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Abstract: This paper reviews advances in understanding the role of visual impairments in reading failure with a
focus on perceptual distortions (visual stress), magnocellular deficits, abnormal eye movements and increased
visual neural noise. The neurobiological evidence suggests that the increased neural noise might be caused by
disbalance of excitation and inhibition in the cortical networks or by the inability to exclude the neural noise due
to impaired attentional mechanisms. Deficits in attentional processes are further discussed in the context of the
causal link between reading disabilities and eye movements together with other potential sources of abnormal eye
movements.The review accentuates on the complexity of the reading process and its impairments and the necessity
to consider the involvement of variety of factors, like sensory, attentional, phonological, oculomotor and their
interaction.
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I.  Introduction

Reading is a complex activity involving multistage phonological, visual, cognitive and linguistic
processes. Dysfunction in any of these processes can cause reading failure, but despite the extensive research,
there is little understanding of the causal mechanisms. At present the dominant cognitive theory is poor processing
of phonological information. Although there is convincing evidence supporting the phonological theory, it does
not address visual processing or oculomotor dysfunctions related to reading difficulties. Some authors have been
dismissive of the link between reading problems and visual function (Wilson, 2015; Creavin et al., 2015).

While the phonological theory neglects the visual contribution to reading difficulties, numerous studies
have considered reading disabilities as closely associated with visual anomalies such as non-efficient visual
processing related to magnocellular deficits, or visual stress, abnormal eye movements or anomalies in visual
attention (e.g. Gori&Facoetti, 2015; Quercia et al, 2013).

Regardless of the underlying mechanisms, the problems in reading and spelling give cause for serious
concern. Terms “dyslexia” and “reading disability” have often been used interchangeably, although there are other
forms of learning disability and developmental disorders, which also impact reading. For example, children with
autism spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD) and developmental dyslexia
(DD) are estimated to represent approximately 10% of the population (Butterworth &Kovac, 2013). Although
these three conditions are often co-morbid, each disorder refers to a specific pattern of behavioural and learning
difficulties with different core defining features. Despite of this diversity, the abnormal visual perception in these
disorders might be explained by a common hypothesis - the high neuronal noise in different brain networks (e.g.
Dinstein et al., 2015; Saville et al., 2015).

There is increasing awareness that neither phonological problems nor other factors such as visual,
oculomotor or attention deficits etc. taken separately can explain reading failure (Ramus et al., 2003). In the recent
years, there is significant progress in this direction by considering factors acting at different levels and their
interaction. The present review focuses on theoretical concepts and different lines of research related to visual
contribution to reading deficits: the potential role of perceptual dysfunctions, magnocellular deficits, increased
internal neural noise and abnormal eye movements and the origin of some controversies related to the role of
visual processing in reading.

We appreciate that it is difficultto encompass, in a single review, reading failures occurring in different
disorders and explained by different theories. Nevertheless, we consider that this effort is necessary since, in
contemporary literature, an enormous number of divergent reports exist.
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Since theoccurrence of reading failure may be due to different disorders and even a single disorder has
variousmanifestations, any review of reading difficulties and their causes is intrinsically heterogenous and
incomplete. It is essential to consider visual deficits in reading as related to a wide range of mechanisms,acting at
different levels and different modalities, which is dictated by the multifactorial character of the reading process
and its impairment.

1.1. Visual stress and colour filters

A presence of somatic (eye strain, headaches or nausea) and vision-related perceptual distortions such as
blur and visual perception instabilities during reading have first been described by Meares in 1980 and then
independently by Irlen (1983), currently known as Meares-Irlen syndrome (MIS) or visual stress (Wilkins, 1995).
The manifestation of visual stress in certain individuals with reading difficulties has attracted considerable interest
in the potential role of visual processing in reading. When viewing text, some people also experience visual
illusions of motion, shape and colour. Some dyslexic individuals experience certain symptoms like ‘jumping
letters’, ‘dancing lines’ etc. (Stein & Walsh, 1997). This effect is quite intensive with repetitive striped patterns
presented at high contrast and subtending large visual angle (Wilkins &Nimmo-Smith, 1984) called patterned
glare or pattern glare as it is now known (Evans &Drasdo, 1991; Evans & Stevenson, 2008). The patterns that
cause pattern glare can trigger seizures or migraine in people susceptible to headaches or patients with
photosensitive epilepsy (Wilkins & Evans, 2010).

The aetiology of these effects is still unclear. One explanation is that the periodic patterns of striped
stimuli, that cause visual perception illusions and discomfort, evoke strong stimulation of the neurons in the visual
cortex sensitive to gratings of specific spatial frequency (SF). This intense level of cortical stimulation can cause a
failure of inhibitory interactions and widespread excitation, leading to perceptual distortions (e.g. Wilkins
&Nimmo-Smith, 1984; Wilkins et al. 1984; Wilkins et al. 2004; Evans & Stevenson, 2008; Evans et al, 2017).
Similar hyper excitability of the cortex has been reported in migraineurs. Some neurological evidence supporting
this hypothesis comes from a study of gamma oscillations in the primary visual cortex, V1, in response to grating
patterns. The authors have reported maximum cortical power at SF at the peak of visual illusions. Neuroimaging
studies have shown stronger cortical excitation, provoked by visual stress stimuli in patients with migraine
(Huang et al, 2003) or MIS (Chouinard et al, 2012) relative to controls. Alternative explanations include
disturbances at the level of retinal image formation, caused by ocular motor abnormalities such as abnormal eye
movements during fixation and binocular instability. Simmers et al. (2001) reported unstable accommodation and
increased magnitude of accommodation micro fluctuations in individuals with visual stress. It is unclear however,
whether the observed disturbances in the accommodation cause visual stress, or whether they are a consequence of
the perceptual distortions that would reduce the signal for accommodation response. Similarly, there was no
conclusive evidence for the causal role of binocular anomalies such as impaired convergence and/or
accommodation (Evans et al, 1996). Monger et al (2016) reported that the number of illusions evoked by gratings
depended on their SF and not on viewing distance, suggesting that they are not caused by accommodation
disturbances. This has been interpreted as supporting the cortical origin of the illusions (Wilkins et al., 2016).

Since the lines of text form periodic pattern, resembling a grating of spatial frequency close to the
maximum human contrast sensitivity, it has been claimed that the high contrast of the text creates pattern glare
which can lie at the core of the reported reading difficulties (e.g. Wilkins &Nimmo-Smith, 1984; Conlon et al
1998; Wilkins et al 2004). Fernandez and Wilkins (2008) presented findings for rating a discomfort from complex
images showing that the most discomfortable images had more power around 3 c/deg, near the maximum contrast
sensitivity. Using reading-like visual search task, Conlon et al (1998) showed that the performance of people with
high visual discomfort was significantly worse when the global pattern resembles square wave grating. It was
suggested that, for some individuals, pattern glare contributes to the poor reading ability and creates further
complications for dyslexics who experience it (e.g. Conlon et al 1998; Kriss& Evans, 2005; Evans & Stevenson,
2008; Longhurst, 2017).However,the diagnosis of visual stress is subject of controversy and estimates of its
prevalence vary since there are no standard criteria to diagnose the condition (Kruk et al, 2008; Uccula et al, 2014;
Henderson et al, 2014). Some criteria are based on subjective reports, while others are related to the increased
reading rate (more than 5%) after a treatment with coloured lenses. Using the later criteria, Kriss&Evans (2005)
reported a prevalence of 25% in a control group and 31% in a dyslexic group although the difference was not
significant.

It should be mentioned that not all people with reading disability experience visual stress and some visual
stress sufferers can be normal readers (Wilkins et al., 2016). Currently, visual stress is considered as independent
from dyslexia, although it can be a comorbid condition (Kriss& Evans, 2005; Singleton & Trotter, 2005; Uccula et
al, 2014; Wilkins et al., 2016).

There is a large number of studies investigating if visual stress can be alleviated and reading performance
improved by using colour filters (for a review of the existing systems, see Grifiths et al. 2016). Irlen has
introduced treatment by individually prescribed coloured lenses and overlays developed in Irlen clinics
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(Irlen&Lass, 1989). Despite the authors' claims that this method gives immediate results to people affected by
MIS, including dyslexia sufferers, there is considerable scepticism regarding the treatment with Irlen tinted lenses.
In a comprehensive review of the literature published before 1991, Evans and Drasdo (1991) gave an outline of the
controversies in this therapy and pointed out that the proper conclusion about its strength is hampered by the lack
of rigor in the experimental design, by poor quality of research and by lack of sound theoretical ground in many of
the studies. Studies which claim that significant percentage of their subjects (e.g. 70% - Irlen, 1983; 50-70% -
Whiting, 1985) had visual problems reduced by the tints were either not published in refereed journals or had
many methodological problems such as improper selection criteria, lack of control for the placebo effect, no
control groups, small number of subjects etc. Some of the reviewed papers published in refereed journals and with
better control of experimental parameters still reported differing results. In spite of several decades of intensive
research, the same problems remain. In a recent systematic review of the different colour systems used to improve
reading performance (Griffiths et al, 2016), it has been concluded that although some individuals might benefit
from coloured lenses/overlays, the size effect is small and there is a risk that the reported improvements are
placebo or practice effect. The method of prescribing individual colour filters, using Intuitive Colorimeter
developed by Professor Wilkins (e.g. Wilkins et al., 2001) is more precise, but it was criticized for lack of
repeatability of the colours chosen by the patients (Elliot & Wood, 2017).

The effect of coloured filters on reading has been viewed from a different perspective. Stein and his
colleagues have claimed that the reading problems are related to magnocellular dysfunction. Ray et al (2005)
found that wearing yellow filters improves performance in tasks that are believed to involve magnocellular
activity, including reading. They assumed that S-cones have inhibitory input to the magnocellular system and by
stopping the short wavelength light, the yellow filters improve the magnocellular function. These claims,
however, were not confirmed in two later studies showing that S-cone inputs to both parvocellular and
magnocellular system are insignificant (Sun et al., 2006; Lee et al., 2010). Later Stein and co-authors found that
using a blue filter improves the reading performance even more in comparison to the yellow and introduced a two
filter system (Hall et al., 2013; Harries et al., 2015; Stein, 2018). The inconsistency in the choice of colour filters
used in different systems reduces the credibility in the effectiveness of the colour filter therapy as pointed out in
Griffiths et al. (2016) recent review.

The discussion about the effect of colour on the reading process is not limited to alleviation of the visual
stress symptoms. The effect of short-wavelength cut-off filters on visual performance has been debated for a long
time and this debate continues. Although some authors report interesting effects, there is no agreement about the
beneficial effects on visual skills, or the possible underlying mechanisms. The most frequently reported
improvements with yellow filters include brightness enhancement, despite of the low light transmittance of the
filters (e.g. Wolffsohn et al 2000; Wolffsohn et al., 2002), minor enhancement of contrast sensitivity especially in
visually impaired patients (Frennesson& Nilsson, 1993; Wolffsohn et al., 2002) or faster reaction times (Kinney et
al., 1983).

Most explanations consider the exclusion of the unwanted effects of the short wavelength light as
underlying the observed improvements. The increase in the contrast sensitivity or spatial resolution may be related
to the improved retinal image quality, due to the reduced chromatic aberration with blue-blocking filters
(Sivak&Bobier, 1978). The reported increase in pupil diameter with yellow filters is due to the higher sensitivity
of the pupil to short wavelength light, compared to the photopic luminosity curve (Chung & Pease, 1999). This
can explain the subjective improvement in brightness despite the luminance reduction. According to Kelly (1990),
the observed brightness enhancement is due to reduced rod intrusion to the chromatic pathway caused by the
blue-blocking filters.

A different mechanism that might explain the role of coloured filters in dyslexia has been proposed by
Northway et al (2010). The contrast threshold for letter discrimination of dyslexics and controls was similar in
no-noise condition, while in a presence of visual noise, the dyslexics contrast sensitivity deteriorated more. It was
restored to normal levels when wearing coloured lenses. The authors suggested that visually symptomatic
dyslexics have impaired noise exclusion and that the coloured filters restore the exclusion of noise to normal level.

1.2. Discrepancies related to the Magnocellular/Dorsal deficit in dyslexia

The theory that magnocellular system deficits play a role in dyslexia is perhaps the most exploited and
the most controversial among the theories that seek to explain the reading disability in dyslexia.The proposed
aetiologyof magnocellular deficits is based on the separation of the visual system into distinct pathways with
different roles and properties. Anatomically, the segregation between magno- (M),parvo- (P) and konio- (K)
cellular pathways begins in the retina from where different types of ganglion cells send their signals to different
layers in the lateral geniculate nucleus (LGN) and further to different sub-layers in striate cortex. At the cortical
level, there are two main streams. The dorsal stream projects from the striate cortex to the middle temporal area
(MT/V5) to the posterior parietal cortex and plays an important role in localization of visual stimuli and in visual
information processing needed for understanding spatial relationships and controlling spatially directed actions.
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The ventral stream projects to the inferotemporal area and supports the processing of object quality or identity
(Ungerleider&Mishkin, 1982; Goodale& Milner, 1992; Milner &Goodale, 2008).

The investigators supporting the magnocellular theory postulate that a selective deficit in magnocellular
pathway in dyslexic individuals results in deficiencies in visual processing and, via the posterior parietal cortex,
can lead to abnormal binocular control and visuospatial attention (Stein & Walsh, 1997).Stein (2018) formulated
DD as “a hereditary temporal processing defect, associated with impaired magnocellular neuronal development
that impacts selectively on the ability to learn to read, leaving oral and non-verbal reasoning powers intact”.

First anatomical and electrophysiological evidence for a magnocellular deficit in dyslexia was presented
by Livingstone et al. (1991). Additional evidence for magnocellular dysfunction was obtained from anatomical,
psychophysical and neuro-imaging studies (reviewed bySkottun, 2000; Ramus et al., 2003; Nandakumar&L eat,
2008; Vidyasagar&Pammer, 2010; Skottun, 2015; Stein, 2018). Some of the studies that describe deterioration of
visual perception in dyslexia have used stimuli that do not selectively stimulate magnocellular pathway (reviewed
by Skottun, 2000; Skottun, 2015; Stein, 2018). Other studies, failed to support the magnocellular deficit
hypothesis. There are at least two potential sources of discrepancies between thedifferent studies.Firstly, using the
term “magnocellular-dorsal deficit” introduces inconsistencies by combining subcortical magnocellular pathway
and cortical dorsal stream. Secondly, the use of different stimulation conditions and parameters in different studies
makes the comparison difficult.

Skottun (2015) criticised the tendency to consider the subcortical magnocellular and the cortical dorsal
pathways as single entity. The author cited several studies exploring a “magnocellular-dorsal stream” deficit in
dyslexia. The arguments against such approach are clear: magnocellular and parvocellular pathways are
subcortical systems and their inputs into the visual cortex are substantially mixed. Although there is a segregation
of the afferent fibres from magno- and parvo- systems, their signals can be mixed since the V1 cell’s dendrites
reach different sub-layers in layer 4. Further, the two processing streams onwards from V1, the dorsal and the
ventral streams, receive substantial input from both magnocellular and parvocellular pathways (Goodale& Milner,
1992; Merigan&Maunsell, 1993). There is no one-to-one correspondence between the subcortical and cortical
pathways. Although parietal stream depends largely on M pathway contributions, it also receives contributions
from the P pathway (Nassi et al., 2006) while the temporal pathway receives major inputs from all subcortical
pathways (Merigan&Maunsell, 1993; Ferrera et al., 1994). In addition, contrast sensitivity studies do not support
magnocellular deficits while motion perception results are consistent with dorsal stream deficits in dyslexia
(Skottun, 2015). The author concluded that to resolve this controversy, the magnocellular system and the dorsal
stream should be regarded as separate entities. Despite Skottun’s comprehensive review however, the tendency to
mix subcortical and cortical paths continues.

Another issue is the use of the terms “magnocellular” and “transient” interchangeably in the literature on
dyslexia. The terms ‘transient’ and ‘sustained’ are mainly used in human psychophysics (Skottun, 2015) but also
extensively used to describe neurophysiology of the cat’s visual system as well as primate ganglion cells which
are part of M and P pathways. De Monasterio (1978) challenged such a dichotomy. He showed that the cells in the
macaque retina which could be classified as X or Y cells tended to have more sustained or more transient response
but these tendencies did not necessarily represent invariant properties. Vassilev (1996) suggested that the transient
characteristics of the response strongly depend on light intensity and they are not inherent property of M or P cells.

Some of discrepancies about the contribution of visual magnocellular or dorsal deficits to dyslexia might
be explained by differences in the testing methods or by the incorrect choice of visual stimulation parameters.
Skottun (2000) reviewed many studies that intended to test magnocellular hypothesis by measuring grating
contrast sensitivity. The author pointed out that it is not possible to segregate P- from M- system and to selectively
stimulate only magno- system using gratings with SF higher than 1 c/deg. Skottun found that only four studies out
of twenty two supported magnocellular theory in dyslexia. Eleven studies were described as providing positive
evidence against this theory, and seven studies were considered as inconclusive.

1.3. Visual neural noise hypothesis and reading difficulties

Sperling et al. (2005) pointed out another problem with visual stimulation in studies showing
magnocellular deficit in dyslexia, i.e. that these experiments were performed on noisy displays. Sperling et al.
(2005; 2006) were probably the first to suggest that the reading impairments are not a result of magno-system
defect but rather an inability to exclude the visual noise.The authors raised an alternative hypothesis based on
theories of signal-noise discrimination, namely that dyslexia is associated with deficits in noise exclusion. The
grating contrast thresholds measured by Sperling and co-authors in dyslexic and non-dyslexic children did not
differ significantly for either M- or P-selective stimuli in the no-noise conditions. It should be noted that,in the
high-noise conditions, dyslexic children’s contrast thresholds were significantly higher than non-dyslexic’s in
both M- and P-selective tasks. However, the SF of their “M stimulus” (2 c¢/deg), was too high to selectively
stimulate the magnocellular system, as we discussed above.
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Sperling et al. (2006) presented additional support for their theory by examining noise effect in a
motion-perception task. The results showed higher threshold under the high-noise condition for poor readers
compared to good readers and similar performance between the two groups of observers in the low- and
minimal-noise conditions. The authors interpreted the results as evidence for deficits in noise exclusion rather
than in motion perception per se.

The neural noise theory is attractive because it could be applied to different sensory modalities and
different hierarchical levels. The limited performance efficiency of poor readers in the presence of external noise
in the sensory signals was also described in auditory modality as well. Hornickel and Kraus (2013) recorded
brainstem responses to speech syllables and assessed the consistency of auditory brainstem responses in normal
hearing children 6-13 years old with a wide range of reading abilities. The results obtained showed that poor
readers have more variable auditory responses than good readers.

Recently, Hancock et al. (2017) formulated more general neural noise hypothesis of DD. The hypothesis
is based on the evidence that low-level sensory-processing deficits (both visual and auditory) precede and underlie
phonological problems. The authors suggested that neural noise stems from increased neural excitability in
cortical networks. Based on the genetic risk data of dyslexia, the authors proposed two potential sources of
increased neural noise that lead to hyperexcitability and disbalance of excitation and inhibition in the cortical
networks: change in glutamatergicsignalling and disrupted neural migration. The first decreases the precision of
spike timing, while the secondleads to abnormal structure of cortical microcircuits and synaptic connectivity. The
disrupted balance of excitation and inhibition in the cortical networks affects the synchronization of neural
activity and has detrimental effects on encoding speech and on multisensory integration involved in reading.
Increased neural noise affects the robustness of stimulus representations and the spike timing-dependent plasticity
needed to form the multisensory associations between text and speech. Another potential effect of increased noise
is associated with synaptic depression needed for noise exclusion. The authors suggested that cortical
hyperexcitability may disrupt the encoding of speech by affecting the synchronous neural processing and may
therefore underline the phonological problems, which are well documented in reading difficulties. This hypothesis
provides a biological mechanism that may explain the disrupted uni-sensory and multi-sensory processing in
reading difficulties that ultimately manifests as characteristic impairments in phonological awareness and/or
grapheme—phoneme mapping.

Other studies relate the disruption of multisensory integration due to impairments in noise rejection in
dyslexic individuals to impaired visuospatial attention (Facoetti et al., 2010). The experimental data suggest
deficiency in exploiting the relationship between a cue and visual or auditory target at short inter-stimulus
intervals in dyslexic children with impaired nonwordreading accuracy i.e. for children with a phonological deficit.
This result was interpreted as implying that the temporal and spatial windows of multisensory integration were
broader in dyslexics than in normal readers inducing stronger interference of signal and noise in sensory
processing. The impairments in noise rejection were related to the sluggish shift of spatial attention and
consequently, to the reduced ability to modulate perceptual noise exclusion. The contribution of attention to
reading difficulties in dyslexics was also suggested by Bosse et al. (2007) however, they supposed that it is related
to the reduced visual span i.e. the amount of distinct visual elements that could be processed in a single eye
movement and thus, in parallel. The authors showed that reading performance in dyslexics could be predicted by
two independent measures: phonological awareness and visual attentional span.

1.4. Eye movements and reading disability

Another controversial topic is the casual link between the eye movements patterns and the reading
difficulties i.e. whether abnormal eye movements are the cause (Pavlidis, 1985) or the consequence of reading
difficulties (Morris & Rayner, 1991; Olson et al, 1991).

Reading involves a succession of saccades and fixations. When fixation disparity occurs due to a
misalignment of the two foveas of the eyes, additional disparity-driven slow vergence movement would be
involved in order to re-establish binocular eye alignment. Although saccades and fixation are the two main eye
movements, involved in reading, in normal readers there is no association between the two and they utilize
different aspects of the available information (Rayner &McConkie, 1976). However, correlations can be obtained
locally between a given fixation duration and saccade length (Pollatsek, Rayner, &Balota, 1986), suggesting that
text difficulty influences both eye movement types.

The typical amplitude of saccades depends mostly of the visual characteristics of the word — its length
and the interval between the characters (Quercia et al, 2013). The saccades are predominately from left to right,
but occasionally some regressive saccades from right to left occur (Olitsky& Nelson, 2003; Oliveira et al., 2013).
Of the time spent in saccades, 5-20% may be leftward regressive saccades (Eden et al., 1994).

Typically, binocular coordination of saccades is not perfect. A transient divergent disconjugacy during
the first part of the saccade occurs due to the larger and faster movements of abducting eye than of the adducting
eye (Collewijn, Erkelens, & Steinman, 1988a, 1988b; Fioravanti, et al., 1995), while at the end of the saccade this
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is reversed. A disconjugate, convergent post-saccadic drift further decreases the residual divergent misalignment
between the eyes during the fixation.

The fixations are related to text comprehension (about 90-95% of the reading time) and the preparation of
the next saccade (e.g. Eden et al, 1994). However, the acquired reading experience, the visual-motor, linguistic
and attention factors, and the morphology of the text affect the strategy for saccades and fixations (Quercia et al,
2013).

There is considerable amount of evidence for differences in eye movements' behaviour during reading
for normal and dyslexic individuals such as: an increase in saccade number, the number of fixations and their
duration, the number of regressive saccades, as well as a smaller amplitude of saccades for dyslexic individuals
(Rayner, 1998, review; De Luca et al, 1999; MacKeben et al., 2004; Hawelka et al, 2010; Bellocchi et al., 2013).
Such differences in the pattern of eye movements during reading have been reported in different languages,
irrespective of their degree of transparency (Hutzler&Wimmer, 2004).

Greater number of saccades or longer reading time for single word in dyslexics as compared to normal
readers are observed predominantly for medium and long words (MacKeben et al, 2004). The word length has
different effect on the number of regressive saccades (MacKeben et al, 2004) and on saccade length (De Luca et
al., 2002). In dyslexic readers the number of saccades depends on the stimulus length for both words and
pseudowords and the saccade amplitude is small and constant suggesting sequential sublexical reading (De Luca
et al, 2002). The overall time spent on an item duringpseudoword reading is about 600 ms longer than that of
controls (Hutzler et al., 2006).

Some researchers (Olson, Kliegl, & Davidson, 1983; Olson, Conners, & Rack, 1991; Hyona& Olson,
1995) however, demonstrated that when the task matched the reading level of the dyslexics, the eye-movement
patterns were similar to that of normal readers.

To determine the link between eye movements and reading difficulties, numerous researchers used
non-reading tasks that vary in the demand to oculomotor programming, procedural learning, and attentional
involvement. The simplest non-reading tests are overlap and gap tasks. In the first, a fixation point is presented
and while it is still on, a peripheral stimulus appears and the observer has to make a saccade towards it. In the gap
paradigm (Saslow, 1967) there is a delay between the disappearance of the fixation point and the presentation of
the peripheral target. The gap allows disengagement of active fixation before target appearance; this task is
considered as a measure of oculomotor efficiency. The overlap task requires not only oculomotor response but
also disengaging and shifting attention; it takes longer time and is related to visual orienting.

Differences between dyslexics and non-dyslexics like prolongation of the saccadic latency for peripheral
target further away (Bucci et al, 2008), at intermediate viewing distance of 57 cm (Fischer & Weber, 1990) or far
distance (150 cm) (Bucci et al, 2008), and reduced latency at closer distance (50 cm, Bednarek et al., 2006) were
observed. However, other studies did not find such differences (e.g. Adler-Grinberg& Stark, 1978; Black et al.,
1984, Lukasova et al., 2016).

The number of express saccades was also larger for the dyslexic children than for the controls in the gap
condition and less - in the overlap condition (Fischer & Weber, 1990). The increased number of express saccades
is a sign of weakness of fixation. Fischer and Hartnegg (2008) observed that in the overlap task at the end of the
saccade in dyslexic group there were slow drifts of one or both eyes with different velocities.

Eden et al. (1994) found that dyslexics exhibit fixation instability at the end of saccades when making
saccades back and forth between fixation targets. Bucci et al. (2008) observed worse binocular coordination
during and after saccade in some dyslexic children. In addition, the saccadic latencies were longer for the dyslexic
as compared to non-dyslexic children when the saccades were combined with vergence movements in the overlap
paradigm (convergence and divergence), while in the gap paradigm this occurred only when the saccade was
combined with convergence movement.

In similar vein, Raymond et al (1988) suggested that the problems in reading in dyslexics are related not
to saccadic control, but to poor maintenance of fixation stability. Indeed, more unwanted saccades were observed
for the dyslexics than for normal readers when fixating a white circle for 30s, especially in the last 15 s (Tiadi et al,
2016) and the fixation stability for small targets and left-eye fixation instability at 16 cm and infinity (Eden et al,
1994) was lower in dyslexics. However, delLuca et al. (1999) did not observe any difference between participants
with surface dyslexia and normal readers when fixating a small white dot for 10 s.

Several studies found that the dyslexic children tend to have unstable binocular vergence control (Stein
& Fowler, 1980, 1993; Bigelow & McKenzie, 1985; Simons & Grisham, 1987; Stein et al., 1988; Buzzelli, 1991;
Evans et al., 1994; Kapoula et al, 2007).Stein, Riddell and Fowler (1988) observed that 64% of dyslexic children
were unable to make proper convergence eye movements for small targets (of the size of the macula) but no
deficiency was observed for large (7 deg) targets. However, Eden et al., (1994) found that poor vergence control
occurs only for children with phonological deficit. Moreover, Ygge et al. (1993) found similar rates of
accommodation, stereo-acuity, vergence problems in dyslexics and non-dyslexics.
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The range of vergence was smaller in the dyslexic group compared to non-dyslexics (Evans et al, 1994;
Eden et al, 1994). The amplitude of accommodation was also reduced in the dyslexic group (Evans et al., 1994).

A potential problem in reading might be due to deficient procedural motor learning. Using a task in
which targets of fixed duration were presented to the left or to the right of the fixation point in a square-wave
manner, Lukasova et al., (2016) showed that dyslexics made less predictive saccades and the latency reduction
due to learning in the test progression is less evident.

Several studies explore tracking behaviour to differentiate the contribution of cognitive processing and
motor mechanisms in the reading difficulties of dyslexic children. More saccadic intrusions during pursuit were
reported for dyslexic than in non-dyslexic children (Adler-Grinberg& Stark, 1978; Black et al., 1984; Stark et al.,
1990). Eden et al. (1994) observed larger number of jerky eye movements during smooth pursuit for dyslexic
children for movements to the right.

The ability to program a sequence of saccades in dyslexics is studied in a task that imitates some of the
characteristics of reading. A fixation stimulus presented to the left was followed by a sequence of targets with
fixed delay and equal spacing to the right of it (Pavlidis, 1981; Biscaldi et al., 1998). The results of this task are
contradictory: Biscaldi et al (1998) found that the dyslexic readers had a tendency to make saccades at irregular
times, and an increased tendency to generate reflexive fast saccades, while De Luca et al., (1999) observed no
significant differences between dyslexics of the surface type and normal readers.Similarly, Olson, Kliegland
Davidson (1983) foundnodifferencesinthetotalnumberoffixations, percentageofregressions, orfixationstability.

Trauzettel-Klosinski et al. (2002) used a task of pictogram naming where the pictograms were arranged
as if forming paragraphs of several lines.They observed no difference in the number of rightward saccades and a
tendency for more leftward saccades in dyslexics. No significant differences in the pattern of eye movements were
obtained in another reading-like task when the participants had to find two identical neighbouring letters in strings
of consonants (Hutzler et al.,2006).

Deteriorated performance in some tasks like the overlap task implies impaired attention abilities in the
dyslexic individuals. The relationship between saccades and visual attention was studied with the anti-saccade test
(McDowell et al, 2008). In this task, at the appearance of a peripheral target, the observer has to move eyes in
opposite direction. Biscaldi et al. (2000), Fischer and Hartnegg (2008) and Lukasova et al (2016) found higher
number of errors, lower number of corrections and lower correction rate in anti-saccades in dyslexic readers.
However, no differences in the latency of anti-saccades were observed between the two groups (Fischer & Weber,
1997; Biscaldi et al., 2000; Fischer &Hartnegg, 2008; Seassau&Bucci, 2013; Lukasova et al., 2016).These results
were confirmed by Wilcockson et al. (2019), who suggested that the impaired performance in dyslexic individuals
was caused by the sluggish attentional shift in this group due to a slower attentional disengagement from the
target.

1.5. Comparison with other developmental disorders

As Nandakumar and Leat (2008) pointed out, not only children with a specific reading disorder
(dyslexia) experience reading difficulties. Non-specific reading difficulties may also occur with other
developmental disorders as ADHD or ASD (Nally et al., 2018). As already mentioned, these three conditions are
often co-morbid. Indeed, both children with ADHD and ASD show abnormal eye movements that could cause
reading difficulties. For example, children with ADHD show similar patterns of eye movements in reading as
children with reading difficulties — greater number of saccades, shorter saccades and more frequent fixations
(Deans et al, 2010). They also have more difficulty inhibiting automatic saccades, displayed longer reaction times,
and greater variability (Munoz et al., 2003) in the anti-saccade task and have greater error rate (Feifel et al., 2004
). As with the dyslexics, the ADHD subjects had greater difficulty to maintain fixation and made large saccades
during a fixation task than controls (Gould et al, 2001). They also had longer reaction times, reduced peak
velocities, increased durations of saccades in the overlap saccade task (Munoz et al,, 2003). Interestingly,
individuals with ASD also showed reduced peak velocity and longer durations in a similar task (Schmitt et al,
2014). Both groups also show greater inter-subject variability.

In addition, these disorders share common hypotheses about atypical visual perception. Increased
neuronal variability (neuronal noise) was not only described in dyslexia, but also in ASD (Simmons et al., 2009;
Milne, 2011; Dinstein et al., 2015; Haigh et al., 2015; Weinger et al., 2014) and ADHD (Gilden& Hancock, 2007;
Saville et al., 2015; Bubl et al., 2015).

The comparison of the atypical visual perception in ASD, DD and ADHD has received little attention,
despite the high comorbidity of the disorders and some common deficits compared to the typical development.
Mihaylova et al. (2016) compared reading speed and accuracy in visual noise in children with either DD or ASDto
typically developing children.External visual noise was produced by random vertical displacement of letters in
single words or pseudowords. Reading duration for each condition was calculated as the total duration of the test
trials divided by the number of words correctly read. Time for reading words and pseudowords as well as error
rates increased at high levels of text degradation with significant differences between observers with ASD, DD
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and typically developing individuals. The positional noise effects were highest in children with ASD, lowest in
control group with typical development and medium with observers with dyslexia. Moreover, different pattern of
results for words and pseudowords for the separate groups of observers was found. Mihaylova et al. (2016)
therefore suggested that there is a specific noise effect within each disorder. The authors hypothesized that
increased neuronal variability affects specific processes and structures in each disorder that is consistent with the
different reading difficulties. It is still an open question what is the specific neural process(es) in each disorder that
affects the reported reading disability. A comparative study of reading performance of developmental disorders
such as DD, ASD and ADHD would allow to assess the specificity of visual dysfunctions in each separate
disorder and its contribution to degraded reading skills. Current research explores this hypothesis.

Il. Discussion

The theories of reading disabilities, for the most part, consider separate mechanisms while ignoring their
interaction. The visual contribution, which is still hotly debated, is often opposed to the phonological deficits
instead of considering it as a component of more general multistage disorder. Some of the difficulties arise from
the complexity of the reading process and from the heterogeneity of the population with reading disabilities, e.g. a
presence of specific type of deficits in different individuals.

Evidence of the involvement of visual stress in reading is controversial. Currently, there is consensus that
visual stress and dyslexia are independent but co-occurring conditions and that only a small subset of dyslexics
(about 30%, depending on diagnostic criteria) report symptoms of visual stress.

Some authors have suggested that the deficient visual processing underlying visual stress, is not
restricted to grating patterns and text and that its mechanisms can extend beyond the hyperexcitability at early
cortical levels (Conlon & Humphreys, 2001; Kruk et al, 2008). Individuals with high visual discomfort showed
slower performance in a visual search task, when it required higher level of attention (Conlon & Humphreys,
2001). The authors suggested that sensory sensitivity is increased when viewing multiple stimuli, not just gratings.
They also suggested that poor ability to focus spatial attention caused the inefficient visual search of people with
high visual discomfort.

Careful review of the published literature on the magnocellular theory of dyslexia shows that many
studies report visual deficits. The question as to whether they are due to visual magnocellular pathway dysfunction
alone is, as yet unresolved. These deficits correlate with phonological skills of observers, but cannot be explained
solely by phonological theory.

It should be pointed out that verification of any visual hypothesis in reading difficulties has to be
accompanied by very careful choice of stimulus parameters. The criticism of the magnocellular deficit theory is
very often a response to inconsistency in the experimental design or incorrect interpretation. The terms transient
system, magnocellular pathway and dorsal cortical stream cannot be used interchangeably because they refer to
differing, although overlapping structures with different characteristics.

Visual magnocellular and phonological theories about dyslexia are sometimes artificially opposed. As
Ramus et al. (2003) rightly pointed out, the visual theory does not exclude a phonological deficit, but rather
accentuate on a visual contribution to reading problems, at least in some dyslexic individuals. The study of
Cornelissen et al. (1998) mostly cited as a strong support of magnocellular hypothesis, is in fact consistent with
the idea that impaired magnocellular visual function, together with phonological deficits, affect children’s reading
abilities. While the review article of Vidyasagar&Pammer (2010) localized the core deficit of dyslexia within the
visual system, it does not reject the contribution of the phonological deficits, either. The authors rather suggested
that phonological problems arise from poor visual coding. Similarly, Seidenberg’s (2005) model considered the
contribution of both phonological and visual pathways and their interaction. A complex multistage process such
as reading cannot be explained by factors which involve a single stage. As Francisco et al. (2017) suggested,
reading impairment may be a result of joined audiovisual processing deficit. The authors reported results which
were consistent with an audiovisual temporal deficit in dyslexia and were not specific to speech-related events.

Neural noise plays an important role in both visual and auditory perception and its variability can affect
reading abilities. More research is necessary in order to elucidate its role in reading. Comparison between
different developmental disorders, which experience reading difficulties, may help to reveal fine mechanisms of
reading failure in each of them,which will help in choosing the most appropriate individual treatment.

The intensive research on the relation of eye movements and reading difficulties still could not resolve
the issue of the casual link between them. While differences in the eye movement characteristics of the dyslexic
readers are observed even in tasks that do not require linguistic processing, the evidence is contradictory and
depends on the reading level. Observed abnormalities in eye movements may be related to factors such as
oculomotor programming, procedural learning, fixation instability, low binocular coordination, deficits in
attentional processes or to some spatial disorder. Some of the contradictions may be related to methodological
differences and to the different involvement of oculomotor, sensory and attentional factors. Nevertheless, a
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potential explanation for the great diversity of findings could be the heterogeneity of the population with reading
disability.

Surprisingly, some aspects of eye movement patterns, related to the mechanisms of visual stability and
continuity of perception across saccades, are neglected. Phenomena like saccadic suppression (e.g. Mitrani,
Mateeff&Yakimoff, 1970), peri-saccadic shift (e.g. Mateeff, 1978) and peri-saccadic compression (e.g. Ross,
Morrone& Burr, 1997) occur during saccade preparation and the transfer of information across it. The first of
these phenomena refers to the reduced sensitivity during the time of saccade. The other two are related to
mislocalization of a brief target presented during the saccade; they differ in their temporal characteristics and
sensitivity to contrast and luminance of the flashed target. Neither of these phenomena was studied experimentally
with dyslexic individuals, even though reduced saccadic suppression was hypothesized in the magnocellular
theory of dyslexia (e.g. Lovegrove, Martin &Slaghuis, 1986; Breitmeyer, 1993). Data in relation to the time
course of these phenomena and the size of the effects may shed some light on the role of eye movements in
reading disability.
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