing at a target's location 

before the target. Controls with no reading difficulties were aided by the cue which 

suggests that the dyslexic group were impaired at using exogenous cues. Facoetti et 

al. (2000) suggested this was due to lack of efficiency in allocating attentional 

resources to cues during spatial visual processing. Visser, Boden and Giaschi (2004) 

investigated if attentional deficits are also present across time in people with 

dyslexia by examining the presence of an attentional blink in poor readers.

The attentional blink is the phenomenon of reduced accuracy at identifying or 

detecting the latter of two stimuli when presented in rapid succession. An 

attentional blink deficit is representative of a deficit in visual attention, not simply 

visual perception. When participants are not instructed to attend to the first 

stimulus, identification of the second stimulus is unimpaired (Raymond et al., 1992; 

Seiffert & Di Lollo, 1997). Models of the attentional blink describe how increasing 

inter-stimulus interval (ISI) allows more time for processing of the first stimulus to



be completed, and thus reduces the attentional blink deficit (Shapiro, Arnell & 

Raymond, 1997).

Hari, Valta and Uutela (1999) measured visual detection task performance In 

dyslexic adults and controls, and found a greater attentional blink deficit in the 

dyslexic group. However Visser et al. (2004) point out that Hari et al. (1999) did not 

report accuracy for identification of the first stimulus, so It is unclear if the dyslexic 

group actually showed impaired processing due to reduced ability to allocate 

attention to a second stimulus, or if they had a more general deficit at processing 

any rapidly produced stimuli. Visser et al. (2004) asked 12 year old dyslexic 

participants and controls (CA & RA) to detect the latter of two visual stimuli, firstly 

with them both in the same spatial location, secondly in differing spatial locations. 

When two stimuli were presented in the same spatial location, dyslexic participants 

showed a greater attentional blink deficit than age matched controls, but a similar 

deficit to reading matched controls. When two stimuli were in different spatial 

locations, dyslexic children showed a greater attentional blink deficit than the CA 

group, and the authors also reported a marginally greater deficit than RA. It should 

be noted that the difference was, in fact, non-significant (reported as p>.01). 

Although this finding may account for difficulty In reading, which requires visual 

attention in both time and space, it cannot account for problems with phonological 

awareness. A deficit in speech perception, however, can account for both temporal 

disruption and problems with phonological awareness.
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2.4 Auditory characteristics of speech



In order to examine how a deficit in perceiving the sounds in speech may cause a 

deficit in phonological awareness, the auditory characteristics of speech that are 

important for phonological segmentation will be briefly explained. Speech is a 

complex sound wave that can be decomposed into numerous simple periodic 

waves. A periodic sound wave is a pattern that repeats itself. A simple periodic 

wave, a sine wave, is defined in terms of three properties: frequency, amplitude 

and phase. Frequency is the number of times the sinusoidal pattern repeats in 1 

second, and is measured in Hertz (Hz). Frequency determines perceived pitch. The 

faster the frequency of a wave (the larger the Hz number), the higher pitch the 

listener perceives. Amplitude is measured in decibels (dB) and is the peak deviation 

in pressure (see Figure 1). The larger the amplitude, the higher the dB, and the 

louder a sound the listener will perceive. Phase is used to describe the timing of a 

point in the wave relative to another. One period or one full cycle of the wave 

pattern creates 360 degrees. This can be used to describe a point in a wave, or how 

one wave relates to another. Speech is represented by complex waves that can be 

reduced to a series of sine waves of changing frequency, amplitude and phase over 

time. If we examine the change in auditory signal over time, within the context of 

different words, the importance of effective discrimination of sounds within speech 

for accurate discrimination of phonemes (and subsequent phonological awareness)
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becomes clear.



46

B U N K
5000

!

0 Time (s) 0.3226 0+*
0 Time (s) 0.3226

M I N T

0 Time (s) 0.4607
Figure 2.1 - The two images on the left show how amplitude changes over time in 

the sound waves created by 2 different words, spoken by a Northern Irish female. 

The two images on the right show changes infrequency over time for the same two 

words.

In Figure 2.1, the images on the left show temporal changes in amplitude. It can be 

seen that the initial peak in amplitude is much more rapid for the /b/ sound in 

"bunk" than for the slower rise to peak amplitude created by the /m/ sound. This is 

representative of stop consonants, e.g. /b/, having a much faster "rise time" or 

"onset" of amplitude than nasal phonemes, e.g. /m/. The onset/rime segmentation 

occurs after this peak, as this is when the vowel begins. It is clear how temporal 

changes in amplitude may offer a cue for this level of phonological segmentation. 

The first sound in both words is then followed by a vowel sound. It can be seen that 

vowel sounds stay relatively constant in terms of amplitude. Next, a nasal sound 

occurs in each word again and this time, a "fall" or "decay" in amplitude occurs.
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This is because air ceases to be released by the speaker, as it must be trapped 

momentarily in order to be released quickly to create another sharp rise in 

amplitude. This is to create the final stop consonant, /k/ and /t/ for "bunk" and 

"mint" respectively. The images on the right in Figure 3 show temporal changes in 

frequency. The darkness of areas in the image represents concentration of sound 

energy. Numerous horizontal darker bands can be seen in each word, showing 

consistently higher concentration of sound energy at 4 bands of changing 

frequency. These bands are called formants and the rises and falls of frequency at 

the beginning and end of each band are called formant transitions. It can be seen 

that there is a slow rise in frequency in the bands between the /m/ and /i/ sounds 

in "mint" compared to the very rapid change from /b/ to /a/ in "bunk". In both 

words, the transition from vowel to final stop consonant is shown by a pause in 

spectral energy, i.e. the area of white represents no sound, and then there is a rapid 

rise to sounds at different frequency bands for the final stop consonant. It can also 

be seen from these images on the right of Figure 3 that rapid temporal changes in 

frequency may offer cues to phonological segmentation. It is apparent, therefore, 

that the different patterns of auditory changes created by different types of 

phonemes may offer cues for their effective segmentation -  fast and slow rises and 

falls in amplitude and frequency are associated with different sounds within words.

2.5 PA and the perception of rapid acoustic changes
The discrimination of different consonant phonemes requires the processing of

pitch and intensity changes that typically last less than 100 ms, with some acoustic 

differences between phonemes being produced in only 20 ms (Stevens, 1980). It is



likely that sensitivity to rapid acoustic changes is necessary for the accurate 

perception of phoneme changes. Birch and Belmont (1964) found that children with 

reading difficulties were impaired at an inter-sensory, auditory-visual task. The 

authors presented a reading difficulties group and a typically developing, 

chronological age matched group with a series of pencil taps and asked them to 

match the sound to a choice of three visually presented dot patterns. The visual 

stimuli were horizontal rows of dots, with the space between each dot 

corresponding to a gap in sound. The reading impaired children were significantly 

worse than controls at correctly matching the sound pattern to the visual pattern. 

However, the cross-modal nature of the task suggested a problem with integrating 

auditory and visual stimuli rather than a temporal, auditory processing deficit. Zurif 

and Carson (1970) replicated Birch and Belmont's (1964) study, using the same 

pencil tap and dot task, but with the addition of administering individual auditory 

and visual temporal pattern tasks. They found the dyslexic group was impaired on 

the individual temporal processing tasks. This suggested that a temporal processing 

deficit is present in dyslexia, not a problem with integration of auditory and visual 

stimuli. Tallal and Piercy (1973) found evidence to suggest that there is an auditory 

temporal processing deficit in children with delayed language skills. They found 

that children with developmental aphasia, now termed specific language 

impairment (SLI) were worse than age matched controls at distinguishing between 

rapidly presented tones. This is evidence that the perception of fast rates of 

auditory change is important for the acquisition of language skills. Tallal and Piercy's 

(1973) study assessed children with SLI, not dyslexia. Tallal (1980), however, later 

found evidence of poorer perception of fast changes in auditory stimuli in a group
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of 20 children with reading difficulties (mean age 9 years 7 months) when compared 

to typically developing controls. Participants were trained to respond to 2 different 

tones by pressing 2 keys in the order of presentation, i.e. when tone 1 was 

presented followed by tone 2, the correct response was to press key 1 then key 2. 

The gap between the presentations of the tones (interstimulus interval, ISI) varied 

from 8 milliseconds 428 milliseconds. The reading difficulties group was 

significantly worse than controls at discriminating between the tones when the ISI 

was short (8 -  305 ms) but not when the ISI was long (428 ms). Tallal (1980) found 

3 strong, significant, correlation between the rapid auditory processing (RAP) task 

and a phonological skills task. She found a weaker, but still significant, correlation of 

RAP performance with overall reading ability. RAP was not correlated with age, 

verbal IQ or performance IQ. Tallal (1980) suggested that impaired perception of 

rapid auditory changes causes impaired perception of the rapid changes in 

frequency between phonemes, i.e. the formant transitions. If perception of these 

formant transitions is impaired, the ability to segment phonemes would become 

more difficult, thus having a negative effect on phonological awareness and 

subsequent reading ability. In support of Tallal's claim, it has been demonstrated 

that dyslexic children are poor at discriminating a pitch difference between 

relatively brief simple tones at inter-stimulus intervals of less than 305 ms (17 -  75 

ms, McCroskey & Kidder, 1980; Tallal, 1980, Reed, 1989). However, not all studies 

have been able to replicate these findings and some studies have failed to 

demonstrate any difference between dyslexic and typically developing children for 

the discrimination of rapidly presented successive tones (Mody, Studdert-Kennedy 

& Brady, 1997; Heath, Hogben & Clark, 1999; Griffiths, Hill, Bailey & Snowling,



2003). Tallal et al. (1996) found that a phonological training program, which 

presented words with enhanced auditory cues, aided phoneme manipulation and 

significantly improved speech processing in children with language impairments. 

The auditory cue enhancement involved prolonging a speech signal by 50% and 

then enhancing the rapid frequency transitions (formant transitions) between 

phonemes by as much as 20 decibels (dB). A severe limitation of this study is that 

the twenty two participants (mean age 7 years 4 months) were included on the 

basis of having language learning impairments (LLI). This means they may have had 

comorbid problems with speech and other general language deficits. This 

considerably reduces the study's contribution to our understanding of auditory 

processing difficulties in poor readers. Strong, Torgerson, Torgerson and Hulme 

(2010) also criticise this study for its small sample size and for the fact that the 

effect of the training program on language skills would not be significant if a 2 tailed 

test had been used. The enhancement method used in Tallal et al.'s (1996) study is 

the theoretical basis of the Fast ForWord training program (FFW, Scientific Learning 

Corporation, 2003). This is a commercially available, computer based training 

program, which the Scientific Learning Corporation (1999) claimed can improve 

language ability by 1.5 to 2 years in 4 to 8 weeks of use. The program is estimated 

to have been used by more than 570,000 children. However, in a systematic review 

of studies of this training program, Strong et al. (2010) found that FFW had no 

significant impact on reading performance. Four meta-analyses were conducted 

which compared the effect of FFW on numerous reading measures for language 

impaired children and untreated controls. Four meta-analyses were also conducted 

to compare the effect of FFW on reading ability for language impaired children with
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Controls who had also used the program. None of the eight meta-analyses revealed 

an effect size of the program on reading ability that was different from zero, and 

four actually showed a negative effect on reading. This suggests that this particular 

enhancement of formant transitions does not improve reading ability. The children 

in this review, however, were generally impaired for language and not specifically 

impaired for reading. It cannot, therefore, be concluded with certainty that there is 

no difference between poor readers and normal readers in their rapid processing 

abilities.

2.6 PA and the processing of slow, dynamic acoustic changes

Deficits in processing slower rates of frequency change (frequency modulation, FM) 

have also been associated with reading difficulties. Perception of slow auditory 

changes may act as a cue for segmentation of large phonological units (onset/rime), 

similar to how perception of fast changes may act as a cue for segmentation of 

smaller units (phonemes). Witton et al. (1998), found that 21 adults with dyslexia 

(mean age 30 years 3 months) were significantly less sensitive than a group of 23 

similarly aged controls (mean age 30 years 6 months) to slow frequency changes.. 

Participants were presented with two tones, one pure tone and one which was 

modulated in terms of frequency at a rate of 2 Hz, 40 Hz or 240 Hz. The participants 

with dyslexia were significantly impaired, in comparison with controls, at detecting 

frequency change at slower rates (2Hz and 40 Hz) but not the faster rate (240 Hz). 

Van Ingelghem et al. (2005) administered a 2 Hz frequency modulation threshold 

test to 10 children with dyslexia (mean age 11 years 4 months) and 10 typically
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developing controls (mean age 11 years 5 months). The dyslexic group's FM 

detection threshold (the rate at which the frequency must change in order to be 

perceived as different from a pure tone) was significantly higher than the controls' 

FM detection threshold. Despite this group difference, no significant correlation of 

FM detection with actual reading was found in this study. Poelmans et al. (2011) 

also found significantly impaired 2Hz FM detection in children with dyslexia. Both 

these studies, however, suffer from small sample sizes (10 and 13 dyslexic children, 

respectively). Stoodley, Hill, Stein and Bishop (2006) found electrophysiological 

evidence of an FM detection deficit in dyslexia. Mismatch negativity (MMN) is an 

auditory evoked event related potential that occurs when an acoustic difference is 

detected in a stream of similar sounds. A decreased MMN reflects a decreased 

automatic response in detecting a difference in stimuli. They compared MMN 

potentials which occurred during the perception of frequency modulated tones at 

5, 20 and 240 Hz in both dyslexic adults and controls. The dyslexic group exhibited 

significantly smaller MMNs when perceiving a 20 Hz modulated tone, but when 

perceiving either of the other two rates of frequency change. The groups in this 

study were matched in terms of actual FM detection ability. This meant that the 

dyslexic group did not perform worse than controls at the task, but yet their brain 

activity was different. This suggested a coping strategy had been developed. It is 

interesting that despite this behavioural coping strategy, neural differences 

between the groups were still evident (dyslexic group had a smaller MMN). The 

authors failed to explain why a difference was not observed between the groups' 

MMNs at 5 Hz frequency modulation, but it has been found that very slow rate FM 

detection tasks may be of low reliability. Dawes and Bishop (2008) administered
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numerous FM detection asks with modulation rates of 2 Hz, 40 Hz and 240 Hz to 98 

children aged 6-10 years of age. They found 2 Hz frequency modulation detection 

tasks to have unacceptably low retest reliability, with thresholds varying excessively 

from test to test. The 40 Hz and 240 Hz FM test was deemed to be acceptably 

reliable but "far from impressive". It is possible that slow rate FM is a precursor to 

PA skills involving large units (syllables, onset/rime), yet the poor reliability of FM 

tasks may cloud how clearly we can observe this relationship. Impairments in the 

discrimination of slow dynamic auditory cues in dyslexic children may not be limited 

to changes in frequency. Dynamic changes in amplitude have also been found to be 

related to reading difficulties. Rhythm in speech is mainly determined by amplitude 

modulation at the rate of syllables (2 -1 0  Hz; Goswami et al., 2009. Goswami et al. 

(2002) used an amplitude modulation (AM) detection task in which they trained 

both dyslexic children and typically developing children to know that a tone with a 

fast rate of AM change (15 millisecond rise time) was associated with one 

animation, and a sound with a slow rate of AM change (300 millisecond rise time) 

was associated with another. A 15 millisecond rise time gives the Impression of a 

clear beat, whereas a 300 millisecond rise time gives the impression of a continuous 

sound with changing amplitude. As the AM rates became less extreme, the 

participants' AM detection thresholds were determined as they had to decide which 

animation the sound belonged to. Goswami et al. found that dyslexic children had 

significantly higher AM detection thresholds than controls had. Furthermore, they 

found that AM sensitivity accounted for 25% of the variance in reading and spelling 

acquisition, after controlling for individual differences in age, non-verbal IQ and 

vocabulary. The onset of an auditory signal determines the "perceptual center" (p



center) of the sound. In speech, this p center occurs around the onset of a vowel. 

Goswaml et al. (2002) hypothesized that beat perception would be associated with 

be associated with onset/rime segmentation, as this segmentation occurs after the 

initial consonant/consonant cluster and before the vowel sound. A significant 

relationship between the AM measure and an onset and rime phonological 

awareness task was found, but this was not as strong as the relationship between 

AM and reading and spelling scores.

Goswami, Fosker, Huss, Mead, Szucs (2011) measured the detection of a phonetic 

contrast in synthetic speech (ba/wa) in 46 children with dyslexia, 33 chronologically 

age matched controls (CA) and 27 reading level (RL) matched controls. There were 

two conditions in which the participants had to discr iminate between the two 

syllables. In one condition, the discrimination task was based on changing the 

formant transitions between the syllables. In the other, the discrimination was 

made on the basis of changing amplitude rise time. When the contrast between the 

two syllables was based on formant transition, the children with dyslexia were 

significantly better than both control groups. This is in stark contrast with Tallal's 

(1980) finding of formant transition discrimination impairments in dyslexia. When 

the discrimination was based on rise time, the dyslexia group performed 

significantly worse than CA matched controls and were almost worse than the RL 

controls. It should be considered that this study used synthetic speech to measure 

phonetic discrimination, and there is a significant gap in the literature in terms of 

manipulating real speech to investigate the effect of auditory processing on 

phonological awareness. Considering the studies reviewed in this section, the 

evidence for the involvement of dynamic auditory processing
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2.7 Speech perception deficits and poor readers

It is likely that a deficit in processing temporal acoustic changes contributes to the 

PA deficit in poor readers. There have been numerous studies which have 

investigated the theory that, not just an acoustic processing deficit, but a speech 

specific deficit in poor readers is responsible for their impaired phonological 

processing. Mody, Studdert-Kennedy and Brady (1997) found that a group of 20 

poor readers were significantly worse than controls at a TOJ task when 

discriminating between /ba/ and /da/ but that they were not worse when the pairs 

were "readily identifiable" e.g. /ba/ and /sa/. Mody et al. also found no group 

differences in performance of the same TOJ task when non-speech stimuli were 

used, i.e. sine waves that matched the second and third formants of/ba/ and /da/ 

(the crucial formants which differ between these two syllables). Thirdly, no group 

differences were found on a task in which the participants had to decide whether 

they heard a stop consonant or not (along a /sel/- /stel/ continuum) based on 

varying lengths of formant transitions. The authors concluded that the lack of group 

differences on any task other than the one using phonetically similar speech stimuli 

(/ba/-/da/) meant that these poor readers were experiencing a speech specific 

deficit, and not a general problem with perceiving rapidly changing acoustic stimuli. 

Denenberg (1999) highlighted several problems with Mody et al.'s conclusion and 

rejection of Tallal's theory. He pointed out that a lack of statistical power meant 

that Mody et al should not have accepted their null hypothesis as a conclusion that 

Tallal's RAP theory is wrong. The "poor reader" group was not actually significantly 

below the norm for their age, and inclusion in this group based on impairment at
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the /ba/-/da/ TOJ task was deemed a much weaker criterion than the more rigorous 

selection process in Tallal's studies. More recently, studies have found speech 

perception deficits (perceiving differences between rapid acoustic changes) to be 

significantly related to dyslexia. Boets, Ghesquière, van Wieringen and Wouters 

(2007) found that, on a categorical perception task, the level of uncertainty at 

discriminating between /bAk/ and /dAk/ was marginally significantly related to 

phonological awareness. Their group of five year old children deemed to be at high 

risk of dyslexia had a marginally significant categorical perception deficit, when 

compared with a low risk group. Serniclaes et al. (2004) found that dyslexic children 

showed as much sensitivity to allophonic variation on a discrimination task as they 

did to phonological variation. Control children and adults had significantly more 

sensitivity to phonological variation than to allophonic variation. Serniclaes et al. 

suggested that the larger influence of allophonic perception interfered with the 

accurate representation of phonemes and accounted for the dyslexic deficit in PA. 

Sernicales, Ventura, Morais and Kolinsky (2005) found that illiterate adults did not 

differ from literate adults on a categorical perception task and said this was 

evidence that the categorical perception deficit observed in dyslexia is causal, 

rather than a consequence of their poorer reading experience. More recent 

evidence suggests that a categorical perception deficit in dyslexia may be specific to 

identifying sounds on the basis of temporal cues. Vandermosten et al. (2011) found 

that dyslexic children were significantly impaired, in comparison with controls, at 

categorical perception identification tasks using both speech and non-speech 

stimuli when the categorization was based on temporal differences between the 

sounds. The deficit was not observed when the categorization was based on



spectral changes instead of temporal differences. In relation to the processing of 

rate in phonological awareness, the evidence from speech perception studies 

suggests that poor readers may exhibit a deficit in perceiving rapid changes in 

speech sounds.
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2.7.1 Speech in noise perception deficits in poor readers

Findings of the speech perception deficit in poor readers, as reviewed above, are 

inconsistent. It is possible poor readers' speech perception deficit may only be 

evident in challenging acoustic environments. Brandt and Rosen (1980) investigated 

the ability of dyslexic children and typically developing control children to 

discriminate between syllables which differed in voice onset time and between 

syllables which differed in place of articulation. Voice onset time is the time 

between the release of the stop consonant and the onset of vocal cord vibration, 

and it cues whether a consonant is voiced or not. Consonants are classified as being 

voiced or voiceless on the basis of the presence or absence of low frequency 

periodicity in sound, caused by vocal cord vibration (Stevens, 1980). Short voice 

onset times are associated with voiced consonants (/b/, /d/, /g/); longer voice onset 

times associated with voiceless consonants (/p/, /t/, /k/). Place of articulation refers 

to the area in the vocal tract where an obstruction takes place, and differences in 

place create differences in stop consonant, e.g. /b/ is has labial placing, whereas /d/ 

has alveolar placing. Brandt and Rosen (1980) found that dyslexic children were 

able to discriminate between syllables which varied on a continuum, of either 

voicing, equally well to controls. Adlard and Hazan (1998) tested a group of 13



children with specific reading difficulties (mean age 10.4 years), chronological age 

matched controls (mean age 10.1 years) and reading age match controls (mean age

8.2 years) on a variety of speech perception tasks. The child had to discriminate 

between words on the basis of minimal pairs (differing in only one phoneme).

Adlard and Hazan found that 30% of the 13 children with reading difficulties 

showed a speech perception deficit. It should be noted that these studies tested 

speech perception in ideal, quiet listening conditions. Ziegler, Pech-Georgel, George 

and Lorenzi (2009) comment that in such situations, unrealistic access to speech 

cues which are redundant in normal, moderately noisy listening conditions may 

compensate for deficits in perceiving other cues. Attempts have been made to 

identify speech perception in noise deficits in broader learning difficulty groups. By 

noise masking words, the number of auditory cues available for processing is 

reduced. As such, noisy listening conditions may challenge a person's ability to 

form phonological representations than ideal listening conditions. Chermak, Vonhof 

and Bendel (1989) used both speech spectrum noise masking and competing 

linguistic strings to mask monosyllabic words in an identification task. They found 

that learning disabled adults showed more of a speech perception in noise deficit 

than controls, and that speech spectrum noise impacted performance more 

negatively than the auditory presentation of competing linguistic strings. In another 

study of broader learning difficulties and speech in noise perception, Bradlow, Kraus 

and Hayes (2003) found that 63 children with a learning disorder (included on basis 

of Woodcock-Johnson psychoeducational battery, Woodcock and Johnson, 1977; 

and Wide Range Achievement test, 3rd edition, Wilkinson, 1993) were significantly 

worse at perceiving sentences masked in white noise than 36 children without
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learning disorders. The learning disabled children were impacted significantly more 

a signal to noise ratio (SNR) of -8dB than by a SNR of -4dB. Stollman, Kapteyn and 

Sleeswijk (1994) found that language impaired children, of around 10 years of age, 

had a significantly worse speech in noise perception threshold than control children 

of the same age and adults. A group of children with hearing difficulties, however, 

showed an equal deficit to the language impaired children, and 94% of the variance 

in speech in noise performance was accounted for by basic auditory processing task 

performance and speech perception in quiet threshold. This suggests that there 

may not be a speech in noise specific deficit when looking at broader learning 

difficulty and language impaired groups. Numerous studies, however, have 

reported the presence of speech in noise deficits in poor readers. Predominately, 

studies have found evidence of a speech perception in noise deficit in children with 

combined reading and language difficulties. Brady, Shankweiler and Mann (1983) 

measured speech perception (in terms of ability to repeat heard words) in 15 poor 

readers (8 years 6 month) and controls (8 years 5 months) in both quiet and noise 

masked conditions. No speech perception deficit was found for the poor readers in 

the quiet condition, but when words had been masked in noise, the poor readers 

showed a significant deficit in comparison with the controls. It should be noted that 

word frequency also influenced speech perception, but this did not interact with 

group, i.e. both groups were affected equally byword frequency. Brady et al. (1983) 

concluded, therefore, that there was still a speech perception in noise deficit in the 

poor readers. Hazan, Messauod-Galusi and Rosen (2013) investigated 34 dyslexic 

children and 25 control children's abilities at identifying CV tokens, and 

discriminating between CV tokens on the basis of place (i.e. between /bi/ and /di/)



and voicing (/bi/ and /pi/), when the speech tokens were masked in multi-talker 

babble. Hazan et al. (2013) found that dyslexic children showed a deficit at both 

identifying and discriminating the syllables in noise. The dyslexic children in this 

study only showed an identification deficit when the speech tokens had been 

produced with unusual intonation patterns (e.g. rise-fall). Hazan et al. (2013) 

suggested that, because these unusual intonation patterns of phonemes rarely 

occur in real speech, their study did not show evidence of dyslexic children having a 

general deficit for perceiving speech in noise. Similarly, Hazan et al. (2009) did not 

find a group of 17 dyslexic adults to be impaired on either single word or sentence 

based speech in noise tasks, or a categorical perception task in noise, when 

compared with a group of 20 normal reading adults. It should be noted that these 

studies all used noise at a steady level, i.e. the amplitude of the noise was not 

modulated. Law, Vandermosten, Ghesquiere and Wouters (2014) found no group 

differences between 36 adults with dyslexia and 54 normal reading controls on 

either word or sentence identification in noise tasks. This suggested that stationary 

noise may not challenge the perceptual abilities of poor readers sufficiently, and 

that inability to detect temporal dips in noise to retrieve phonological information 

may be where the deficit lies. There have been numerous studies of comparisons 

between the effects of steady and modulated noise on speech perception and 

language skills. Studies involving modulated noise have focused more on examining 

individuals with SU than poor readers. Ziegler et al. (2005) tested 10 children with 

SLI (10.4 years), 10 age matched controls and 10 reading age matched controls (8.6 

years) on a VCV identification task. Speech was presented in silence and in speech 

shaped noise at either a stationary amplitude, or modulated at a rate of 32Hz at a
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depth of 100%. In silence, they found that only the age matched controls showed a 

speech perception deficit. In both noise conditions, the SLI group showed a 

significant deficit, but their performance was 10% better in the modulated noise 

than in steady noise. Ziegler et al. (2005) then investigated if varying the rate of 

amplitude modulation (stationary, 4Hz, 32Hz, 120Hz) of the noise masking would 

affect the speech perception deficit. If a rapid auditory processing deficit was 

present in the SLI children, then this may inhibit the processing of information 

available in the dips in noise in the 120Hz modulated condition. On the other hand, 

if the SLI children had a deficit at perceiving slow auditory changes, then the 4Hz 

condition would be most difficult for them. The SLI group, as it turned out, was 

equally impacted across all modulation rates. They made significantly more errors 

based on voicing than on place or manner of articulation. Ziegler, Pech-Georgel, 

George and Lorenzi (2009) replicated the Ziegler et al. (2005) study, but recruited a 

group of 19 dyslexic children (10.4 years), age matched controls and reading age 

matched controls (7.2 years). Like the SLI group, the dyslexic group showed 

significant speech in noise perception deficits across all modulation conditions. 

Again, there was a significant effect of masking release (better performance in 

modulated noise than stationary noise). The dyslexic children, however, made 

significantly more errors based on place of articulation rather than on voicing. 

Ziegler et al. (2009) suggested that the presence of a speech perception deficit for 

poor readers, in noise but not quiet, could significantly impact their reading via the 

presence of classroom noise, as environmental noise in a typical classroom can be 

as loud as 75dB (Jamieson, Yu & Hodgetts, 2004). Ziegler et al. also suggested that 

the presence of an intact benefit of masking release suggests that the while dyslexic



children do in fact possess intact phonological representations, they struggle to 

access these in noisy conditions. However, the masking release effect in dyslexic 

people for modulated noise tasks has not been conclusively reproduced. Dole, Hoen 

and Meunier (2012) found no benefit of masking release when comparing dyslexic 

adult's performance on both stationary and modulated noise tasks. The dyslexic 

group was equally impaired, in comparison with controls, on both tasks.

It is possible that poor readers possess intact phonological representations, but 

struggle to access them in noisy conditions (indicated by the intact masking release 

in Ziegler et al., 2009). However, this has only been determined using identification 

and discrimination of syllables and words, and the effect of noise masking directly 

on phonological awareness performance has not been established.
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2.8 Conclusions and scope of thesis

It is clear that the acquisition of phonological awareness is essential for fluent 

reading development, and that a deficit in PA is often observed in poor readers. This 

thesis examines the presence of a PA deficit in child poor readers, in comparison 

with both age-matched and reading level controls. Numerous associations between 

temporal processing tasks, speech processing and phonological awareness have 

previously been found. The experiments in this thesis modified the speech signal of 

the words in phonological awareness tasks, to investigate the role of speech 

processing in phonological awareness. These experiments were designed to both 

investigate if the modification was a suitable method for manipulating the acoustic 

cues in speech for PA, and also to investigate if the acoustic cues modified were 

processed differently by poor readers and controls.

2.8.1 Phoneme deletion tasks
Phoneme deletion tasks were used throughout all four studies in this thesis. This 

level of phonological segmentation has been shown to consistently predict more 

variance in reading than other phonological tasks for children over 6 (Hulme et a!., 

2002). Phoneme segmentation has also been found to reveal differences in 

phonological awareness between poor readers and normal readers, in children 

(Bruck & Treiman, 1990; Fawcett & Nicolsom 1995) and in adults (Dole et al., 2012). 

The use of phoneme deletion tasks in this thesis offered a developmental 

consistency in PA assessment. The tasks were a suitable measure of PA across the 

participant age range - children aged 6 years 6 months (RA) to 8 years 9 months (RD 

& CA) and adults. A further benefit of phoneme deletion tasks is their reduced
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working memory demands when compared with larger unit tasks (Oakhill & Kyle, 

2000).

2.8.2 Research questions

Does enhancing the amplitude of high or low frequency bands in speech affect PA in 

poor readers or normal readers? (Chapter 3)

This work aimed to enhance our knowledge of reading difficulties by 

examining if a particular frequency range, within speech, was associated with a 

pattern in PA deficits in poor readers. This work also examined if band 

enhancement was an effective method for improving PA in poor readers.

Are poor readers more severely affected than normal readers by speech in noise 

during a PA task?

Does fast or slow fluctuating noise impact PA more severely? (Chapter 4)

Consensus has not been reached by previous research on the presence of a 

speech in noise deficit in poor readers. To bring new clarity to the relationship 

between noise, PA and reading difficulties, this study aimed to directly examine 

how speech in noise impacted phonological awareness in poor readers. This study 

also set out to investigate if a particular rate of noise fluctuation impacted PA more 

severely. If so, then a particular rate of acoustic change may be mpst closely

associated with PA.



Does the temporal expansion of speech improve PA in poor readers?

Does the temporal compression of speech more negatively affect poor readers' PA 

than normal readers' PA ?

Does sensitivity to compressed speech change over time? (Chapter 5)

This work aimed to improve our knowledge of reading difficulties by examining if 

the PA deficit can be remediated by speech expansion. Secondly, this study 

investigated if the degradation of temporal cues via speech compression was an 

effective method of revealing processing differences between poor readers and 

normal readers during PA. The effect of compressed speech on PA performance was 

followed longitudinally. By studying poor readers' and normal readers' sensitivity to 

compressed speech longitudinally, this work aimed to develop a model of how 

change in sensitivity to the temporal characteristics of speech interacted with the 

development of reading ability.

Do adults with dyslexia experience increased difficulty while processing the speech in 

a PA task?

Do dyslexic adults possess decreased sensitivity to speech compression in 

comparison with normal reading adults ? (Chapter 6)

The research questions of Chapter 6 were asked in order to contribute to the field 

in numerous ways. Firstly, by studying ERP responses to all speech tokens in a PA 

task, this work contributed a new methodology of PA task for neuroscientific 

investigations into reading ability. Secondly, by examining both normal reading and 

dyslexic adults' ERP responses to these speech tokens, this work aimed to reveal if 

there was evidence of increased difficulty at processing speech during a PA task in
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dyslexic adults. Previously, ERP responses to only the final speech token in a task 

had been possible to study. Thirdly, this study investigated the phenomenon of 

sensitivity to compressed speech in adults, adding a further developmental stage in 

the model that began to be developed in Chapter 5 and is set out clearly in Chapter

7.
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Chapter 3 - Enhancement of high and low frequency bands of speech 

in a PA task

3.1 Introduction

As is clear from the literature reviewed in Chapter 1, there is considerable evidence 

to suggest that phonological awareness (PA) is a crucial component of reading 

development. A deficit in PA is a widely reported impairment in poor readers, yet 

the specific nature of an underlying auditory processing deficit has not been agreed 

upon. Although there is evidence that a deficit in processing slow rate, dynamic, 

changes in sound contributes to poor readers' impaired PA (Goswami et al., 2002), 

the Fast ForWord program (Scientific Learning Corporation, 2003) for poor readers 

focussed on enhancing fast rate changes in speech. The Fast ForWord involves 

slowing the speech signal by 50% and then enhancing the amplitude of fast rate, 

phoneme changes (formants). These enhanced words are then used in a 

phonological training program. Strong et al.'s (2010) review of the Fast ForWord 

program found no evidence of it improving PA. Some studies, however, have found 

that enhanced speech has improved the intelligibility of speech. Hazan and Simpson 

(1998), for example, found that enhancing the amplitude of the rapid acoustic 

changes at the beginning of consonant sounds in vowel-consonant-vowel stimuli 

significantly improved adults' identification of the VCV clusters. It is possible, 

therefore, that enhancing fast rate changes may improve overall intelligibility of 

phoneme clusters, but it is not agreed upon whether or not such an enhancement 

can be used to improve phonological awareness in a training program.



The present study used a phoneme deletion task to assess the phonological 

awareness of a group of poor readers. Three conditions of PA task were 

administered. Firstly, a task with natural speech was used to determine a baseline 

level of PA. A second condition, in which the target words (the words the child had 

had to segment) had been enhanced so that the high frequency bands, which are 

important for phoneme identification, had been amplified. A third condition, where 

the target words' lower frequency bands had been enhanced was also 

administered. If either manipulation significantly impacted PA, then that rate of 

acoustic change was likely to be important for PA.

This study hypothesised that poor readers would be less accurate and slower to 

respond to the phoneme deletion task than controls. Given the lack of 

improvement of PA when fast rate acoustic changes are enhanced (Strong et al., 

2010), this study hypothesised that the high band enhanced condition would not 

improve the poor readers' PA performance. In line with the evidence of slower, low 

frequency perception impairments in poor readers (Goswami et al., 2002), this 

study also hypothesised that the low band enhanced condition would improve the 

PA in poor readers. Poor readers were chosen for the child studies in this thesis 

rather than children with a formal diagnosis of dyslexia. As detailed in Chapter 2.1.1 

of this thesis, there is considerable evidence to suggest that poor readers exhibit 

reading difficulties and response to intervention similar to those of dyslexic children 

(Hatcher and Hulme, 1999; Shaywitz, Fletcher, Holahan & Shaywitz, 1992;

Stanovich, 1988). Any instances where IQ may have played a role in phonological 

task performance have been addressed in the discussion sections of these studies.
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3.2 Method

3.2.1 Participants

419 children were screened for reading ability across 10 schools in the Greater 

Belfast area. From this group, 90 children (75 male, 15 female) comprising of three 

matched groups of poor readers (25 male, 5 female), chronological age-matched 

controls (24 male, 6 female) and reading-age matched children (26 male, 4 female) 

were selected for participation in the studies detailed in this chapter along with 

Chapter 3 and Chapter 4. The poor readers scored a minimum of 1.2 SDs below the 

test mean on their standardised reading scores (WIAT-II). 30 control children were 

recruited to match the chronological-age and gender of the poor readers (CAs) and 

30 younger readers (RAs) were recruited to match the poor readers in gender and 

reading age.

Only participants who completed all tasks including a short hearing screen (octave 

frequencies 250-8000 Hz at 20 dB HL) were included in the analysis.
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160 Primary 3 
6 - 7  years old

259 Primary 5 
8 - 9  years old

Figure 3 .1 -  The process of screening children for reading ability and selection for 

further study is shown here. This cohort of children formed the sample groups for 

the studies in Chapters 2, 3 and 4.

Seventeen poor readers were included in this study, recruited from the cohort 

described above. All poor readers scored a minimum of 1.2 SDs below the test 

mean on the WIAT-II UK (Wechsler, 2005) standardised reading test. Seventeen 

chronological age matched children (CA) and seventeen reading age matched 

children (RA) were also included from the same cohort. Only participants who 

completed all tasks and passed the short hearing screen (including octave 

frequencies 250-8000 Hz at 20 dB HL) were included. The WIAT-II UK includes 

phonological awareness items in the early part of the reading test, which the RA



71

children completed. In order to gain a measure of word reading without an explicit 

phonological awareness component, the tests were re-scored excluding these items 

(noted as Reading without PA component in Table 3.1). General verbal and non

verbal ability was measured in both groups using the vocabulary and block design 

subtests of the fourth edition of the Wechsler Intelligence Scale for Children (WISC- 

IV, Wechsler, 2004). Full scale IQ was estimated for the WISC-IV using the short 

form to IQ conversion method detailed by Sattler and Dumont (2004). The 

conversion of the vocabulary and block design subtest combination to full scale IQ 

has good reliability and validity (rxx = .92, r=.87; Sattler & Dumont, 2004). A one way 

ANOVA was carried out, followed by post-hoc t-tests to assess the differences 

between groups on these background measures. The CA group was matched to the 

poor reader group for chronological age. The RAs were matched to the poor readers 

for reading age (see Table 3.1). The poor reader group was significantly worse than 

both control groups in terms of reading standard score. CAs and RAs did not differ 

on reading standard score. The poor readers were significantly worse than CAs on 

the reading measure without the PA component. The CAs and RAs did not differ in 

verbal, non-verbal or estimated full-scale IQ (both control groups score more highly

on these measures than PRs).
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Table 3.1 Participant characteristics of poor readers (PR), chronological age match 

controls (CA) and reading age match controls (RA).

PR (n=17) CA (n=17) RA (n=17)

M SD M SD M SD F (2,48)

Age (months)0 105.76 2.84 106.65 3.62 80.29 3.92 312.74***
Reading age 
(months)e

77.71 4.06 116.00 21.12 78.35 4.91 50.38***

Reading3' d 72.41 8.33 102.94 11.02 100.94 11.64 45.59***
Reading without 
PA component®

22.24 9.28 53.59 8.39 25.76 11.64 51.53***

Vocabularyb,d 8.41 2.06 10.24 2.25 10.29 2.23 4.09*
Block Design b,d 8.65 2.23 11.00 2.32 10.88 1.41 7.26**
Estimated full 
scale IQa,d

91.12 10.84 103.76 10.72 103.59 8.52 8.79**

Note.a Standard Score M= 100 SD= 15 bScaled Score M= 10 SD=3 *p<.05

The column on the far right shows the significance of differences between groups, 

measured in a one way ANOVA, with specific group difference patterns shown using 

the notation below.

*p<05 **p<.01 ***p<.001

c PR=CA>RA 

d PR<CA=RA 

ePR=RA<CA

3.2.2 Phonological Awareness Task Stimuli

Three phonetically matched lists of 16 monosyllabic child-friendly words were 

constructed. The words for each list were matched pairwise to have the same 

number of phonemes, phonetic complexity and phonetic category of the 

consonants in the consonant cluster. Eight of the words in each list had a CCVC 

structure and the other 8 a CVCC structure. The stimulus words were selected such
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that segmentation at the consonant cluster would result in a real word for half of 

the stimuli and a non-word for the other half. In each list there were 5 plosive- 

approximant consonant clusters, 3 fricative-plosive consonant clusters, 1 fricative- 

nasal consonant cluster, 6 nasal-plosive consonant clusters and 1 approximant- 

plosive consonant cluster. Matching phonetic composition of the word lists ensured 

that segmentation and articulation difficulty was equated across tasks (See 

Appendix 1 for table of word lists and matching details).

Words were recorded by a native female speaker and digitized at 44.1 KHz. One of 

the lists was left unmodified, while the other two were enhanced by increasing the 

amplitude of either high or low frequency bands. The enhancement procedure 

involved splitting the word signal into frequency bands between 300 Hz and 6000 

Hz, and increasing the amplitude of either the lower three or higher three 

frequency bands by a factor of 3.5 (see Figure 3.2).
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Figure 3.2 -  The three conditions of the words in the PA task (unmodifiedhigh band 

enhanced and low band enhanced) are shown on an example word, 'left'.

3.2.3 Procedure

Testing took place over several short sessions of around 20 minutes with each child 

in school. The WIAT-II UK reading test was performed in the initial screening 

process used to select the sample groups (PR, CA and RA). The hearing screen and 

the two WISC-IV subtests were performed in the initial session of the study, 

followed by the phonological awareness tasks. Three phonological awareness tasks 

were performed by each child containing unmodified, low frequency band 

enhanced, or high frequency band enhanced stimulus words. Each task consisted of 

two practice trials and 14 experimental trials. The tasks were structured such that 8 

trials required deletion of an initial phoneme (CCVC words) and 8 trials required the
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deletion of the final phoneme (CVCC words). The order in which children performed 

the phonological awareness tasks was counterbalanced across groups.

The phonological awareness tasks were presented to the children in the context of 

a computerised game. Children saw a cartoon monkey in the jungle while they 

listened to the experimenter explain the task instructions. Children were advised 

that when the monkey held her hands to her ears she would say a word to them 

and tell them what sound they needed to remove from that word. The children 

were then told that the monkey would open her mouth and a question mark would 

appear above her head when they were required to respond. During the practice 

trials corrective feedback was provided to the children to ensure they understood 

the task. In all trials children heard a stimulus word followed by an instruction of 

which phoneme to delete (e.g. "cliff without the /k/") and were required to give a 

spoken response saying the word or non-word that resulted from the target 

phoneme deletion (e.g. "liff"). Spoken responses to the phonological awareness 

tasks were automatically recorded by the computerised game for later analysis.

Only the stimulus word was modified in the low band enhanced and high band 

enhanced conditions. The spoken instruction and target phoneme were always

unmodified.
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C>
Italics have been used to show the 
word which was temporally modified 
in each condition; unmodified, 
frequency band enhanced or high 
frequency band enhanced. The 
remainder of the phrase was 
unmodified, natural speech.

Figure 3.3 -  The two stages of an example trial in the PA task.

-------------------------------------- \
c liff  without the /k/

V_______________________ )

(  >
(response recording window)

V------------------------------------------------------
After the stimulus phrase had been presented, 
there was a 5000ms recording window for the 
child's spoken response, in this case the correct 
response is /liff/.

Figure 3.4 -  Screenshot of the PA task which was presented to children. When the 

monkey's hands were in this position, the children were Instructed to listen to the 

phrase. When a question mark appeared on the screen and the monkey's mouth 

was open, the children responded.

3.2.4 Scoring and Analysis

Phonological awareness trials were scored as correct If the child articulated all of 

the correct phonemes in the correct order devoid of the target phoneme (e.g. after 

hearing "cliff without the /k/" they responded "liff"). The spoken response time for
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each correct trial was measured as the time taken for the child to initiate the 

correct response after presentation of the stimulus instruction (e.g. after the /k/ in 

the instruction "cliff without the /k/"). Response times of longer than 5000ms for 

correct trials were not included in the analysis. A mean response time for each child 

on each task was calculated. Outliers from excessively long response times were 

excluded from the analysis by the 5000ms cut off, and, therefore, no further 

exclusion of scores was performed on the data. There were a number of children 

for whom mean scores could not be calculated, as all of their responses fell outside 

the 5000ms recording window. These restrictions on the response time data meant 

that further elimination of long response times would be inappropriate.

3.3 Results

3.3.1 Accuracy

The effect of high frequency band enhancement and low frequency band 

enhancement on phoneme deletion accuracy was investigated using a 3 x 3 mixed 

repeated measures ANOVA: Condition (unmodified, high frequency band 

enhancement, low frequency band enhancement) within x Group (PR, CA, RA) 

between. A borderline significant main effect of condition was found (F[2, 96] = 

2.972, p=,056). This effect resulted from the greater accuracy of all groups at the PA 

task using high frequency band enhanced speech (mean = 9.412, SD=3.951) as 

compared with the low frequency band enhanced speech PA task (mean = 8.471, 

SD=3.569); t(50)=2.605, p=.012. Accuracy of all groups did not differ between the 

unmodified version of the task (mean = 9.02, SD=3.942) and the high frequency
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band enhanced task (t[50]=-.953,p=.345), or between the unmodified task and the 

low frequency band enhanced task (t[50)=1.448, p=.154).

There was a significant main effect of group (F[l,48]=12.654, pc.001). This effect 

resulted from the greater accuracy of the CAs (mean=11.765, SD=1.695) on all the 

phoneme deletion tasks (unmodified, high band, low band enhanced) as compared 

with the poor readers (mean=7.039, SD=3.504) and RA controls (mean=8.098, 

SD=3.104); t(23.097)=5.006, p=.001, two-tailed and corrected for unequal 

variances; t(24.759)=4.275, p=.017, two-tailed and corrected for unequal variances 

respectively. The poor readers and RA controls did not differ significantly in their 

accuracy across the phoneme deletion tasks (t[32]=-.933, p=.358, two-tailed). There 

was no significant interaction between the effects of group and condition on PA 

task accuracy (F[2,96]=.590, p=.671).
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enhanced speech enhanced

Figure 3.5 -  Mean accuracy for all children on each of the three conditions of the PA

task. Error bars show SD.

PR CA RA

Figure 3 .6 -  Mean accuracy of each group on the phoneme deletion tasks. Error bars

show SD.



3.3.2 Spoken Response Times
The effect of high frequency band enhancement and low frequency band
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enhancement on spoken response times in the phoneme deletion task were 

investigated using a 3 x 3 mixed repeated measures ANOVA: Condition (unmodified, 

high frequency band enhancement, low frequency band enhancement) within x 

Group (PR, CA, RA) between. The ANOVA revealed a significant main effect of 

condition (F[1.603, 60.906] = 4.339, p=.016, e=.801, Greenhouse-Geisser corrected). 

Response times were consistently shorter for all groups of children when 

responding to low frequency band enhanced speech (mean=1671.929,

SD=537.130ms) than unmodified speech (mean = 1968.299ms, SD=701.320ms); 

t(41)=3.156, p=.003. Response times for all groups did not significantly differ 

between the high frequency band enhanced (mean=1852.244ms, SD=742.822ms) 

and either the unmodified or low frequency band enhanced versions of the 

t(44)=1.316,p=.195, task t(41)=1.619,p=.113 two-tailed, respectively. There was no 

significant effect of group on reaction time for the three PA tasks (F[2,38]=2.686, 

p=.081) and no significant interaction between effects of group and condition on 

reaction time (F[3.206,60.906]=1.577,p=.202, Greenhouse-Geisser corrected). PR 

RT's ranged from 990ms to 2832ms, CA's ranged from 844ms to 2264ms, RA's from

1247 to 2904ms.



81

3000

Low band Unm odified High band
enhanced speech enhanced

Figure 3 .7 -  Mean spoken response times (ms) for all children on each PA task. Error 

bars show SD.

3.3.3 Correlations with reading performance

Correlations of PA task accuracy with reading were performed using the raw score 

of the WIAT, excluding the phonological awareness component of the task required 

for younger RA children. A moderately large significant correlation was present 

between reading and accuracy on the unmodified version of the phonological 

awareness task (r=.429, df= 47,p=.002, two-tailed) after controlling for age and IQ 

(as measured by WISC-IV). Correlations between reading and PA task accuracy using 

both high and low frequency band enhanced speech were of a similar moderately 

large size, and were both significant (r=.442, df=47, p=.001; r=.423, df=47, p=.002, 

two tailed, respectively), again controlling for age and IQ. Scatterplots to show 

correlations for unmodified, low band, and high band enhanced speech tasks with 

the WIAT (No PA) reading score are shown in Figure 3.8, Figure 3.9 and Figure 3.10.
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Correlations of PA task reaction time with reading were performed using the raw 

score of the WIAT, excluding the phonological awareness component of the task 

required for younger RA children. No significant correlations were found between 

the reading measure and PA task reaction time for unmodified speech (r=-.233, 

df=45, p=.115, two-tailed, controlling for Age and IQ). However this correlation 

became moderately larger and significant when low frequency band enhanced 

speech was used in the PA task (r=.368, df=47, p=.009, two-tailed, controlling for 

Age and IQ). No significant correlation was found between the reading measure and 

PA task response time for high frequency band enhanced speech (r=.044, 

df=47,p=.762).
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Figure 3.8 -  Scatterplot to show the correlation between each group's accuracy 

score on the Unmodified PA task (UnmodAcc) and the WIAT reading score without 

PA (WlATNoPA). The solid line shows the cohort's mean PA accuracy score. The 

dashed lines denote the SD of the PA accuracy score for the cohort.
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WlATNoPA

Figure 3.9 -  Scatterplot to show the correlation between each group's accuracy 
score (no. correct responses) on the low band enhanced PA task (LBAcc) and the 
WIAT reading score without PA (WlATNoPA). The solid line shows the cohort's mean 
PA accuracy score. The dashed lines denote the SD of the PA accuracy score for the 
cohort.

WlATNoPA

Figure 3 .1 0 - Scatterplot to show the correlation between each group's accuracy 
score (no. correct responses) on the high band enhanced (HBAcc) and the WIAT 
reading score without PA (WlATNoPA). The solid line shows the cohort's mean PA 
accuracy score. The dashed lines denote the SD of the PA accuracy score for the 
cohort.
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3.4 Discussion

This study found evidence to support previous findings of poor readers having a 

deficit in PA when assessed with a phoneme deletion task (Bruck and Treiman,

1990; DeGelder and Vroomen, 1991; Dole Hoen and Meunier, 2012; Fawcett and 

Nicolson, 1995). This study hypothesised that enhancing the low frequency bands of 

speech would improve the PA of poor readers. This did not turn out to be the case, 

for the low band enhancement condition did not improve the PA of the PRs or 

either control group. The only significant effect of band enhancement was that the 

high band condition resulted in slightly better PA scores than the low band 

enhancement condition. This does not suggest that the high frequency 

enhancement improved PA over natural speech. The only improvement of either 

condition over unmodified speech was that the low band enhancement resulted in 

faster response times of all children in comparison with the unmodified speech. 

Although this could be seen as an improvement in performance when the low 

frequencies of the word were enhanced, response time did not correlate with 

reading ability. It is, therefore, not likely that PA response time is an appropriate 

measure of skill necessary for efficient reading, and the PRs were not significantly 

slower than controls to respond.

This study therefore found no evidence to support either the RAP deficit (Tallal,

1980, Tallal et al., 1996) or low rate deficit (Goswami et al., 2002) in poor readers. In 

response to the claim that the style of cue enhancement in the FFW program does 

not improve PA (Strong et al., 2010), this study found evidence than the 

amplification of high frequency acoustic changes aspect of that enhancement alone 

does not improve PA. The expansion of speech approach of the FFW program is



85

investigated in Chapters 5 and 6. It is possible that the modifications to the speech 

in this study were too subtle to cause a significant improvement or deficit in PA. 

Higher demands on temporal processing may be needed to explore the role of 

speech perception in PA for poor readers. Subsequent studies in this thesis have 

used more perceptually intrusive methods of acoustic modification.



Chapter 4 - Fast and slow modulated noise masking of speech in a PA

task

4.1 Introduction

The phonological awareness deficit in poor readers is characterised by an 

insufficient ability to represent and manipulate the phonological units within words. 

Studies of auditory processing and poor reading have aimed to determine whether 

the perception of fast or slow changes in sound are most important for efficient 

phonological awareness. The debate centres on whether rapid auditory processing 

(Tallal, 1980; Tallal et al., 1996) perception of slow dynamic changes such as the 

presence of amplitude envelope (Goswami et al., 2009) are deficient in poor 

readers. Phonological awareness involves accurate representation of speech 

sounds, and accurate perception of speech involves the integration of many 

acoustic cues over time at a variety of rates. This complex integration of a large 

number of acoustic cues over time may not be accounted for sufficiently in the 

single tone studies discussed Chapter 2 (Sections 2.5 & 2.6). Speech perception 

studies carried out in optimal (quiet) listening conditions have had varied success. A 

number of studies have reported that poor readers struggle with speech perception 

in quiet conditions (Boets et al., 2007; Mody et al., 1997; Serniclaes et al., 2004; 

Vandermosten et al., 2011). Others, however, have failed to show such a deficit in 

poor readers (Adlard and Hazan ,1998; Brandt and Rosen, 1980). Ziegler et al.

(2009) comment that idealized listening conditions allow access to cues which



would not normally be present in noisy classroom situations, and therefore speech 

perception in noise tasks offer a more ecologically valid method of testing how poor 

readers struggle with phonological representations in realistically demanding 

conditions. As seen in Section 2.7 of this thesis, there is debate over whether a 

speech in noise deficit is present in poor readers. Earlier research used fast and 

slow rates of fluctuating noise to investigate rapid or slow rate deficits in poor 

readers (Ziegler et al., 2009), but without conclusive findings. It is possible that 

poor readers possess intact phonological representations, but struggle to access 

them in noisy conditions (indicated by the intact masking release in Ziegler et al., 

2009). However, this has only been determined using identification and 

discrimination of syllables and words, and the effect of noise masking directly on 

phonological awareness performance has not been determined. The present study 

used noise masking in a phonological awareness task to investigate if different rates 

of fluctuating noise would impact poor readers differently from control children.

This work included both slow (4Hz) and fast (40Hz) fluctuating noise conditions, to 

investigate the effect of degrading either syllable or phoneme rate changes on PA. 

This study hypothesised that if poor readers were less accurate or slower to 

respond on either a rapid or slow fluctuating noise masked PA task, then this would 

suggest the cues which were degraded by that rate of fluctuating noise were 

important for their PA, and that the cues which remained were insufficient for

completing the task.
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4.2 Methods

4.2.1 Participants

Eighteen poor readers were included in this study, recruited from the cohort 

described in Chapter 3. All poor readers scored a minimum of 1.2 SDs below the 

test mean on the WIAT-II UK (Wechsler, 2005) standardised reading test. Eighteen 

chronological age matched children (CA) and eighteen reading age matched 

children (RA) were also included from the same cohort. Only participants who 

completed all tasks and passed a short hearing screen (including octave frequencies 

250-8000 Hz at 20 dB HL) were included. The WIAT-II UK includes phonological 

awareness items in the early part of the reading test, which the RA children 

completed. In order to gain a measure of word reading without an explicit 

phonological awareness component, the tests were re-scored excluding these items 

(noted as Reading without PA component in Table 4.1). General verbal and non

verbal ability was measured in both groups using the vocabulary and block design 

subtests of the fourth edition of the Wechsler Intelligence Scale for Children (WISC- 

IV, Wechsler, 2004). Full scale IQ was estimated for the WISC-IV using the short 

form to IQ conversion method detailed by Sattler and Dumont (2004). The 

conversion of the vocabulary and block design subtest combination to full scale IQ 

has good reliability and validity (rx* = .92, r=.87; Sattler & Dumont, 2004). A one way 

ANOVA was carried out, followed by post-hoc t-tests to assess the differences 

between groups on these background measures. The CA children were matched 

pairwise to the chronological age of the poor readers (see Table 4.1), The RA

children were matched to the reading-age of the poor readers based on the WIAT-II
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UK reading score. The poor readers group was significantly worse than both control 

groups in terms of reading standard score and worse than CA but equal to RA on 

the reading without PA measure (a raw score, unstandardized). The RA match group 

was worse than the CA matched controls on the reading measure, although this did 

not reach significance. All RAs were still clearly within the normal range of 

standardised scores for the WIAT reading test standardised score. The poor reader 

group was significantly worse than the RA controls on non-verbal ability (block 

design), and worse than both control groups on verbal ability (vocabulary). There 

was a trend for the RA match control group to score higher than CAs on estimated 

full scale IQ (t[34]=.1.95, p=.059), but both groups were within the normal range of 

the test mean.
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Table 4.1 Participant characteristics of poor readers (PR), chronological age match

controls (CA) and reading age match controls (RA).

Group

PR CA RA

M SD M SD M SD F (2,53)

Age (months)c 106.72 3.14 106.72 3.92 80.56 3.76 312.87***

Reading Age 

(months)6

78.50 4.60 111.33 18.21 76.22 3.49 57.08***

Reading standard 72.56 7.97 101.33 9.47 95.56 7.84 58.27***

score 3,1

Reading without 

PA6

23.50 9.81 52.11 7.46 22.11 11.45 54.70***

Vocabulary b,d 8.50 2.09 9.83 1.95 11.00 2.52 5.82**

Block Designb,d 9.06 2.65 10.28 2.30 11.44 1.89 4.87**

Est. Full Scale IQa'
g

92.61 12.06 100.67 9.74 107.28 10.59 8.27**

Note. 0 Standard Score M= 100 SD= 15 bScaled Score M= 10SD=3 *p<.05

The column on the far right shows the significance of differences between groups, 

measured in a one way ANOVA, with specific group difference patterns shown using 

the notation below.

**p<.01 ***p<.001

c PR=CA>RA 

dPR<CA=RA 

e PR=RA<CA 

f PR<CA, PR<RA, RA<CA 

9 PR<CA, PR<RA, RA>CA



4.2.2 Phonological Awareness Task Stimuli

Three lists of 16 monosyllabic child-friendly words, matched for phonological 

structure were constructed using the matching procedure outlined in Chapter 3. 

Words were recorded by a native female speaker and digitized at 44.1 KHz. One of 

the lists was left unmodified, while Gaussian white noise was added to the other 

two. The noise was either amplitude modulated at 4 Hz (slow fluctuating noise) or 

40 Hz (fast fluctuating noise, see figure 4.1). The 4 Hz modulation rate was chosen 

in order to mask slow rate acoustic changes in the word, i.e. syllable rate changes. 

The 40 Hz was chosen in order to mask rapid acoustic changes in the word, i.e. 

phoneme rate changes. All AM noise was modulated to 100% modulation depth. 

The signal to noise ratio (SNR) of 0.6 (i.e. the speech amplitude was 60% of the 

amplitude of the noise) was selected based on the results of a pilot study.
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Figure 4.1 -  Waveforms of a sample wora in unmodified (top), slow fluctuating noise 

(middle), and fast fluctuating noise masked (bottom) conditions.

Noise masking pilot study

Children in the CA control group (mean age 106.72 months, SD=3.92, mean reading 

score 101.33, SD=9.47) took part in a pilot study, completing 4 phoneme deletion 

tasks with 8 trials in each, where SNR ranged from 0.2 to 0.8 in increments of 0.2. 

This procedure was used to determine the SNR at which children achieved 70%

correct responses on the PA task. Children achieved this accuracy level at a SNR of



0.6, i.e. noise amplitude was 60% greater than speech amplitude (see Figure 4.2). 

The mean accuracy for the 0.6 SNR was 73% (SD=14).
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Figure 4 .2 -  Mean Accuracy and SD for four PA tasks with varying SNR.

4.2.3 Procedure

Testing took place over several short sessions of around 20 minutes with each child 

in school. The reading test of the WIAT-II was performed in the initial screening 

process, used to select the three sample groups (PR, CA and RA). Children selected 

for the groups then performed the hearing screen and the two WISC-IV subtests in 

the initial sessions of the study, followed by the three phonological awareness 

tasks. Three phonological awareness tasks were performed by each child 

containing unmodified, fast modulated noise masked or slow modulated noise 

masked stimulus words. Each task consisted of two practice trials and 14 

experimental trials. The tasks were structured such that 8 trials required deletion of 

an initial phoneme (CCVC words) and 8 trials required the deletion of the final



phoneme (CVCC words). The order in which children performed the phonological 

awareness tasks was counterbalanced across groups.
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The phonological awareness tasks were presented to the children in the context of 

a computerised game. Children saw a cartoon monkey in the jungle while they 

listened to the experimenter explain the task instructions. Children were advised 

that when the monkey held her hands to her ears she would say a word to them 

and tell them what sound they needed to remove from that word. The children 

were then told that the monkey would open her mouth and a question mark would 

appear above her head when they were required to respond. During the practice 

trials corrective feedback was provided to the children to ensure they understood 

the task. In all trials children heard a stimulus word followed by an instruction of 

which phoneme to delete (e.g. "cliff without the /k/") and were required to give a 

spoken response saying the word or non-word that resulted from the target 

phoneme deletion (e.g. "liff"). Spoken responses to the phonological awareness 

tasks were automatically recorded by the computerised game for later analysis. 

Only the stimulus word was modified in the fast and slow modulated noise 

conditions. The spoken instruction and target phoneme were always unmodified.
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Italics have been used to show the 
word which was temporally modified 
in each condition; unmodified, fast 
modulated noise masked or slow 
modulated noise masked. The 
remainder of the phrase was 
unmodified, natural speech.

After the stimulus phrase had been presented, 
there was a 5000ms recording window for the 
child's spoken response, in this case the correct 
response is /liff/.

Figure 4.3 -  The two stages of each trial are shown above: The stimulus phrase with 

an unmodified or noise masked target word, immediately followed by a 5000ms 

recording window, used for both accurate scoring of the child's response and to 

calculate response times.

4.2.4 Scoring and Analysis

Phonological awareness trials were scored as correct if the child articulated all of 

the correct phonemes in the correct order devoid of the target phoneme (e.g. after 

hearing "cliff without the /k/" they responded "liff"). The spoken response time for 

each correct trial was measured as the time taken for the child to initiate the 

correct response after presentation of the stimulus instruction (e.g. after the /k/ in 

the instruction "cliff without the /k/"). Response times of longer than 5000ms for 

correct trials were not included in the analysis. A mean response time for each child 

on each task was calculated. Outliers from excessively long response times were 

excluded from the analysis by the 5000ms cut off, and, therefore, no further 

exclusion of scores was performed on the data. There were a number of children 

for whom mean scores could not be calculated, as all of their responses fell outside
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the 5000ms recording window. Due to these limitations on the response time data, 

further elimination of scores from the analysis was not performed.

4.3 Results

4.3.1 Accuracy

The effect of noise masking using both fast-fluctuating and slow-fluctuating noise 

on phoneme deletion accuracy was investigated using a 3 x 3 mixed repeated 

measures ANOVA: Condition (unmodified, fast-fluctuating noise, slow-fluctuating 

noise) within x Group (PR, CA, RA) between. A significant main effect of condition 

was found (F[2,102] = 26.088, pc.OOl). This effect resulted from the accuracy of all 

children to the slow-fluctuating noise condition being lower (mean =5.81, SD=2.901) 

than both the unmodified condition (mean=9,24, SD=4.009) and the fast-fluctuating 

noise condition (mean= 8.13, SD=3.556); t(53)=7.307, pc.OOl and t(53)=4.294, 

pc.OOl respectively, both two-tailed (see Figure 4.5). Children were also less 

accurate responding to the fast-fluctuating noise condition than the unmodified 

condition (t[53]=2.634, p=.0U, two-tailed; see Figure 4.5). There was a significant 

main effect of group (F[l,51]=12.669, pc.OOl, see Figure 4.4). This effect resulted 

from the greater accuracy of the CAs on all the phoneme deletion tasks 

(mean=8.981, SD=1.350) as compared with the poor readers (mean=6.130, 

SD=2.978) and RA controls (mean=7.074, SD=2.548); t(23.709)=-4.999, pcOOl,two- 

tailed, correcting for unequal variances; t(25.852)=4.278, pc.001, two-tailed, 

correcting for unequal variances, respectively. The poor readers and RA controls did 

not differ significantly in their accuracy across the phoneme deletion tasks (t[34]=-



97

1.023, p=.314, two-tailed). No significant interaction between group and condition 

was found (F[4,102] = .464, p=.762).

Figure 4.4 -  Mean PA task accuracy for each group. Error bars represent SD.

Fast Unm odified Slow
m odulated m odulated
noise noise

Figure 4.5 -  Mean accuracy of each PA task (3 conditions: fast modulated noise 

masked words, unmodified words, slow modulated noise masked words).



4.3.2 Spoken Response Times

The effect of noise masking using both fast-fluctuating and slow-fluctuating noise 

on spoken response times in the phoneme deletion task were investigated using a 3 

x 3 mixed repeated measures ANOVA: Condition (unmodified, fast-fluctuating noise, 

slow-fluctuating noise) within x Group (PR, CA, RA) between. The ANOVA revealed 

a significant main effect of condition after being corrected for the effect of 

sphericity using the Greenhouse-Geisser correction (F[1.685,65.706]=10.200, 

pc.OOl, e=.842); see Figure 4.7. Response times were consistently shorter for all 

groups of children when responding to fast-fluctuating noise masked speech 

(mean=1558.426ms, SD=490.285ms) than both unmodified (mean=1985.410ms, SD 

= 675.176ms) and slow-fluctuating noise masked speech (mean =1959.533ms, 

SD=674.150); t(48)=4.325, pc.OOl, two-tailed, t(44)=4.226, pc.OOl, two-tailed, 

respectively. Response times for all groups did not differ significantly between 

unmodified and slow-fluctuating noise masked speech; t(44)= .509, p=.613, two- 

tailed. There was no main effect of group (F[2,41]=1.585, p=.217); groups did not 

differ in terms of their mean reaction times for the three PA tasks, see Figure 4.6. 

PR's response times ranged from 660ms to 2479ms, the CAs ranged from 502ms to 

2455ms and the RAs from 929ms to 2739ms.
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Figure 4 .6 -  Mean response times for each group (PR, CA, RA) on each version of the 
task (fast modulated noise masked words, unmodified words, slow modulated noise 
masked words). Error bars represent SD.
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Figure 4.7 -  Mean response times for each version of the PA task -fa st modulated 
noise masked words, unmodified words, slow modulated noise masked words. Error 
bars represent SD.
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4.3.3 Correlations with reading performance

Correlations of PA performance with reading were performed using the raw score 

of the WIAT, excluding the phonological awareness component of the task required 

for younger RA children. A large significant correlation was present between 

reading and accuracy on the unmodified version of the phonological awareness task 

(r=.570, df= 50,p<.001) after controlling for age and IQ (as measured by WISC-IV). 

The variance explained oy this correlation was considerably reduced when the PA 

task speech was masked with slow-fluctuating noise (r=.430, df=50, p=.001, two- 

tailed), and even more so when the speech was masked with fast-fluctuating noise 

(r=.397, df=50, p.004, two-tailed). Scatterplots of the correlations between reading 

ability (measured by the WIAT score without PA) and unmodified, fast noise and 

slow noise masked speech tasks for each group are shown in Figure 4.8, Figure 4.9 

and Figure 4.10.

Correlations of PA task reaction time with reading were performed using the raw 

score of the WIAT, excluding the phonological awareness component of the task 

required for younger RA children. No significant correlations were found between 

the reading measure and PA task reaction time for unmodified speech, slow- 

fluctuating noise masked speech or fast-fluctuating noise masked speech (r=-.081, 

df= 48 ,p=.578; r=-.245,df=42,p=.110;r=-.107,df=45,p=.473, two-tailed, controlling

for Age and IQ, respectively.)
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Figure 4.8 -  Scatterplot to show the correlation between each group's accuracy 
score on the Unmodified PA task (UnmodAcc) and the WIAT reading score without 
PA (WlATNoPA). The solid line shows the cohort's mean PA accuracy score. The 
dashed lines denote the SD of the PA accuracy score for the cohort.

Figure 4.9- Scatterplot to show the correlation between each group's accuracy score 
on the fast noise masked PA task (FNAcc) and the WIAT reading score without PA 
(WlATNoPA). The solid line shows the cohort's mean PA accuracy score. The dashed 
lines denote the SD of the PA accuracy score for the cohort.
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Figure 4 .10-Scatterplot to show the correlation between each group's accuracy 

score on the slow noise masked PA task (SNAcc) arid the WIAT reading score without 

PA (WlATNoPA). The solid line shows the cohort's mean PA accuracy score. The 

dashed lines denote the SD of the PA accuracy score for the cohort.

4.4 Discussion 

Noise and PA Accuracy

This study aimed to assess the nature of the speech perception deficit in poor 

readers, and if this could impact PA performance. This was investigated by 

degrading the cues in speech with fast and slow modulated noise. This study found 

evidence to support the previously well-established PA deficit in poor readers in 

comparison with controls, measured on a phoneme deletion task (Bruck and 

Treiman,1990; DeGelder and Vroomen, 1991; Dole, Hoein and Meunier, 2012; 

Fawcett and Nicolson, 1995). The present study found that words masked with 

noise caused a significant impairment in PA performance, compared with when the 

words were unmodified. The slow rate (4Hz) modulated noise impaired
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performance more than the fast modulated (40Hz) noise. This suggests that the 

cues which are degraded by slower fluctuating noise are more important for 

phonological awareness than cues which are degraded by fast fluctuating noise. 

However, there was no significant interaction between these effects of group and 

noise masking. This suggests that the poor readers were impaired by the noise 

masking in a manner similar to typically developing children. All groups struggled 

most to use the cues which remained when words were degraded with slow 

fluctuating noise. Both poor readers and controls showed evidence of also being 

significantly impaired at the PA task with fast fluctuating noise. 1 his result is similar 

to those of studies of speech perception in noise which did not find that noise 

masking produced impairment in performance specific to poor readers (Hazan et 

al., 2009; Hazan et al., 2013; Law et al., 2014). A specific deficit for speech in noise 

for poor readers has been previously reported (Ziegler et al., 2009), however the 

present study failed to show a similar difference between poor readers and reading 

age controls that was specific to the noise masked speech. The poor readers were 

consistently worse than CAs across all phoneme deletion tasks, regardless of the 

type of cue degradation with noise.

Noise and PA response time

This study also hypothesised that if poor readers were slower to respond to either 

of the noise masked PA tasks, this would be evidence for a deficit at processing 

phonological information at either a fast or slow rate. However, no significant group 

differences and no interaction between group and noise condition was found. This 

is not surprising, given that that response times did not correlate with reading skill.
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Although Dole et al. (2012) reported slower responses of dyslexic adults to a 

phoneme deletion task, previous studies of phoneme deletion tasks with poor 

reading children have simply reported less accurate responses without measuring 

spoken response time (Bruck &Treiman,1990; DeGelder & Vroomen, 1991; Fawcett 

& Nicolson, 1995). There is evidence to suggest that phonological representations 

are accessed more slowly by poor readers during RAN tasks (Denckla & Rudel 1976; 

Law et al., 2014) where the accuracy of responses was emphasized at the cost of 

speed (good accuracy but poor naming speed). The opposite pattern seems to be 

present for the PR group at the explicit PA task in this study: poor accuracy, but 

typical speed (in comparison with controls). It may be the case that spoken 

response time is not an appropriate measure of PA skill when measured with an 

explicit task. Looking at the effect of noise on response time, the fast noise masking 

condition did lead to significantly faster response times, for all three groups and the 

slow noise and unmodified conditions were equal in terms of response time. This 

result does not fall in line with the theories of speech in noise impairing language 

task performance. There are several possible explanations for this, although further 

research would be necessary to clarify them. It is possible the rapid fluctuations of 

noise produced a stimulatory effect, leading to the children responding more 

quickly to the task, after hearing a rapid rhythmic buzzing sound. The slow noise 

masking may not have provided the same stimulation, as its slow fluctuations 

perhaps provided no impetus for increased speed above the unmodified words. The 

presentation of rhythmic auditory stimuli has been found to significantly affect the 

rate of motor responses. Treisman, Faulkner and Naish (1992) found that 

presenting rhythmic click tracks to adults while typing resulted in peaks in typing
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rate that corresponded to the speed of the auditory clicks. It has also been found 

that motor responses can be sublirninally entrained to an auditory rhythm (fhaut, 

Tian & Azimi-Sadjadi, 1998). It is possible, therefore, that rate of motor responses in 

this task, i.e. speaking, was being entrained to the rhythm of the noise fluctuations, 

creating noticeable faster responses in this condition. Even if rhythmic entrainment 

was happening in the slow noise condition, this may not have produced a 

noticeable effect on response rate, as the syllable rate change in noise bursts was 

not noticeable more rapid than the rate of the words in the stimulus phrase.

Limitations of response time analysis

It is important to consider variance in numbers of correct responses across the 

groups, when considering the response time results, as only times for correct 

responses were analysed. The poor readers had fewer correct responses than either 

of the control groups. This meant that the means were being calculated for poor 

readers from an average of 6 responses each, whereas 9 responses and 7 responses 

were available for the CA and RA means respectively. It should also be considered 

that fewer of the poor readers were able to be included in the RT analysis (n=13) 

than of the CAs and RAs (n=15 and n=14 respectively). This tells us that a sizeable 

number of the sample consistently responded outside of the 5 second window. The 

analysis of only correct responses ensured that no obvious speed-accuracy trade off 

was present in the results, but the aforementioned effect of accuracy on number of 

available responses must considered. As both fewer responses and fewer 

participants were available for the PR group response times, it is possible that this 

data is less representative of the group's response behaviour than the controls'



data is of theirs. If the noise masking had affected response times mainly for the 

slower responders of the groups, this effect would have been missed during data 

collection, as RTs were not recorded for anyone responding outside of 5 seconds. If 

there is a problem with the representativeness of the RT data, it is most likely to be 

with the PRs, due to their smaller number of responses available for analysis, and to 

the larger number of poor readers who consistently responded outside the 5 

second cut-off. Future research could record response times for a longer time 

period to reduce the chance of this issue.

Conclusions

Response times to the PA tasks did not correlate with reading performance at all, 

however accuracy to the unmodified PA task correlated significantly with reading 

performance - the better a child's PA performance, the better their reading ability. 

The correlation between reading and PA was significantly reduced when slow 

fluctuating noise masked words were used, and even more so when the fast 

fluctuating noise masked words were used. Again this suggests that response to 

noise masking of words in a PA task is not significantly related to better reading 

ability.

Although there is some evidence of speech in noise perception deficits in poor 

readers (Ziegler et al., 2009), no such interaction between response to noise 

masking and reading ability was found in this study. Noise masking did cause 

impairments in PA performance, but it appears to impact both poor readers and 

control children equally. The loss of speech cues that were degraded by noise 

masking did not affect the groups differently. Results in the following chapter of this

106
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thesis suggest that there is a significant difference in the response of poor readers 

and typically developing children in their response to temporally degraded speech 

in a PA task, however the results from the present study suggest that noise masking 

is not an efficient method of studying such a relationship of temporal processing,

PA and reading ability.



Chapter 5 - Compression and expansion of speech in a phonological 

awareness task

5.1 Introduction

The findings of the previous two studies have found that poor readers are 

consistently impaired for phonological awareness, falling in line with the literature 

reviewed in Chapter 2. Previous research has attempted to determine whether the 

processing of fast or slow rates of acoustic change is impaired in poor readers 

(Tallal, 1980; Goswami et al., 2002). Attempts have been made to remediate the PA 

impairment in poor readers by enhancing what have been claimed to be the most 

important auditory cues for phonological segmentation. As discussed previously, 

the Fast ForWord training program (Scientific Learning Corporation, 2003) is based 

on the work of Tallal et al. (1996) and claims that slowing the speech signal by 50% 

and enhancing fast rate auditory cues will improve the PA of poor readers. However 

Strong et al.'s (2010) meta-analysis found no evidence of PA improvement using 

this program. The work in Chapter 3 began the dissection of these enhancement 

methods, and assessed the effect of enhancing high frequency bands on PA. This 

enhancement did not improve the PA of the poor readers or any children in the 

study. Tallal et al.'s (1996) cue enhancement method also involved the slowing of 

the speech signal by 50%. McAnally et al. (1997) found that temporally expanding 

CVC clusters to 1.6 x their original length clusters did not improve the ability of
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fifteen dyslexic teenagers (mean age 15.2 years) to identify them. 1 he studies of the 

use of expansion to improve phonological ability have used synthetic speech. This 

chapter will assess the impact of this manipulation on the PA of poor readers and 

typically developing controls, with natural speech stimuli.

Conversely, it may be the case that the temporal compression of speech may 

degrade PA in a way which highlights a particular impairment of poor readers 

versus controls. Effects on speech intelligibility have been found using compression 

of various rates, but this has been with phoneme identification, rather than an 

explicit measure of PA (manipulating phonemes rather than simply identifying 

them). McAnally et al. (1997) compressed CVC clusters to 0.6 x their original length, 

but found this did not significantly impact phoneme identification in either poor 

readers or controls. The effect of compression when used directly on naturally 

spoken words in a PA task, however, is not known. Speech perception deficits have 

been found in poor readers (Boets et al., 2007; Mody et al., 1997; Serniclaes et al., 

2004; Vandermosten et al., 2011) but attempts to highlight the processing 

differences between poor readers and controls using noise have been inconclusive. 

Degrading the speech signal using temporal compression increases the speed of 

syllable rate changes to be closer to phoneme rate changes, and would degrade 

phoneme rate changes to an unintelligible level. It is likely that if compression of 

speech in a PA task affected poor readers and controls differently, that being forced 

to use only fast rate cues challenged their temporal processing in such a way that it 

impacted the use of phonological representations.



It is apparent that the perception of temporal acoustic changes is impaired in poor 

readers. So far, only associations between temporal processing tasks and 

phonological awareness tasks have been found. In order to establish the 

importance of temporal aspects of processing in phonological awareness 

performance, this study manipulated the temporal characteristics of speech used in 

a phonological awareness task. The speech signal of the target words in the PA task 

were either expanded to 150% or compressed to 50% of their original length. The 

expansion condition made the target word 50% longer, thus slowing down fast 

rates of change, increasing their availability to be used as a cue for segmentation. 

The compression condition made the word 50% shorter, thus speeding up slow 

rates of auditory change, reducing their availability to be used as a cue for the PA 

task. These rates (expanding to 1.5x and compressing to 0.5x original length) were 

chosen to be in line with rates used in previous research (McAnally et al., 1997; 

Tallaletal., 1996)

Choice of linear temporal modification for speech compression and expansion

When people speak at a faster rate, compression occurs at different rates in 

different parts of the speech. Consonants tend to be compressed less than vowels, 

and stressed syllables are compressed less than unstressed syllables in polysyllabic 

words, resulting in a more pronounced prosodic pattern (Janse et al., 2003). Janse 

(2004) selectively compressed sentential stimuli in a phoneme detection task in 

such a way to mimic natural fast speech, compressing stressed syllables to 65% of 

original length and unstressed to 45%. Janse also included conditions of unnatural
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compression (the inverse of natural compression) and linear compression to 65%. 

She found that natural compression resulted in slower response times than the 

other conditions, and lower phoneme detection accuracy than linear compression. 

In a second experiment, real natural fast speech resulted in slower response times 

than linear compression. Linear compressed speech was also found to be more 

"agreeable" to listen to than both selective compression and natural fast speech. 

These findings suggest that natural fast speech or selective compression may not 

offer any benefits to speech perception over linear compression. Linear rates of 

compression and expansion were chosen in the present study, to allow comparison 

with the 50% linear expansion examined in earlier work (Strong et al., 2010; Tallal et

al., 1996).

Hypotheses and longitudinal predictions

Poor readers struggle with the representation of phonological information, and it 

was hypothesised that the compression of the speech signal, which would 

significantly degrade the acoustic cues available for processing, would further 

impair their PA performance.

It was predicted that the poor readers would show an overall impairment at the PA 

tasks in comparison with the control children. It was also predicted that the 

compression of speech in the PA task would impair the poor readers' in comparison 

with unmodified or expanded speech, thus resulting in lower accuracy and slower 

responses. It was also predicted that the poor readers' performance would be 

more impaired by compression than typically developing controls' performance 

would be. Expanded speech was used in the third condition of the PA task to further
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investigate Strong et al.'s (2010) claim that expanded speech does not improve the 

PA of poor readers.

An overall aim of the work in this thesis was that any temporal modifications to a 

PA task which resulted in an interaction between condition and group (i.e. resulted 

in the poor readers and controls responding differently to the modification), would 

be followed longitudinally. After the results of the first time point of data collection 

revealed that the CAs were in fact more affected by the compression of speech than 

the poor readers were, it was predicted that the RA children, one year older at the 

second time point in the study, would show a similar impairment to the CAs at 

processing compressed speech.

5.2 Methods

5.2.1 Participants

Eighteen poor readers were included in this study, recruited from the cohort 

described in Chapter 3. They scored a minimum of 1.2 SDs below the test mean on 

the WIAT-II UK (Wechsler, 2004) standardised reading test. Eighteen chronological 

age matched children and eighteen reading age matched children were also 

included from the same cohort. Only participants who completed all PA tests at 

both data collection points (1 year apart) were included in the analysis.

General verbal and non-verbal ability was measured in both groups using the 

vocabulary and block design subtests of the fourth edition of the Wechsler 

Intelligence Scale for Children (WISC-IV; Wechsler,2005). The poor readers group 

was significantly worse than controls on all reading and phonological measures,
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with the exception of being equal to the reading age match group's ability on the 

PhAB Rhyme subtest and the WIAT-II Reading test raw score when the phonological 

awareness component was excluded. The poor reader group was significantly worse 

than reading age match controls on non-verbal IQ, and both control groups on 

verbal IQ.

Table 5 .1 - Participant characteristics for poor readers (PR), chronological age 

match controls (CA) and reading age match controls (RA).

PR
N=18

CA
N=18

RA
N=18

F(2,53)

M SD M SD M SD

Age (months)c 105.89 3.05 106.61 3.38 80.83 3.90 323.96***

Reading Age (months)1 78.50 4.40 116.89 21.54 79.11 4.86 51.82***

WIAT-II Reading a,d 73.44 8.15 103.61 10.52 101.00 10.68 51.50***

Reading without PA 1 23.61 9.60 54.00 8.46 27.50 11.98 48.05***

Vocabularyb,d 8.83 2.09 10.00 2.17 11.11 2.14 5.13**

Block Designb' f 9.06 2.60 10.61 2.59 11.61 1.38 5.82**

WISC-IV Full Scale IQ a,d 93.61 12.44 102.06 11.21 108.11 7.89 8.36**

WRAT-4 Readinga d 76.81 14.96 107.44 19.32 109.94 18.65 17.28***

WRAT-4 Spelling a'd 73.94 18.01 97.56 19.29 103.06 15.29 12.63***

TOWRE Word a'd 83.47 9.26 108.56 6.48 113.81 10.15 52.55***

TOWRE Non-word a'd 83.73 12.50 112.06 9.48 111.06 14.49 26.05***

PhAB Alliteration a,d 89.47 11.00 97.54 4.70 98.31 3.61 6.84**

PhAB Rhymea,e 91.27 19.23 109.92 11.16 100.73 10.20 5.98**

PhAB Spoonerisma,d 90.00 9.76 100.85 12.90 106.60 12.80 7.56**

PhAB Non-word reading
a, d

88.93 7.92 102.08 9.38 106.00 4.47 21.48***

Note. ° Standard Score M= 100 SD= 15 h Scaled Score M- 10 SD-3 *p<.05

**p<.01 ***p<.001

c RD=CA>RA, d RD<CA=RA,f RD=RA<CA,1 RD<RA=CA, RD-CA
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5.2.2 Phonological Awareness Task Stimuli

Three phonetically matched lists of 16 monosyllabic child-friendly words were 

constructed. The words for each list were matched pairwise to have the same 

number of phonemes, phonetic complexity and phonetic category of the 

consonants in the consonant cluster. Eight of the words in each list had a CCVC 

structure and the other 8 a CVCC structure. The stimulus words were selected such 

that segmentation at the consonant cluster would result in a real word for half of 

the stimuli and a non-word for the other half. In each list there were 5 plosive- 

approximant consonant clusters, 3 fricative-plosive consonant clusters, 1 fricative- 

nasal consonant cluster, 6 nasal-plosive consonant clusters and 1 approximant- 

plosive consonant cluster. Matching phonetic composition of the word lists ensured 

that segmentation and articulation difficulty was equated across tasks.

All word stimuli were spoken in a local Northern Irish accent by a female speaker 

and digitised at 44.1 kHz. A discrete instruction of which phoneme is to be removed 

in the phoneme deletion task (target) was recorded by the same speaker for each 

stimulus word (e.g. "... without the /b/"). Compression and expansion of the 

digitised word stimuli was performed by time domain harmonic scaling (TDHS; 

Rabiner & Schafer, 1978). TDHS results in highly natural-sounding speech in which 

the pitch of the speech is unchanged from the original, while the speed of temporal 

pitch and amplitude changes are adjusted. The stimulus words were either 

compressed by 50 % or expanded by 50 % (see Figure 5.1)
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Figure 5 .1 -  Waveforms of unmodified, compressed, and expanded speech.

5.2.3 Procedure

Testing took place over several short sessions of around 20 minutes with each child 

in school at two time points. The WIAT-II UK reading test was performed in the 

initial screening process, for selection of the sample groups. Children who were 

chosen to take part in the study then took part in the two full time points of testing, 

which were 1 year apart. At the first time point the hearing screen and the two 

WISC-IV subtests were performed in the initial sessions, then the three phonological



tasks in subsequent sessions. At the second time point, the WIAT reading test was 

repeated, then the WRAT reading and spelling, PhAB and TOWRE were 

administered in the initial sessions, with the three PA tasks being repeated 

afterwards. Three phonological awareness tasks were performed by each child 

containing unmodified, compressed or expanded stimulus words. Each task 

consisted of two practice trials and 14 experimental trials. The tasks were 

structured such that 8 trials required deletion of an initial phoneme (CCVC words) 

and 8 trials required the deletion of the final phoneme (CVCC words). The order in 

which children performed the phonological awareness tasks was counterbalanced 

across groups.

The phonological awareness tasks were presented to the children in the context of 

a computerised game. Children saw a cartoon monkey in the jungle while they 

listened to the experimenter explain the task instructions. Children were advised 

that when the monkey held her hands to her ears she would say a word to them 

and tell them what sound they needed to remove from that word. The children 

were then told that the monkey would open her mouth and a question mark would 

appear above her head when they were required to respond. During the practice 

trials corrective feedback was provided to the children to ensure they understood 

the task. In all trials children heard a stimulus word followed by an instruction of 

which phoneme to delete (e.g. "cliff without the /k/") and were required to give a 

spoken response saying the word or non-word that resulted from the target 

phoneme deletion (e.g. "liff"). Spoken responses to the phonological awareness 

tasks were automatically recorded by the computerised game for later analysis. 

Only the stimulus word was modified in the low band enhanced and high band
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enhanced conditions. The spoken instruction and target phoneme were always 

unmodified.

Italics have been used to show the 
word which was temporally modified 
in each condition; unmodified,low 
frequency band enhanced or high 
frequency band enhanced. The 
remainder of the phrase was 
unmodified, natural speech.

After the stimulus phrase had been presented, 
there was a 5000ms recording window for the 
child's spoken response, in this case the correct 
response is /liff/.

Figure 5.2 -  The two stages of each trial are shown above: The stimulus phrase with 

an unmodified or noise masked target word, immediately followed by a 5000ms 

recording window, used for both accurate scoring of the child's response and to 

calculate response times.

5.2.4 Scoring and Analysis

Phonological awareness trials were scored as correct if the child articulated all of 

the correct phonemes in the correct order devoid of the target phoneme (e.g. after 

hearing "cliff without the /k/" they responded "liff"). The spoken response time for 

each correct trial was measured as the time taken for the child to initiate the 

correct response after presentation of the stimulus Instruction (e.g. after the /k/ in 

the instruction "cliff without the /k/"). Response times of longer than 5000ms for 

correct trials were not included in the analysis. A mean response time for each child 

on each task was calculated. Outliers from excessively long response times were 

excluded from the analysis by the 5000ms cut off, and, therefore, no further 

exclusion of scores was performed on the data. There were a number of children
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for whom mean scores could not be calculated, as all of their responses fell outside 

the 5000ms recording window. The limitations on the response data suggested that 

further elimination of long response times would be inappropriate.

Additional analysis of errors was carried out in this study to further investigate the 

interaction between reading ability and effect of temporal compression.

The errors made by the participants were coded into three categories, target, non

target and other (see Figure 5.3 for example of different error types). An error was 

coded as a target error if the child articulated an incorrect phoneme at the 

segmentation position in the word (e.g. after hearing "cliff without the /k/" they 

responded "biff") or if the child removed the entire consonant cluster instead of a 

single phoneme (e.g. after hearing "cliff without the /k/" they responded "iff"). An 

error was coded as a non-target error if the child removed a phoneme from the 

opposite end of the word to the segmentation position (e.g. after hearing "cliff 

without the /k/" they responded "cli") or articulated an incorrect phoneme not at 

the point of segmentation, having segmented at the appropriate position (e.g. after 

hearing "cliff without the /k/" they responded "lip"). The remaining errors classified 

as 'other errors' included responses where the child failed to remove any 

phonemes, removed both initial and final phonemes or failed to respond at all. The 

relatively large numbers of target errors were classified further into phonemic 

errors, segmentation errors and other errors.

Within the category of target errors, additional coding was carried out. Target 

errors which involved saying an incorrect phoneme were coded as phonetic 

category errors. Target errors which involved removing the entire consonant cluster



were coded as segmentation errors. "Other" target errors included trials in which 

the child removed more than one extra phoneme from the target cluster.

r = >

Figure 5.3 -  Examples of the different error types for a phoneme deletion trial.

--------------------------------- -

cliff without the /k/
v__________________ )

'  m i Correct

/biff/ Target error

/kl«/ Non-target error

/li/ Other error
_______ 7

5.3 Results

5.3.1 Accuracy

The effect of compression and expansion on phoneme deletion accuracy was 

investigated using a 3 x 3 mixed repeated measures ANOVA: Condition 

(compressed, unmodified, expanded) within x Group (PR, CA, RA) between. No 

significant main effect of condition was found (F[2, 102) = 0.78, p=.461). However, 

there was a significant main effect of group (F[l,51]=5.87, p=.005). This effect 

resulted from the greater accuracy of the CAs on all the phoneme deletion tasks as 

compared with the poor readers and RA controls (t[23.80]=-3.39, p=.001, one-tailed 

and corrected for unequal variances; t[26.98]=2.74, p=.006, one-tailed and 

corrected for unequal variances respectively, see Figure 5.4. The poor readers and 

RA controls did not differ significantly in their accuracy across the phoneme 

deletion tasks (t[34]=-.94, p=.178, one-tailed). In addition to the main effect of
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group a significant interaction was present between condition and group (F[4,102] = 

3.26, p=.015; see Figure5.5). Post hoc paired t-tests revealed that the CAs were less 

accurate in their responses to compressed speech as compared with the 

unmodified speech (t[17]=2.65, p=.009, one-tailed).
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Figure 5 .4 -  Mean accuracy of each group (PR, CA and RA) on the phoneme deletion 

tasks. Error bars show SD
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Figure 5.5 -  Mean accuracies of Poor readers (PR), chronological age match controls 

(CA) and reading age match controls (RA) for each of the three conditions of the PA 

task -  Compressed, Unmodified, Expanded. Error bars show SD.
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5.3.2 Spoken Response Times

The effect of compression and expansion on spoken response times in the phoneme 

deletion task were investigated using a 3 x 3 mixed repeated measures ANOVA: 

Condition (compressed, unmodified, expanded) within x Group (PR, CA, RA) 

between. The ANOVA revealed a significant main effect of condition (F[1.62, 69.87] 

= 19.33, p<.001, £=.81, Greenhouse-Geisser corrected; see Figures 5.7 and 5.8). 

Response times were consistently shorter for all groups of children when 

responding to compressed speech and expanded speech as compared with 

unmodified speech (t[49] = 5.27, p<.001, one-tailed and t[48] = 4.89, p<.001, one- 

tailed, respectively). Response times did not differ significantly when both of the 

modified conditions were compared (compressed compared with expanded; t[46] = 

.75, p=.23, one-tailed). The groups differed borderline significantly in their mean 

spoken response times (main effect of group; F[2,43]=3.04, p=.058); see Figure 5.6. 

Post-hoc t-tests revealed that this effect was led by the CA controls responding 

significantly faster than the RA controls and poor readers (t[34]=-2.28, p=.015, 

t[34]=1.73, p=.045 both one-tailed, respectively).The poor readers did not differ 

significantly from the RAs in their spoken response time t[34]=-.70, p=.245, one- 

tailed). The mean response time for poor readers was 1796 ms (range: 1213 to 

2934ms, SD=518ms). The mean response time for CAs was 1498ms (range: 742 to 

2658ms, SD=513ms). The mean response time for RAs was 1928ms (range: 1117 to

2978ms, SD=610ms).
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Figure 5.6 - Mean spoken response times (ms) for phoneme deletion tasks for each 

group (Error bars show SD)

Figure 5 .7 -  Spoken response times (ms) of Poor readers (PR), chronological age 

match controls (CA) and reading age match controls (RA) for each of the three 

conditions of the PA task -  Compressed, Unmodified, Expanded. (Error bars show

SD)
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Figure 5.8 -  Mean response times for all children for each version of the PA tasks -  
compressed words, unmodified words, expanded words (Error bars show SD).

5.3.3 Analysis of Spoken Errors

X2 analyses were used to test the frequency of errors made by the participants in 

response to the original speech and one of the modified speech conditions against 

the hypothesis that equal errors would be made across the two conditions. All chi- 

squared calculations were corrected for over-estimation of 2x2 contingency tables 

using Yates correction (Yates, 1934). Error analyses were examined only for those 

conditions where significant differences were found in the accuracy scores, namely 

the Poor readers and CA control group (see Figure 5.9 for error frequencies).

The distribution of 'other' errors for the CAs was significantly different from that 

expected if the conditions had no effect (both compression and expansion: x2= 

5.82, df = 1, p = 0.02. All other x2 comparisons were not statistically significant.
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Figure 5.9 -  Frequency of errors mode in the three categories (target, non-target 

and other) by poor readers and CA controls. The significantly larger number of 

"other" errors made by the CAs in comparison with PRs is highlighted. Circle size is 

representative of error frequency.

5.3.4 Correlations with reading performance

Correlations of PA performance with reading were performed using the raw score 

of the WIAT, excluding the phonological awareness component of the task required 

for younger RA children. A large significant correlation was present between 

reading and the unmodified version of the phonological awareness, controlling for 

age and estimated full scale IQ (r=.52, df= 50,p<.001).A moderate significant 

correlation between PA task accuracy and reading was present when expanded 

speech was used in the PA task (r=.491,df=50, pc.OOl, two-tailed, controlling for age 

and IQ). This was no longer significant when speech was compressed (r=.24, df=50,
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p=.088). A large significant correlation between reading and unmodified PA 

accuracy was found within the PR group (r=.59, df= 14, p=.016, r= two tailed). A 

borderline significant moderate correlation between reading and expanded speech 

PA accuracy was also found within the PR group (r=.477, df=14, p=.062). No other 

significant correlations were found within groups. Correlations between reading 

(measured by the WIAT with no PA score) and the unmodified, compressed and 

expanded speech tasks for each group are shown in Figure 5.10, Figure 5.11 and 

Figure 5.12.

Correlations of PA task reaction time with reading were performed using the raw 

score of the WIAT, excluding the phonological awareness component of the task 

required for younger RA children. No significant correlations were found between 

the reading measure and PA task reaction time for unmodified speech, compressed 

speech or expanded speech (r=-.186, df= 49 ,p=.191; r=-.133,df=47,p=..363; r=- 

.102,df=46,p=.492, two-tailed, controlling for Age and IQ, respectively.)
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WlATNoPA

Figure 5.10 -  Scatterplot to show the correlation between each group's accuracy 
score on the Unmodified PA task (UnmodAcc) and the WIATreading score without 
PA (WlATNoPA). The solid line shows the cohort's mean PA accuracy score. The 
dashed lines denote the SD of the PA accuracy score for the cohort.

WlATNoPA

Figure 5.11 -  Scatterplot to show the correlation between each group’s accuracy 
score on the compressed PA task (CompAcc) and the WIAT reading score without 
PA (WlATNoPA). The solid line shows the cohort’s mean PA accuracy score. The 
dashed lines denote the SD o f the PA accuracy score for the cohort.
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Figure 5.12 -  Scatterplot to show the correlation between each group's accuracy 
score on the expanded PA task (ExpAcc) and the WIAT reading score without PA 
(WlATNoPA). The solid line shows the cohort's mean PA accuracy score. The dashed 
lines denote the SD of the PA accuracy score for the cohort.

5.3.5 Longitudinal development of PA and representation of compressed speech

Accuracy

The effects of speech compression and year on phoneme deletion accuracy were 

investigated using a 2 x 2 x 3 mixed repeated measures ANOVA: Year (year 1, year 

2) within x Condition (compressed, unmodified) within x Group (PR, CA, RA) 

between. A significant main effect of group was found (F[2,51] = 6.946, p=.002. A 

significant main effect of group was found (F[2;51] = 6.946, p=.002. This resulted 

from the PRs having a lower mean PA score (across both conditions and years) than 

both the CAs (t[34]=-3.385, p=.001, 1 tailed) and the RAs (t[34] = -2.343, p=.013, 1
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tailed). The CAs and RAs did not significantly differ in their PA scores (t[34] = 1.334, 

p=.096,1 tailed).

A significant main effect of condition was also found (F[l,51] = 4.975, p=.030) such 

that all participants scored higher on the unmodified words than compressed 

words.

A significant interaction between year and group was found (F[2,51]=3.895, 

p=.027). This resulted from the RAs significantly improving in mean PA accuracy 

(both comp and unmodified conditions) from year 1 to year 2 (t[17] = -3.87, pc.001, 

1 tailed). The PRs and CAs did not improve from year 1 to year 2 (t[17]=1.63,p= 061 

& t[17]=.359, p=.362 respectively, both 1 tailed). See Figure 5.13.

A significant interaction between condition and group was found (F[2.51]=3.880, 

p=.027). This resulted from the CAs maintaining a profile of poorer scores for 

compressed than unmodified words (t[17]=-3.073, p=.004, 1 tailed) and the RAs 

showing significantly poorer scores for compressed words across (t[17]=1.794, 

p=.046,1 tailed), In contrast the PRs showed no difference in performance between 

compressed and unmodified words across years (t[17]=-.820, p=.212,1 tailed).

A significant interaction between year, condition and group was found (F [2,51]= 

3.787, p=.029). This resulted from the CAs having significantly poorer scores for 

compressed words than unmodified words in year 1 (t[17]=2.652, p=.009, 1 tailed) 

but not in year 2 (t[17]=1.534,p=.072,1 tailed) and from the RAs having significantly 

poorer scores for compressed words than unmodified words in year 2 (t[17]= 1.978, 

p=.032,1 tailed) but not in year 1 (t[17]= .916, p=.186,1 tailed). The PRs did not 

differ in compressed and unmodified accuracy in year 1 or year 2 (t[17]=-1.554, 

p=.069, t[17]=.984,p=.017, both 1-tailed, respectively).See Figure 5.5 for time 1
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compressed vs unmodified differences, and Figure 5.14 for time 2 compressed vs 

unmodified differences.
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Figure 5.13- Mean PA accuracy at each time point for each group. Error bars show 
SD.
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Figure 5.14 -  Mean accuracy for 

compressed and unmodified 

words, for each group, at time 
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significant impairment for 
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Response time

The effects of speech compression and year on spoken response time were 

investigated using a 2 x 2 x 3 mixed repeated measures ANOVA: Year (year 1, year 

2) within x Condition (compressed, unmodified) within x Group (PR, CA, RA) 

between. A significant main effect of group was found (F[2,39] = 5.038, p=.0.11. The 

CAs had a consistently faster response time (across both conditions and both years) 

than the PRs (t[34]=2.221, p=.017, 1 tailed) and RAs (t[34]=-2.724, p=.005,1 tailed). 

The PRs and RAs did not differ (t[34]=-.445,p=.330, 1 tailed).

A significant main effect of year was found (F[l,39]=16.663, p<.001). This resulted 

from the mean response times for year 2 across all groups being faster than the 

year 1 response times (t[45]= 4.111, pc.001, 1 tailed).

A significant main effect of condition was found (F[l,39]=24.058,p<.001). This 

resulted from the mean compressed response times being faster than the mean 

unmodified response times across both vears. A significant interaction between 

year and condition was found (F[l,39]= 9.545,p=.004). This resulted from the 

compressed response times being faster than unmodified, for all participants, in 

year 1 (t[49]= 5.269, pc.OOl, 1 tailed, see Figure 5.7) but less significantly so in year 

2 (t[43]=1.766, p=.043,1 tailed, see Figure 5.15). The difference in response times 

between the unmodified and compressed words for year 1 being significantly 

greater than the difference in response times for the same conditions in year 2

(t[41] = 3.201, p=.002,1 tailed).
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Figure 5.15 - Mean response times (ms) for each condition of the PA task in Year 2. 

Error bars show SD.

5.4 Discussion

The aim of this study was to examine the importance of the temporal cues in 

speech to phonological awareness performance in typical and poor reader children. 

It was hypothesised that compression of natural speech would impact the 

processing of speech cues important for phoneme identification and segmentation 

and result in poorer phonological awareness performance in all children. Since we 

know that poor readers typically have poorer phonological awareness than 

proficient readers we hypothesised that poor readers would be the least resilient to 

compression resulting in degraded phonological awareness performance. We also 

hypothesised that poor readers would be the most likely to take advantage of the 

expanded speech to improve their phonological awareness performance.
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In contrast to the hypotheses of this study, we found that the CA-controls were 

impaired for compression of the speech stimuli relative to the original stimuli, 

whereas the RA-controls and poor readers' performance was not negatively 

impacted. Although surprising, this result does support an important role of 

temporal speech cues in reading development.

5.4.1 Speech processing and PA accuracy
The phonological awareness tasks completed in this study required the participants 

to remove a phoneme from a word and report the blended remaining phonemes of 

the word. This is a well-studied task design and the poor phonological awareness 

performance of the poor readers compared with the CA and RA controls is in line 

with other studies of these aged children with reading difficulties (Bruck & Treiman, 

1990; Fawcett & Nicolson, 1995). PA task condition (unmodified, compressed, 

expanded) had no main effect on accuracy score. The expansion of speech did not 

improve the PR group's performance. The lack of improvement in PA accuracy score 

in the expanded speech condition falls in line with the review of the FFW program, 

which uses expanded speech (Strong et al., 2010). It appears that uniformly 

expanding speech does not offer significant enhancement of acoustic cues useful 

for phonological segmentation. No improvement in speech discrimination in 

children with other language disorders by expanding speech has also been 

previously reported. Segers and Verhoeven (2002) expanded natural speech by 50% 

in a consonant discrimination task and found no effect of the speech manipulation 

on improving children with SLI's performance. When using synthetic speech, Segers 

and Verhoeven (2005) found that expanding speech did improve speech
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discrimination in children, however there was not a speech manipulation -  group 

interaction. Both the SLI group and controls were improved equally. Blomert and 

Mitterer (2004) hypothesised that speech perception deficits may only be found in 

poor readers when synthetic speech was used, and found no evidence of a speech 

perception deficit in dyslexic children when using natural speech in a categorical 

perception task. The current study's use of natural speech should be noted here, as 

it is possible that expanded speech may only improve speech perception when 

using synthetic speech.

The CA control group was significantly impaired at PA when speech was 

compressed, the PR group and younger RA group was not. This suggests that the CA 

group possesses a sensitivity to cues which are being degraded when speech is 

compressed, that the other two groups do not possess. Recent findings by Fosker, 

O'Laoide & Laverty (in prep) suggest that typically developing children aged 8 to 9 

years depend on faster rates of acoustic change for PA than younger children, 

aged6 to 7 years, depend on. When the speech was compressed in the current 

study, these fast rates of change, relied upon by the CA group for PA, were 

rendered unintelligible and could no longer be used as cues for phonological 

segmentation. Unavailability of these cues may have been responsible for the 

impaired PA task accuracy of the older controls in this study. The degradation of 

fast rate cues did not impair the RA group as they do not depend on them for PA at 

this younger age. The PR group may also have reduced sensitivity to these cues, as 

they were not impaired by the compression task either, suggesting that this lack of 

a shift to sensitivity to faster cues (shown by typically developing children) may 

contribute to their reading difficulties.



5.4.2 Response time and the temporal degradation of speech
All groups exhibited a significant decrease in response time when speech was

1 3 5

temporally modified. Apoux, Crouzet, Lorenzi (2001) found that temporally 

expanding the speech envelope significantly reduced response times in a speech in 

noise identification task and suggested the expansion created an increase in "ease 

of listening". As the present study found that compression also reduced response 

times, it is possible that the temporal degradation of speech causes it to be 

processed at a shallower level, allowing for faster responses.

Despite McAnally et al. (1997) hypothesising that compression may negatively 

impact speech perception, when individual participants' performance was analysed, 

instances of improvement in performance by both compression and expansion 

were found. This effect was not specific to either group. It is possible that these 

small improvements in perception contributed to the quicker response times for 

modified speech in the present study. Although there was no systematic 

improvement related to the temporal modifications, it should be noted that this 

task was a CVC identification task, not phonological awareness. It is possible that 

these small effects on perception are more obvious in PA tasks with whole words. 

Rabbitt (1968) suggested that a listener will be considerably aided by determining 

what information is salient and what is redundant when attempting to remember a 

passage. It may not be until sometime into the listened information that the salient 

features become apparent. During fast speech, fluctuations in compression rate 

may offer a cue to the salience of the word, and increase the allocation of resources 

for processing it. Janse (2004) hypothesised that although local compression of 

certain words may reduce their intelligibility, fluctuations in speech rate may
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provide processing benefits. Increased speech rate of less-important words in fast 

speech may offer cues to the redundancy of that word. It is possible that the 

temporal modification of a single word in the present study's task offered a cue to 

the importance of that word, making it a perceptual focus of the sentence, 

improving response time.

Limitations of response time analysis

As discussed in Section 4.4 of the previous study, it is important to consider 

variance in numbers of correct responses across the groups, when considering the 

response time results, as only times for correct responses were analysed. The 

response time analysis of this study too may have been impacted by the reduced 

availability of RT data for poor readers in comparison with controls. This again may 

have been due to there being fewer correct responses for the poor readers (mean 

accuracy of 8 responses per participant) than for the controls (means of 11 and 9 

correct responses for C As and RAs). Again, there were fewer poor readers for 

whom a mean response time could be generated (n=13) than there were CAs and 

RAs (n=15 and n=14 respectively). It is possible that an interaction between task 

and group may have happened, had the slowest responders been able to be 

included in the analysis. As both fewer responses and fewer participants were 

available for the PR group response times, it is possible that this data is less 

representative of the group's response behaviour than the controls' data is of 

theirs. It is possible that the response time analysis neglected to measure the effect 

of compression and expansion on response time for children who naturally respond
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more slowly to PA tasks. As previously suggested, future research could record RTs 

for a longer time period to reduce the chance of this issue.

5.4.3 Phonological errors and the loss of temporal structure of speech

When words were compressed, the CA group exhibited an increase in 'other' errors. 

These errors often involved the segmentation of sounds from both ends of the 

word, resulting in a response that was shorter than the correct response. Earlier 

work (Watson et al.,1990) has shown that good and poor readers do not show 

differences in error types on a phonemic discrimination task using temporally 

compressed sentential stimuli (50% compression), despite differences in accuracy 

score. It is possible that the difference in error behaviour between poor readers and 

controls in the present study is indicative of a difference in temporal processing 

between the groups, rather than a signature style of errors accounting for the 

difference in task performance. It may be the case that the compression decreased 

temporal knowledge about the word for the CAs, and this resulted in them 

exhibiting more errors where they gave a response of the wrong phonetic length. 

Phonemic discrimination tasks (as used by Watson et al.) may not have the same 

potential to reveal as much decreased temporal knowledge about the word, as no 

change to word length has to be made.. This perhaps explains why the present 

study found error differences yet Watson et al. did not.



138

5.4.4 Phoneme deletion processes

If participants responded to a PA task using phonological information only, they 

would remove one phoneme sound from the target word and report the remaining 

blended phonemes. It is possible, however, that phoneme deletion tasks may be 

performed in a less straightforwardly phonological manner than this. Orthographic 

knowledge may play a facilitatory role during the segmentation of word.

Consider that a child hears the PA task trial "cliff without the /k/". If this child has

orthographic knowledge of the word "cliff", they may represent the word in terms 

of its spelling, remove the letter which matches the /k/ sound and then say the 

remaining word based on the spelling of the remaining token. In this instance, they 

are actually performing the task of saying "cliff without the c", rather than without 

the /k/ sound. Figure 5.16 shows a possible model for how the task could be

performed using a combination of orthographic and phonological information.

cliff without the /k/ cliff

O
cliff without the c

0
liff o liff

The child hears the PA The chilci represents the 
tria| target word

orthographically, then 
identifies which letter 
matches the target for 
deletion before finally 
representing the word 
without this letter

The child reports the 
remainder of the word 
from this new 
representation

Figure 5 .1 6 - The potential role of orthographical knowledge in a phoneme deletion

task.
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Landerl, Frith and Wimmer (1996) found that typically developing children showed 

more evidence than dyslexic children of orthographic intrusions during a 

phonological awareness task. Landerl et al. used a condition of silent letters in their 

phoneme deletion task, e.g., being asked to remove /s/ from "sword". If the child 

responded with a sound associated with the remaining phoneme after removing 

only the first letter rather than the first phoneme, this was evidence of orthographic 

intrusion -  e.g., responding with "word" when asked to remove the /s/ from 

"sword". Typically developing children made this type of error more frequently than 

dyslexic children made it. In the present study, no silent letters were used in the 

stimuli. However Landerl et al.'s findings do still suggest that orthographic 

strategies may be used by typically developing children, and it is possible that 

differences between the poor readers and the older control children (who would 

have more spelling knowledge) may have been influenced by this difference in 

deletion strategy. If an orthographic strategy was used to aid segmentation, it is 

likely to have been used by the CAs in the first and second year of testing (more 

spelling knowledge than RAs and PRs), and possibly by RAs in Year 2 (having gained 

more spelling knowledge since Year 1). Future research could include a condition 

similar to Landerl et al.'s (1996) silent letter condition, to control for the use of 

orthographic strategies, and this could be an addition to the error analysis which 

has been developed here. It should also be considered that for initial phoneme 

deletion trials, the participant could simply perform a completion of the word, 

following the heard phoneme at the end of the stimulus phrase. For final phoneme 

deletion trials, this technique could not be used. Unfortunately, analysing data in 

terms of final and initial trials was not possible due to small trial numbers.



5.4.5 IQ and PA task performance

PA was found to correlate with reading, after controlling for age and estimated full 

scale IQ. This suggests that phonological difficulties may be equivalent across a 

range of IQ. There are, however, some possible mechanisms through which IQ may 

have impacted PA task performance. As discussed above, vocabulary (measured as 

part of the IQ assessment) may influence the use of orthographic strategy during 

phonological segmentations. As the poor readers had lower IQ than RAs and CAs, 

this may have allowed them one route to correctly segmenting the words in the PA 

task. IQ may have implications for processing speed or auditory attention, which 

again may affect PA task performance. If a child was slow to process the speech 

tokens in a stimulus phrase in a trial, e.g. "cliff without the /k/", they may be unable 

to perform the task. Similarly, if they struggled to attend to all speech tokens in the 

stimulus, they mail fail to successfully segment the word. This would not necessarily 

reflect a difficulty with phonological processing. In such an instance, it may have 

been an inability to process the stimulus in time or an inability to retain all 

necessary speech tokens, rather than an inability to manipulate the phonemes in 

the stimulus, which was responsible for the failed segmentation. In order to 

explore this, it would be necessary to present similar stimuli to participants, but ask 

them to recall the speech tokens, rather than perform a segmentation. A possible 

experiment would involve participants hearing, for example, "cliff without the /k/" 

but then being asked to report a part of the phrase, perhaps in a "fill-in-the-blank" 

style. This would allow us to determine if a child was struggling with the PA task due 

to poor phonological skills or due to inability to process or retain the stimulus.



141
5.4.6 Longitudinal development of PA and processing of compressed speech

With the addition of data from a second time point (1 year later) the significant 

impairment at PA of the poor readers in comparison with the CAs and RAs 

remained. The RAs improved in phonological awareness over this time period. The 

CAs did not improve in PA over the same time period and it is likely they had 

reached a robust level of ability with PA. The CAs were the only group whose PA 

was impaired by compressed speech in Year 1 and the RAs were the only group 

whose PA was impaired by compressed speech in Year 2. The Year 2 RAs were close 

to the age of the Year 1 CAs and this suggests that there is a time period where 

temporal processing is most easily disrupted (7 to 9 years). This finding, of a period 

of easily disrupted temporal processing, is seemingly reliable, due to its presence in 

two different typically developing groups when they each went through the time 

frame of age.

5.5 Conclusions

The results of this study showed that the CA controls were more sensitive than poor 

readers and younger controls to temporal degradation of speech in the PA task. The 

younger controls then showed this pattern a year later, suggesting that this 

sensitivity to temporal cues within speech when processing phonological 

information is part of a developmental process. This study also showed that 

expansion of speech was not of benefit to any group when performing PA tasks and 

that temporal compression is an effective way of highlighting processing differences 

between poor and typical readers.
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Chapter 6 - ERP responses of dyslexic adults and controls to 

compressed words in a PA task

6.1 Introduction

The findings in Chapter 5 suggested that typically developing children were more 

sensitive to fast rates of acoustic cues in speech than poor readers, and thus the 

typically developing children were more susceptible to impaired performance when 

compressed speech was used in a phoneme deletion task. A developmental aspect 

to this relationship was revealed by the longitudinal follow-up. The younger RA 

group were now more impacted by compressed speech in the PA task than poor 

readers, and the older children were no longer significantly impacted. To investigate 

a relationship between the processing of compressed speech and phonological 

awareness at the final point of development, the experiment in this chapter 

explored these phenomena in adult dyslexic participants and controls.

Event related potentials (ERPs) are studied in this chapter, with the goal of gaining 

insight into the differences between poor readers and normal readers at processing 

compressed speech in a phonological awareness task above purely behavioural 

impacts. These are studied by extracting windows of the change in electrical 

potentials over time from the electroencephalogram (EEG), created by the brain 

and recorded at the scalp. Both the processing of compressed task stimuli and the
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sensitivity of each group (dyslexic and controls) to phonological changes are studied 

using ERPs.

Phonological sensitivity has been efficiently studied by a number of previous tasks 

using the P300 ERP component. The P300 component typically occurs around 

300ms after the onset of a stimulus. It is a large, positive deviation in voltage 

recorded at the scalp. The P300 (also referred to as the P3b) is typically caused by 

oddball stimuli, i.e. stimuli which occur infrequently in a stream of frequent 

standard stimuli. For example, the P300 would be elicited by stimulus "A" and not 

by stimulus "B" when "A" was presented to the participant 25% of the time, and "B" 

was presented 75% of the time. Duncan-Johnson and Donchin (1977) reported that 

the lower the probability of a stimulus occurring, the larger a P300 it will elicit 

('larger' referring to change in amplitude). Although it is possib les elicit larger 

P300 components by using very infrequent deviant stimuli, this must be balanced 

against the need to record enough trials to create an accurate average waveform to 

represent the processing of that stimulus.

While measuring ERP responses to a phonological awareness task, Newman et al.

(2003) found that the P300 component was significantly larger when a group of 20 

adult participants were presented with correct solutions to a phoneme deletion 

task. In order to record the EEG signal without interference from motor activity 

from speaking, Newman et al. (2003) presented a possible solution to the task after 

the target stimuli, and participants had to decide if it was correct or incorrect, e.g. 

“Clap without the /k/ sound... lap" would be deemed as a correct response. These 

correct solutions were only presented 25% of the time, and the P300 response to 

these trials was larger than when erroneous solutions were presented. Errors that
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were phonologically close to the correct condition (removing an extra consonant) 

also elicited a large P300, although still smaller than correct trials. Newman et al. 

concluded that the P300 was modulated by a recognition memory function, larger 

P300 amplitude reflected an accurate comparison between the participants' 

representation of a correct response to the phoneme deletion trial, and the 

response they were presented with. This demonstration of ability to use P300 

responses to measure sensitivity to phonological changes provided some interesting 

directions for the present chapter to explore.

Firstly, we hypothesised that a group of adult dyslexics, if they possessed impaired 

phonological awareness, would exhibit a smaller change in P300 response when 

presented with correct solutions to a phoneme deletion task. When Fosker and 

Thierry (2005) presented adult dyslexic participants with a lexical decision task 

(deciding between words and pseudowords) which included deviant stimuli 20% of 

the time (words/pseudowords began with a deviant phoneme 20% of the time, or a 

standard phoneme 80% of the time) they observed no difference between dyslexic 

participants' P300 response and that of controls. They concluded that the task may 

not have been demanding enough on attention to elicit group differences. The 

present experiment used an explicit measure of phonological awareness (a skill well 

documented to differ between dyslexic and control participants) which was deemed 

to be significantly demanding enough to highlight group differences.

Secondly, it is notable that Newman et al. (2003) analysed ERP activity only during 

the presentation of the solution. The findings in Chapter 5 suggest that the effect of 

stimulus compression affected poor readers and normal readers differently. The 

present experiment, therefore, used ERPs to measure processing of not only the
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presented phonological awareness task responses, but also of the phoneme token 

and target word (e.g. referring to the above trial example, Newman et al. (2003) 

analysed ERPs during only the "lap" response, the present study analysed ERPs also 

during the "clap" and the "/k/"). This was to allow the analysis of processing of the 

task stimuli, as it is likely that processing of task stimuli may differ between 

participants who differ in ability to make accurate judgements about them. This 

would also allow analysis of the impact that compressing the stimuli had on each 

reading ability group. It was suggested by the findings of differing reaction times for 

compressed and unmodified stimuli that when word stimuli were sufficiently 

acoustically degraded, they may be processed at a shallower, sub-lexical level, i.e. a 

sound without meaning. Differences in the lexical processing of word stimuli (during 

both audio and visual presentation) have previously been observed by modulation 

of the N400 ERP component. The N400 is a negative deviation in voltage measured 

at the scalp, occurring around 400ms after the onset of a stimulus. Kutas and 

Hillyard (1980) first showed that this component was elicited when participants 

were presented with words at the end of a sentence that were semantically 

incongruent. An effect of semantic priming modulates N400 - the second word in a 

semantically related pair (lemon/sour) elicits a smaller N400 than that elicited by 

the second word in a semantically unrelated pair (lemon/tall) (Bentin, Kutas & 

Hillyard, 1985). During lexical decision tasks, semantic priming (including a 

semantically related prime before the target stimuli) reduces the size of the N400 

(Holcomb, 1993; Hill, Ott & Weisbrod, 2005). The N400 may be also be modulated 

by the acoustic quality of word stimuli. Connolly et al (1992) used a "babble track" 

to mask words in a semantic judgement task, and this acoustic degradation
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significantly increased the latency of the N400 (although not the amplitude). It is 

apparent that improved ability to access information about a word is reflected by 

changes in the N400 component. It was hypothesised in the present experiment 

that acoustically degrading the target word stimuli may cause an increase in the 

N400 component due to impaired access of phonological representations. 

Difficulty of discrimination and classification of stimuli in auditory tasks has been 

indexed by positive amplitude changes around 200ms after stimulus onset 

(frequently referred to as the P2 component). Hamalainen et al. (2011) 

administered an AXB 'odd one out' auditory discrimination task in which 

participants had to decide which stimulus differed from 2 others on the basis of its 

rise time. As the rise time of the target tone was reduced (increasing the difficulty 

of the task), the amplitude of the P2 response was decreased. Atienza, Cantero and 

Dominguez-Marin (2002) trained 10 adults to discriminate between two complex 

sequences of five 50ms segments of pure tones (the deviant sequence occurred 

20% of the time and differed only on the final segment). When tested again 24 

hours after training, the result of which was improved auditory discrimination, the 

amplitude of P2 was found to have increased. Similarly, Tong, Melaro & Rao (2009) 

gave both active and passive oddball tasks involving pure tone discrimination to 7 

adults, and found that after training to improve discrimination, the amplitude of P2 

was enhanced, and was significantly related to auditory discrimination. García- 

Larrea, Lukaszewicz and Mauguiere (1992) suggested that increased positivity 

250ms after stimulus onset, during an auditory oddball task acted as a precursor to 

a P300 response, indexing stimulus classification, before the infrequent oddball 

P300 could occur. In the present study, it was hypothesised that compressed
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speech would be more difficult to identify than unmodified speech, and would 

therefore result in a smaller P2 component, which may act as an index of difficulty 

of identification and classification of word stimuli. The task used in the behavioural 

experiments with children in Study 3 modified only the target word in the task, for 

example "Cliff without the /k/" (italics denote speech compression). This meant 

that the participant may have had to either expand the target word when 

representing it, or compress the phoneme, before being able to remove the 

phoneme sound from the word. This extra stage of processing may have 

contributed to the impact on performance, in addition to purely struggling to 

represent the word when it was compressed. To investigate this, the present 

experiment used a phoneme deletion task with four conditions of compression.

6.2 Method

6.2.1 Participants

Twenty eight adults participated in this study: fourteen adults with a diagnosis of 

dyslexia (25 years 5 months) and fourteen control adults (25 years 6 months). The 

dyslexic adults were recruited through Queen's University Belfast Disability 

Services. The control adults were recruited through the Queen's University 

Psychology undergraduate research participation system and matched to the 

dyslexic group for age and level of education. To confirm that this group were of 

typical IQ, and to confirm that they exhibited a reading deficit, the Wechsler 

Abbreviated Scale of Intelligence-Second Edition (WASI-II; Wechsler, 2011) and Test 

of Word Reading Efficiency (TOWRE; Torgerson, Wagner, Rashotte, 1999) were



148
administered to these participants. To confirm that no control adults experienced 

reading difficulties, the TOWRE (Torgeson et al., 1999) was administered to these 

participants. The groups did not significantly differ on age, but the dyslexic group 

scored significantly lower than controls on both reading measures. The dyslexic 

group's TOWRE single word reading and phonological decoding were below the UK 

mean, but their WASI-II IQ performance was within the normal range, both in terms 

of subtests and full scale IQ. The control group was within the normal range for 

TOWRE reading. Group differences were on background measures were assessed 

using a one-way ANOVA and significance levels are marked in the table below.

Table 6 .1 -  Participant characteristics fo r  each group. A one-w ay ANOVA was 
carried out to measure the effect o f group on Age and both TOW RE reading  

measures.
Dyslexic Control F (1,27)

M SD M SD

Age (months) 305.29 82.50 306.00 116.29 .00

TOWRE Single Word Reading a 82.36 8.04 97.60 12.30 13.53*

TOWRE Phonological Decoding 81.79 7.43 109.60 9.28 66.51*

Efficiencyli

WASI-II Block Design b 52.500 6.825

WASI-II Vocabulary b 52.21 12.66

WASI-II Matrix Reasoning b 49.14 4.91

WASI-II Similarities b 50.64 10.08

WASI-II Verbal Comprehension IQ a 101.93 16.37
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WASI-II Perceptual Reasoning IQ a 101.14 7.76

WASI-II Full Scale IQ a 102.21 11.36

0 Standard score mean = 100, SD= 15 h Standard score mean = 50, SD=10 *p<.01

6.2.2 Phonological Awareness Task Stimuli

Each trial in the experiment included three pieces of stimuli, a phoneme token, a 

target word beginning with that phoneme token, and finally a solution. In the match 

condition, the solution was the target with the phoneme token removed from it, for 

example, "/s/, smile, mile". In the mismatch condition, the solution was the target 

with the phoneme token removed from it, but with the second phoneme changed, 

for example, "/s/, smile, file". In Newman et al.'s (2003) phoneme deletion task, the 

phoneme to be removed from the target word was presented at the end of the 

instruction, e.g. "smile without the /s/ sound". However, due to the removal of 

"without... the...sound" from the present study's stimuli, task completion may have 

been facilitated by the temporal proximity of the presented solution to the 

phoneme token at the end of the instruction, e.g. "smile, /s/, mile". Reordering of 

the stimuli tokens to move the phoneme away from the presented solution avoided 

this problem. See Figure 6.1 below for an illustration of the three stimulus 

presentation windows.

Stim uli: N
i = >

/ c l i f f / / l i f f /

Processing stage: Phonem e
v _ _ _ _  m y

v Target J Solution  ,



Figure 6.1 -  Exam ples o f the three stimulus presentation windows fo r  a phonem e 

deletion trial are shown here.

Matching of target words

Four matched lists of 120 words were created (1 for each of the four conditions), 

composed of 60 words and 60 non words. These lists were matched in terms of 

phonetic structure, i.e. all words were of a CCVC structure. During the task, the 

phoneme deletion always occurred at the initial consonant cluster (removing the 

first phoneme from the remainder of the word, segmenting between the first and 

second phonemes), so the phonetic structure of this cluster was matched across 

lists. Each list contained 55 words with a plosive-approximant initial consonant 

cluster, 34 fricative-plosive initial consonant clusters, 20 fricative-approximant 

initial consonant clusters, 11 fricative-nasal initial consonant clusters.

Matching of solutions

For 30 words from each list (15 words and 15 non words), the initial phoneme was 

removed to leave the remainder of the word, creating the "target" stimuli for the 

match condition, for example, "smile...mile". For the remaining 90 words, the 

phoneme was removed but the first consonant of the remainder of the word was 

changed, to create an "incorrect" target for the mismatch condition, for example 

"frown...gown". The mean and standard deviations of the lexical frequency and 

neighbourhood density of the targets were matched across lists using the CELEX

I S O

database.



The compression of the stimuli was carried out using the methods detailed in 

Chapter 5. In the compressed-compressed condition, both the phoneme token and 

the prime were compressed to 50% of their original length.

6.2.3 ERP experimental design

There were 4 conditions, of the 4 possible combinations of compressed and 

unmodified phonemes and targets. In the compressed-unmodified condition, the 

phoneme was compressed but the target was not. In the unmodified-compressed 

condition, the phoneme was not compressed, but the target was compressed. In 

the unmodified-unmodified condition, both the sound files were left unmodified. 

The solution was always left unmodified and presented at its original length. For 

each of the four acoustic modification conditions (compressed-compressed, 

compressed-unmodified, unmodified-compressed, unmodified-unmodified) there 

was a match and a mismatch condition. 25% of the trials in the experiment, and in 

each compression condition were a match, i.e. the solution was the correct word 

segment after deleting the phoneme from the target word. 75% in the experiment, 

and in each compression condition, were a mismatch, i.e., the solution was an 

incorrect word segment after deleting the phoneme from the target word. See 

Appendix 2 for a breakdown of trial numbers in each condition.
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6.2.4 Procedure

Testing took place during one session of 2.5 hours for each participant. Prior to the 

EEG experiment, the TOWRE was run with all participants, and the WASI-II was run 

with the dyslexic group.

During the EEG recording, the phoneme deletion experiment was presented to 

participants through inner-auricular earphones in a sound attenuated booth. 

Participants were asked to decide if a word had had its first sound removed 

correctly or incorrectly. They were told they would hear a sound, then a word, then 

an answer, which would either be the previous word with the sound they heard 

taken away from it (a correct answer), or it would be an incorrect answer. The 

experimenter gave a verbal example of a phoneme deletion trial "Taking the /s/ 

away from smile is mile" and an incorrect phoneme deletion trial "taking the /k/ 

away from cliff is niff" before giving examples of the same trials in the way the 

participant would hear it during the experiment "/s/ smile mile" and "/k/ cliff niff". 

They were asked to press one key on a key pad with one hand when the sound had 

been removed from the word correctly, and another key with their other hand 

when the sound had been removed incorrectly. Half way through the experiment 

the keys assigned to each "correct" or "incorrect" trial were switched, and the order 

of this (right for correct, left for incorrect switching to left for correct and right for 

incorrect and vice versa) was counterbalanced across participants. The experiment 

was split up into 4 blocks of 13 minutes. After the onset of the solution token, a 

recording window of 2500ms began for the participants' responses. There was a 

period of silence after each solution token which varied in length, to account for 

variable lengths of solution token (e.g. a 560ms solution token would be followed
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by a 1940ms period of silence to allow a total 2500ms for the participants 

response). Responses were allowed from the beginning of the solution token until 

the end of the silent period. Participants were asked to fixate on a small white 

cross on a black screen during the experiment to minimize lateral eye movements 

and head movements.

EEG Recording

EEG recordings were made using 32 Ag/AgCI electrodes referenced to Cz. The 

vertical electrooculogram (VEOG) was recorded using two electrodes placed above 

and below the right eye. Continuous recordings were sampled at 1 kHz, online band 

pass filtered between 0.1 and 40 Hz, before being low pass filtered off-line at 35 Hz. 

Eye blink artefacts were corrected when the standard deviation of the blink model 

was below 0.005 (Scan 4.2; Neuroscan, Texas, USA).The signal was split into 1200ms 

epochs, beginning 200ms before and ending 1000ms after the onset of the 

stimulus. Analysis of the EEG data was carried out using custom software designed 

by Tim Fosker (Queen's University Belfast, 2014).

6.2.5 Analysis
Components were identified by examining well established temporal windows of 

interest (Duncan et al., 2009). The Nl, P2 and N400 were identified at the phoneme 

and target presentation stages. The Nl, P2 and P300 were identified at the solution 

stage. Intervals for analysis were determined by taking a broad window around the 

peak of each component, which allowed the latency of the peak to be determined. 

An 80ms window around this peak latency was then taken (40ms before, 40ms after



the peak) for each component at each stage of stimulus presentation (phoneme, 

target, response). Mean amplitudes were calculated from these 80ms intervals.
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6.3 Behavioural results

6.3.1 Accuracy

The effects of compression and group on phoneme deletion accuracy were 

investigated using a 4 x 2 mixed repeated measures ANOVA: Compression 

(Compressed phoneme-compressed target, Compressed phoneme-unmodified 

target, unmodified phoneme-compressed target, unmodified phoneme-unmodified 

target) within x Group (Dyslexic, Control) between. No significant main effect of 

compression (F[1.365„35.486] = ..487, p = .547, Greenhouse-Geisser corrected, 

e = . 4 5 5 )  or interaction between effects of compression and group (F[l.365,35.486] = 

.191, p = .741, Greenhouse-Geisser corrected, £=.455) on phoneme deletion 

accuracy was found. A main effect of group on phoneme deletion accuracy was 

found (F[l,26] = 5.905, p=.022). The Dyslexic group had 10% lower accuracy than 

Controls, when averaging across conditions (Control mean accuracy = 89%, SD=9%, 

Dyslexic mean accuracy = 78%, SD=13%); t(26)=2.43, p=.022 (two tailed).
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Table 6.2 - Accuracy fo r dyslexic and control group (means and SD) on the phonem e  

deletion PA task, fo r  each permutation o f speech rate manipulation o f phonem e 

tokens and target words.

Rate of speech in PA task

Group

Dyslexic Control

M (%) SD (%) M (%) SD (%)

Compressed phoneme -  compressed target 77 17 89 10

Compressed phoneme -  unmodified target 79 14 89 15

Unmodified phoneme -  compressed target 79 13 89 10

Unmodified phoneme -  unmodified target 80 13 90 12
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Figure 6.2 -  Mean accuracy fo r  dyslexic and control group (means and SD) on the 

phonem e deletion PA task, fo r  each perm utation o f speech rate m anipulation o f  

phonem e tokens and target words. Error bars represent SD.

The effect of congruency of phoneme and target rate on phoneme deletion 

accuracy was investigated using a 2 x 2 mixed repeated measures ANOVA: 

Congruency (Congruent, Incongruent) within x Group (Dyslexic, Control) between. 

Congruent rate was defined as both phoneme and target being compressed or both 

being unmodified. Incongruent rate was defined as the phoneme being 

compressed, target being unmodified or vice versa. No significant main effect of 

congruence (F[l,26] = .067 p = .797 or interaction between effects of congruence 

and group (F[l,26] = .2.427, p=.131) on phoneme deletion reaction time was found.
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The main effect of group on phoneme deletion accuracy was shown again in this 

ANOVA,(F[l,26] = 5.905, p = .022 ; see above for explanation).

6.3.2 Reaction time

The effects of compression and group on phoneme deletion reaction time were 

investigated using a 4 x 2 mixed repeated measures ANOVA: Compression 

(Compressed phoneme-compressed target, Compressed phoneme-unmodified 

target, unmodified phoneme-compressed target, unmodified phoneme-unmodified 

target) within x Group (Dyslexic, Control) between. No significant main effect of 

compression (F[1.387.36.070] = 1.062, p = .333, Greenhouse-Geisser corrected, 

£=.462) or interaction between effects of compression and group (F[1.387, 36.070 = 

.306, p=.658, Greenhouse-Geisser corrected, £ = .462) on phoneme deletion 

reaction time was found. A borderline significant effect of group on phoneme 

deletion reaction time was found (F[l,26] = 3.857, p = .060). The Dyslexic group had 

191 ms slower reaction times than Controls when averaging across conditions 

(Control mean RT = 994 ms, SD=186 ms, Dyslexic mean RT = 1186 ms, SD = 314ms); 

t(21.125)=-1.964, p=.063 (two tailed, correcting for unequal variances).

The effect of congruency of phoneme and target rate on phoneme deletion reaction 

time was investigated using a 2 x 2 mixed repeated measures ANOVA: Congruency 

(Congruent, Incongruent) within x Group (Dyslexic, Control) between. No 

significant main effect of congruence (F[l,26] = 1.472 p = .236) or interaction 

between effects of congruence and group (F[l,26] = .090, p=.767) on phoneme 

deletion reaction time was found. The main effect of group on phoneme deletion 

reaction time was shown again in this ANOVA,(F[l,26] = 3.857, p = .060 ; see above

for explanation).
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Figure 6.3 -  Mean reaction time for dyslexic and control group (means and SD) on 

the phoneme deletion PA task, error bars represent SD.

6.4 ERP results
ERP components were analysed for each of the three stages of stimuli presentation 

during the experiment: presentation of the Initial phoneme token, then the target 

word and finally, the solution token. The effects of experimental variables on these 

components were Investigated. The effect of compression on ERP components was 

investigated for the phoneme and target word stages. The effect of congruency of 

rate of the phoneme and target word preceding the solution token and the effect of 

oddity were Investigated at the solution token stage. Congruency of rate of the 

phoneme and target refers to whether they were either both compressed/both 

unmodified (congruent) or a combination of two different rates, e.g. compressed 

phoneme, unmodified target and vice versa (Incongruent). Oddity refers to whether 

the solution token was the correct solution to the phoneme being removed from 

the target (match) or not (mismatch). Matches only occurred 25% of the time, and
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mismatches occurred 75%. Topographical plots have been included where relevant 

to significant effects.

6.4.1 Phoneme Processing

Three ERP components were observed at this stage - NI, P2 and N400. N1 was 

maximal at Cz, its peak occurred at 116ms (SD = 10ms); averaging across groups and 

conditions. The effects of compression, electrode and group on mean N1 amplitude 

at the phoneme stage were investigated in a 2 x 3 x 2 mixed repeated measures 

ANOVA: Compression (compressed, unmodified) x Electrode (FC1, Cz, FC2) within x 

Group (Dyslexic, Control) between. No significant main effects of compression, 

group or interactions involving these factors were found. There was a significant 

main effect of electrode on mean N1 amplitude (F[1.35,35.01] = 22.53, pc.001, 

Greenhouse-Geisser corrected, £=.67). This resulted from Cz having a significantly 

lower mean N1 amplitude, i.e. had a significantly larger N1 component (-924 pV, 

SD=.818|iV) than FC1 (-.403pV, SD=.726pV) and FC2 (-.545pV, SD=.785pV); t(27)=- 

6.349, p<.001 and t(27)=-3.754, p=.001 respectively (two-tailed). FC2 had a 

significantly lower mean N1 amplitude (a larger N1 component) than FC1 (t[27]= 

2.931, p=.007).

P2 was maximal at Cz, its peak occurred at 209 ms (SD=14ms), averaging across 

groups and conditions. The effects of compression, electrode and group on mean 

P2 amplitude at the phoneme stage were investigated in a 2 x 3 x 2 mixed repeated 

measures ANOVA: Compression (compressed, unmodified) x Electrode (FC1, Cz,

FC2) within x Group (Dyslexic, Control) between. No main effects of compression, 

electrode, group or interactions involving these factors were found for the mean 

amplitude of P2 at the phoneme stage.
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N400 was maximal at Cz, its peak occurred at 447ms (SD=16ms), averaging across 

groups and conditions. The effects of compression, electrode and group on mean 

N400 amplitude at the phoneme stage were investigated in a 2 x 3 x 2 mixed 

repeated measures ANOVA: Compression (compressed, unmodified) x Electrode 

(FC1, Cz, FC2) within x Group (Dyslexic, Control) between. No significant main 

effects of compression, electrode or group on mean N400 amplitude were found. 

An interaction between the effects of electrode and group on mean N400 

amplitude was found (F[2,52] = 3.23, p= .048). This arose from the Control group 

having a significantly larger (more negative) N400 component at FC2 (mean=- 

1.115pV, SD=.829pV) than at Cz (mean=-.673pV, SD=1.131); t(13)=-2.057, p=.045, 

two-tailed, with no between electrode differences in N400 amplitude evident in the 

Dyslexic group. See Figure 6.4 for each groups ERP response to both compressed

and unmodified phoneme tokens.
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Figure 6 .4 - ERP responses at Cz for each group to compressed and unmodified 

phoneme tokens. Nl, P2 and N400 component analysis windows are noted on the 

plot.

6.4.2 Target word processing

Three ERP components were observed at this stage -  N l( P2 and N400. Nl was 

maximal at Cz, its peak occurred at 115ms (SD=llms), averaging across groups and 

conditions. The effects of compression, electrode and group on mean N l amplitude 

at the target word stage were investigated in a 2 x 3 x 2 mixed repeated measures 

ANOVA: Compression (compressed, unmodified) x Electrode (FC1, Cz, FC2) within x 

Group (Dyslexic, Control) between. There were no significant main effects of 

compression or group on mean N l amplitude or interactions involving these 

factors. There was a significant effect of electrode on mean N l amplitude 

(F[1.40,36.43]=7.196, p=.002, Greenhouse Geisser corrected, e=.701). This arose 

from there being significantly lower mean Nl amplitude (a significantly larger Nl 

component) at Cz (-.518pV, SD=.597) than at FC1 (-.271pV, SD=.616); t(27)=-3.058,



162

p=.005, and a significantly larger mean N1 at Cz than FC2 (-.270pV, SD=.649); t(27)=- 

2.780, p=.010 (two-tailed)

P2 was maximal at Cz, its peak occurred at 205ms (SD=13ms), averaging across 

groups and conditions. The effects of compression, electrode and group on mean 

P2 amplitude at the target word stage were investigated in a 2 x 3 x 2 mixed 

repeated measures ANOVA: Compression (compressed, unmodified) x Electrode 

(FC1, Cz, FC2) within x Group (Dyslexic, Control) between. No significant main 

effects of electrode or group on mean P2 amplitude were found. A significant main 

effect of compression on mean P2 amplitude was found (F[l,26]= 4.707, p= .039). 

This arose from there being a significantly higher mean P2 amplitude in the 

unmodified target word condition (1.164pV, SD=1.164) than in the compressed 

target word condition (,938pV, SD=.996), averaging across groups and electrodes. 

N400 was maximal at Cz, its peak occurred at 455ms (SD=16ms), averaging across 

groups and conditions. The effects of compression, electrode and group on mean 

N400 amplitude at the target word stage were investigated in a 2 x 3 x 2 mixed 

repeated measures ANOVA: Compression (compressed, unmodified) x Electrode 

(FC1, Cz, FC2) within x Group (Dyslexic, Control) between. No main effects of 

electrode or group on mean N400 amplitude were found. There was a significant 

main effect of compression on mean N400 amplitude (F[l,26]=5.114, p=.032). This 

arose from there being a significantly larger, more negative N400 when the target 

word was compressed (mean=-1.420pV, SD=1.301pV) than when it was unmodified 

(mean=-1.031pV, SD=1.172pV). This effect is shown in Figure 6.5. A topographical 

plot is shown in Figure 6.5 to show the difference between the amplitudes of the 

N400s in response to compressed and unmodified speech. The dark red area shows
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where there was the largest difference between compressed and unmodified N400s 

(calculated by subtracting the compressed N400 mean amplitude from the 

unmodified N400 mean amplitude). There was a significant interaction between 

compression and electrode (F[1.441,37.465]=5.540, p-.014; Greenhouse-Geisser 

corrected, e=.72). This arose from there being a significantly more negative mean 

N400 amplitude at FC2 when the target word was compressed (mean=-1.542pV, 

SD=1.366pV) than when it was unmodified (mean=-.97S, SD=1.108); t(27)= -3.203, 

p=.003, averaging across groups. There was also a significantly more negative mean 

N400 amplitude at FC1 when compressed (mean=-1.55, SD=1.55than in the 

unmodified condition (-1.103pV, SD=1.485); t(27)=-2.512, p=.018, averaging across 

groups. There was no effect of compression on mean N400 amplitude at Cz.
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Figure 6.5 - ERP responses at Cz for each group to compressed and unmodified 

target words. N l, P2 and N400 component analysis windows are noted on the plot. 

The topographical plot illustrates the difference between N400 amplitudes to 

compressed and unmodified speech in pV. The dark red area represents the largest 

difference between compressed and unmodified speech N400s (calculated by 

subtracting the mean amplitude of the compressed speech N400from the 

unmodified speech N400).

6.4.3 Phoneme deletion solution processing

Three ERP components were identified at this stage -  NI, P2, P300. N l was maximal 

at Cz, its peak occurred at 126ms (SD=12ms). The effects of congruency of rate of



the preceding phoneme and target tokens, oddity (infrequent matches, frequent 

mismatches), electrode and group on mean N1 amplitude at the solution token 

stage were investigated i n a 2 x 2 x 3 x 2  mixed repeated measures ANOVA: 

Congruency (congruent, incongruent phoneme and target rates), oddity (match, 

mismatch), electrode (FC1, Cz, FC2) within x Group (Dyslexic, Control) between. A 

significant main effect of electrode was found (F[1.30,33.86]= 1.809, p=.004, 

e=.651). This arose from there being a significantly lower mean N1 amplitude (a 

larger N1 component) at Cz (-1.210pV, SD=.764pV) than at FC1 (-.867pV,

SD=.655pV); t(27)=-3.169, p=.004, averaging across groups. There was also a larger 

N1 component at Cz than at FC2 (-.877pV, SD=.651); t(27)=-2.762, p=.010, averaging 

across groups. The mean amplitudes of the N1 at FC1 and FC2 did not significantly 

differ.. There was a significant interaction between the effects of electrode, oddity 

and group on mean N1 amplitude (F[2,52]=3.510, p=.037). There was a significantly 

larger N1 for the mismatch condition (mean=-.968pV, SD=.631pV) than for the 

match condition (mean=-.620pV, SD=.636pV) at the FC2 electrode for the dyslexic 

group only (t[13]=2,42, p=.031, with no other effects of oddity for either group at 

any one electrode site being significant. P2 was maximal at Cz, its peak occurring at 

234ms (SD=16ms), averaging across groups and conditions. The effects of 

congruency of rate of the preceding phoneme and target tokens, oddity (infrequent 

matches, frequent mismatches), electrode and group on mean P2 amplitude at the 

solution token stage were investigated i n a 2 x 2 x 3 x 2  mixed repeated measures 

ANOVA: Congruency (congruent, incongruent phoneme and target rates), oddity 

(match, mismatch), electrode (FC1, Cz, FC2) within x Group (Dyslexic, Control) 

between. There was a significant main effect of congruency of the preceding
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phoneme and target tokens on mean P2 amplitude at the solution token stage 

(F[l,26]=8.44, p=.007). This arose from there being a higher mean P2 amplitude at 

the solution token stage when the preceding phoneme and target word had been 

presented at congruent rates, i.e. both compressed or both unmodified 

(mean=1.790pV, SD=1.23pV) than when they were played at incongruent rates, i.e. 

one token compressed and one unmodified (1.512pV, SD=1.100), averaging across 

groups, electrodes and oddity conditions. There was a significant main effect of 

oddity on mean P2 amplitude (F[ 1,26] = 18.765 p < .001. This arose from there 

being a significantly larger P2 component at the solution token stage when it was a 

match (25% of trials), i.e. a correct solution to the preceding phoneme being 

deleted from the target word (mean=1.876pV, SD=1.208pV) than when it was a 

mismatch (75% of trials, mean =1.426pV, SD=1.136pV). There was a significant 

interaction between the effects of electrode and phoneme-target rate congruency 

(F[2,52]=4.533, p=.015). To further investigate this interaction, delta scores were 

calculated for each electrode location to measure the effect size of congruency by 

subtracting the incongruent condition's mean P2 amplitude from the congruent 

condition's mean P2 amplitude, averaging across groups and oddity. This 

interaction arose from the finding that there was a significantly larger P2 amplitude 

for congruous rate trials (mean=1.792pV, SD-1.306pV) than incongruent rate trials 

(mean=1.42pV, SD=1.06pV) at Cz (t[27]=2.778, p=.010), and a significantly larger P2 

for congruous rate trials (mean=1.882pV, SD=1.262pV) than incongruous rate trials 

(mean=1.543, SD=1.229) at FC2 (t[27]=3.443, p=.002) but not at FC1, averaging 

across oddity conditions. There was a significant interaction between the effects of

1 6 6

electrode and oddity (F[2,52]=5.371, p=.008). ). To further investigate this
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interaction, delta scores were calculated for each electrode location to measure the 

effect size of oddity by subtracting the mismatch condition's mean P2 amplitude 

from the match condition's mean P2 amplitude, averaging across groups and 

congruency. There was a significantly larger effect of oddity, i.e. a difference 

between mean P2 amplitudes for the two oddity conditions, at Cz (. 566pV, 

SD=.651pV) than at FC1 (.259pV, SD=.699pV); t(27)=2.96, p=.006. There was also a 

significantly larger effect of oddity at FC2 (.524pV, SD=.520pV) than FC1; t(27)=2.61, 

p=.014.. FC1 and FC2 did not differ in terms of effect size of oddity (t[27]=.40, 

p=.695).

P300 was maximal at Cz, its peak occurring at 342ms (SD=12ms). The effects of 

congruency of rate of the preceding phoneme and target tokens, oddity (infrequent 

matches, frequent mismatches), electrode and group on mean P300 amplitude at 

the solution token stage were investigated i n a 2 x 2 x 3 x 2  mixed repeated 

measures ANOVA: Congruency (congruent, incongruent phoneme and target rates), 

oddity (match, mismatch), electrode (CPI, Cz, CP2) within x Group (Dyslexic,

Control) between. There was a significant main effect of oddity on mean P300 

amplitude at the solution token stage (F[l,26]= 74.642 pc.OOl). This arose from the 

mean P300 amplitude being significantly higher (a significantly larger P300 

component) when the solution token was a match, i.e. the correct solution to the 

preceding phoneme being deleted from the target (1.898pV, SD=1.1.641) than 

when it was a mismatch/incorrect phoneme deletion solution (.410pV, SD=.991pV). 

There was a borderline significant interaction between effects of oddity and group 

on mean P300 amplitude at the solution token stage (F[l,26]=3.715, p=.065). To 

further investigate this interaction, delta scores were calculated for each group to
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measure the effect size of oddity by subtracting the mismatch condition's mean 

P300 amplitude from the match condition's mean P300 amplitude, averaging across 

electrode locations and congruency. The difference between P300 amplitudes for 

the match and mismatch conditions was significantly smaller for the Dyslexic group 

(1.151pV, SD=.903pV) than the Control group (1.813pV, SD=.912pV), i.e. the 

Controls were more affected by oddity at the solution stage than Dyslexic group 

(t[26]=1.927, p=.065). See Figure 6.6 below for group ERP comparisons.



169

Time (nu)
•CongMatch
'CongMismalch
IncoogMatch
IncoogMismatch

Dyslexic

T i m r  I m -  )

Control Dyslexic

Figure 6 .6 - ERP responses at Cz for each group to the four conditions of phoneme 
deletion tasks solutions -  Congruent rate match, Congruent rate mismatch 
Incongruent rate match, Incongruent rate mismatch. The topographical plots 
illustrate the difference between match and mismatch P300s across the scalp (in 
pV), for each group. The dark red area represents the largest difference between 
match and mismatch P3 components (calculated by subtracting the mismatch N400 
mean amplitude from the match N400 mean amplitude).
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6.5 Discussion

6.5.1 Speech compression and phonological awareness in dyslexic adults

In addition to investigating the differences between dyslexic and typical readers in 

the processing of a phonological awareness task using ERPs, this study also set out 

to investigate the impact of compressed speech on adults' phonological awareness 

performance. The study detailed in Chapter 5 found that typically developing 

children's phonological awareness was significantly impacted when time 

compressed speech was used in a phoneme deletion task, whereas poor readers 

were unaffected. The present study investigated a similar task in adults to 

investigate if a similar pattern would be observed in adult dyslexia. It was also 

investigated if compressing the phoneme instead of the target word, and also in 

addition to the target word (alongside the conditions from the child study of an 

unmodified phoneme-compressed target, and a wholly unmodified condition) made 

a difference to the processing. This was in attempt to reveal if it is a true deficit in 

the perception of compressed speech that may be responsible for typical readers' 

impacted PA performance, or if it is a discrepancy between the rates of the 

phoneme and target word in the task that impairs PA.

This study found that dyslexic adults exhibited a 10% lower mean accuracy score on 

the phoneme deletion task than controls. This falls in line with the widespread 

agreement of research, that phonological awareness is impaired in dyslexic readers. 

The dyslexic group also showed borderline significantly slower response times 

(when making correct responses) than controls. Unlike the results of Study 3, no 

significant impact of compressed speech was found for either the dyslexic group or
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control group's phoneme deletion accuracy or reaction time was found in this 

study. No effect of congruence of phoneme and target rate was found on accuracy 

or reaction time. It appears that unlike the young children (7 to 9 years old) in 

Chapter 5, normal reading adults are not more sensitive than poor readers to 

temporal degradation. This reinforces the theory that around 7 to 9 years old may 

be a time where PA performance is easily upset by temporal degradation for typical 

readers. The compression of speech, the congruency of phoneme and target rates, 

reading ability and the correctness of heard responses were involved in significant 

effects and interactions on the processing of the stimuli, as shown in the discussion 

of the ERP findings below.

6.5.2 N l, phonological awareness and the processing of compressed speech

The Nl component was unaffected by any of the experimental variables during the 

first two stages of the task, phoneme token and target word stimuli. The only 

significant main effects were for the effect of electrode location on mean Nl 

amplitude. A larger Nl was consistently seen at Cz than at FC1 and FC2, at all three 

stages of stimuli presentation during the task. N l was also larger at FC2 than FC1 

during the phoneme token stage. The only significant interaction with other 

variables was seen during the Solution token stage, where there was an interaction 

of oddity x electrode x group. There was a significantly larger Nl for the mismatch 

condition at the FC2 electrode for the dyslexic group with no other effects of oddity 

for either group at any one electrode site being significant. No difference between 

groups in the effect of oddity was found, other than this effect of oddity for one 

electrode site but not others, for only the dyslexic group. In a handful of earlier 

studies, differences between dyslexic participants and controls in N l amplitudes



and latencies in response to auditory tasks have been found, et al. (2007) 

presented passive oddball experiments, where the second tone in pairs of tones 

was distinguished as an oddball 20% of the time in terms of rise time, to dyslexic 

children (n=19, age = 9 years 4 months) and typically developing controls (n=20, age 

=9 years 6 months). They found that the dyslexic children had a larger N1 to the 

second tone in these pairs when the rise time was longer and the within-pair 

interval was short. Pinkerton et al. (1989) found smaller N1 amplitudes in poor 

readers compared with controls during a passive tone listening task. There is, 

however, a stronger body of evidence to suggest that variations in the N1 do not act 

as a significant indicator of processing differences between dyslexic and normal 

readers, which the results of the present study fall in agreement with. Bernal et al 

(2000), in an oddball task using 1000Hz and 3000Hz tones, found no group 

differences in N1 amplitude or latency between 20 dyslexic and 20 control children, 

et al (2011) found no differences between dyslexic and control adults in rise time 

discrimination task (choosing the odd tone out on the basis of rise time in an AXB 

task). Looking at processing differences in response to speech stimuli between 

dyslexic adults and controls, Fosker and Thierry (2004) found no N1 differences 

between 12 dyslexic and 12 control adults in a lexical decision task, where 

participants had to decide between words and pseudowords, 80% of which had an 

alliterative initial phoneme, 20% had a deviant initial phoneme. The lack of N1 

difference between dyslexic and typical readers in earlier studies, plus the fact that 

the present study found no effect of compression, oddity of phoneme deletion task 

answers or congruency of priming stimuli rates, suggests that the N1 does not 

reveal any significant insight into phonological processing. Naatanen (1992)
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commented that the changes in the N1 may be seen as reflecting "subjective 

obtrusiveness" of sounds. It is unlikely that this quality was affected by any of the 

variables in the present study. The more rapid onsets of the compressed stimuli 

occurred 50% of the time, amplitude and fundamental frequency were not 

manipulated, and the only oddity aspect of the task referred to whether or not the 

Solution token was the correct answer to the phoneme deletion task. It is unlikely, 

therefore, that any of these manipulations would cause a significant increase in the 

'obtrusiveness' of the stimuli. It is apparent that the Nl's role in this task was purely 

an indicator of a consistent auditory evoked potential for each piece of stimuli 

presented to the participants.

6.5.3 P2, phonological awareness and the processing of compressed speech

The P2 component was consistent in terms of latency and amplitude at the 

phoneme stage. At the target word stage, the mean P2 amplitude was significantly 

higher in the acoustically unmodified condition than in the 50% compressed 

condition. This effect occurred equally across both groups and the cluster of 

electrodes where P2 was most evident (FC1, Cz, FC2). At the Solution token stage,

P2 was larger when the preceding phoneme and target stimuli had been presented 

at congruent rates (i.e. both unmodified or both compressed) than at incongruent 

rates (compressed phoneme, unmodified target and vice-versa). The interaction 

between congruency and electrode location revealed that the increase in P2 

amplitudes for solution tokens in the congruent phoneme target condition 

significant at both Cz and FC2, with the exception of FC1. At this stage in stimuli 

presentation, P2 was also larger when the solution stimulus was the correct
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response to the phoneme deletion task (only occurred 25% of the time). The 

interaction between oddity and electrode revealed that the increase in P2 

amplitude when the infrequent correct answers were presented was larger at Cz 

than at FC1 and FC2. It appears then that the P2 component reflects processing 

differences across conditions for both the target and solution stimuli in the 

phoneme deletion task. The increased size of the P2 for perceiving unmodified 

speech may be representative of increased ease of processing and representing the 

word, compared with the P2 amplitude when perceiving compressed speech. 

Although there is a lack of previous research on ERP differences between the 

processing of compressed and natural speech, the findings of studies of auditory 

discrimination training, where improved auditory discrimination led to increased P2 

amplitudes may offer insight into the P2's role in processing unmodified and 

compressed speech (the latter of which is significantly acoustically degraded and 

arguably more difficult to discriminate) Atienza et al. (2002) found that training at 

discriminating between two complex sequences of 5 tones significantly increased 

the amplitude of resultant P2 responses. Similarly, Tong et al. (2009) found that the 

P2 was increased when auditory discrimination was improved after training on both 

active and passive oddball tasks. It is possible then that the unmodified target 

words in the present study were easier to identify, and this is what is represented 

by the increased P2 amplitude in this condition. Accurate perception of these words 

was not directly tested in the behavioural task, only phoneme deletion accuracy 

and RT were measured, but given the fact that the compressed words were 

subjected to significant temporal degradation, variation in ease of perception is 

likely. It should be noted that Sheehan, McArthur and Bishop (2005) found that
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both trained and untrained individuals showed increased P2 amplitudes to a 

/da/ga/ discrimination task, even though only the trained group showed increased 

speech discrimination. They suggest that the increased P2 amplitude seen in the 

untrained group stemmed from increased familiarity with the stimuli (they had 

repeated exposure to the stimuli from the pre and post training tests). Perhaps not 

only did the easier perception of unmodified speech in the present study contribute 

to an increased P2 amplitude, but the fact that they were presented at a natural 

rate, (which would be a much more familiar quality of speech than the linearly 

compressed rapid speech) may have also led to an increased ease of processing and 

larger P2 component, compared with compressed speech (which any listener would 

clearly be less familiar with). At the solution token stimuli stage of the task, 

increased P2 amplitude was observed during the condition when the participants 

(both groups) had heard a phoneme token and target word at the same rate (i.e. 

both compressed or both modified) compared to when the preceding stimuli had 

been presented at different rates (one compressed, one unmodified). Again, this 

may reveal an increase in the ease of processing. When the preceding stimuli were 

presented at two different rates, e.g. an unmodified, natural speech rate phoneme, 

followed by a compressed target word, the participant may have had to either 

compress the phoneme or un-compress the target word, in order to carry out the 

phoneme deletion task and identify if the solution stimuli provided the correct 

response or not. Garcia-Larrea et al. (1992) commented that positivity around 250 

ms may act as an index of stimulus classification, and is a necessary step before a 

P3 0 0  can occur. To relate that to the current findings, the P2 at this stage may 

represent the ease with which the stimulus was able to be classified as a match or

1 7 5
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mismatch for the P300 to occur, and the ease depended on whether or not there 

was a congruency in rate of the preceding stimuli (the subsequent P300 component 

was significantly affected by oddity). When the preceding stimuli were not at 

congruent rates, i.e. the participant had to adjust the representation of one of them 

by either uncompressing or compressing before being able to do the phoneme 

deletion, the increase in attention may have resulted in a decrease in P2 amplitude. 

Hansen and Hillyard (1980) and Naatanen et al. (1978) found that increased 

attentiveness to stimuli resulted in a decreased P2, and it is likely that incongruent 

phoneme/target rates may have increased attentional demands. The P2 also was 

significantly increased during the presentation of the infrequent, correct solutions 

(25%) to the present phoneme deletion task, compared with the frequent incorrect 

solutions (75%). Holcomb et al. (1986) found an increased P2, in response to 

surprising sounds, in children with reading difficulties and ADHD, compared with 

controls and children with ADD. Although no group interaction between the effects 

of group and oddity on P2 amplitude on responses at the solution stage was found 

in the present study, it is apparent that the P2 component was a significant 

indicator of sensitivity to correct responses to the phoneme deletion task.

6.5.4 P300 and phonological awareness

A P300 component was observed only at the Solution stage of stimuli presentation 

-the point at which the participant heard either a correct response to the phoneme 

deletion task (removing the phoneme token from the target word) or an incorrect 

response. Oddity significantly affected the mean amplitude of P300. A larger P300 

component occurred when a correct response (25% of trials) was heard compared
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with when an incorrect response (75% of trials) was heard. This effect was found to 

interact significantly with an effect of group, as the difference between P300 

amplitudes for correct and incorrect solutions was significantly larger for the 

controls than the difference between those two conditions for the dyslexic group. It 

appears that the dyslexic group were significantly less sensitive, in terms of P300 

amplitude, to the correctness of heard responses to the phoneme deletion task.

A clear P300 was observed in the dyslexic group, even though it was significantly 

less sensitive to phonological errors. Fosker and Thierry (2004) found the 

component to be absent in their dyslexic group, in response to phonological 

deviants in a lexical decision task. They suggested that the lack of P300 was due to 

reduced sensitivity to phonological changes, as the component was only elicited in 

controls when they were distracted from the task by phonological deviants (which 

were in fact task-irrelevant). The present study elicited the P300 using phonological 

deviations, but these were task-relevant (used to judge the correctness of the heard 

solution). Fosker and Thierry's (2005) later work found that the P3b component was 

modulated by phonological deviations in both dyslexic participants and controls 

when they were made task-relevant, but failed to show group differences. They 

suggested that if a phonological task with greater attentional demands was used 

(no group differences in phonological awareness accuracy or RT were found), group 

differences in the P3b response to phonological deviations could be observed. The 

present study used a task with significant attentjonal demands to bring about 

significant group differences in accuracy (dyslexic group 10% less accurate than 

controls) and borderline significant group differences in RT (dyslexic group slower 

than controls). The task being demanding enough in this study is arguably



responsible for the success in highlighting group differences in P300 responses to 

phonological deviants. In their study of 20 normal reading adults, Newman et al. 

(2003) found larger P300 amplitudes in response to hearing correct responses to 

their phoneme deletion task, compared with hearing incorrect responses. The 

present study's findings agree with this pattern of P300 sensitivity to phonological 

tasks at the normal reading end of the continuum and add a further dynamic at the 

poor reading end. The dyslexic group (who scored lower on the phonological 

awareness task) demonstrate reduced P300 sensitivity alongside their reduced 

phonological sensitivity. Newman et al. (2003) suggested that the P300 in their 

participants indexed a recognition memory function, comparing the heard response 

to their mental representation of the correct answer. They also found that when 

the incorrect answers were phonologically close to correct answers (removing the 

whole consonant cluster rather than just the initial consonant ("clap without the 

/k/...ap"), a large P300 was also observed, although still smaller than the correct 

condition. This is a potential future direction for the current work. Considering that 

we have added an interaction with reading ability to the relationship between P300 

and phonological awareness tasks, investigating sensitivity to closeness of 

phonological errors may offer further insight into this relationship. However it is 

apparent that the present results agree with previous findings that P300 is 

modulated by the comparison of the heard solution stimuli to the phonological 

awareness task with a represented model of the correct response. The dyslexic 

group were significantly less able to produce an accurate model of the correct 

response (indicated by their 10% lower accuracy), and therefore when they 

compared a heard correct solution with their own representation of a response,
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significantly less recognition occurred, and less attention was captured, resulting in 

a smaller change in P300, compared with the typical reading controls. The 

sensitivity of the P300 during the present study's phonological awareness task 

seemed to be an index of successful comparisons between an internal 

representation of a correct response and the heard response.

6.5.5 N400, phonological awareness and the processing of compressed speech

At the phoneme stage the Dyslexic participants showed a larger N400 than controls, 

but this was only at Cz. There was a borderline significant effect of compression at 

Cz, i.e. compressed phonemes resulted in a larger N400. At the target word stage in 

the task, the significant interaction between compression and electrode location 

revealed that, at FC1 and FC2, compressed target words resulted in a significantly 

larger N400 component. No N400 component was apparent at the solution stimuli 

stage of the task. This may be a result cf the fact that a decision related P300 (seen 

clearly at this stage in the task for both groups in all conditions) may obscure the 

N400 (Duncan et al., 2009, Kutas & Van Petten, 1994). Regarding the larger N400 

for dyslexic participants than controls when they heard the initial phoneme tokens 

in the task, this may be a consequence of the N400's association with lexical access.

In a minimal information processing model of reading, Ramus (2004) distinguishes 

between the phonological lexicon and sublexical phonological representations. It is 

possible that upon hearing a phoneme, dyslexic participants processed the 

phoneme sounds at a shallower level, whereas the controls processed them with 

more linguistic activation, perhaps activating representations of possible words to 

follow the phoneme. Holcomb (1993) observed a larger N400 when adults had



extreme difficulty integrating words in a lexical decision task using semantic 

priming, when the primes were anomalous words. It is possible then that difficulty 

with lexical access, and perhaps the processing of phonemes as anomalous, 

resulted in the dyslexic group (who we know are worse at phoneme awareness 

from the behavioural results) exhibiting larger N400 components at this stage in the 

task. Kirby and Martin (1997) found that larger N400s observed in poor reading 

adults were elicited in response to anomalous sounds, i.e. sounds without meaning.

It is possible that the larger N400s in response to phoneme tokens shown by the 

dyslexic adults in this study is representative of them failing to access phonological 

representations, and processing the tokens as sounds without phonological 

associations.

The enlarged N400 component seen when compressed words were presented 

compared with unmodified words (borderline significant at phoneme token stage, 

significant at target word stage) again may be explained by increasing difficulty in 

lexical access. Connolly et al. (1992) found that degrading word stimuli in a semantic 

judgement task using a "babble track" resulted in increased latency of the N400. 

Although no latency effects were observed in the present study, the degradation of 

the stimuli using compression may account for the larger N400. In a number of 

lexical tasks using visually presented stimuli, increasing difficulty of lexical access 

resulted in larger N400 components. Penolazzi, Hauk and Pulvermuller (2007) found 

that when reading target words of lower semantic probability in a sentence, adults 

exhibited larger N400s. Hill, Ott & Weisbrod (2005) observed larger N400 

components in adults when there was an increased semantic distance between 

primes and targets in a lexical decision task. It is likely that compressing the words
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to 50% of their length (when spoken naturally) resulted in increased difficulty with 

phonologically representing the word, eliciting a larger N400 and it should be 

considered that in their guidelines for using the N400 in ERP research, Duncan et al. 

(2009) state that duration of stimuli is not a significant variable in determining N400 

size. The absolute length of the compressed stimuli should not be considered the 

reason for larger N400, more so the increased difficulty in processing the word or 

phoneme and representing it. It should also be noted that Van Petten and Luka 

(2006) observed that low frequency words (less often used) result in larger N400 

components, but that the word lists used for each condition in the present study's 

task were matched for lexical frequency. In lexical decision tasks, the size of the 

N400 has been modulated by difficulty of lexical access. In the present study, a 

phonological decision task, it is likely the N400 was modulated by the difficulty of 

accessing phonological representations of the target words. The larger N400 seen in 

dyslexic participants at the phoneme presentation stage was possibly indicative of 

their impairment at accessing phonological representations for that sound. The 

larger N400 seen in all participants when target words were compressed was 

possibly indicative of increased difficulty at accessing that word due to the temporal

degradation.

6.6 Conclusions

This study found significantly poorer phonological awareness in a group of adult 

dyslexic participants, compared with matched controls. Unlike the earlier study of 

poor readers In childhood (Chapter 5), compressing the speech stimuli in the 

phonological awareness task had no Impact on either group In this study. However 

this study has provided substantial Insight to the differences in processing
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phonological awareness tasks with the ERP analysis. The P2, P3 and N400 

components revealed significant information about the processing of acoustic 

stimuli at all three stages of the PA task. Modulations in the P2 component appear 

to be representative of difficulty with the classification of stimulus (possibly a 

precursor to the decision related P3), highlighted by the decreased P2 when 

processing demands were increased by compressing speech stimuli, and presenting 

speech at different rates. The P3 component acted as an index of phonological 

sensitivity, suggesting the dyslexic group possessed reduced ability to create 

accurate representations of responses to PA tasks and compare these with heard 

responses. The N400 component seemed to reflect processing differences between 

dyslexic and adult participants when representing phonemes, as well as the 

increased difficulty of words temporally degraded by compression.
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Chapter 7 - General discussion and conclusions

7.1 Robustness of the phonological deficit in poor readers

The work presented in this thesis investigated the role that perception of acoustic 

cues within speech plays in the phonological awareness of poor readers. This was 

researched with children in the first three experimental chapters, and with adults in 

the final study. Throughout these studies, poor readers consistently displayed 

impairment for phonological awareness, in comparison with controls. This falls in 

line earlier research's findings of poor readers performing more poorly than 

controls when phonological awareness is assessed using a phoneme deletion task 

(Bruck and Treiman, 1990; DeGelder and Vroomen, 1991; Dole Hoen and Meunier, 

2012; Fawcett and Nicolson, 1995). In addition to confirming that phoneme deletion 

tasks reveal significant phonological skill differences between poor readers and 

controls, the studies in this thesis have highlighted the robustness of the 

phonological deficit. Each study with children (Chapters 3, 4 & 5) involved two 

temporal modifications to the words in a PA task (high and low band enhancement, 

fast and slow fluctuating noise and compression & expansion). Despite the 

disrupted auditory qualities of the words, the poor readers consistently showed a 

deficit at the PA task in comparison with age-matched controls, though the deficit 

was less reliably observed between poor readers and reading age controls. When 

investigating speech perception in noise deficits in poor readers, Ziegler et al.

(2009) suggested that studies involving optimal, quiet listening conditions were not 

sufficiently ecologically valid, as classrooms are rarely so quiet. The finding of this



184

thesis' work that the phonological deficit in poor readers persists when the words 

are presented in noise, or subjected to temporal degradation therefore adds a new 

element of ecological validity to the knowledge of the phonological deficit. 

Presenting the words under acoustically demanding conditions placed the PA tasks 

one step closer to the classroom, the situation in which children learn and begin to 

use phonological representations, than studies of phonological awareness tasks 

presented in optimal listening conditions in previous research (Bruck & Treiman, 

1990; Bowey et al., 1992; DeGelder & Vroomen, 1991; Dykman & Gardner, 1990, 

Goswami et al., 2002).

Evidence for this robust phonological deficit remaining persistent into adulthood 

was found in Chapter 6. Dyslexic adults were significantly less accurate than 

controls in response to the PA task than control adults. The processing of solutions 

to the PA task, assessed by the ERP analysis was found to be different between 

dyslexic and control adults - the P300 component was significantly less sensitive to 

the task in dyslexic adults, in agreement with earlier research (Fosker & Thierry,

2004) This study, however, has contributed additional insight into the processing 

differences between dyslexic and normal reading adults during PA by analysis of the 

perception of the phoneme tokens and target words. Such investigation was not 

present in previous work by Newman et al. (2003), who only analysed responses to 

the task, and they did this with only normal reading adults. Dyslexic adults in the 

present thesis were found to have larger N400 component in response to phoneme 

tokens. Given that the N400 component has been found to be larger for increased 

difficulty with accessing a lexicon (Holcomb, 1993) and also to be larger when 

listening to anomalous sounds (Kirby & Martin, 1997), it may be the case that the
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dyslexic adults struggled to access phonological representations for the phoneme 

tokens. They may have processed the phonemes as rapid, less relevant sounds, 

rather than meaningful units of speech. Previous research of PA deficits in poor 

readers has mainly focussed on their impaired ability to segment the target word. 

The current work presents the idea that poor readers may also struggle with 

perceiving phoneme tokens in tasks, further reducing their chance of responding 

accurately.

7.2 Speech perception and acoustic modification of PA tasks

Chapter 3 assessed the effect of the enhancement of high and low frequency bands 

in speech on the PA of poor reading children and controls. Neither enhancement 

improved PA performance in any group of children, over the unmodified speech. 

The Fast ForWord training program (Scientific Learning Corporation, 2003) uses 

enhanced high frequency, fast rate changes with the aim of improving the 

perception of formant transitions between phonemes in poor readers. The present 

research found no evidence that phoneme segmentation during a PA task was 

improved when high frequency bands did not aid in the segmentation of phonemes. 

The low band enhancement condition did not aid the segmentation of phonemes 

either. It is, however, less likely that low frequency acoustic changes would be 

associated with phonemes as they are the most rapidly changing phonological units. 

It may be the case that low band enhancement would aid in the segmentation of 

less rapidly changing phonological units, i.e. onset/rime, which was not assessed in 

the current work. Phoneme deletion tasks were chosen for this thesis, both for their 

more reliable relationship with reading ability (Savage & Carless, 2005) and their 

lower demand on working memory (Oakhill & Kyle, 2000). The manipulation of
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acoustic cues in larger phonological unit based tasks is a possible direction for 

future research. However, considering how consistently phoneme deletion skills 

were found to be impaired both in children and in adults in the current work, the 

contribution of such a research direction may be minimal.

The noise masking of the speech in a PA task in Chapter 4 revealed that both slow 

and fast rates of fluctuating noise negatively impact phonological awareness, in 

comparison with unmodified speech. Slow modulated noise masking impaired PA 

accuracy to a greater degree than the fast modulated noise. However, this study did 

not reveal an interaction between noise masking condition and group, i.e. children 

were affected by the noise equally, regardless of reading ability. Some earlier 

studies have found that poor readers are not more adversely affected at speech 

identification tasks with noise masking than controls (Hazan et al.,2009; Law et al., 

2014). The current work makes a large contribution to what we know about speech 

in noise and poor reading: the lack of difference between poor readers and controls 

on noise masked language tasks may extend to explicit measures of PA.

Chapter 5 examined the effect of expanding and compressing words in a PA task by 

50%. Firstly it is important to note that the expansion condition did not offer 

benefits to the poor readers, or to either control group. Poor readers were not 

found to benefit either amplitude enhancement of high frequency elements of the 

speech signal and temporal expansion. After testing these modifications directly on 

PA tasks, it is likely that the speech modification methods employed by the Fast 

ForWord program (Scientific Learning Corporation, 2003) do not provide benefits 

for phonological awareness in poor readers (Strong et al., 2010), Chapter 5 also 

investigated the effect of compression of the words in the phoneme deletion task. It



was this temporal modification of speech which revealed speech processing 

differences between poor readers and typically developing children during 

phonological awareness performance. The compression of speech to 50% of its 

original length significantly impaired the accuracy of the CAs at the phoneme 

deletion task, and did not affect either the poor readers or younger controls (RAs).

7.3 Development of sensitivity to acoustic cues in speech: A three phase 
model

The effect of speech compression on the PA of the CAs (mean age 8.9 years) and 

not on the poor readers they were matched to for age, or on the younger controls 

(mean age 6.7 years), suggests that the CAs were more reliant on the cues that 

were degraded by compression. A suggested explanation for this is that the CAs' 

comparably better PA skill was associated with an increased sensitivity to temporal 

cues within speech. When the temporal cues within speech were degraded by 

compression (i.e. slow rate changes were now being presented at a fast rate, and 

previously fast rate cues were now unintelligibly rapid), this significantly impaired 

their ability to represent the phonological information and perform the 

segmentation task. As the RAs and PRs were not affected by compression, it is 

possible that they were not as reliant on the temporal information in the word to 

perform their phonological segmentation (at a lower level of accuracy). At the 

second time point, when the RAs were a year older (mean age 7.7 years), they were
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significantly impaired at the PA task when words were compressed, and the CAs 

were no longer affected by it. This suggests a critical period of sensitivity to
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temporal information in speech exists from around 7 to 9 years, when phonological 

skills are improving. When children progress beyond this stage, they possess a more 

robust skill at phonological segmentation and are no longer as affected by temporal 

degradation of speech. This is further supported by the fact that the normal reading 

adults in Chapter 6 were not impaired at phonologically segmenting coinpressed 

speech. It is also possible that the poor readers did not ever reach this period of 

acoustic sensitivity where their phonological skills are reliant on temporal 

characteristics of speech. The error analysis in Chapter 5 revealed that the CAs 

made significantly more errors which involved them responding with a spoken 

phonological token of the incorrect length when words were compressed. This is 

further evidence that typically developing children, around 7 to 9 years, may move 

through a period of phonological skill development, where sensitivity to temporal 

changes within speech has not reached a robust enough level to be resistant to 

interference by rapid speech. This progression of typical reading children moving 

through three phases of PA and sensitivity to temporal cues in speech is mapped 

out in Figure 7.1 below. If we put the results of the compressed speech studies in 

this thesis into the context of the suggested model, the time line is as follows. At 

time point 1 In Chapter 5, the RAs were in Phase 1 and the CAs in Phase 2. Despite 

their age, the poorer PA and lack of effect of compression on PA, the PRs do not 

seem to have reached Phase 2. At time point 2, the RAs had progressed to Phase 2, 

the CAs progressed to Phase 3, and the PRs still do not seem to have reached Phase 

2, with poor PA and speech cue sensitivity. The normal reading adults of Chapter 6 

would fit into third phase, and the poor readers do not fit the model. The adult poor
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readers' impaired development of PA restricts them from being placed in the age 

appropriate phase.

No effect of Compression impairs PA effec  ̂° f
compression on PA compression on PA

phase 1 phase2 Phase 3

Figure 7.1 -  Three suggested phases o f sensitivity to tem poral changes in speech 

and PA skill are presented here, fo r  typically developing children.

It was suggested in Chapter 5 that the control children who struggled with the 

compressed speech condition of the P \ tasks (CAs at time point 1, RAs at time point 

2) may have struggled with comparing the compressed target word with the 

unmodified phoneme token. Attempting to expand one piece of speech or 

compress the other in order to perform the task may have increased processing 

demands and impaired phonological segmentation performance. In order to 

investigate the effect of presenting two speech tokens at different rates on speech 

perception, a speech discrimination task (“Are the words the same or different?... 

peg/beg") where the two words are compressed in different combinations (see 

Figure 7.2) could be administered to children. This would allow investigation of the 

effect that incongruent rates have on discriminating speech, without the influence 

of PA on task accuracy, as it may be the case that the compression interfered with



mapping one speech token with the other in the phoneme deletion task, as 

opposed to interfering with the ability of the child to segment the phonemes.

Both unm odified  

Unm odificd/Com pressed  

Com pressed/Unm odified  

Com pressed/Compressed

Italics denote 
compression

Figure 7.2 -  Four conditions o f a proposed speech discrimination task to investigate 
the effects o f incongruent rates on speech perception.

One technical consideration that becomes important when discussing the

compression of natural speech is that there may be considerable variation in the

rate of phonemes per second between speakers. Therefore, two sets of stimuli

recorded by different speakers and both compressed to 50% of their original length

may in fact be of significantly different speech rates. For future research, when

using rapid speech in language tasks, the original rate of phonemes per second

should be calculated for the original stimuli. When words are compressed, it is then

known exactly what the speech rate was in each condition.

7.4 Current findings, auditory processing and reading
There has been a lot of debate, within this field, over whether large or small

phonological units are most important for phonological awareness. Auditory 

processing research expanded the debate to explore which rates of acoustic change 

may be the most important for phonological skills with the various unit sizes 

(Goswami et al., 2002, Goswami et al., 2009; Tallal, 1980). The auditory processing

peg /  beg 

peg / beg  

peg  /  beg 

peg  /  beg
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and reading field has endeavoured to explain reading difficulties by examining the 

presence of deficits at perceiving either fast or slow rates of auditory change and 

how these contribute to problems with handling large or small phonological units. 

In the first three experiments reported in this thesis, there were comparisons 

between both poor readers' and normal readers' responses to rapid and slow rate 

modifications to speech. Firstly, this allows us to examine the findings of this 

research in the context of the rapid auditory processing (RAP) theory of dyslexia. 

The enhancement of the rapid changes within the target words in the PA task, using 

amplitude enhancement or temporal expansion, did not improve PA in poor 

readers. The RAP deficit hypothesis depends on poor readers being impaired 

specifically for rapid changes in speech, and the findings in this thesis do not 

support this. If a RAP deficit was present in the poor readers in this study, it would 

be expected that one of the fast rate based speech modifications (high band 

enhancement, temporal expansion, fast rate noise masking) would have prompted 

a PA behavioural change specific to these poor readers. Some work since Tallal's 

original findings have, nevertheless, supported the RAP deficit. Temple et al. (2003) 

found that a training program which uses RAP skills benefitted some children's PA 

and reading ability. The benefits of the program are ambiguous, however, as it also 

explicitly trained PA and used only a CA control group (Goswami, 2015).

Furthermore, Boets et al., (2011) reported no influence of RAP skills on later reading 

development, and no evidence of a deficit in children at risk of dyslexia. The 

findings of the experiments in this thesis fit well with the studies which have not 

supported the RAP deficit in poor reading.
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Secondly, the findings of this thesis should be reviewed in the context of the 

research into the processing of slow, dynamic changes in sound and poor reading. 

Dynamic changes In speech sounds, such as rise time and rhythm have typically 

been associated with onset/rime PA tasks. The PA tasks in this thesis were phoneme 

based. Nevertheless, if slow rate modifications had improved/degraded speech 

perception for the poor readers, it may still have been possible to observe 

facilitation/impairment of task performance. No slow rate modifications, I.e. low 

band enhancement or slow rate noise masking, affected the poor readers 

specifically (without similarly affecting controls). There Is evidence that perception 

of rise time Is deficient in English, Spanish, Chinese, French and Finnish speaking 

children with dyslexia (Goswami et al., 2011; Muneaux et al., 2004; Hamalàinen et 

al 2008 respectively). These studies used tasks which were designed specifically to 

measure perception of rise time, rather than tasks involving speech modifications 

which caused more general changes to slow and dynamic speech cues (as used in 

the present studies of this thesis). This difference may account for why the strongly 

evidenced rise tlme/speech rhythm hypothesis of poor reading is not supported by 

the current work. The studies in Chapters 3 to 6 contribute to an overall clearer 

understanding of how speech perception may be knitted Into the tapestry of 

phonological awareness and reading development. The acoustic modifications in 

these studies were made using a whole-word Impairment/enhancement approach 

and did not alter the tasks' target words with such precise focus as the amplitude 

onset of a particular consonant cluster. This drew the approach of auditory 

processing research Into poor reading one step closer to natural speech and it is 

unsurprising that the present results do not fit entirely with a body of research that



is based around a very specific pattern of acoustic change, such as the amplitude 

rise time. It may still be the case that rise time is an important acoustic cue for 

phonological segmentation, but the research in this thesis did not approach the

modification of speech views with the particular scope of contributing specifically 

this body of evidence.

Rather than focussing on rise time as a specific cue for onset/rime segmentation, 

there are numerous studies which have focussed on the role that speech rhythm 

plays in phonological awareness and reading. Thomson and Goswami (2008) 

reported that paced finger tapping accounted for unique variance in reading and 

spelling ability. Goswami et al. (2013) found that perception of musical beat 

significantly predicted both reading comprehension and phonological awareness. 

The involvement of speech rhythm in reading is the basis for the temporal sampling 

theory of dyslexia (Goswami, 2011), in which it is suggested that dyslexic people's 

impaired rise time perception results in atypical neuronal oscillations, in turn 

prompting poor encoding of phonological segmentations. Dyslexic children show 

significantly impaired entrainment to slow rate (2Hz) syllable streams, when 

measured using EEG (Power, Mead, Barnes & Goswami, 2013). This theory suggests 

that phonological representations are based on rhythmic cues, rather than using as 

a dictionary-look-up function. Although the current research did not examine 

rhythmic cues within speech, the three phase model proposed in this discussion 

may in fact fit with the idea that neuronal oscillations develop abnormally in poor 

readers. In Phase 2, of the model above, typically developing children's PA 

performance is impaired when the temporal characteristics of speech are modified 

to an abnormal rate. This could possibly be explained by the child being unable to
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use rhythmic cues to form the necessary phonological representations to perform 

the PA task, when the normal temporal rate is degraded. The poor readers were not 

impaired in the same way, and this may have been caused by them encoding 

speech in a different way, less reliant on rhythmic oscillations. Future research 

could explore this by degrading the temporal characteristics of the speech in a PA 

task by using unexpected or unnatural rhythms, rather than simply temporally 

compressing the target word. If speech rhythm is not emphasised in poor readers' 

phonological representations, then they would not be impaired by the rhythmic 

degradation as the controls would be.

Intervention for poor readers

It is important to consider how the present findings may fit into current thinking in 

the field on best practice for poor reading interventions. Thomson, Leong and 

Goswami (2013) compared the effects of a custom designed rhythmic cue based 

intervention and a commercial phoneme based intervention on a group of dyslexic 

children and controls. They found that both interventions had medium effects (in 

terms of effect sizes) on reading outcomes, although, no significant improvements 

in reading or non-word decoding were observed. This was perhaps due to the short,

6 week, length of the intervention. Thomson et al. hypothesised that a combination 

of the two approaches may be most appropriate for dyslexia interventions, due to 

the inter-dependence of prosodic and phonemic representations during the 

development of PA. Both poor reading children and dyslexic adults, in the studies 

detailed in this thesis, exhibited a phoneme level PA deficit. Yet, there is strong 

evidence that larger phonological units and speech changes which are slower than
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phoneme rate changes are impaired in dyslexia. A sensible approach to 

intervention, as Thomson et al. (2013) suggest, would involve a combination of 

auditory and phonological approaches, of multiple rates and sizes.

7.5 Current findings and alternative causal explanations of poor reading

Earlier in this thesis, in Chapter 2, past evidence of low-level visual deficits in 

dyslexia was reviewed. Although there is evidence for magnocellular deficits in 

dyslexic people, the research failed to adequately establish causal links between 

these deficits and reading difficulties (Drislane & Galaburda,1991; Livingstone et al., 

1991; Talcott et al., 1998; Witton et al., 1998). As such, the previous findings of 

these visual deficits in poor readers do not conflict with the present findings of this 

thesis. Even if a visual deficit of this nature was present in some of the poor readers 

in the present studies, it is unlikely to have had a causal influence on their reading 

difficulties. A magnocellular task could tell us if the poor readers have developed 

visual deficits of this nature, but it may not reveal anything about the underlying 

causes of their phonological deficit. Similarly, although there is evidence that poor 

readers may experience a cerebellar/motor skill deficit (Nicolson, Fawcett and 

Dean, 1995), it is likely that at most a sub-group of poor readers experience these 

problems (Chaix et al., 2007). Measuring these abilities in the present sample may 

have accounted for the low reading scores of the poor readers who did not struggle 

as much with the PA task. Considering that the group as a whole experienced a 

significant phonological deficit, motor skill measures would have been unlikely to 

add much insight to the present proposed relationships between speech

processing, PA and poor reading.
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7.6 Current findings and attentional deficits in poor reading

Recent evidence has suggested that attentional deficits may be important for poor 

reading. Lallier et al. (2010) found that a group of dyslexic adults, with a 

phonological deficit, presented a deficit at performing both visual and auditory 

stream segregation tasks. Lallier et al. proposed that this may have been due to 

slower attention shifting, i.e. that the dyslexic participants with a PA deficit were 

less efficient at engaging and disengaging with rapidly changing tones. They also 

suggested that this deficit, although it is similar to the RAP deficit, more closely 

resembled a problem with attentional processes during the encoding of a speech 

stream. This sluggish attention shifting (SAS) hypothesis, is also supported by Lallier 

et al. (2009), who found SAS deficits on an auditory task in French-speaking dyslexic 

children with a PA deficit. Furthermore, as Lallier et al. found British children 

possessed SAS deficits in both auditory and visual stream segregation, the SAS 

deficit may be amodal. Lallier, Thierry and Tainturier (2013) found that dyslexic 

adults with a PA deficit exhibited SAS, but those without a PA deficit had normal 

stream segregation abilities.

This leads to two important points to consider in the context of the present thesis: 1 

- attentional processes may be crucial during PA tasks, 2 -  there is benefit to 

studying specific groups of poor readers, categorising on the presence (or absence) 

of a PA deficit. In relation to the first issue, as discussed in section 5.4.5, attentional 

deficits may have affected children's ability to perform the PA tasks. If a child failed 

to efficiently engage/disengage with the words in the speech stream of the PA task, 

this may have impaired performance, rather than a problem with performing the 

segmentation. To claim that to fail a PA trial is to fail to segment the word, we are
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assuming that the child efficiently attended to each word of the stimulus phrase 

before attempting the segmentation. Including measures of attention shifting 

capabilities in future research would allow this assumption to be tested. In relation 

to the second issue, it is possible that some of the poor readers in this thesis did not 

experience a PA deficit, despite the group as a whole presenting significantly 

impaired PA performance. Recruiting a larger PR sample, then splitting into groups 

with and without a PA deficit, would allow the contributions of speech processing 

and PA to poor reading to be more accurately studied. The effects of temporal 

degradation on PA tasks were studied throughout this thesis, and any effects were 

discussed in the context of the effect of temporal degradation on speech 

processing. It may also be the case that temporal degradation affected PA via 

attentional processes. Again, this leads to the conclusion that measures which can 

detect SAS, such as stream segregation tasks, would be a useful addition to future 

research.

7.7 Future study designs to investigate effect of temporal degradation on 

speech processing

Both of the temporal modifications in Chapter 5 (compression and expansion) 

resulted in faster spoken response times compared with unmodified speech, when 

responding correctly. Despite compression's negative impact on accuracy for the 

typically developing children, it appears that both types of temporal degradation 

allowed for more rapid processing of the word. It may be the case that words at a 

rate different to natural speech result in that word being perceived as more salient,
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providing a processing advantage due to increased attention to that word (Janse, 

2004; Rabbitt, 1968). However, the ERP study in Chapter 6 found that the N400 

components, in response to phoneme tokens and target words, were larger for all 

participants when the speech was compressed. Considering that the N400 appears 

to be modulated by lexical access and task difficulty (i.e. larger when more difficult 

to access lexical representations; Holcomb, 1993), compressed speech did not 

appear to provide processing benefits for the participants in this task. In order to 

further examine this discrepancy, a study examining the potential salience benefits 

and N400 responses to compressed speech is proposed. Participants would be 

asked to respond with a key press when they heard a pre-determined target word 

in a string of words, i.e. "press x when you hear cliff"..."tea ball cliff lemon". In 

condition 1, no words would be compressed. In condition 2, the target word (in the 

example, cliff) would be compressed. In condition 3, a word other than the target 

word (e.g. ball) would be compressed. Figure 7.3 outlines the 3 conditions. ERP 

responses would be analysed for all words in the string. This would allow the 

potential salience benefit of one word being of a different rate to be investigated. 

Participants would respond more quickly in condition 2 than condition 1 if this was 

the case, and slowest in condition 3 (due to attending more to the compressed, 

non-target word), if compression benefitted word salience. N400 responses would 

be analysed in order to determine if compression did in fact impair lexical access 

rather than improve the salience of target words.
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'** tea ball cliff lemon ^ 1 No com pression

tea ball c lif f lemon 2 Com pression of target w ord

tea ball cliff lemon 3 Com pression of distractor  
w ord

V___________________

Figure 7.3- Three conditions in proposed study to investigate effect of word 

compression on reaction time.

Another effect on response time was observed in this thesis. Fast fluctuating noise 

masking produced a faster spoken response time to the PA task for all children in 

Chapter 4. It was hypothesised that this may be due to rhythmic entrainment to the 

rapid bursts of noise, as previous research has found auditory rhythm to affect 

motor performance (Thaut et al., 1998; Treisman et al., 1992). In order to further 

examine this, a phoneme deletion task could be administered in 3 conditions: 

unmodified, rapid rhythmic noise and rapid irregular noise. The task would involve 

presentation firstly with an unmodified target word, secondly with a target word 

masked in 40Hz fluctuating noise and thirdly with a target word masked in fast 

fluctuating noise which was not at a steady rhythm (i.e. the gaps between noise 

bursts varied in length). If participants responded more quickly to the task when the 

noise masking was at a steady rhythm, this would suggest that rhythmic 

entrainment to the fast 'beat' of noise bursts facilitated faster responses. 

Alternatively, if participants responded more quickly to the task when masked in 

fast noise which was not fluctuated at a steady rhythm, then the increased reaction
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speed may not be due to rhythmic entrainment. The increased reaction speed may, 

instead, be more associated with generally increased stimulation, or impetus to 

respond due the overall rapid rate of noise fluctuations.

7.8 Conclusions

The work in this thesis has explored numerous methods of examining speech 

processing differences between poor readers and controls during phonological 

awareness tasks. The hypothesised methods of speech enhancement to improve PA 

(amplification of frequency bands, and temporal expansion) were found to have no 

benefit for either poor readers or controls. The use of noise masking in the PA task 

did not reveal any differences in the use of the cues which remained after 

degradation by poor readers and controls. However improvements in response time 

during PA were found using rapid noise, a novel finding for both PA and noise 

masked speech processing tasks (as verbal responses in previous literature have not 

been analysed in terms of response time). The use of compressed speech in PA 

tasks revealed significant differences in the use of temporal cues in speech during 

PA between poor readers and controls. A three phase model of typical development 

of acoustic sensitivity has been proposed, and it is suggested that poor readers fail 

to move through these phases successfully. The ERP study of PA using compressed 

speech in dyslexic and control adults revealed significantly impaired processing of 

speech at all three stages of a stimulus presentation in a PA task (again, a novel 

advantage over previous research which only examined processing of PA trial 

solutions).

Overall, the work in this thesis has established that temporal compression is an 

effective method of highlighting speech processing differences between poor
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readers and matched controls during phonological awareness tasks. Evidence has 

been found to indicate that the nature of the difference between these groups 

includes a reduced sensitivity to temporal changes within speech. An overall picture 

of the processing of speech by dyslexic adults and controls during a phonological 

awareness task was also been developed, and again it appeared that the poor 

readers experienced increased difficulty processing the speech tokens in PA tasks, 

even before the stage of phonological segmentation. This suggests that the 

phonological deficit in poor readers is not simply a problem with manipulating 

phonological units, but also an impairment for processing speech. The future 

directions for research suggested in this general discussion chapter will hopefully 

allow for further insight into the development of sensitivity to speech cues and the 

effect this has on speech perception. Measures of stream segregation in future 

research would allow the effect of auditory temporal degradation on PA to perhaps 

be more accurately allocated to being mediated by either speech or attentional 

processing. The phonological deficit in poor readers remained robustly in place 

throughout the studies in this research, despite considerable modification of 

speech. This further underlines the importance of continuing to investigate the 

perceptual and processing impairments which may underlie such a persistent and

developmentally damaging deficit.



Appendix A -  Structure of conditions in ERP study

Phoneme rate Target rate Congruence of 

phoneme & target 

rates

Correctness of 

presented solution 

stimuli

Number of 

trials

Words Non-words

Compressed Compressed Congruent Match 30 15 15

Compressed Compressed Congruent Mismatch 90 45 45

Compressed Unmodified incongruent Match 30 15 15

Compressed Unmodified incongruent Mismatch 90 45 45

Unmodified Compressed incongruent Match 30 15 15

Unmodified Compressed Incongruent Mismatch 90 45 45

Unmodified Unmodified Congruent Match 30 15 15

Unmodified Unmodified Congruent Mismatch 90 45 45



Appendix B -  Word lists for PA 
tasks in Chapters 3,4 and 5.

Deletion Structure Response Unmodified High band
Initial (p) SAVC word proof climb
Final (p) CVNS non-word sent jump
Initial SAVC non-word glen cliff
Initial FSVC word stool spin
Initial FNVC non-word snug smell
Initial SAVC word grip train
Initial FSVC non-word spoil scarf
Initial SAVC word price grub
Initial SAVC non-word twice drive
Final CVNS word burnt bunk
Final CVNS non-word sand hint
Final CVNS word ramp jo in t
Final CVNS non-word found mint
Final CVNS word pant thump
Final CVFS non-word wasp best
Final CVAS word belt field

SAVC Stop, Approximant, Vowel, Consonant
CVNS Consonant, Vowel, Nasal, Stop
FSVC Fricative, Stop, Vowel, Consonant
FNVC Fricative, Nasal, Vowel, Consonant
(p) Practice

Stimulus modification
Low band Fast Noise Slow Noise Compressed Expanded
trim trip clog pride pluck
pond lend junk hand camp
drop plod crab grass droop
skid scan spark stick still
smooth sniff smack snack snake
plays drip tram glad glove
steep spell scout spook stage
trap plate block clip trace
group press treat growl crop
pink sunk tank wink dump
lent sound chimp pound sank
funk find hump wind paint
champ send thank point count
wynd think bent learnt sink
disk desk last left soft
gulp wild kilt help felt
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