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Abstract

It has been proposed that developmental dyslexia is associated with a deficit in the magnocellular pathway of the visual system.

Other research focuses upon the heterogeneous nature of developmental dyslexia, and evidence that subgroups of dyslexia may be

identified based on selective deficits in specific component reading skills. This study tested the hypothesis that visual processing

deficits may be present in different subgroups of developmental dyslexia by comparing the visual contrast sensitivity of three

subgroups of dyslexic children (phonological, surface and mixed) and controls. The stimulus designed to measure magnocellular

visual function was a low spatial frequency Gaussian blob, flickered sinusoidally at a temporal frequency of 8.33 Hz. The control

stimulus, designed to measure parvocellular visual function, was a relatively high spatial frequency Gaussian windowed grating

(8 c/deg) slowly ramped on and off. There were no significant differences between the groups of dyslexic and control children in

contrast sensitivity to either stimulus. The findings do not support the existence of a magnocellular system deficit in dyslexia.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Developmental dyslexia is defined as the failure to

acquire the level of reading skill expected for one�s age,
given normal educational opportunity, average intelli-

gence, and the absence of sensory deficits, psychiatric or

neurological disorder (Critchley, 1964). Research in-

vestigating the underlying causes of dyslexia has impli-

cated a number of underlying neural mechanisms. An

influential theory is the magnocellular deficit theory,
which postulates a deficit at the level of one of the two

parallel retinocortical pathways in the visual system,

specifically the magnocellular pathway of the lateral

geniculate nucleus (Habib, 2000; Lovegrove, 1996; Stein

& Walsh, 1997).

Parallel research investigating the patterns of reading

deficit in developmental dyslexics has provided consid-

erable evidence for the existence of subgroups of de-

velopmental dyslexia (Castles & Coltheart, 1993;

Castles, Datta, Gayan, & Olson, 1999; Manis, Seiden-
berg, Doi, McBride-Chang, & Petersen, 1996; Stano-

vich, Siegel, & Gottardo, 1997). There have been only a

few recent studies that have investigated the relationship

between the magnocellular deficit theory of dyslexia and

subgroups of dyslexia. If only some subgroups exhibit

visual deficits, this may explain why there has been

mixed support for the magnocellular deficit theory

(Skottun, 2000).

1.1. Contrast sensitivity and magnocellular function in

dyslexia

The psychophysical evidence strongly supports the

theory that at least two mechanisms underlie threshold

contrast sensitivity. As originally demonstrated by Tol-

hurst (1973), the spatio-temporal contrast sensitivity

function exhibits an interaction between spatial and tem-
poral sensitivity, indicating that the mechanism sensitive

to high temporal frequencies is more sensitive to lower

spatial frequencies. This basic finding has been replicated a
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number of times (see Peli, Arend, Young, & Goldstein,

1993). Koenderink and van Doorn (1979) demonstrated

two distinct peaks in the contrast sensitivity function by

using temporal modulation rates as slow as 0.1 Hz. In

addition, recent studies of individual differences in

contrast sensitivity functions support the existence of at

least two independent channels (see Dobkins, Gunther,

& Peterzell, 2000).
The original studies investigating early visual deficits

in dyslexia used spatio-temporal contrast sensitivity as

an indicator of ‘‘transient’’ and ‘‘sustained’’ visual

function (Lovegrove, Bowling, Badcock, & Blackwood,

1980; Martin & Lovegrove, 1984; Martin & Lovegrove,

1988). With advances in primate single-cell neurophy-

siology, these functions have now been associated with

the magnocellular and parvocellular systems of the lat-
eral geniculate nucleus respectively, and it has been

theorised that in dyslexia there is specific damage to the

magnocellular system (Livingstone, Drislane, Rosen, &

Galaburda, 1991; Lovegrove, 1996; Stein & Walsh,

1997). Habib (2000) concluded that selective losses of

contrast sensitivity represent critical evidence for a

magnocellular deficit in dyslexia.

Two recent critical reviews of studies of contrast
sensitivity in dyslexia (Skottun, 2000; Stuart, McAnally,

& Castles, 2001) have raised questions about the

strength of the evidence for a magnocellular deficit in

dyslexia. Skottun (2000) pointed out although some

studies have demonstrated significant differences in

contrast sensitivity between dyslexic and control groups,

these differences were not always consistent with theo-

retical predictions. Stuart et al. (2001) re-examined those
studies that Skottun (2000) considered to be consistent

with the magnocellular deficit theory, and concluded

there was more evidence for reduced sensitivity across

all spatial and temporal frequencies tested, rather than

the specific deficits expected from magnocellular dys-

function. This pattern of results is consistent with gen-

eral difficulties in completing the psychophysical task

successfully, possibly due to a lack of attention or mo-
tivation. The only studies of contrast sensitivity that

yielded statistically significant results consistent with a

specific magnocellular deficit were those of Lovegrove et

al. (1982), Martin and Lovegrove (1984, 1988) and

Felmingham and Jakobson (1995).

One possible explanation of the above findings is that

the magnocellular system alone is responsible for ach-

romatic contrast sensitivity across a wide range of spa-
tial and temporal sensitivities, thus meaning one would

expect to see nonspecific reductions in contrast sensi-

tivity. Despite the common association of sustained

and transient psychophysical channels with the parvo-

cellular and magnocellular systems respectively, there

is an alternative view that the magnocellular system

alone governs achromatic contrast sensitivity. Consistent

with this view, Burbeck and Kelly (1980) showed that it is

possible to model the contrast sensitivity function using

a single type of antagonistic centre-surround receptive

field with delays between centre and surround responses.

Further, it has been demonstrated that individual cells in

the magnocellular pathway show greater contrast sen-

sitivity, and greater contrast gain, than parvocellular

cells across a broad range of spatial and temporal fre-

quencies (Kaplan, Lee, & Shapley, 1990).
Studies that have been cited in support of the con-

tention that the magnocellular system has superior

contrast sensitivity to that of the parvocellular system

were concerned with chromatic and achromatic tempo-

ral modulation sensitivity in response to relatively large

circular patches of light (Lee, Pokorny, Smith, Martin,

& Valberg, 1990; Smith, Pokorny, Davis, & Yeh, 1995).

This type of stimulus favours achromatic detection by
the magnocellular system. In contrast, Hicks, Lee, and

Vidyasagar (1983), using grating stimuli, showed that at

very low temporal frequencies, magnocellular neurons

failed to respond at any spatial frequency, whereas

parvocellular neurons responded vigorously. This in-

dicates that there are some achromatic stimuli that

will preferentially stimulate the parvocellular system at

threshold.
Perhaps the best evidence for parvocellular system

involvement in achromatic contrast detection derives

from studies using macaque monkeys with selective

magnocellular and parvocellular lesions, and from the

study of retinal diseases in humans that selectively affect

contrast sensitivity. Lesions of the magnocellular layer

of the lateral geniculate nucleus of monkeys resulted in a

loss of sensitivity restricted to stimuli with both high
temporal and low spatial frequencies (Merigan &

Maunsell, 1993). In particular, monkeys with such le-

sions were virtually blind to a large (approximately 4

deg) Gaussian blob flickering at 10 Hz. Conversely, the

visibility of relatively stationary stimuli, even at mod-

erate spatial frequencies, is severely reduced in monkeys

with parvocellular lateral geniculate nucleus lesions

(Merigan, Katz, & Maunsell, 1991).
In humans, Wolf and Arden (1996) demonstrated

that in melanoma-associated retinopathy there was a

profound loss of sensitivity to Gaussian blobs across a

range of temporal frequencies, with a preservation of

sensitivity to 1 c/deg gratings flickering slowly at 0.5 Hz.

Selective loss of contrast sensitivity should not have

occurred if magnocellular cells alone determined

threshold contrast sensitivity. Thus, both single cell
physiology and studies of damage to the magnocellular

and parvocellular pathways as a whole indicate that it is

possible to selectively test the sensitivity of the two

pathways using achromatic stimuli at threshold. How-

ever, the spatial and temporal characteristics of the

stimuli must be chosen carefully. This includes the

spatio-temporal envelope within which the stimuli are

presented (Peli et al., 1993; Spehar & Zaidi, 1997).
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1.2. Subgroups of developmental dyslexia

There is considerable evidence for subgroups of dys-

lexics, with divergent patterns of reading deficits, and it

has also been theorised that different patterns of dyslexia

may reflect different aetiologies (Castles & Coltheart,

1993; Manis et al., 1996; Stanovich et al., 1997).

Therefore, as Hogben (1996) has suggested, it is possible
that some of the inconsistency in the contrast sensitivity

studies may stem from a failure to control for sample

heterogeneity and differences in the proportion of each

subgroup represented in respective samples.

The dual route model of reading aloud (e.g. Colt-

heart, 1978; Coltheart, Curtis, Atkins, & Haller, 1993;

Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001;

Morton & Patterson, 1980) has provided the theoretical
framework for some recent subgrouping attempts. The

model proposes that reading aloud involves two, at least

partially independent, procedures. The lexical procedure

involves retrieving from a mental dictionary (or lexicon),

the phonological form appropriate to a particular or-

thographic stimulus. The sublexical procedure involves

the application of grapheme–phoneme correspondence

rules in the decoding of print. The integrity of the lexical
route is typically investigated via the reading of irregular

words, which deviate from grapheme–phoneme corre-

spondence rules (e.g. yacht). Sublexical skill, on the

other hand, can be investigated via the reading of novel

nonwords (e.g. glop). Regular word reading can theo-

retically be achieved by either the lexical or sublexical

routes.

In a large group study of reading patterns in devel-
opmental dyslexia, Castles and Coltheart (1993) found

evidence for dissociations between irregular and non-

word reading. One subgroup of children had poor

nonword reading and normal range irregular word

reading, and were interpreted as having specifically im-

paired sublexical skills or phonological dyslexia. Another

subgroup had poor irregular word reading skills and

age-appropriate nonword reading skills, and were
therefore interpreted as having a specific difficulty

reading via the lexical route or surface dyslexia. These

basic subgroups have since been replicated in two fur-

ther studies (Manis et al., 1996; Stanovich et al., 1997).

However, it should be noted that, while children with

discrepant patterns of reading deficit exist, a large pop-

ulation of children has difficulty reading via both lexical

and sublexical procedures, and they may be character-
ised as a mixed dyslexia subgroup.

1.3. Contrast sensitivity and subgroups of dyslexia

Some recent research has explored the relationship

between dyslexia subgroups and magnocellular func-

tioning using contrast sensitivity tasks (Borsting et al.,

1996; Ridder, Borsting, Cooper, McNeel, & Huang,

1997; Slaghuis & Ryan, 1999; Spinelli et al., 1997). Three

of these studies (Borsting et al., 1996; Ridder et al., 1997;

Slaghuis & Ryan, 1999) subgrouped their dyslexic

sample using the typology originally advocated by

Boder (1971). Although this typology is not based on an

explicit model of reading, the subgroups obtained are

likely to be similar to those obtained using the Castles
and Coltheart (1993) method. The fourth study (Spinelli

et al., 1997) used an Italian measure for identifying

‘‘surface’’ dyslexia in their Italian speaking sample

(Sartori, Job, & Tressoldi, 1995).

A consistent finding across these studies is that the

surface dyslexics, or dyseidetic dyslexics in the Boder

typology, do not differ from controls in performance on

contrast sensitivity tasks at low spatial and high tem-
poral frequencies (Borsting et al., 1996; Ridder et al.,

1997; Slaghuis & Ryan, 1999; Spinelli et al., 1997), and

therefore do not have a magnocellular deficit. The re-

lationship between the other two subgroups and mag-

nocellular function is less clear. Slaghuis and Ryan

(1999) analysed contrast sensitivity on a linear scale.

When Stuart et al. (2001) replotted this data on a log

scale there was little indication of any selective loss of
contrast sensitivity in the dyslexia group. In Borsting

et al.�s (1996) study of adults, there was some evidence of
a loss of sensitivity at low spatial/high temporal fre-

quencies among dysphoneidetic (mixed dyslexic) read-

ers, but a direct test failed to show a significant

interaction between reading group and spatial frequency

at a temporal frequency of 10 Hz. No pure dysphonetic

dyslexic (phonological dyslexic) readers were tested.
Ridder et al. (1997) did include three subgroups in their

follow-up study. The dysphoneidetic group and some

participants with dysphonetic dyslexia displayed a re-

duction in contrast sensitivity. However, because there

was no stimulus in this study designed to measure

parvocellular contrast sensitivity, these results are

equivocal.

The possibility of contrast sensitivity deficits being
specific to phonological dyslexia is consistent with recent

theories of the relationship between magnocellular

functioning and reading. Stein (1993) has proposed that

in dyslexia there is a generalised defect in the processing

of rapidly changing sensory stimuli, which occurs across

the visual, auditory, and motor domains. Auditory

temporal deficits are thought to result in speech per-

ception deficits, which are associated with difficulty
manipulating speech sounds, or phonological awareness

deficits. There is much evidence that poor sublexical skill

is associated with poor phonological awareness (Rack,

Snowling, & Olson, 1992; Wagner & Torgesen, 1987).

Phonological dyslexia should therefore reflect auditory

temporal deficits, and be seen concurrently in individu-

als with magnocellular visual deficits (Witton et al.,

1998).

M.J. Williams et al. / Vision Research 43 (2003) 467–477 469

https://www.researchgate.net/publication/14120364_Not_All_Dyslexics_Are_Created_Equal?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy
https://www.researchgate.net/publication/14874299_Varieties_of_development_dyslexia?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy
https://www.researchgate.net/publication/232429386_Converging_evidence_of_phonological_and_surface_subtypes_of_reading_disability?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy
https://www.researchgate.net/publication/229492127_A_Plea_for_Purity?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy
https://www.researchgate.net/publication/225660141_Developmental_dyslexia_Prevailing_diagnostic_concepts?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy
https://www.researchgate.net/publication/11644332_Can_contrast_sensitivity_functions_in_dyslexia_be_explained_by_inattention_rather_than_a_magnocellular_deficit?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy
https://www.researchgate.net/publication/14876462_Dyslexia-Impaired_Temporal_Information_Processing?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy
https://www.researchgate.net/publication/243692526_On_the_basis_of_two_subtypes_of_developmental_dyslexia?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy
https://www.researchgate.net/publication/11951696_Are_dyslexics'_visual_deficits_limited_to_measures_of_dorsal_stream_function?el=1_x_8&enrichId=rgreq-fe2eb20e-f056-4bc4-beb8-534f0214e996&enrichSource=Y292ZXJQYWdlOzEwOTQzNTQ5O0FTOjEwMTQ4NzM3MTg4MjUwN0AxNDAxMjA3ODg0NTYy


1.4. The present study

The present study aimed to investigate the relation-

ship between visual magnocellular processing and dif-

ferent patterns of developmental dyslexia. We aimed to

build on previous research in two ways. First, we selected

our subgroups based on the Castles and Coltheart (1993)

methodology, which arguably produces purer subtypes
because it is based on an explicit model of component

processes in reading. Second, bearing in mind the issues

raised above, we used visual stimuli which were more

carefully controlled than in some previous studies with

subgroups of dyslexia and which unequivocally reflect

both magnocellular and parvocellular function. Specifi-

cally, we precisely varied the spatial and temporal char-

acteristics of achromatic stimuli presented at threshold.
A control group and three subgroups of dyslexics

were selected: phonological dyslexics, surface dyslexics

and a group proposed to have both lexical and sublex-

ical deficits (mixed dyslexics). Without subscribing to

the idea of strictly discrete subgroups, this sampling

strategy ensured some dissociation between irregular

and nonword reading skills in the dyslexia sample.

2. Methods

2.1. Participants

The participants included in the study were 20 dys-

lexics and 23 controls between the ages of 8 years and 12

years. Characteristics of the sample are presented in

Table 1. Dyslexics were recruited from a learning diffi-

culties clinic, and consisted of 12 males and 8 females.

Twenty-one dyslexics were initially included in the

study, however, one of these participants was identified

as an influential outlier on both visual tasks and there-
fore not included in the final sample. All of these chil-

dren had completed full neuropsychological assessments

at the clinic. Results of the Wechsler Intelligence Scale

for Children-Third Edition (WISC-III) (Wechsler, 1991)

were available on file. Reading age was reviewed at the

time of the study experiment using the Word Identifi-

cation subtest of the Woodcock Reading Mastery Test-

Revised (WRMT-R) (Woodcock, 1987).
The dyslexia sample were selected based on the fol-

lowing criteria: (1) a history of reading difficulties, (2)

reading age delay of at least 18 months on the WRMT-

R (Woodcock, 1987), (3) Full Scale Intelligence Quo-

tient score of at least 85 on the WISC-III (Wechsler,

1991), (4) no known neurological deficit, (5) no known

visual acuity or auditory acuity impairment, (6) no

known psychiatric disorder. 1 Two of the dyslexics had a

reading lag of between 12 and 18 months, but were in-

cluded in the sample as their lag on initial neuropsy-

chological assessment had been greater than 18 months,

they had a strong history of reading difficulties, and they

met the criteria for a specific subtype of dyslexia.

Classification of the children as meeting general cri-

teria for dyslexia was further confirmed by the calcula-

tion of discrepancy scores between reading achievement
and intelligence. These scores were calculated by sub-

tracting the Word Identification subtest standard score

(Mean ¼ 100, SD ¼ 15), from the Full Scale Intelligence
Quotient score as measured by the WISC-III. Seventeen

of the 20 dyslexics had a discrepancy of greater than one

standard deviation (15 points), the standard cut-off

point for diagnosis. Three dyslexics had discrepancies

less than 15 points. Two of these children met the cri-
teria for phonological dyslexia, while the other met the

criteria for surface dyslexia. Pure subtypes such as these

may be expected to perform somewhat better than

mixed dyslexics on general reading measures, due to the

preserved integrity of one reading route, and thus may

not show significant discrepancies between broad read-

ing and intelligence measures. These children were in-

cluded in the final sample as they met the subgrouping
criteria described below.

The control sample was recruited from a private

primary school in an outer eastern suburb of Mel-

bourne, Australia, and consisted of 17 males and 6

females. The sample had good or corrected vision, as

indicated by visual acuity tests (Random Es) for near

vision and also at 6 m. Most of the dyslexia sample had

undergone full optometric testing, and wore their spec-
tacles if prescribed. Full Scale Intelligence was prorated

based on the Vocabulary and Block Design subtests of

the WISC-III for the control sample. All control chil-

dren were reading within or above the expected range

for their age, as measured by their reading age on the

Word Identification subtest of the WRMT-R.

2.2. Subgrouping criteria

The sample was subgrouped based on norms for

reading 30 regular words, 30 irregular words and 30

nonwords from Coltheart and Leahy (1996). Normal

reading performance for either regular, irregular or
nonword reading was determined to be a reading score

greater than, or equal to, the minimum normal score for

their age. An abnormal performance was indicated by a

reading score at least two standard deviations below the

mean for their age.

The following criteria were utilised: Phonological

dyslexics had normal irregular word reading scores and

a nonword reading score at least two standard devia-
tions below the mean for their age. Conversely, the

surface dyslexics had a normal nonword reading score

and deficient irregular word reading scores. Mixed1 With the exception of Attention Deficit Hyperactivity Disorder.
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dyslexics had irregular word and nonword reading

scores at least two standard deviations below the mean
for their age. Of the 20 dyslexics, eight participants met

the criteria for phonological dyslexia, four met the cri-

teria for surface dyslexia, and eight met the criteria for

mixed dyslexia. All controls had reading scores within

the normal range for their age.

Sample characteristics for the controls and subgroups

of dyslexics are presented in Table 2. A one-way analysis

of variance revealed a significant between group differ-
ence in reading age, F ð3; 39Þ ¼ 15:88, p < 0:001. Tukey�s
HSD post hoc analysis revealed that the controls�
reading age was significantly superior to that of the

dyslexic groups. There were no significant differences in

reading age between the subgroups.

One-way analyses of variance were carried out to

examine between-group differences in regular, irregular

and nonword reading scores. A significant difference in
regular word reading scores was found, F ð3; 39Þ ¼

41:38, p < 0:001. Tukey�s HSD post hoc analysis re-

vealed that the controls� regular word reading accuracy
was significantly greater than that of the dyslexics as a

group. Within the dyslexic groups, the phonological and

surface dyslexics� regular word scores were higher than
those of the mixed dyslexics. The poor regular word

reading skill of the mixed dyslexics is likely to reflect the

cumulative effect of poor lexical and sublexical skills. A

significant between-group difference in irregular word

reading scores was also found with the controls� scores
being significantly higher than those of the dyslexic

group, F ð3; 39Þ ¼ 46:46, p < 0:001. Within the dyslexic
groups, the mixed and surface dyslexics were equally

poor in their ability to read irregular words and were

significantly worse than the phonological dyslexics. Fi-

nally, the expected group differences in nonword read-

ing were also found, with the control group obtaining

significantly higher scores than the dyslexic group,
F ð3; 39Þ ¼ 58:3051, p < 0:001. Within the dyslexic

Table 1

Sample characteristics

Control (N ¼ 23) Dyslexic (N ¼ 20) t-Test (df ¼ 41) P

Age

Mean 10 years, 8 months 10 years, 7 months 0.16 p > 0:05

Range 8 years 6 months to 12 years 8 months 8 years 6 months to 12 years 9 months

WISC-III full scale IQ

Mean (SD) 110 (16) 104 (11) 1.54 p > 0:05

WRMT-R (months)

Mean (SD) 141 (27) 98 (10) 6.70 p < 0:001

Mean reading delay (months)

Mean (SD) )15 (22) 29 (11) 8.03 p < 0:001

Modified Castles list accuracy (/30) (Coltheart & Leahy, 1996)

Regular words 29.2 (0.9) 20.7 (6.1) 6.62 p < 0:001

Irregular words 23.7 (2.6) 14.7 (5.3) 7.28 p < 0:001

Nonwords 26.0 (3.1) 12.3 (6.3) 9.28 p < 0:001

Table 2

Sample characteristics of the subgroups of dyslexics and controls

Control (N ¼ 23) Phonological dyslexics (N ¼ 8) Surface dyslexics (N ¼ 4) Mixed dyslexics (N ¼ 8)
Age

Mean (SD) 10 years, 8 months 10 years, 7 months 10 years, 7 months 10 years, 7 months

Range 8 years 6 months to 12

years 8 months

8 years, 9 months to 11 years, 11

months

8 years, 7 months to 11

years, 10 months

9 years, 3 months to 12

years, 9 months

WISC-III full scale IQ

Mean (SD) 110 (16) 106 (12) 104 (10) 101 (11)

WRMT-R (months)

Mean (SD) 141 (27) 104 (8) 103 (12) 89 (4)

Mean reading delay (months)

Mean (SD) )15 (22) 23 (3) 24 (8) 38 (13)

Modified Castles list accuracy (/30) (Coltheart & Leahy, 1996)

Regular words 29.2 (0.9) 24.3 (3.5) 24.0 (2.9) 15.4 (5.8)

Irregular words 23.7 (2.6) 19.5 (4.0) 13.8 (2.2) 10.4 (3.2)

Nonwords 26.0 (3.1) 13.0 (4.4) 20.0 (3.7) 7.6 (4.7)
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groups, significant differences between the nonword

reading accuracy of each group were seen, with the

surface dyslexic scores being highest, followed by the

phonological dyslexics, and the weakest performance

demonstrated by the mixed dyslexic group. These results

serve to validate the subgrouping of the participants.

2.3. Psychophysical materials and procedure

The visual stimuli were generated using an IBM

compatible computer with a VSG 2/3 (Cambridge Re-

search Systems) high-resolution graphics card and a

Sony high-resolution monitor, with a vertical refresh
rate of 100 Hz. A large white card (41.6 deg by 28.6 deg)

with a central disk removed (8.6 deg) surrounded the

monitor, and was front illuminated by two lamps

equipped with daylight filters to 12 cd/m2. The average

luminance of the stimulus display field was also 12 cd/

m2. Luminance levels were measured using a Tektronix

Lumacolor luminance meter with a J18 monitor sensor.

The luminance-output relationship was calibrated reg-
ularly. Contrast was defined as Michelson contrast:

ðImax � IminÞ=ðImax þ IminÞ.
The visual stimulus presented as a measure of tran-

sient/magnocellular visual function was a Gaussian blob

(SD ¼ 1:17�), which is an unpatterned stimulus with a
very low spatial frequency content. It flickered sinusoi-

dally at 8.33 Hz for 1 s. This stimulus will be described

for the remainder of this paper as the flicker sensitivity
task. The stimulus used as a measure of sustained/par-

vocellular visual functioning was a moderately high

spatial frequency (8 c/deg) vertically oriented Gabor

patch the same size as the Gaussian blob. This was

presented for one second with additional 500 ms on- and

off-ramps with linear temporal profiles. The task will be

described as the static sensitivity task.

Thresholds for the visual stimuli were determined
using a modified 3 down, 1 up two-alternative forced

choice staircase procedure (Badcock & Sevdalis, 1987;

Wetherill & Levitt, 1965). The staircase procedure pro-

ceeded until eight reversals were obtained and the av-

erage of the last four reversals was used as the threshold.

This staircase converges to the 79% correct threshold.

Each trial consisted of two intervals, each of a duration

of 2 s, paired with a tone. The first interval was paired
with a 2500-Hz tone, which was presented for a duration

of 50 ms. The second interval was paired with a 400-Hz

tone presented for 50 ms. The stimulus was presented

either during the first or second interval. The interval

not containing the stimulus consisted of a blank field of

12 cd/m2. The stimulus was presented for a duration of 1

s within the 2 s interval, padded by either 500 ms tem-

poral ramps (8 c/deg Gabor patch) or blank intervals
(8.33-Hz flickering Gaussian blob). The participant

verbally indicated within which of two intervals

the stimulus was presented by stating ‘‘one’’ or ‘‘two’’.

The experimenter then entered the response by pressing

one of two buttons.

Participants were seated at a distance of 1 m from the

monitor in an otherwise darkened room. They rested

their chin on a rest, and were instructed to focus their

gaze on a small dot positioned at the centre of the mon-

itor. The order of administration of the two tasks was

counterbalanced across and within all subgroups. The
two threshold tasks took approximately 10 min each to

complete.

3. Results

3.1. Contrast sensitivity tasks

Contrast thresholds were converted to contrast sen-

sitivity scores (log10 1/threshold) for all statistical ana-

lyses. As previously described, one dyslexic participant

who met criteria for mixed dyslexia was identified as an

influential outlier and was excluded from the final
sample. Order of administration made a significant

contribution to variance in threshold sensitivity, as

shown in Fig. 1. Mixed-effect analysis of variance

showed that, overall, there was a highly significant effect

of order of administration, F ð1; 82Þ ¼ 12:737, p ¼
<0.001. There was also, as expected, a difference

between thresholds to the flickering Gaussian and

stationary Gabor stimuli, F ð1; 82Þ ¼ 10:854, p ¼<0.001.
However, there was no interaction between order of ad-

ministration and the type of stimulus, F ð1; 82Þ ¼ 0:221,
p > 0:05. This meant that the thresholds could be ad-

1.6

1.8

2.0

2.2

2.4

2.6

FLICKER

STATIC

FIRST SECOND

Fig. 1. Effect of order of administration on measured sensitivity to the

8.33-Hz flickering Gaussian and static 8 c/deg Gabor patch stimuli for

the combined sample of children with dyslexia and controls.
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justed to remove the main effect of order of adminis-

tration for the purpose of subsequent analysis.

Individual order-corrected thresholds for the flicker-

ing Gaussian blob and the static Gabor stimulus are

shown in Fig. 2, broken down by group (controls, sur-

face dyslexia, phonological dyslexia and mixed dys-

lexia). The most striking feature of these scatterplots is

that the thresholds for the dyslexic observers fall within
the range of the normal controls. This is true of both sets

of thresholds.

A 2� 4 ANOVA was conducted, using the two

thresholds for each participant as a repeated measures

factor, and the four reading groups as a between-groups

factor. The mean thresholds are given in Table 3. There

was no significant main effect of group on contrast

threshold, F ð3; 39Þ ¼ 0:654, p > 0:05. Although there

was a significant difference in threshold sensitivity to the

flickering and static stimuli, F ð1; 39Þ ¼ 8:177, p ¼<0.01,
there was no interaction between this factor and sample

group, F ð1; 82Þ ¼ 0:221, p > 0:05. This finding was not
due to a lack of power to detect differences in contrast

sensitivity between the control and dyslexia groups.

When the dyslexia subgroups were combined, the mean

log contrast flicker sensitivity of the two groups was the
same to three decimal places, a value of 2.147. The

standard deviation in log contrast sensitivity was

0.150, varying only slightly between the groups. This

meant that it would have been possible to detect a re-

duction in contrast sensitivity in the dyslexic group

down to 1.975 using a two-tailed test, or 1.990 using a

one tailed test, at an alpha level of 0.05 with 95% sta-

tistical power. This represents a clinically insignificant
difference, a reduction in threshold contrast from 0.71%

to 1.02%, which is well within the normal range. The

diagnostic significance of such a reduction would be

very poor.

Further analyses were carried out by collapsing the

groups of dyslexics and controls and using the word/

nonword reading scores to directly investigate the rela-

tionship between component reading skills and sensi-
tivity to the flickering Gaussian blob used to measure

transient/magnocellular system sensitivity.

3.2. The relationship between component reading skills

and contrast sensitivity

Multiple regression analysis was used to determine

whether component reading skills could be used to

predict thresholds to the flickering Gaussian blob. This

allows the within-group variance in reading skills within

the subgroups to be used in the analysis, as the bound-
aries between the groups may be somewhat arbitrary.

The effect of age on the independent variables was

controlled for by converting the regular word, irregular

word and nonword reading scores into age adjusted

scores and using these scores in the regression analyses.

Raw reading scores were age adjusted using the norms

of Edwards and Hogben (1999) by equating the mini-

mum raw score (0/30), the maximum raw score (30/30)
and the 10, 50, and 90th percentiles to those of the av-

erage of the 9 and 10 year olds and interpolating be-

tween these values.

Fig. 2. Individual threshold sensitivities to an 8.33-Hz flickering

Gaussian blob (top) and a static 8 c/deg Gabor patch (bottom), broken

down by reading group. Thresholds are corrected for the effects of

order of administration.

Table 3

Means and standard deviations (in brackets) of the subgroups and

controls for the flicker and static contrast sensitivity tasks

Flicker sensitivity Static sensitivity

Control 2.15 (0.15) 2.04 (0.16)

Phonological 2.17 (0.15) 2.01 (0.18)

Surface 2.17 (0.09) 1.93 (0.19)

Mixed 2.15 (0.15) 2.07 (0.18)
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A standard multiple regression analysis was per-

formed with order-corrected flicker sensitivity as the

dependent variable. Age-adjusted regular word, irregu-

lar word and nonword accuracy were used as predictor

variables. Three covariates were also included in the

model; order-corrected static contrast sensitivity, full

scale IQ, and age in months. The multiple R2 was 0.209,
and was not significant, F ð5; 37Þ ¼ 1:949, p > 0:05. The
adjusted R2 was only 0.077, reflecting the limited sample
size relative to the number of predictors. Inspection of

the significance of individual beta coefficients within the

multiple regression analysis showed that the threshold

for the static stimulus was negatively related to the

threshold for the flickering stimulus, beta ¼ �0:316,
t ¼ �2:028, p ¼ 0:050. This result was nearly significant
in a univariate regression using the static contrast as the
sole predictor, beta ¼ �0:280, t ¼ �1:900, df ¼ 41,
p ¼ 0:064. However, inspection of scatterplots indicated
that this result depended on a few individual observa-

tions, and so was unlikely to be generalized beyond the

sample. The only other trend in the multiple regression

model was a near-significant beta coefficient for regular

word reading ability, beta ¼ 0:727, t ¼ 1:935, p ¼ 0:061,
but only when the other reading scores were in the
model. The univariate regression between regular word

reading and flicker sensitivity was not significant,

beta ¼ 0:178, t ¼ 1:155, p > 0:05. Although this beta
coefficient borders on significance in the multiple re-

gression, the effect is probably an overestimate, given

that no adjustment has been made for overfitting, nor

for multiple inference within the overall model. No

other combination of reading scores and covariates
yielded significant beta values.

4. Discussion

This experiment demonstrated no significant differ-

ences between dyslexics and controls, or subgroups of

dyslexics and controls, in their contrast sensitivity to

flicker or static pattern. The single case data revealed

that the range of scores for the dyslexics on the contrast

sensitivity tasks closely paralleled that of the controls,

and fell within a narrow band. The finding that dyslexics
and controls did not differ in their performance on the

flicker task is consistent with the results of a number of

other studies of flicker contrast sensitivity in dyslexia

(e.g. Cornelissen, Richardson, Mason, Fowler, & Stein,

1995, experiment 2; Demb, Boynton, Best, & Heeger,

1998; Hayduck, Bruck, & Cavanagh, 1995, experiment

1; Hill & Lovegrove, 1993, experiment 2; Walther-

Muller, 1995, experiment 2). Cornelissen et al. (1995)
suggested that their failure to demonstrate reduced

flicker contrast sensitivity in dyslexia was due to the use

of high base luminance levels. However, we failed to

demonstrate an effect at lower luminance levels similar

to those used in most other studies.

It has been suggested that null findings in studies of

visual temporal processing can be attributed to meth-

odological flaws (Martin, 1995) or sample heterogeneity

(Hogben, 1996). The stimuli used in the present study

were carefully chosen based on stimuli that show ele-

vated thresholds following lesions of the LGN in mon-
keys. They were also close to the peak sensitivities of the

two psychophysical mechanisms identified by Koend-

erink and van Doorn (1979). The tasks should therefore

have had the potential to detect visual deficits if they

were present. The absence of transient system deficits in

dyslexia using these measures suggests that this sample

of children with dyslexia did not have specific damage to

the magnocellular system.
Stuart et al. (2001) have recently reviewed a number

of contrast sensitivity studies reporting a magnocellular

deficit in dyslexia. The review concluded that most of

them did not meet the statistical criteria for an interac-

tion between sample group (dyslexia vs control) and

spatial/temporal frequency. Skottun (2000) has pointed

out that some studies have produced significant inter-

actions that are not consistent with theoretical pre-
dictions. Only Lovegrove et al. (1982), Martin and

Lovegrove (1984, 1988) and Felmingham and Jakobson

(1995) have produced significant findings that are de-

finitely consistent with a magnocellular deficit. It is

notable that the reading delays of the samples used in

Lovegrove et al. (1982) and Martin and Lovegrove

(1984, 1988) were severe (from 4 to 5 years on average).

This far exceeds the level required to meet the diagnostic
criteria for dyslexia. This may be why a large number of

studies, including the present one, have failed to find

similar visual deficits in more typical samples.

The second issue, raised by Hogben (1996), concerns

sample heterogeneity. The subgrouping of our sample

ensured that this source of heterogeneity was taken into

account. One limitation was that, along with other

studies (Borsting et al., 1996; Ridder et al., 1997; Sla-
ghuis & Ryan, 1999) that used Boder�s (1971) approach
to subgrouping dyslexia, we found it difficult to find

children who could be characterised as surface or dy-

seidetic dyslexics. Fortunately, despite the small num-

bers, all studies agree that this subgroup displays no

contrast sensitivity deficits. However, all the studies

using Boder�s (1971) typology claimed that the dysph-
oneidetic subgroup showed a magnocellular processing
deficit. This could possibly be explained by differences in

the subtyping schemes. However, as outlined earlier,

close inspection of the results of Borsting et al. (1996)

and Ridder et al. (1997) and Slaghuis and Ryan (1999)

showed that there were no statistically significant inter-

actions between any reading group and contrast sensi-

tivity at different spatial frequencies (see Stuart et al.,

2001). Thus, no study has demonstrated specific contrast
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sensitivity deficits in any subgroup of dyslexia that

might indicate a magnocellular deficit.

Cestnick and Coltheart (1999) is the only other study

to have examined magnocellular deficits in dyslexia us-

ing the Castles and Coltheart (1993) subtyping scheme.

Here, an apparent motion task, the Ternus task, was

used to indirectly measure magnocellular function. The

authors found support for a magnocellular impairment
in their dyslexic sample, which was then shown to be

restricted to the phonological dyslexic subtype. How-

ever, we have argued elsewhere that Cestnick and

Coltheart�s (1999) results are more consistent with a
general performance deficit in the dyslexics concerned,

because although the slope of the average psychometric

function for the dyslexic participants was shallow, the

point of subjective equality was almost the same as that
of the control group (Davis, Castles, McAnally, & Gray,

2001). In addition, the Ternus task may not be an un-

ambiguous measure of magnocellular function, because

it reflects a trade-off between spatial and temporal

grouping (Kramer & Yantis, 1997).

Habib (2000) has stated that ‘‘the best demonstration

of a low-level visual deficit in dyslexia is that of altered

contrast sensitivity’’. The results of the present study,
together with a critical examination of previous re-

search, suggest that there is very limited evidence for

deficits of contrast sensitivity in representative samples

of dyslexics. At best, such deficits may be characteristic

of only the most severely affected individuals. Our re-

sults present difficulties for those theories that assume

that there is damage to the magnocellular layers of the

lateral geniculate nucleus, with similar deficits in other
modalities (Stein, 1993). However, there are two alter-

native approaches to the question of visual deficits in

dyslexia that can, and have, been pursued. One possi-

bility is that although magnocellular and parvocellular

pathways are intact, there is an abnormal interaction

between them, such as a failure of mutual inhibition.

This theory has been invoked to explain abnormalities

on tasks such as visual masking (Slaghuis & Pinkus,
1993). Another possibility is that there is dysfunction of

higher visual areas that receive dominant (although not

unique) projections from the magnocellular system, even

though the more peripheral parts of the system may be

functioning normally. In this case, visual functions

such as the ability to perceive global dot motion in

noise might be affected (Cornelissen et al., 1995; Sla-

ghuis & Ryan, 1999; Talcott, Hansen, Assoku, & Stein,
2000).

A difficulty for all psychophysical research with dys-

lexic participants is the choice of control task, given that

there are many reasons why individuals with dyslexia

may under-perform compared with normal readers

(Stuart et al., 2001). Recently, Hansen, Stein, Orde,

Winter, and Talcott (2001) made a clever attempt to

design static form perception tasks as controls for a

global-dot motion perception task. They found specific

impairment in the ability of dyslexic observers to detect

global motion. However, this was interpreted as a deficit

in one of two high level processing streams, rather than

an early sensory deficit. A more suitable control task for

early deficits might be to measure the relative contri-

butions of color and luminance in a global motion task,

as in the study of Edwards and Badcock (1996). This
task relies not on the insensitivity of the early magno-

cellular pathway to colour contrast, but on the existence

of a parallel projection from the colour sensitive parvo-

cellular system to higher-level motion sensitive areas of

the cortex. Until such experiments are carried out, the

question of the exact nature and severity of visual defi-

cits in dyslexia will remain open, as will the question of

whether such deficits are associated with specific types of
reading impairment.
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