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A Multivariate Investigation of the Timing Deficit Hypothesis of Reading Disability
Doctor of Philosophy, 1997
Penny Chiappe
Graduate Department of Education

University of Toronto

This thesis presents a multivariate investigation of the temporal processing deficit
hypothesis of reading failure. The temporal processing deficit hypothesis proposes that the
underlying cause of the phonological deficit that characterizes developmental dyslexia is an
impaired timing mechanism. Thirty reading-disabled adults, thirty two normally achieving
adults and thirty one normally achieving children were administered a comprehensive battery
that included a wide range of timing tasks, in addition to reading and phonological measures.
Although dyslexics performed more poorly than normally achieving adults on most of the timing
tasks, their performance was not influenced by rate. Similarly, although the dyslexics’
performance revealed the typical pattern of impaired phonological awareness and pseudoword
reading relative to reading level matched children, the disabled readers outperformed the
children on the timing tasks. Finally, with the exception of RAN performance, the timing tasks
shared little variance with phonological awareness and contributed little unique variance to word
reading. Although these findings undermine the timing deficit hypothesis, they do provide

evidence for the involvement of word retrieval deficits in developmental dyslexia.
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A Multivariate Investigation of the Timing Deficit Hypothesis of Reading Disability

General Statement

It is well established that developmental dyslexia is characterized by deficient
phonological processing (e.g., Bruck & Treiman, 1990; Rack, Snowling, & Olson, 1992; Perfetti,
1985; Stanovich & Siegel, 1994; Wagner & Torgesen, 1987). However, it is unclear what
mechanism underlies the phenotypic core deficit of reading disabilities. One hypothesis that has
attracted growing attention is known as the temporal processing deficit of developmental
dyslexia (e.g., Farmer & Klein, 1995; Tallal, [984; Wolff, Michel & Ovrut, 1990a, 1990b). This
theory posits that an impaired timing mechanism underlies the phonological phenotypic
performance profile of dyslexia, through deficient temporal resolution. Although the temporal
processing deficit theory has strong advocates. such as Tallal (1980, 1984), its critics include
researchers such as Studdert-Kennedy (Studdert-Kennedy & Mody, 1995). In the face of such
controversy, the need has arisen for external examination of the temporal processing deficit--that
is, for its examination within laboratories other than those that have been at the center of the
controversy. Therefore, the purpose of this thesis is to examine the validity of the temporal
processing deficit hypothesis of developmental dyslexia. This endeavor involves both a critical
examination of the literature and the empirical investigation of hypotheses generated from the

temporal processing deficit hypothesis.

Introduction

A basic concept in the field of learning disabilities is that individuals with developmental
dyslexia share a common phenotypic performance profile. This profile is characterized by a
deficit in phonological processing, particularly in phonological awareness (e.g., Jorm & Share,
1983; Stanovich, 1988; Stanovich & Siegel, 1994; Wagner & Torgesen, 1987). Phonological
awareness refers to one’s direct knowledge of phonemes, as evidenced in the ability to recognize

and manipulate phonemes (Bentin, 1992; Liberman, Shankweiler, Fisher & Carter, 1974,




Tunmer & Hoover, 1992). A variety of tasks have been used to assess phonological awareness,
requiring children to generate rhymes, count phonemes and syllables, substitute phonemes and
delete phonemes (Hgien, Lundberg, Stanovich & Bjaalid, 1995). These tasks typically reveal
dyslexics’ difficulties in phonological processing (e.g., Bowey, Cain & Ryan, 1992; Wagner &
Torgesen, 1987). For example, dyslexics tend to be less sensitive to rhymes (Snowling, van
Wagtendonk & Stafford, 1988), and alliterations than normal readers (Bradley & Bryant, 1983).
Dyslexic children also tend to experience great difficulties in segmenting speech (Bruck 1990,
1992; Bryant, Bradley, MacLean & Crossland, 1989; Mann, 1984: Olson, Wise, Conners, Rack,
& Fulker, 1989: Snowling, Stackhouse & Rack, 1986; Stanovich, 1988; Stanovich & Siegel,
1994). These deficits are evident even when the performance of dyslexics was compared to that
of younger children who read no better than they did (Bradley & Bryant, 1983: Bruck, 1992,
Olson et al., 1989). Because the performance of older, disabled readers is inferior to that of
younger, skilled readers, one may infer that the poor performance resuited from a specific deficit,
rather than uniformly slower maturation of reading skills (Bryant & Goswami, 1986: Felton &
Wood, 1992). Thus, the performance profile of disabled readers tends to support a deficit model,
rather than a maturational lag model.

There is growing evidence that phonological awareness plays an important role in early
reading acquisition (Bradley & Bryant, 1983; Cunningham, 1990: Goswami & Bryant, 1990;
Lundberg, Frost & Peterson, 1988; Perfetti, 1984). In fact, phonological awareness is often a
more powerful predictor of the speed and efficiency of reading acquisition than more general
factors of cognitive functioning such as measures of general intelligence, vocabulary and
listening comprehension (Share, Jorm, Maclean & Matthews, 1984; Stanovich, 1992; Stanovich,
Cunningham & Cramer, 1984; Stanovich, Cunningham & Feeman, 1984). Impaired
phonological awareness is considered an important precursor to deficits in phonological coding,
the process whereby letter patterns are converted into phonological patterns (Stanovich, 1991).
Because appreciation of the alphabetic principle, that units of print map onto units of sound (see

Perfetti, 1984), is dependent on the ability to segment speech at the phonemic level, poor




phonological awareness impairs the acquisition of grapheme-phoneme correspondences that
underlie fluent word recognition (Goswami & Bryant, 1990; Stanovich et al., 1984: Tunmer &
Hoover, 1992). Deficits in phonological coding are characterized by difficulty in naming
pseudowords (Rack et al., 1992). In fact, deficits in naming pseudowords is the most diagnostic
symptom of reading disability (Bruck, 1988, 1990; Felton & Wood, 1992: Manis, Custodio &
Szeszulski, 1993; Siegel, 1989; Siegel & Ryan, 1988). Dyslexic children not only name
pseudowords less successfully than chronological-age controls, but they are less successful than
younger, reading-level matched children (Olson et al., 1989: Rack et al., 1992; Stanovich &
Siegel, 1994). Deficits in phonological coding, revealed through impaired pseudoword naming
has important implications for reading acquisition. The recognition of unknown words through
phonological coding is required for a child to gain independence in reading. Reading
independence, in turn, will enable the child to practice reading so that he or she may attain the
automaticity necessary for fluent reading (Ehri & Wilce, 1985: Jorm & Share, 1983). Therefore,
deficits in phonological awareness interrupts the very processes necessary to develop fluent
reading.

While phonological awareness is predictive of subsequent skill at word-reading (e.g..
Adams, 1990; Bryantet al., 1989; Bruck & Treiman, 1990; Stanovich et al., 1984; Wagner.
Torgesen, & Rashotte, 1994), the relationship between the two is one of reciprocal causation
(Ehri, 1985; Morais, Bertelson, Cary, & Alegria, 1979; Vandervelden & Siegel, 1995). That is,
not only does phonological awareness contribute to reading acquisition, reading acquisition itself
encourages further development of phonological awareness. Due to the reciprocal relationship
between phonological awareness and reading skill, individuals with developmental dyslexia may
have similar, yet not identical, phenotypic performance profiles that result from different causes.
Thus, the root of reading failure for some individuals lies in their impaired phonological
processing. Alternately, for other individuals, poor word reading skills result in poor
performance on tasks tapping phonological awareness. These patterns may reflect the two

subtypes of dyslexia that have been suggested in the literature, phonological and surface




dyslexia. Surface dyslexia is characterized by the ability to read aloud regular words and
pseudowords, but not irregular words (Behrmann & Bub, 1992; Boder, 1973; Coltheart,
Masterson, Byng, Prior & Riddoch, 1983). In contrast, phonological dyslexia is characterized by
the ability to read familiar words, but not pseudowords (Beauvois & Derousesne, 1979; Boder.
1973; Shallice & Warrington, 1980; Temple & Marshall, 1983). These patterns of performance
have often been used as an explanation of the cause of reading disability. For example, because
phonological dyslexics experience great difficulty in reading unfamiliar words and pseudowords.
an inability to apply grapheme-phoneme correspondence rules might be assumed to be the cause
of reading failure. In contrast, because surface dyslexics experience difficulty in reading
irregular words, an impaired ability to form orthographic representations might be the cause of
reading failure. However, although surface dyslexics’ primary problem may lie in the formation
of orthographic representations, they also have some degree of a phonological processing deficit.
Although many studies supporting the existence of the two subtypes of developmental
dyslexia have been controversial due to their failure to include normal readers as a reference
group (see Bryant & Impey, 1986), Castles and Coltheart’s (1993) study was unique in its
attempt to avoid this criticism. In their analyses, Castles and Coltheart isolated a large number of
dyslexics whose performance profiles were deviant (relative to normal readers) on either
nonword or exception word reading. These patterns represent the two distinct subtypes of
phonological and surface dyslexia. However, a serious criticism of this study is the failure to
include a reading-level matched control group. Fortunately, this problem has been addressed
(see Manis, Seidenberg, Doi, McBride-Chang, & Patterson, in press; Sidhu, 1995; Stanovich,
Siegel, Gottardo, Chiappe, & Sidhu, in press). In each of these studies, a large number of
phonological and surface dyslexics were identified when referenced against chronological-age
matched subjects. Although a large number of phonological dyslexics were identified when a
reading level match was used, few surface dyslexics were identified. This converges with Bryant
and Impey’s ability to find a match in their reading-level sample for the performance patterns of

Coltheart et al.’s (1983) surface dyslexic, but not Temple and Marshall’s (1983) phonological




dyslexic. Thus, phonological dyslexia appears to represent a pattern of deviance, while surface
dyslexia appears to be consistent with the maturational lag model. Therefore, if one were
searching for an underlying deficit which is manifested as the phonological core deficit, one
would expect to find it among phonological dyslexics, but not surface dyslexics.

Recall that impaired phonological processing, often known as the phonological core
deficit, refers to the phenotypic performance profile of individuals with reading disabilities. The
phonological core deficit may be considered a proximal cause of developmental dyslexia because
it provides a causal explanation for reading disability at a psychological, or more specifically a
cognitive level. In contrast, explanations that attempt to characterize developmental dyslexia ata
neurophysiological level (e.g., Hynd, Marshall & Gonzalez, 1991; Larsen, Hgien, Lundberg &
Odegaard, 1990:; Steinmetz & Galaburda. 1991) appeal to more distal causes of reading
disability. That is, they attempt to explain how the structure and functioning of the brain underlie
deficits in phonological processing and reading failure. Similarly, investigations of the genetics
of dyslexia also invoke more distal explanations for reading failure and the phonological core
deficit (e.g. Olson et al., 1989: Pennington, Gilger, Olson & DeFries, 1992). Thus, the reading
disability may be explained at a variety of levels.

The current thesis investigates a hypothesis that may be considered an intermediate
causal explanation for reading failure. This hypothesis, known as the temporal processing deficit
or timing deficit hypothesis, proposes that impaired phonological processing and reading failure
results from impaired temporal processing. This hypothesis will be considered in greater detail
below. However, it is important to note here that although the timing hypothesis presents an
explanation that is psychological (as it generates clear predictions concerning the information-
processing operations that underlie reading failure), this explanation is one level more distal than
the phonological core. Therefore, the timing hypothesis does not attempt to undermine or
replace the phonological-core deficit as a causal explanation for developmental dyslexia. Rather,
it attempts to provide a complementary explanation by invoking a psychological mechanism that

underlies the phonological core deficit.




What is the Timing Hypothesis?

Recently, the hypothesis that developmental dyslexia is caused by an underlying
deficiency in temporal processing has attracted growing attention. A number of theorists have
proposed that an impaired timing mechanism involved in the temporal organization of perception
and/or action is the cause of reading failure within some subtypes of developmental dyslexia
(e.g., Farmer & Klein, 1995; Tallal, 1984; Wolff et al., 1990a, 1990b). The mechanism involved
in temporal processing is assumed to be responsible for a variety of functions such as the timing
precision, serial order, and rate. The function of timing precision enables individuals to perform
actions at accurate intervals. Similarly, it enables individuals to perceive rhythmic sequences.
The function of serial order involves the perception, recognition and recall of the temporal
sequence in which stimuli were presented, and the production of a number of actions in the
correct sequence. Finally, the function that has garnered the most attention. namely rate, refers
to one’s skill at rapid processing. Rapid processing includes both the perception of rapidly
presented stimuli and the rapid coordination of actions. Although proponents of the temporal
processing deficit hypothesis propose different manifestations of a timing mechanism (i.e.. is this
mechanism specific to a single domain. such as audition, or is it domain-general?), all agree that
impaired temporal processing underlies the phonological core deficit that is characteristic of
developmental dyslexia. These theories will be considered below.

The initial, and most influential of the “‘timing” theories is that of Tallal (1980; 1988:
Tallal & Stark, 1982). Tallal has proposed that disabled readers are deficient in processing
auditory stimuli that are very brief (i.e., tens of milliseconds), whether the stimuli are verbal or
nonverbal in nature. Some speech sounds, such as stop consonants like /b/ and /d/, involve
spectral changes with durations that lie within this critical period of tens of milliseconds.
According to Tallal, the combination of disabled readers’ deficient processing of rapidly
presented stimuli and the brevity of the spectral changes within speech sounds results in an
inability to discriminate speech sounds. This rapid temporal processing deficit may subsequently

lead to reading failure in two ways. First, inadequate skill at discriminating phonemes would




lead to the poor phonemic awareness and segmentation skills that characterize the phenotypic
profile of dyslexia. In other words, the temporal processing deficit underlies the phonological
core deficit. Alternately, the poor discrimination of speech sounds would impede the acquisition
of phoneme-grapheme correspondences necessary for normal development of reading skills.

Tallal’s theory of the temporal processing deficit primarily restricts the impairment to the
auditory modality. However, more recently Farmer and Klein (1995), have proposed that the
temporal processing deficit is more pervasive, as it may manifest itself in a variety of modalities.
For example, Farmer and Klein’s (1995) model of the pathways by which a temporal processing
deficit may lead to dyslexia supplements the auditory processing deficit with a visual processing
deficit. Their model is depicted in Figure 1. In this model, the mechanism by which the auditory
processing deficit manifests itself as dyslexia is based on the mechanism proposed by Tailal
(1984). That is, the auditory processing deficit both causes impoverished phonological
awareness and inhibits the acquisition of phoneme-grapheme correspondences. Similarly, the
visual processing deficits may lead to reading failure in two ways. On the one hand, impaired
visual temporal processing may directly impede the acquisition of orthographic representations.
A slower rate of processing may cause the processing of visual stimuli to be incomplete, which
consequently impairs perception (Di Lollo, Hanson & Mclntyre, 1983). On the other hand,
impaired visual temporal processing might hinder reading acquisition indirectly, by making
reading a difficult and unpleasant activity (Farmer & Klein, 1995). Poor readers with this
affliction would likely avoid reading, causing them to be prone to the Matthew Effects discussed
by Stanovich (1986b). Thus, Farmer and Klein (1995) have proposed that impaired temporal
processing in the auditory or the visual domain may result in reading failure.

According to Farmer and Klein, the temporal processing deficit may be either domain-
specific or domain-general. Their model suggests that it is possible for the temporal processing
deficit to exist in either the visual or the auditory modality, or for there to be independent
temporal processing deficits within each modality. However, a final possibility is the existence

of a domain-general temporal processing deficit that interferes with both visual and auditory




Figure 1:

Farmer and Klein's (1995) model of the potential pathways to dyslexia from a temporal
processing deficit in either the auditory or the visual modality (p.481).
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perception. Proponents of a domain-general timing mechanism have proposed that this
mechanism is involved in the temporal organization of action in addition to perception (e.g.,
Tzeng & Wang, 1984; Wolff et al., 1990a, 1990b). That is, individuals afflicted with this
disorder would be expected to show impaired performance on all activities involving fine
temporal resolution, whether the tasks entail perception. motor coordination, or speech
production. Thus, a defective domain-general timing mechanism would involve serious
consequences, as such an impairment would result in pervasive impairments. For example,
Nicolson and Fawcett (1990; Fawcett & Nicolson, 1992) have reported that disabled readers
were impaired in postural control, or balance, particularly when they had to perform a second
simple task concurrently. Yap and van der Leij (1994) confirmed the finding that dyslexics have
difficulties in balancing when performing a concurrent task. The apparent deficits in
*automatic” balance reflects one of the global deficits that may result from a defective domain-
general timing mechanism.

The proposal of a defective mechanism that causes global impairment violates the
assumption of specificity, that the cause of reading disability is localized in a specific cognitive
domain rather than more global aspects of cognitive functioning (Stanovich, 1986a, 1988).
Should the underlying cause of reading disability be an impaired domain-general timing
mechanism, one would expect performance in all aspects of motor and intellectual functioning to
be depressed. Such pervasive impairment would result in diminished performance on tests of
intelligence so that dyslexics would not be able to have high IQ scores. However, the
phonological deficit that characterizes dyslexia is only weakly correlated with intelligence
(McBride-Chang & Manis, 1996; Siegel, 1988, 1989; Stanovich, 1986b; Tunmer & Nesdale,
1985; Vellutino & Scanlon, 1987). Therefore, if a deficient domain-general timing mechanism is
the underlying cause of the phonological deficit that characterizes developmental dyslexia, it
must be able to account for the weak relationship between intelligence and phonological

processing.




In summary, there are four main approaches to the timing deficit hypothesis of
developmental dyslexia. These theories differ primarily in the breadth attributed to the
mechanism involved in temporal resolution. The first, and most restricted hypothesis suggests
that impaired temporal resolution in the auditory modality, alone, is the underlying cause of the
phonemic deficit characteristic of developmental dyslexia (e.g., Tallal. 1984). The second
hypothesis proposes that defective temporal resolution in the auditory or visual modality is the
underlying cause of reading failure. These impairments may be the results of a single defective
timing mechanism, or defective timing mechanisms within both modalities (e.g., Farmer &
Klein, 1995). The third hypothesis advocates a defective domain-general timing mechanism as
the root of developmental dyslexia (e.g., Wolff et al., 1990b). This hypothesis predicts the most
pervasive impairments, manifested in perception, speech and action. Finally. opponents of the
timing hypothesis (e.g., Studdert-Kennedy & Mody, 1995) argue that there is little evidence to
support the existence of a temporal deficit and its role in developmental dyslexia. Support for

each position will be examined below.

Evidence Regarding Auditory Temporal Processing Deficits in Developmental Dyslexia
The approach that will be explored here is the plausibility that the phonemic deficit

associated with developmental dyslexia is a symptom of an underlying auditory processing
deficit (Tallal, 1984). The first, and most influential advocate of this position is Paula Tallal.
According to Tallal (1980), the ability to process rapidly changing auditory information plays a
crucial role in speech perception. Difficulties in processing rapidly presented data may result in
difficulties in analyzing speech at the phonemic level and the phonological deficit exhibited by
some dyslexics may be the product of deficient processing of rapid auditory stimuli. Such a
deficit would impair the acquisition of grapheme-phoneme correspondences in a manner similar
to that posited in phonological core deficit theories (Stanovich & Siegel, 1994). According to
the auditory temporal processing deficit hypothesis, the role of phonological processing in

reading acquisition can be explained by phonological core deficit theories because the auditory
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temporal processing deficit hypothesis proposes a more distal explanation for reading failure
than the phonological processing deficit.

Two sources of evidence are needed to support Tallal’s theory. First, one must
demonstrate that children with developmental dyslexia process rapidly presented stimuli more
poorly than normal readers. Second, one must demonstrate that this deficit is primarily auditory,
and not specific to speech. This is exactly what Tallal (1980) demonstrated in her comparison of
reading disabled and chronological age-matched children. In this study, a series of
discrimination and temporal order judgment (TOJ) tasks was administered to children. The
stimuli, two complex tones presented for 75 ms, were separated by a long (428 ms) or a short (8-
305 ms) interstimulus intervals (ISI). Tallal found no difference between normal and disabled
readers when the tones were presented at slow rates. However, when the ISI was shortened,
disabled readers made significantly more errors than normal readers. In fact, Tallal found that
the Spearman Rank Correlation between performance on auditory perceptual tasks and a
pseudoword reading task was quite high (r=.81). This general pattern of results has been
replicated by Reed (1989). These findings have been interpreted as support for the existence of
impaired auditory temporal processing in disabled readers (e.g., Farmer & Klein, 1995).

In addition to studies investigating disabled readers, evidence for impaired temporal
processing deficits has also been drawn from studies investigating auditory discrimination skills
of dysphasic children. In a series of studies exarnining auditory discrimination in dysphasic
children and normal readers (Tallal & Piercy, 1975; Tailal, Sainburg & Jernigan, 1991), Tallal
and her colleagues used as stimuli pairs of long and short tones, pairs of long (250 ms) and short
(43 ms) synthetic vowels, and pairs of synthetic CV syllables (/ba/ and /da/) in which the formant
transitions were either long (95 ms) or short (43 ms). The dysphasic children’s performance was
significantly worse than the nondisabled children on the short tones, vowels and consonants at
short ISIs, but not on the long tones, vowels and consonants at long [SIs. Like the dyslexic
children, dysphasic children showed a pattern of poor discrimination of auditory stimuli at fast

speeds, but not at slow speeds. Because dysphasics showed the same pattern of results for both
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steady-state vowels and the consonants (which contain formant transitions), Tallal and Piercy
(1975) concluded that impaired performance reflected the brevity and not the transitional traits of
the synthesized stimuli. Similarly, the parallel pattern of results for syilables and tones has lead
Tallal and Piercy (1973) to conclude that the dysphasics’ impairment was a general auditory
deficit. Because dysphasic children’s performance was similar to that of disabled readers, these
findings have often been generalized as evidence for auditory temporal processing deficits in
developmental dyslexia, particularly in recent media reports.

However, impaired auditory temporal processing is not the only possible interpretation
that may arise from a pattern of impaired discrimination of fast. but not slow, auditory stimuli.
In fact, Tallal (Tallal et al., 1991) has concluded that “the sequencing deficit identified in
dysphasic children is a secondary sequelea due to the more primary deficit in tone discrimination
of rapidly presented stimuli”(p. 365). In other words, what may appear to be a slower rate of
perception (i.e., impaired performance at short but not long ISIs on perceptual tasks) is not the
cause of impaired children’s difficulties. It is the result of poor discrimination between the close
phonetic similarity of the stimuli (Studdert-Kennedy. Liberman, Brady, Fowler, Mody &
Shankweiler, 1994-1995; Studdert-Kennedy & Mody, 1995). Similarly, Reed (1989) has argued
that the TOJ tasks enable the detection of subtle deficits in discrimination capacity by stressing
perceptual capabilities. In other words, the performance of children who have difficulties
discriminating stimuli (such as /ba/-/da/) would suffer when their capacities are stressed. In
contrast, when the discrimination is easier, performance would not be expected to suffer when
perceptual capacities are stressed.

Mody tested this alternative explanation by administering Tallal’s TOJ task to poor
readers in second grade (Mody, Studdert-Kennedy & Brady, in press). Children were first
administered Tallal’s TOJ task using the difficult to discriminate pair of syllables /ba/ and /da/.
These children experienced difficulties discriminating these syllables when they were presented
with short I[SIs. However, using the same procedure with easily discriminable pairs of syllables,

/ba/-/sa/ and /da/-/Sa/, Mody and her colleagues (in press) found that children performed
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perfectly even at short ISIs. These findings show that reading-disabled children’s difficulties
discriminating /ba/ and /da/ is not the result of impaired temporal processing or deficient
processing of rapidly changing accoustic information. These results suggest that the impaired
performance on Tallal’s TOJ task arises from difficulties in discriminating between similar
syllables that are presented in rapid succession. Therefore, disabled readers may perform poorly

on TOJ tasks because the task is sensitive to subtle deficits in discriminating phonetically similar

phonemes, rather than impaired auditory temporal processing, per se.

The Mody et al. (in press) findings suggest a basic confusion that recurs in each of the
timing deficit theories, which is the confusion between the concepts of temporal perception and
rapid perception (Studdert-Kennedy & Mody, 1995). Temporal processing refers to the
perception of the temporal properties of events. These include the duration, sequencing, and
rhythm of events. This contrasts with rapid perception, which refers to the ability to process
rapidly presented stimuli. However, in the literature there is often confusion regarding the
distinction between these concepts. Temporal perception is often equated with both sequential
perception and the perception of rapidly presented stimuli. This distinction is important because
performance on tasks involving the perception of rapidly presented sequences, such as Tallal's
TOJ task, is also dependent on one’s ability to process stimuli of brief duration. In other words,
if one cannot discriminate between stimuli, one would be unable to report the order in which the
stimuli were presented. Therefore, performance that appears to reflect impaired sequential
performance may, in fact, “stem from a more primary perceptual deficit that affects the rate at
which they can process perceptual information” (Tallal, 1980, p. 193).

Although it remains controversial whether Tallal’s TOJ paradigm reveals auditory
temporal processing deficits, or impaired discrimination of similar phonemes, other paradigms
that are more clearly temporal in nature have revealed differences between normal and disabled
readers. For example, McCroskey and Kidder (1980) found that reading disabled children
required longer ISIs to detect a temporal gap between two identical tones. Another set of tasks

involved complex judgments of rhythm. Note that judgments concerning rhythm may be
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considered exemplars of temporal processing (Studdert-Kennedy & Mody, 1995). Zurif and
Carson (1970) demonstrated that dyslexics were inferior in processing auditory (and visually)
patterned stimuli. Disabled readers performed significantly worse than normal readers on the
Seashore auditory rhythm test (Halstead, 1947) and its visual analogue. This task requires
subjects to judge if two rhythmic patterns tapped out in quick succession are the same.
Performance on these temporal pattern discriminations correlated significantly with reading skill.
In fact, performance on the auditory and visual versions of the Seashore rhythm test shared 29%
to 34% of the variance, respectively, with word recognition. McGivern, Berka, Languis and
Chapman (1991) replicated Zurif and Carson’s (1970) findings with a younger sample of
children. Thus, the Seashore Rhythm Test’s successful discrimination between dyslexics and
normal readers provides support for the association between rapid auditory temporal pattern
recognition and successful reading.

[n sum, the pattern of results yielded by Tallal’s temporal order judgment task leads to
equivocal interpretations. While they suggest disabled readers may suffer from auditory
temporal processing deficits, impaired performance on TOJ tasks may stem from difficulties in
discriminating between phonemes. However, studies that show that normal readers outperform
reading-disabled children on gap detection and rhythm detection lend support to the temporal

processing deficit hypothesis.

Evidence Regarding Visual Temporal Processing Deficits in Developmental Dyslexia

Like the existence of an auditory temporal processing deficit, the role of a visual
temporal processing deficit in developmental dyslexia has proven to be controversial. A growing
body of evidence suggests that in comparison to normal readers, disabled readers may have some
underlying difficulty in visual perception (for reviews, see Willows, 1991; Willows, Kruk &
Corcos, 1993). However, such a theory has proven to be controversial. For example, while
researchers such as Lovegrove (Lovegrove, Martin & Slaghuis, 1986) have reported that 75% of

disabled readers they had tested exhibited visual processing deficits, most other attempts at
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classification have found only 4 to 16% of the disabled readers had some type of visual, spatial
or perceptual deficit (Rayner, Pollatsek & Bilsky, 1995). In order to evaluate these discrepant
claims, one must first examine the tasks used to generate these conclusions.

The two types of paradigms have been used most often to determine whether normal and
disabled readers differ in their speed of visual processing: temporal integration tasks and
backwards masking tasks. Temporal integration tasks are used to assess visible persistence, or
the length of time an item can still be perceived after the eye has ceased to fixate upon it
(Coitheart, 1980). These tasks may involve the presentation of two identical stimuli in close
temporal sequence (e.g., Lovegrove et al., 1986; O’Neill & Stanley, 1976), or the successive
presentation of two different stimuli (e.g., Stanley & Hall, 1973). The minimum length of the
ISI between the two stimuli that an individual requires to report that the stimuli are separate, the
“separation threshold”, reflects the duration of visible persistence for the first item (Willows,
Kruk & Corcos, 1993). Using these procedures, a number of researchers have found evidence
that visible persistence is significantly longer for disabled readers than non-disabled readers. For
example, Lovegrove and his colleagues have demonstrated that children with specific reading
disabilities required longer ISIs to detect a blank screen between two sine-wave gratings at low
spatial frequencies than normal readers (Badcock & Lovegrove, 1981; Lovegrove, Heddle &
Slaghuis, 1980; Lovegrove et al., 1986). In fact, the children’s separation thresholds were found
to be predictive of reading skill (Lovegrove, Slaghuis, Bowling, Nelson & Geeves, 1986).
Converging evidence for longer visual persistence in reading-disabled children has been reported
by a number of laboratories (e.g., Di Lollo et al., 1983; O’Neill & Stanley, 1976; Stanley & Hall,
1973).

While temporal integration tasks measure visible persistence, the other type of paradigm,
backwards masking, measures the rate of information pick up in the early stages of information
processing (Rayner & Pollatsek, 1989). Like the temporal integration task, two stimuli, the
target followed by the mask, are presented in rapid succession. However, in backwards masking

what is measured is the interval between the onset of the two stimuli (the stimulus onset
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asynchrony, or SOA) at which processing of the second stimulus no longer interferes with the
processing of the first. Simply. a longer critical SOA reflects slower processing of visual
information. Several studies using the backwards masking paradigm have shown that disabled
readers have longer critical SOAs than age-matched controls (Di Lollo et al., 1983; Lovegrove &
Brown, 1986; Mazer, McIntyre, Murray, Till & Blackwell, 1983; O’Neill & Stanley, 1976:
Stanley & Hall, 1973). Therefore, in addition to having longer visible persistence than age-
matched controls, disabled readers appear to process visual information more slowly.

However, not all studies using temporal integration and backwards masking paradigms
have revealed differences between normal and disabled readers. A number of classic studies
have failed to find impaired visual processing deficits in disabled readers (e.g., Amett & Di
Lollo. 1979; Fisher & Frankfurter, 1977; Morrison, Giordani & Nagy. 1977). Although Kruk
(Kruk, 1991; Kruk & Willows, 1993) demonstrated that dyslexic children were less accurate than
normal readers on a backwards masking paradigm, there was no evidence of a reader group by
SOA interaction. The lack of an interaction contradicts a key prediction of the temporal
processing deficit hypothesis: that disabled readers’ performance would be impaired vis-a-vis
normal readers by short SOAs but not by long SOAs. Similarly, Farmer and Klein (1993)
recently found that dyslexics did not have larger separation thresholds than either chronological-
age matched or reading-level matched children in a temporal integration task. Rayner and his
colleagues aptly summarize the position of critics of visual processing deficits in their conclusion
(Rayner et al., 1995) “While there are undoubtedly some dyslexics who have visual problems,
most of the research on dyslexia suggests that problems with reading caused by the visual
mechanisms ... are quite rare (p. 506).”

In sum, review of the literature reveals that there is a lack of consensus regarding the role
{and existence) of visual temporal processing deficits in developmental dyslexia. While a
number of researchers convincingly argue that temporal visual processing may be the cause of

some types of developmental dyslexia (e.g., Lovegrove et al., 1986; Willows, 1991), others argue
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equally convincingly that such a hypothesis is implausible (e.g., Hulme, 1988). This thesis will

attermnpt to at least partially resolve some of the controversies surrounding this issue.

Evidence Regarding Domain-General Temporal Processing Deficits in Developmental Dyslexia
Language Production and Motor Control

Proponents of the first two variations of the timing hypothesis argue that temporal
processing deficits are [imited to perception. However, proponents of a domain-general temporal
processing deficit have argued that the difficulties experienced by disabled readers are not
restricted to the perception of rapidly presented sequences of stimuli. This stems from the
observation that dyslexics experience difficulties in language production. For example, Catts
(1991) reported that poor readers have a variety of problems pronouncing a variety of linguistic
material. These problems are apparent in the production of familiar but phonologically compiex
words and phrases, such as "cinnamon" and "seashells”, the acquisition of new words (especiaily
multisyllabic words), and the production of complex phonological sequences (Gathercole &
Baddley, 1987; Taylor, Lean & Schwartz, 1989). Wolff, Michel, an Ovrut (1990b) compared the
ability of dyslexics to repeat syllables at prescribed rates to the performance of normal readers
and learning disabled adolescents without dyslexia. Dyslexics deviated from the prescribed rate
more than the comparison groups, always repeated syllables too siowly. and made more
sequencing errors than either comparison group. While the performance of all groups
deteriorated as the prescribed rate increased, dyslexics were penalized by the fastest rates to a
much greater extent than the normal readers and learning disabled subjects. Therefore, dyslexics'
ability to sequence verbal stimuli appears to be very sensitive to temporal constraints.

It is important to note that the verbal deficits reported by Wolff et al. (1990) were greatest
at the fastest speeds. Rate variables also play an important role in dyslexics’ deficits in
automatized naming tasks (Wolff, Michel & Ovrut, 1990a). The Rapid Automatized Naming
(RAN) paradigm has been used to provide strong evidence for processing speed deficits in
dyslexia (Denckla, 1972; Denckla & Rudel, 1976; Wolf, 1991a, 1991b). In this paradigm,

subjects are given a card containing several rows and columns of stimuli which they must name
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as quickly and accurately as possible. A variety of studies have found that dyslexics name
pictures, colours, letters and digits more slowly than normal readers (Ackerman, Dykman &
Gardner, 1990; Bowers & Swanson, 1991; Bowers & Wolf, 1993; Katz, Curtiss & Tallal, 1992
Torgesen, Wagner, Simmons & Laughon, 1990; Wolf, 1991a, 1991b: Wolff et al., 1990a). Even
when the RAN task is simplified by presenting stimuli individually, dyslexics still show speed
deficits (Bowers & Swanson, [1991; Fawcett & Nicolson, 1994; Wolff et al., 1990). Bowers and
Swanson's (1991) investigation of dyslexics' speed deficit in retrieving names was assessed using
both the continuous list and discrete-trial methodologies, with discrete trials presented at slow
and rapid rates. Although dyslexics named digits more slowly than average readers in all
conditions, the group differences are larger on the continuous list format. On the discrete-trials
of the RAN, reader group interacted with presentation speed, such that poor readers were
especially penalized at rapid rates. This replicates Wolff et al.'s (1990a) finding that dyslexics
showed no naming impairments when stimuli were presented slowly, but were heavily penalized
by rapid presentation. If naming speed reflects the precise timing mechanism necessary to
integrate phonological codes (Bowers & Wolf, 1993), dyslexics’ impaired performance at rapid
speeds may be caused by deficits in their timing mechanisms.

One might argue that slow performance on the RAN task reflects language problems,
such as impeded word retrieval, rather than a deficient timing mechanism. However, work by
Katz and his colleagues (Katz et. al., 1992) suggests that impaired RAN perfo