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There is an ongoing debate about whether the cause of dyslexia is based on linguistic,
auditory, or visual timing deficits. To investigate this issue three interventions were
compared in 58 dyslexics in second grade (7 years on average), two targeting the
temporal dynamics (timing) of either the auditory or visual pathways with a third reading
intervention (control group) targeting linguistic word building. Visual pathway training
in dyslexics to improve direction-discrimination of moving test patterns relative to a
stationary background (figure/ground discrimination) significantly improved attention,
reading fluency, both speed and comprehension, phonological processing, and both
auditory and visual working memory relative to controls, whereas auditory training to
improve phonological processing did not improve these academic skills significantly
more than found for controls. This study supports the hypothesis that faulty timing
in synchronizing the activity of magnocellular with parvocellular visual pathways is
a fundamental cause of dyslexia, and argues against the assumption that reading
deficiencies in dyslexia are caused by phonological deficits. This study demonstrates
that visual movement direction-discrimination can be used to not only detect dyslexia
early, but also for its successful treatment, so that reading problems do not prevent
children from readily learning.

Keywords: attention networks, reading remediation, cortical plasticity, perceptual learning, improving dorsal
stream function, neural timing, dyslexia development, figure/ground motion discrimination

INTRODUCTION

Dyslexia is a multifaceted reading disability that encompasses both pronunciation-based
and visual processing-based reading issues (Stein, 2001) that is characterized by severe
reading and spelling problems (Vellutino et al, 2004). Reading difficulties, including people
having dyslexia and attention deficits, are prevalent in the United States (US) where 65% of
fourth graders and 62% of 12th graders are not proficient in reading (National Center for
Educational Statistics, 2013). Previous studies have shown that reading difficulties in many
children may indeed be prevented through early intervention (Schatschneider et al., 2004).
Identification of the cognitive skills that predict subsequent reading ability can help identify
children at risk for reading problems, and following appropriate training reduce the severity of
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their symptoms (Kevan and Pammer, 2009). Since motion
detection deficits in pre-reading children predict who
will develop reading problems (Boets et al., 2011), it is
likely that a task to improve motion discrimination, and
thereby timing, in either the auditory or visual domain will
remediate reading problems, a key question addressed by
this study.

Slow reading speeds are a hallmark of dyslexia (Lyon et al.,
2003; Nicholson and Fawcett, 2007). Children with dyslexia
are reported to have some combination of spatial (Lovegrove
et al., 1980; Cornelissen et al., 1995; Stein and Walsh, 1997;
Lawton, 2000, 2007, 2008, 2011; Talcott et al., 2000; Hansen
et al., 2001; Stein, 2001) and/or temporal (Stanley and Hall,
1973; Bradley and Bryant, 1983; Tallal et al., 1993; Temple et al.,
2003) sequencing deficits. These spatial and temporal sequencing
deficits cause the letters in the words and the words on the page
to appear distorted, displaced, or crowded together (Atkinson,
1991), often resulting in eyestrain and headaches (Wilkins, 1995).
These spatial and temporal sequencing deficits, found when
images are rapidly presented or moving, have been hypothesized
to result from neural timing deficits associated with sluggish
magnocellular neurons (Livingstone etal., 1991; Stein and Walsh,
1997; Vidyasagar, 1999, 2001, 2012; Lawton, 2000, 2007, 2008,
2011; Stein, 2001; Vidyasagar and Pammer, 2010; Boets et al.,
2011), causing deficits in integration of information between
magnocellular (“where”) and parvocellular (“what”) neurons.
A normally functioning magnocellular pathway is sensitive to
low-contrast achromatic patterns (Kaplan and Shapley, 1986;
Sclar et al., 1990). All dyslexics exhibit high contrast thresholds
for discriminating the direction of moving patterns against
stationary background patterns (Lawton, 2000, 2007, 2011;
Ridder et al., 2001).

Visual Timing (Magnocellular) Deficits in

Dyslexics

Receiving predominantly magnocellular input (Livingstone and
Hubel, 1988; Maunsell et al., 1990; Merigan and Maunsell, 1993),
the dorsal stream, specialized for processing the movement and
location of objects in space (Ungerleider and Mishkin, 1982;
Livingstone and Hubel, 1988; Felleman and Van Essen, 1991),
projects from the primary visual cortex (V1), through visual
area medial temporal cortex (MT), and on to the posterior
parietal cortex (PPC), a selective spatial attention area (Posner
et al., 1984). This is in contrast to the ventral stream which
receives both magnocellular and parvocellular inputs as it
projects from V1 through area V4 and on to the infero-
temporal (IT) cortex, an area specialized in extracting details
relating to an object’s shape and color (Ungerleider and Mishkin,
1982; Livingstone and Hubel, 1988; Felleman and Van Essen,
1991).

Dyslexics have magnocellular responses that were found
to be 20-40 ms slower than typically developing observers
(Livingstone et al., 1991), being 2-4 fold slower than the
normal magnocellular lead time of 10 ms (Dreher et al,
1976). Some investigators hypothesize that in dyslexics a
lack of synchronization in timing between magnocellular

and parvocellular activations may prevent effective sequential
processing, pattern analysis, and figure/ground discrimination,
and hence impede development of efficient reading and
attention skills (Stein and Walsh, 1997; Vidyasagar, 1999,
2001, 2012; Lawton, 2000, 2007, 2008, 2011, 2015; Stein,
2001). It is further possible that the dyslexic reader’s deficit
in attentional focus (Vidyasagar, 1999, 2001; Facoetti et al,
2000, 2010; Solan et al., 2001) is another consequence
of sluggish magnocellular neurons, preventing the linked
parvocellular neurons from isolating and sequentially processing
the relevant information needed for reading (Vidyasagar, 1999,
2001; Vidyasagar and Pammer, 2010), and not from the
information overload as proposed previously (Stuart et al,
2001).

Visual timing deficits resulting from sluggish magnocellular
(motion-sensitive) neurons in the dorsal stream are likely to
be highly involved in the dyslexic’s reading deficits (Stein and
Walsh, 1997; Vidyasagar, 1999, 2001; Lawton, 2000, 2007; Stein,
2001; Gori et al,, 2014). Convergent evidence suggests that
many dyslexic readers demonstrate impairments in tasks that
require dorsal stream involvement. Dyslexics have been found
to have deficits in motion perception at: (1) the retinal level
(Tyler, 1974) when measured using the frequency doubling
illusion (Pammer and Wheatley, 2001; Buchholz and McKone,
2004; Kevan and Pammer, 2009; Gori et al., 2014); (2) V1
measured using Visual Evoked Potentials (VEPs; Livingstone
et al, 1991; Shelley-Tremblay et al., 2011); (3) V1 and MT
using both fMRI brain imaging (Eden et al., 1996; Demb et al.,
1998) and psychophysical tasks of movement discrimination
relative to a stationary background (Lawton, 2000, 2007, 2011);
(4) MT using motion coherence for direction discrimination
(Cornelissen et al., 1995; Talcott et al., 2000; Hansen et al.,
2001; Boets et al, 2011); (5) the lateral intraparietal cortex
(LIP) and Frontal Eye Fields (FEF), anterior cortical areas
activated by saccades, based on saccade and antisaccade training
tasks (Fischer, 2012); and (6) parietal structures, prefrontal
language systems, cerebellum, and basal ganglia (Nicholson
and Fawcett, 2007). These results are consistent with the
suggestion of a relationship between dorsal stream processing
and reading ability, such that poor dorsal processing relates to
slower timing and poor reading skills. This study demonstrates
that when a figure/ground motion discrimination paradigm
is used, then poor reading skills are not only associated
with poor visual dorsal stream functioning, but also can be
remediated rapidly by training designed to improve dorsal
stream function.

The degree to which dorsal stream deficits play a causal role
in reading failure has yet to be established (Boden and Giaschi,
2007; Kevan and Pammer, 2009). Previous results indicate that
there is a relationship between dorsal stream sensitivity and
reading skill found in both pre-kindergarten children before
reading is learned (Kevan and Pammer, 2009) and after the
emergence of reading in children (Boets et al., 2011) and adults.
Intervention studies targeting dorsal stream function need to
be carried out in order to establish a direct causal link from
dorsal stream functioning to reading skill (Kevan and Pammer,
2009). It is possible that since visual movement-discrimination
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training, designed to improve dorsal stream function, caused
the reading speeds of dyslexic children to increase up to 10
times faster (Lawton, 2011), training dorsal stream function
may be essential for developing not only reading fluency, but
also the attention networks. Therefore, this study will not only
measure reading fluency, but also measure attention and both
visual and auditory working memory, for the first time, using
standardized tests to demonstrate the range of cortical areas
affected by training aimed at improving function in the V1-MT
dorsal stream areas.

The novel question addressed by this study is whether
improving neural timing in the dorsal stream (by improving
magnocellular function) improves reading fluency more when
training is in the auditory domain to improve auditory
timing (language-based), or is in the visual domain using a
visual motion direction-discrimination task (improving visual
timing), when compared to a traditional reading intervention,
using linguistic word building that does not specifically
target neural timing. The intervention we used to improve
auditory timing lengthens the individual phonemes so that
phonological processing improves, the length of the phonemes
decreasing as the training progresses. Motion direction-
discrimination training, on the other hand, measures the
contrast needed for figure/ground discrimination of sinewave
gratings moving left or right relative to a stationary background.
These backgrounds increase task complexity by increasing the
number of background spatial frequencies, background contrast,
thereby activating more parvocellular neurons, with left-right
movement increasing in speed as the training progresses.
The motion direction-discrimination training patterns, vertical
sinewave gratings (Figure 1), are designed to differentially
activate motion-sensitive (magnocellular) neurons in the V1-MT
network (Allman et al, 1985; Felleman and Van Essen,
1991; De Valois et al, 2000) relative to pattern-sensitive
(parvocellular) neurons, thereby being an effective training
stimulus to improve magno-parvo integration deficits at both
early and higher levels of motion processing. Unlike the
motion direction-discrimination training paradigm used in
this study, direction-discrimination using motion coherence of
random dots, differentially activates motion-sensitive neurons
only in MT and at higher processing levels (Zohary et al,
1994; Braddick et al., 2001). Deficits in detecting motion
coherence are rarely found in all individuals in a dyslexic
sample (e.g., Talcott et al, 2013). Moreover, improvements
using motion coherence direction-discrimination (Solan et al.,
2004) have not been shown to be as effective a training
paradigm to improve reading speed as found previously
using direction-discrimination of dim vertical bars moving
relative to a stationary textured background (Lawton, 2000,
2011).

This study explored the hypothesis that if sluggish
magnocellular neurons underlie dyslexia, then training to
improve the sensitivity and timing of magnocellular relative
to parvocellular processing should improve reading fluency
and attention. This study investigated whether improving
dorsal stream function is more effective in remediating reading,
attention, and memory problems when the intervention training

improves timing in the auditory or visual domain, compared to
linguistic methods for improving phonological processing. Since
both the auditory timing and linguistic interventions required
responses chosen from a larger number of possible responses,
it is likely they require more frequent use of selective attention
than the visual direction-discrimination task, providing good
comparison interventions to determine whether visual training
in the dorsal stream is the most effective type of training to
improve attention.

MATERIALS AND METHODS

Only students who were diagnosed as being dyslexic by
the Decoding Encoding Screener for Dyslexia (DESD), based
on single word decoding (word identification) and encoding
(spelling and writing phonetically), participated in this study.
The DESD, standardized by Western Psychological Services
in Los Angeles, CA, USA was clinically validated using the
Woodcock-Johnson standardized reading tests (Guerin et al.,
1993), as well as the Gray Oral Reading Test (GORT)
and spelling subtest of the Wide Range Achievement Test
(WRAT; Handford and Borsting, 2015). In this study, the
severity of dyslexia, most having borderline or mild dyslexia:
(scored as 1: above normal, 2: normal, 3: borderline dyslexia,
4: mild dyslexia, 5: moderately severe dyslexia, and 6:
markedly below normal) was determined by combining each
student’s dyseidetic score from 1 to 6 (spelling problems)
and dysphonetic score from 1 to 6 (pronunciation problems)
on the DESD. Matched samples were created by ordering
students by their severity of dyslexia using this combined
score, and then randomly assigning this ordered list into
one of the three groups, either the control group or one
of the two treatment groups, or in year-round schools into
one of two groups, control and visual direction-discrimination
training.

Dyslexic second graders (7 years old) were trained on three
different reading interventions to improve: (1) auditory timing;
(2) visual timing; or (3) linguistic word building. Second graders
were studied since they are in the middle of the developmental
period to learn direction discrimination (Lawton, 2000, 2007,
2008; Wolf et al., 2000), maximizing the ease of learning this
task. This study was conducted in six elementary schools in
San Diego Unified School District (SDUSD), where 50% of the
students were reading below proficiency, as revealed by the
California Standardized Tests available on each school’s website.
The students spoke English fluently. This study was carried out
in accordance with the recommendations of both the University
of California San Diego (UCSD) IRB and The Research and
Reporting Department at SDUSD with written informed consent
from all subjects. All subjects gave written informed consent in
accordance with the Declaration of Helsinki.

This study examined 58 children in second grade,
7.4 £ 0.4 years of age, 49% girls and 51% boys. The number
of participants in Traditional Schools (TS) was seven control,
six visual timing and six auditory timing students; and in year-
round schools was 19 control and 20 visual timing students. Even
though participants were randomly assigned from the ordered
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A. PATH to Reading Stimulus Sequence

What direction
Adjust contrast did stripes
What of center test move?

Pattern on

screen for direction did pattern
450 msec stripes move?
Initial Setup
»;l 4 -

B. Complexity Level 1

Test = 1 cyc/deg Test = 1 cyc/deg Test = 1 cyc/deg
Background = 0.5 cyc/deg Background = 1 cyc/deg Background = 2 cyc/deg

C. Complexity Level 2 Complexity Level 3 Complexity Level 4

FIGURE 1 | (A) Schematic of Stimulus Presentation for PATH to Readling intervention. Pattern flashes on screen (shown above) while center stripes move left or right.
Screen goes blank, waits for left or right arrow key to be pushed. If incorrect, short tone sounds. Pattern with same or different contrast flashes on screen while
center stripes move left or right. Screen goes blank, waits for left or right arrow key to be pushed. This sequence of patterns is presented continuously until the
contrast threshold for this pattern is measured. Then the next pattern combination is presented to measure next contrast threshold . .. until all 20 PATH to Reading
patterns were presented, and the program says “Thank You” and quits. (B) Sample patterns at Complexity Level 1 for a background one octave lower in spatial
frequency (0.5 cyc/deg) than the test frequency, equal in spatial frequency to the test frequency (1 cyc/deg), and one octave higher in spatial frequency (2 cyc/deg)
than the test frequency for a 1 cyc/deg “fish shaped” test pattern. (C) Sample patterns at Complexity Levels 2, 3, and 4 for the center pattern in (B). These patterns
have multifrequency background patterns (1 cyc/deg + 2 cyc/deg + 3 cyc/deg) for a 1 cyc/deg test pattern on a 5% (Complexity Level 2), 10% (Complexity Level 3),
and 20% (Complexity Level 4) contrast background. These same four complexity levels are repeated at subsequently faster speeds for each set of four complexity
levels, increasing from 6.7 Hz (complexity levels 1-4) to 8 Hz (complexity levels 5-8) to 10 Hz (complexity levels 9-12) to 13.3 Hz (complexity levels 13-16), as listed
in Table 2.
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TABLE 1 | Subject baseline age and standardized scores for each group and significance levels across groups.

Baseline values Control PATH FFW F value p value
Age 74 +0.5 74+04 7.3+£0.2 0.39 0.82
Reading rate (words/min) 145 4+ 48 136 + 50 110 £ 30 1.78 0.15
Reading comprehension 72+21 6.3+2.8 58+20 0.70 0.59
Blending words 89+13 92427 8.8+20 0.18 0.95
Attention (CAS) 81.7+8 799 +9 77.7+£8 1.40 0.24
Sequential visual memory 95 + 10 97.7 £ 13.2 96.3+7.5 0.40 0.81
Sequential auditory memory 92.8 + 9.6 92.8 + 9.6 89.8+9 0.51 0.73
NonSeq auditory memory 92.8 £ 11 91.8+8 87.2+8 1.10 0.36
Delayed recall 91+ 15 94 + 131 92.5+12.9 0.55 0.70

Baseline values in Table 1 are mean + SD for age and scores on tests graphed in Figure 2.

list of DESD scores into either two (year-round schedules)
or three groups (TS schedules), the groups were balanced on
age and baseline reading rate, attention and working memory,
as shown in Table 1. The ethnic distribution for students in:
(1) TS was 48.6% Caucasian, 25.7% Hispanic, 8.6% African
American, and 17.1% Asian; and (2) Year-Round schools was
33.3% Caucasian, 28.2% Hispanic, 10.3% African American, and
28.2% Asian. These ethnicities were distributed equally among
groups.

So that the training could be done by one Research Assistant
(RA) for each 1-2 second graders, 40 UCSD undergraduate RAs
were trained extensively at the beginning of the school year. The
RAs were in charge of administering the standardized tests and
reading interventions. The standardized tests were administered
in a masked manner; RAs did not know whether the student was
in a control or treatment group, thereby removing the possibility
of experimenter effects. Moreover, parents: (1) were not aware of
what group their child was in; and (2) thought that the auditory
or linguistic interventions would work more effectively, since
these were the traditional interventions advertised to improve
reading. This fact, though anecdotal, would suggest that if any
parent expectancy effects were in play, they would work against
the efficacy of the visual direction-discrimination intervention.
Stickers were given to students at the end of training each day
for good behavior and completing the intervention correctly
to reward them for paying attention to the task. Motivational
strategies were used to keep the participants on task.

Experimental Design

The study was conducted for 20 weeks in four traditional
schedule and 2-year-round public elementary schools in SDUSD
in the morning, right before guided reading in the classroom,
so that each student had plenty of practice on reading following
the interventions. Twenty weeks of training was longer than
used in previous studies of direction-discrimination training to
improve reading fluency (Lawton, 2000, 2007, 2008, 2011), but
was the minimum needed for the auditory timing training to be
effective (Ostarello and De Ley, 2009). Controls were students
who stayed in the classroom doing linguistic word building, when
students in the treatment groups were pulled to do the visual or
auditory timing interventions for 30 min, either 3 days a week
for visual timing training or 5 days a week for auditory timing
training. The linguistic word building intervention was a reading

intervention provided by SDUSD, one aimed at improving
phonics, decoding, vocabulary, reading comprehension, and
reading fluency by word building exercises. Visual direction-
discrimination was trained for a total of 20-30 h, depending on
the time needed to complete 20 contrast thresholds, compared
to 50 h of training on auditory phonemic processing. Auditory
timing training was only done in schools having a traditional
schedule, requested by those implementing the auditory timing
training, since this training was found to regress in effectiveness
when 4-week long vacations occur during the intervention
training (Ostarello and De Ley, 2009), as occurs in the year-round
schools.

At each school, the interventions were administered in a
room devoted to this task on 13” Macbook Pro computers
purchased for this study. The computers were calibrated at the
beginning of the school year with a Spectra Pritchard 1980A
photometer to increase luminance and contrast linearly. The
mean luminance was set to 125 cd/m? on all computers by
reducing the brightness of the screen 2-3 levels. The screen
brightness, volume control, and date were checked each day
before beginning visual timing training. Students sat an arm’s
length from the screen, about 57 cm.

Standardized Tests

Standardized tests of reading fluency, phonological processing,
attention, and working memory were administered one-on-one
to every student in the study before and after the intervention
training by trained UCSD undergraduate students. These tests
were chosen as the “Gold Standard” for fast and accurate
measurements of fluency-based reading, attention, and working
memory skills. The standardized tests which took about 1.5 h to
administer were:

1. DESD using single word reading to measure the reading grade
level, and spelling eidetically and phonologically to determine
the level of dyseidetic (spelling) and dysphonetic (phononetic
writing) deficits took about 10 min, distributed by Western
Psychological Services in Los Angeles, CA, USA;

2. A computer-based reading speed assessment, described
previously (Lawton, 2007) where six words of white text on a
black background were presented each time from subsequent
portions of an interesting story at increasing speeds, took
about 3-5 min. The words were composed of large sans-serif
letters. Text at their reading grade level, stories from Dr. Seuss,
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was used to measure reading speeds. Reading speed, measured
in words/minute using a double staircase procedure, was not
limited by the child’s rate of speaking, as is the case for the
GORT below. In addition, words/minute is a much higher
resolution scale, than the 1-5 scale used to score reading rates
on the GORT-3 below;

3. (GORT-3) to measure both reading comprehension and
reading speed took about 20 min;

4. Comprehensive Test of Phonological Processing (CTOPP)
Blending Words subtest, using CD-based delivery, to measure
phonological awareness, took about 5 min;

5. Cognitive Assessment Systems (CAS) test of Attention,
measured using the Stroop and Number Detection subtests,
took about 10 min;

6. Test of Information Processing Skills (TIPS) to measure both
sequential (remembering the letters in the correct sequence)
and nonsequential (remembering the letters in any order)
auditory and visual working memory, and Delayed Recall took
about 15 min.

Interventions

Auditory Timing Intervention: FastForWord

The auditory timing intervention, implemented using
FastForWord (FFW), developed by Scientific Learning

Corporation, is designed to improve phonological processing by
lengthening the phonemes until they are perceived accurately.
The auditory timing intervention focuses on the building of
auditory processing and oral language skills important for
reading, by using acoustically-modified, digitally-generated
speech: (1) frequency modulated tonal sweeps; (2) speech
syllables with parametric modifications of temporal features, so
format transitions were lengthened and intensified, or silent gaps
were lengthened; (3) word exercises using human speech that
was either parametrically modified in the temporal domain to
teach students word ID, word matching, or following directions;
and (4) phrases and sentences with increasingly complex
grammatical structures to develop higher-level language
skills, including phonology, morphology, syntax, grammar,
and short-term memory. The stimuli changed adaptively,
increasingly approximating normal speech, until the final levels,
when normal speech was presented. This computer-based
intervention is designed to build language and reading skills
while strengthening the cognitive skills of memory, attention,
processing, and sequencing. This auditory timing intervention
was composed of seven exercises, three being done during each
half-hour training session. To keep each participant challenged,
but not frustrated, the exercises adapt so that the participant
is successful around 80% of the time. Detailed reporting is
provided to help instructors track participant performance, with
alerts that let the instructor know when a participant is ready
to move to the next product or when a participant is struggling
and needs extra help. Individual interventions were provided
for subjects who had difficulty progressing through the levels of
the exercises to enable them to complete the exercises. For some
subjects, occasionally the screen had to be covered, since the
graphics prevented the subject from concentrating on the subtle

auditory discriminations required to do FFW training. FFW was
trained for 30 min, 5 days a week for 20 weeks.

Visual Timing Intervention: Motion
Direction-Discrimination Training

The visual timing intervention, implemented using PATH
to Reading, developed to remediate dorsal stream function,
consisted of motion direction-discrimination training. This
novel intervention (Lawton, 2000, 2007, 2008, 2011, 2015),
developed by the author, and available commercially!, will be
described in sufficient detail to understand its basic components.
The student sat in front of a computer monitor with a display
similar to the ones in Figure 1. During the presentation, the bars
in the “fish-shaped” window in the center of the screen formed
by a sinusoidal grating, moved left or right very briefly (450 ms).
The student reported which way the center pattern moved by
pushing the left or right arrow key. A brief tone was presented
after incorrect responses. The program adaptively changed the
contrast of the test pattern in order to keep the student at 79%
correct. There were also levels of difficulty introduced by making
the background pattern more similar to that in the fish, by
increasing the pattern’s complexity level, and by increasing the
number of directions of movement from one to two directions of
motion.

The patterns used for this visual direction-discrimination
task were designed to be optimal for activating magnocellular
neurons (moving test pattern) relative to parvocellular neurons
(stationary background; Lawton, 2000, 2007, 2011). In a
given staircase run, the center spatial frequency (i.e., the
test frequency) was either 0.25, 0.5, 1, or 2 cyc/deg. The
surround grating spatial frequency was either equal to the
test frequency or 1-2 octaves higher or lower than the test
frequency, e.g., see Figure 1B. In addition to these simple
backgrounds, multifrequency backgrounds were used, where
the first background frequency equaled the spatial frequency
of the single frequency background, having two additional
background frequencies with a difference frequency equal to the
test frequency. For example, the multifrequency backgrounds in
Figure 1C are for a test frequency of 1 cyc/deg and a background
frequency of 1 cyc/deg + 2 cyc/deg + 3 cyc/deg.

At the start of a session, both the test and background
gratings were set to 5% contrast to ensure that the contrast
of the test pattern was in the middle of the magnocellular
contrast range (Kaplan and Shapley, 1986). Each time the
child correctly identified the direction the fish stripes moved,
the contrast of the test grating was lowered until the child
answered incorrectly. Following the first incorrect response, a
double-staircase procedure was used to estimate the direction-
discrimination contrast threshold, which allowed measuring the
contrast sensitivity, defined as the reciprocal of the contrast
threshold times 100. This staircase procedure estimates the
contrast needed for 79% correct responses, providing the
most sensitive, repeatable measurements of contrast sensitivity
(Higgins et al., 1984). A full training cycle of the direction-
discrimination task required 20 threshold determinations (i.e.,
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one for each of the four test spatial frequencies paired with each
of the five background spatial frequencies).

The complexity level increased the: (1) number of sinewave
components in the background from one (Figure 1B) to
three (Figure 1C); (2) background contrast from 5% to 20%,
(Figure 1C); and (3) pattern’s speed of movement after every four
complexity levels, increasing from 6.7 Hz up to 13.3 Hz, as shown
in Table 2, so that the student was challenged as the training
progressed. The background contrast was increased to 20%
contrast to provide a background that increased parvocellular
activity, since magnocellular neurons saturate at 10% contrast
(Kaplan and Shapley, 1986). The 20% contrast background
required students to analyze information from magnocellular
activity relative to increased parvocellular activity, making the
task more challenging. The order of presentation for each
complexity level was chosen to gradually increase the difficulty
of the task (Lawton, 2011). Therefore, as the level of complexity
increased, the contrast threshold should be higher initially.
Once all 16 complexity levels of the Motion program were
completed, the student progressed onto the next program, the
MotionMemory program. Instead of discriminating the direction
one pattern moved by pushing the left or right arrow key as
in the Motion program, MotionMemory requires signaling the
direction that two separate patterns moved, one after the other,
by pushing one of four arrow keys. Each threshold in both
the Motion and MotionMemory programs required 20-40 trials
to complete. A score was given to make the training more
game-like. The lower the contrast threshold, the higher was
the score. After learning how to do this task, children typically
took about 15-20 min to complete one replication, consisting
of 20 contrast thresholds. Motion direction-discrimination was
trained for between 15-30 min, 3 days a week for 20 weeks.

Linguistic Word Building Intervention (Control
Intervention)

A linguistic word building intervention was implemented using
Learning Upgrade to help struggling readers at the second and
third grade level overcome reading difficulties. Each course

TABLE 2 | Stimulus characteristics at each complexity level.

Complexity Pattern Background Background
level speed (Hz) frequencies contrast (%)
1 6.7 Single frequency 5
2 6.7 Multi frequency 5
3 6.7 Multi frequency 10
4 6.7 Multi frequency 20
5 8 Single frequency 5
6 8 Multi frequency 5
7 8 Multi frequency 10
8 8 Multi frequency 20
9 10 Single frequency 5
10 10 Multi frequency 5
11 10 Multi frequency 10
12 10 Multi frequency 20
13 13.3 Single frequency 5
14 13.3 Multi frequency 5
15 13.3 Multi frequency 10
16 13.3 Multi frequency 20

contained 60 lessons sequenced to build reading skills. The
lessons featured a song-video for instruction and a game for
practice with remediation. After logging onto the website, a
song-video of length 1-2 min was presented which taught the
word building topic through lyrics with a catchy melody and a
synchronized animated visual of letters, words and pictures. A
game followed the song-video, which required students to answer
a series of questions through interaction. Immediate remediation
through a spoken voice and animated visuals was given for
each incorrect answer, followed by additional problems. When
a student reached 100 points, if they had achieved higher than
75% correct, they moved on to the next lesson. If not, they
repeated the lesson with the same song but varied questions in
the game. When a student completed all 60 lessons, they earned
a Bronze certificate which could be printed. A student then
used a visual map of lessons and scores to repeat any lessons
below 90% to earn a Silver certificate, and then repeated any
lessons below 95% to earn a Gold certificate. When a student had
earned a Gold certificate, typically in about 20-30 h of time on
task, the student was finished with the course and moved to a
higher course.

Hypotheses

The primary hypothesis in this study is that timing interventions:
either one to improve auditory timing or one to improve
visual timing, would improve attention, reading, and working
memory more than linguistic word building exercises. Attention
is the primary outcome measure, with reading speed and
comprehension, phonological processing, and working memory
being secondary outcome measures that result from improved
selective and sustained attention. The secondary hypotheses,
based on physiological data demonstrating that 1 cyc/deg is
the lowest spatial frequency channel (Blakemore and Campbell,
1969), predict that direction discrimination sensitivity improves:
(1) the most for the lowest spatial frequency channel, 1 cyc/deg,
which moves twice as far in the same amount of time as the
higher 2 cyc/deg test pattern; (2) the least for the 0.25 cyc/deg test
pattern which requires pooling across spatial frequency channels
to complete the task; and (3) more when a wider background
frame of reference consisting of multiple spatial frequencies that
are a harmonic (multiple) of the test frequency is presented, as
found in typically developing observers (Lawton, 1989).

Statistical Analyses

Change in test performance for the primary and secondary
outcome measures (attention, reading speed and comprehension,
working memory and phonological processing) and all secondary
hypotheses were modeled using ANCOVAs controlling for age,
sex, ethnicity (Caucasian, Hispanic, Asian, African-American),
and school enrolled. Data was either: (1) pooled across schools
having a traditional year schedule (four schools); or (2) pooled
across the six schools, four having a traditional year schedule
and two having a year-round schedule, with school and type
of school (traditional vs. year round) included as covariates in
the planned ANCOVA. ANCOVA contrast tests were used to
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compare change in standardized scores in controls vs. treatment
groups.

A one-sample f-test was used to compare initial contrast
sensitivity in the 58 dyslexics in this study to published levels
in typically-developing second graders; paired t-tests were used
to compare initial to final contrast sensitivity levels within each
treatment group. The relationship between contrast sensitivity
and the motion direction-discrimination task complexity level
was assessed using 24 visual timing group students who
completed all 16 levels of the Motion direction-discrimination
training. For data from test frequencies 0.25, 0.5, 1.0, and 2.0
cyc/deg, the relationship between complexity level and contrast
sensitivity was assessed using a linear mixed effects model,
with hypothesis testing based on the fixed effect estimate of
mean trajectory as complexity level increases, i.e., as amount of
training increased. Tests investigating whether student’s contrast
sensitivity at specific complexity levels deviated from the overall
linear trend (i.e., were higher or lower than expected) were
performed by adding indicator variables for the complexity
levels in question to the linear mixed effects models. Paired
t-tests were used to test for significant improvement in contrast
sensitivity at 0.25, 0.5, 1.0, and 2.0 cyc/deg from baseline to end of
study within students trained on PATH to Reading. All analyses
were performed using the R statistical programming language.
ANCOVA models were fit using the aov function (Chambers
et al,, 1992), and mixed effects models were fit using the Imer
function (Pinheiro and Bates, 2000). All tests were 2-sided since
students could increase or decrease in academic skills, with
significance level a = 0.05 for all testing.

RESULTS

This study, examining the efficacy of visual timing vs. auditory
timing vs. linguistic word building training, found significant
improvements in student’s attention, reading fluency, and
working memory only following visual motion-discrimination
training when compared to linguistic word building. If language-
based deficits underlie dyslexia, then training to improve
auditory timing should also significantly improve these academic
skills, since this training was done using clever, engaging auditory
exercises for twice as long, 30 min 5 times/week, compared
to the training to improve visual timing, done for 15-30 min
3 times/week.

Effect of Interventions on Attention,
Reading Fluency, and Working Memory

Students trained on motion direction-discrimination improved
significantly more than controls, see Table 3 and Figure 2, in
Attention: Figure 2A (pooled data) [t44) = 2.69, p = 0.009],
and Figure 2B TS [t(21) = 3.18, p = 0.004], Reading Speed:
Figure 2C (pooled data) [t(44) = 3.01, p = 0.004], and Figure 2D
TS [t@1) = 2.98, p = 0.007], Reading Comprehension: Figure 2E
(pooled data) [t44) = 2.04, p = 0.046], sequential Visual
Working Memory: Figure 2F TS [to = 2.34, p = 0.036],
nonsequential Auditory Working Memory: Figure 2G (pooled
data) [t(4) = 2.14, p = 0.037], and Figure 2H TS [t(2;) = 2.34,

p = 0.027], Delayed Recall: Figure 2I TS [tp;) = 2.39,
p = 0.026], and Phonological Processing (CTOPP Blending
Words): Figure 2] (pooled data) [tu4y = 3.52, p = 0.0009],
whereas students trained on improving auditory timing,
implemented using FFW, did not improve significantly more
than controls on these tasks. The significant improvements in
attention by students trained on visual direction-discrimination
which required less attention to complete than either the auditory
or linguistic intervention, shows that visual training is more
effective than auditory or linguistic training in improving the
attention networks. Visual training that does not activate dorsal
stream functioning at both low and high levels, e.g., motion
coherence, however, is not effective in improving reading fluency
(Solan et al., 2004).

Direction-discrimination training improved reading speed
in the classroom from 50 to 125 words/minute on average
more than found using linguistic interventions. Note that
even though both the auditory and visual timing groups
had only six subjects in each group in TS, the visual timing
intervention improved attention, reading speed, visual and
auditory working memory, and delayed recall more than
found when trained on the auditory timing intervention, and
significantly more than found when trained using linguistic
word building, implemented using Learning Upgrade. This
same pattern of results was found the following year, yet
they were not as large in magnitude, and only reading speed,
phonological processing (Blending Words subtest of the CTOPP
and Auditory Working-Memory) improved significantly,
since the PATH intervention had to be administered
before school, instead of before guided reading. PATH to
Reading is most effective when immediately followed by
guided reading. Moreover, even though motion direction-
discrimination is a visual task, it significantly improved
phonological processing more than interventions using an
auditory task (either auditory timing or linguistic word
building). Only students trained on motion direction-
discrimination improved significantly more than controls
in the combined (sequential and nonsequential) auditory
working memory standardized score [t44) = 2.23, p = 0.03].
Future studies with larger sample sizes are needed to determine
the advantage of improving visual timing over auditory timing
conclusively.

Effect of Interventions on Visual Motion

Processing

Students in this study had abnormal visual motion processing, as
shown by the mean baseline Contrast Sensitivity Function (CSF)
for direction discrimination in Figure 3A. Initially participants
in this study had elevated contrast thresholds for movement
discrimination, averaging 2.9% =+ 0.2, significantly higher [one
sample t44) = 5.81, p < 0.0001] than the previously reported
mean contrast threshold for typically-developing second graders
of 1.35% =+ 0.1 (Lawton, 2007). Direction-discrimination
contrast sensitivity improved significantly only for those students
who were trained on the motion direction-discrimination
intervention (Figure 3A), improving in sensitivity three-fold
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TABLE 3 | Mean increase in timing interventions (treatment effect) vs. word building intervention (controls) and the df (degrees of freedom), t value, and p
value for the significant improvements only found following PATH training.

Treatment effect vs. controls PATH FFW df t value p value
Attention—pooled data 57+1 02+1.6 44 2.69 0.0009
Attention—traditional schools (TS) 13.8+22 49+24 21 3.18 0.004
Reading speed (wpm)—pooled 54 +9 36 + 16 44 3.01 0.004
Reading speed (wpm)—TS 125 £ 21 59 +23 21 2.98 0.007
Reading comprehension—pooled 1.5+04 23+0.8 44 2.04 0.046
Sequential visual memory—TS 13.9+29 53+ 10 21 2.34 0.036
NonSequential auditory memory—pooled 83+19 6+3.4 44 2.14 0.037
NonSequential auditory memory—TS 139+3 53+33 21 2.34 0.027
Delayed recall—TS 20.3+4.7 10.9 £ 5.1 21 2.39 0.026
Phonological awareness—pooled 1.56+0.2 1.0+ 04 44 3.62 0.0009

after motion direction-discrimination training in both TS [one-
sample paired fs5) = 3.694, p = 0.014] and in pooled data
from traditional and year-round schools, [one-sample paired

t4y = 5.618, p < 0.0001]. The motion discrimination CSF
increased significantly as a function of complexity level for each
of the test frequency targets, shown in Figure 3B and Table 4. The

improved more than those in the treatment group.
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FIGURE 2 | Improvements over controls in Attention: (A, pooled data), *p < 0.009, (B) Traditional Schools (TS), *p < 0.004; Reading Speed: (C, pooled
data), *p < 0.004, (D) TS, *p < 0.007; Reading Comprehension Gray Oral Reading Test (GORT-3): (E, pooled data), *p < 0.046; Visual Working Memory:
(F) TS, *p < 0.036; Auditory Working Memory: (G, pooled data), *p < 0.037, (H) TS, *p < 0.027; Delayed Recall: (I) TS, *p < 0.026; and Phonological
Processing (Blending Words): (J, pooled data), *p < 0.0009, following each intervention: [PATH to Reading (PATH): black, FastForWord (FFW):
striped]. These barplots display the mean and (SE) difference in improvement of standardized scores in each treatment group compared to improvements observed
in the control group. Positive bars indicate subjects in the treatment group improved more than subjects in the control group, negative bars mean control subjects
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FIGURE 3 | (A) Mean and (SE) improvements in direction-discrimination contrast sensitivity for 1 cyc/deg test patterns at first complexity level, plotting initial contrast
sensitivity function (CSF) measured at the beginning and end of intervention training, averaged over the five different background patterns, for students in the PATH

group, *significant at p < 0.0001. (B) Pooled data from traditional and year-round schools (26 subjects). Improvements in direction-discrimination contrast sensitivity
at increasing levels of complexity, plotting initial (0) and maximum contrast sensitivity at each level of complexity (1-16) for each of the four test frequencies: 0.25, 0.5,
1 and 2 cyc/deg. The data in this graph represent the mean and (SE) contrast sensitivity averaged across subjects trained on PATH in TS (6) and year-round schools
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temporal frequencies that the students could not discriminate
the direction of movement before training, and had the highest
contrast sensitivities following training were the 10 and 13 Hz
motion (complexity levels 9-16).

When the 5% contrast background changed from being single
frequency to being composed of multiple spatial frequencies
(i.e., at complexity levels 2, 6, 10, and 14, described in Table 2),
contrast sensitivity levels were higher, on average, 18.5 points
relative to the general linear trend [ty = 2.62, p = 0.016].
Conversely, when the multifrequency background pattern was
presented at 20% contrast for the lowest spatial frequency target
of 0.25 cyc/deg (complexity levels 4, 8, 12, and 16 in Table 2),
contrast sensitivity was lower, being marginally significant
[ten = —1.99, p = 0.06], which is expected because at 20%
contrast, the background activates parvocellular neurons more

TABLE 4 | Mean increase in contrast sensitivity as a function of test
frequency and PATH complexity level for pooled data from traditional and
year-round schools.

Test Mean increase Standard t(22) value p value
frequency per complexity level error

0.25 cyc/deg 4.19% 0.59% 7.11 <0.0001
0.5 cyc/deg 7.29% 0.85% 8.56 <0.0001
1 cyc/deg 11.22% 1.54% 7.26 <0.0001
2 cyc/deg 7.83% 1.35% 5.79 <0.0001

than magnocellular neurons (Kaplan and Shapley, 1986), making
the task more difficult. The 0.25 cyc/deg test frequency requires
pooling of contrast information over several spatial frequency
channels since, as shown by Blakemore and Campbell (1969),
there are no luminance-varying spatial frequency channels
below 1 cyc/deg. Since the 1 cyc/deg test pattern showed
the highest mean increase in contrast sensitivity, 11.2% per
level of complexity, this indicates that the 1 cyc/deg test
pattern, is the predominant test frequency for improving motion
discrimination. Finding an increased CSF at increasing levels
of complexity, thereby increasing: (1) the speed of motion,
as shown in Table 2; and (2) the width of the background
frame of reference (from single to multifrequency backgrounds)
and its contrast (activating more parvocellular neurons at
higher contrasts) suggests that direction-discrimination training
improves the functioning of magnocellular neurons (left-right
movement) relative to the functioning of parvocellular neurons
(stationary background).

Not only was contrast sensitivity for direction-discrimination
increased significantly following motion training, but also the
time to discriminate the direction of motion was reduced
significantly for students who did the direction-discrimination
intervention. For example, for the 1 cyc/deg test frequency,
the most sensitive test frequency target (see Figure 3B), the
mean time to complete five threshold measurements decreased
an average of 6 s per complexity level [mean decrease by
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mixed effects model analysis t(2) = 4.225, p = 0.004]; mean
time was 5.00 min + 0.22 at baseline and 2.38 min £ 0.17
at complexity level 16. That is, the mean time to complete
motion direction-discrimination decreased as the complexity
level increased. These results show that both the: (1) sensitivity
to discriminate direction-discrimination increased; and (2) time
required to complete motion direction-discrimination training
decreased.

DISCUSSION

The key stimulus attribute needed to detect motion
discrimination deficits in dyslexics is assessed by measuring
the contrast sensitivity for the direction of motion relative
to a stationary background (Georgeson and Scott-Samuel,
1999). Only when the direction of motion is discriminated
against a stationary background do both dysphonetic and
dyseidetic dyslexics exhibit an impaired ability to discriminate
the direction of motion (Lawton, 2000, 2007, 2011; Ridder
et al, 2001). When the direction of movement is not judged
relative to a stationary background, then some dyslexics do
not exhibit motion deficits, as reviewed previously (Stein,
2001; Gori et al., 2014). Studies that have questioned whether
magnocellular deficits in the dorsal stream cause the reading
problems found in dyslexics (Amitay et al, 2002; Williams
et al., 2003) examined a dyslexic’s sensitivity to flicker or high
contrast random dot patterns, relative to no background pattern
or a moving background (Sperling et al., 2006), none of these
stimuli being optimal for activating direction-selective cells
(Baker, 1990; De Valois et al., 2000). Patterned backgrounds,
as opposed to featureless backgrounds, require figure/ground
discrimination, suggesting that a core deficit in dyslexia may
be figure/ground discrimination analyzed by the dorsal stream,
consistent with: (1) the dyslexic’s deficits being primarily due
to deficits in the spatiotemporal parsing of the letter stream
(Vidyasagar, 1999, 2001) that are normally transmitted both by
feedforward magnocellular (low-contrast movement) input and
feedback at the attended location from LIP to MT (Saalman
et al., 2007) and from MT to V1 (Hupe et al, 1998); (2) an
impairment in the low gamma frequency oscillations reducing
feedback in visual cortical areas (Vidyasagar, 2013); and (3) in
excluding noisy backgrounds (Sperling et al., 2006). Training
with the stationary background frame of reference provided
by multifrequency backgrounds (Figure 1C) improved the
dyslexic’s ability to discriminate the direction of movement
(Lawton, 2011), enabling the child to attend to a wider region
of space. This study supports the hypothesis (Lawton, 1989)
that stationary multifrequency backgrounds confer an advantage
when discriminating the direction of motion, providing a
wider, more structured frame of reference, most likely by taking
advantage of MT’s center-surround organization (Allman et al.,
1985) to facilitate figure/ground discrimination. Moreover, only
with stationary textured backgrounds has motion direction-
discrimination training been found to improve reading fluency
in all types of dyslexics (Lawton, 2000, 2007, 2011).

This study found that direction-discrimination training, a
task that optimally activates the V1-MT network (De Valois

et al., 2000), improved: (1) movement direction sensitivity;
(2) speed of processing for both motion direction discrimination
and reading rates; (3) attention; (4) reading comprehension;
(5) phonological processing; and (6) both auditory and visual
working-memory, including delayed recall, more than found
following phonological training, either by improving auditory
timing or word building strategies. These results indicate that
direction-discrimination training improves the sensitivity and
timing of sluggish magnocellular neurons (improving dorsal
stream function), relative to parvocellular neurons early in the
dorsal stream, as evidenced by improved motion discrimination
sensitivity at higher background contrasts and temporal
frequencies. After direction-discrimination training, the highest
contrast sensitivities were found for patterns moving from
10-13 Hz, these temporal frequencies being key to improving
attention in dyslexics. These results contradict Goswami’s
temporal sampling framework theory, proposing that the key
timing deficits in dyslexia are for movement <10 Hz (Goswami,
2011). This study found that improving visual motion direction-
discrimination sensitivity and timing improved processing in
the neural networks underlying attention, reading, and working
memory in dyslexics. These improvements are found by
presumably improving low levels in the dorsal stream, the
VI1-MT network, which improved functioning at higher levels in
the dorsal stream, including the PPC, the dorsal lateral prefrontal
cortex (DLPFC), and the attention networks. This study provides
additional evidence that visual motion processing is fundamental
for paying attention, good reading performance, and remediating
reading deficits, contrary to common practice based on the
assumption that only auditory-based phonological processing
can be used to remediate reading deficits (Tallal et al., 1993;
Temple et al., 2003; Vellutino et al., 2004; Dehaene, 2009; Olulade
etal., 2013).

Initially, the biological basis of dyslexia was assumed to be
in the brain regions responsible for the visual perception of
text (Hinshelwood, 1917). However presently, the dominant
view is that the core deficit underlying reading disabilities is an
auditory phonological processing deficit (Bradley and Bryant,
1983; Tallal et al., 1993; Temple et al., 2003; Vellutino et al.,
2004; Dehaene, 2009; Olulade et al., 2013). A careful examination
of the neuroimaging studies responsible for this paradigm shift
reveal that visual word form areas and other visual processing
areas were also implicated in many of these studies. For instance,
Shaywitz et al. (1998) state “Brain activation patterns differed
significantly between the groups with dyslexic readers showing
relative underactivation in posterior regions (Wernicke’s area,
the angular gyrus, and striate cortex) and relative overactivation
in an anterior region (inferior frontal gyrus).” Finding the striate
(visual) processing area to be hypoactive in persons with dyslexia
is widespread in the literature (Eden et al., 1996; Demb et al,,
1998; Shaywitz et al., 1998; Shelley-Tremblay et al., 2011) and
reliably co-occurs with abnormal patterns of cortical activity
in areas more typically associated with auditory analyses. The
visual contribution of dorsal stream processing to dyslexia has
been dismissed by the American Academy of Pediatrics (2009)
based on a version of the magnocellular deficit theory that has
been shown to be biologically implausible (Scarborough, 2005).
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Proposing that phonological processing deficits are the sole and
key abnormal factor in dyslexia is not born out by studies
showing visual motion processing deficits are found for all types
of dyslexics (Lawton, 2000, 2007, 2011; Ridder et al., 2001). While
phonological processing is a reliable and robust predictor of
future reading, it cannot fully account for the variance in reading
ability and the full range of deficits in dyslexic readers, instead
only accounting for approximately 25% of future reading skills
(Mann and Liberman, 1984; Wagner, 1997).

Novel Method to Remediate Attention,
Reading, and Working Memory in

Dyslexics

Movement figure/ground discrimination, a novel method
(Lawton, 2000, 2015), is fundamental for detecting and
remediating attention, reading, and memory problems for all
types of dyslexics. This study found that training to improve
motion direction-discrimination, most likely by improving the
timing and sensitivity of directionally-selective magnocellular
neurons relative to parvocellular neurons in the dorsal stream
is linked to improved attention skills, enabling the beginning
and end of the word, and processing the letters sequentially to
be done effortlessly, thereby improving reading performance.
Moreover, previous studies (Lawton, 2011) found that the
more a student was trained on motion direction-discrimination,
the more reading speed improved. Consequently, abnormal
visual motion processing is implicated as a fundamental factor
underlying the reduced functionality of the attention networks in
dyslexics, causing slow reading speeds and poor comprehension.
Furthermore, this abnormality can be remediated rapidly by
visual training that improves a person’s contrast sensitivity for
direction-discrimination of dim vertical bars moving relative to
a stationary textured background, indicating that visual timing
deficits are a cause not a result of dyslexia.

The significant improvements in both phonological
processing and auditory working-memory found in this
study demonstrate that training to improve visual timing
improves auditory skills. Consequently, training early in the
visual dorsal stream improved higher levels of processing in
the dorsal stream, in particular the PPC, where: (1) there is a
supramodal representation of space with convergence of both
auditory and visual inputs in the parietal cortex (Farah et al,
1989); and (2) selective endogenous attention activates this
area which connects to frontal areas, like the DLPFC (Posner
et al., 1984; Posner and Petersen, 1990; Supekar and Menon,
2012). By improving attention, students were able to hear the
sequential ordering of sounds more accurately, improving
phonological processing and auditory working memory.
Students given training aimed at auditory magnocellular
function, as embodied by the auditory timing intervention,
improved in reading fluency, but the improvements were not
significant when compared to the improvements made by
controls, as also found in a review of FFW studies (Strong et al.,
2011).

A major limitation of this study is the small sample size in
the group to improve auditory timing. Most of the students

in our study were from year-round schools, whose schedules
precluded implementing the auditory timing program. Power
to detect treatment effects in the auditory timing group was
limited, requiring a larger study to determine unequivocally the
relative effect of improving auditory timing on reading fluency
and attention. Another limitation of this study is the lack of
an out of classroom control condition that was comparable in
terms of the extent of personal attention from the college students
administering the reading interventions. Since half the classroom
was pulled to be trained on the timing interventions, the students
who stayed in the classroom had much more attention from
their classroom teacher. Moreover, there was no evidence of such
an effect in the auditory timing group, even though this group
experienced the same level of personal interaction with students
for 5 days a week compared to only 3 days a week for the visual
timing intervention. Hence, it is unlikely that the significant
effects observed in the motion direction-discrimination group
were driven by effects associated with pulling children from the
classroom and personal attention.

This study found that motion direction-discrimination
training remediates reading deficits of both phonological
(requiring accurate temporal sequencing) and visual (requiring
accurate spatial sequencing) origin. Moreover, there is evidence
that improvements in reading speed after motion direction-
discrimination training are sustained over time (Lawton, 2011),
whereas improvements in word reading found following auditory
interventions to improve phonological processing degrade over
time, two years later showing no difference in word reading
compared to controls not having the auditory intervention (Wise
et al., 2000).

Sluggish Magnocellular Processing Limits
Reading Acquisition in Dyslexics

It has been proposed that the visual system exploits the
dichotomy of a fast magnocellular channel and a slower
parvocellular channel for the purpose of selective attention
(Vidyasagar, 2001, 2012, 2013). The faster transmission time
of the magnocellular neurons projecting predominantly to the
dorsal stream are ideal to provide the input for feedback to
intermediate stages in the cortical dorsal and ventral streams,
as well as to V1 (Vidyasagar, 1999, 2001, 2013). Feedback
from MT has its strongest effects for stimuli of low salience
(Hupe et al, 1998), such as the low contrast patterns that
maximally activate magnocellular neurons (Kaplan and Shapley,
1986; Sclar et al., 1990) that are being used to train visual
movement discrimination in this study. There is parvocellular
input to MT from: (1) parvocellular layers in the lateral geniculate
nucleus (Nassi et al., 2006); (2) layer 6 V1 cells, having both
parvocellular and magnocellular input, projecting to layer 4Cb
in V1 which projects to MT (Callaway, 1998); and (3) V4
(Maunsell et al., 1990), enabling parvocellular activity to provide
a background frame of reference for discriminating the direction
of movement in the dorsal stream. Parvocellular functioning
among dyslexics has been found to be equivalent to that in
normal controls, whereas magnocellular function is significantly
impaired (Lovegrove et al., 1980; Hansen et al., 2001; Kevan and
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Pammer, 2009; Gori et al., 2014), being the primary cause for slow
reading and attention deficits.

When reading, it has been proposed that the PPC uses the
spatial information of the location and overall shape and form
of a word it receives through the rapid magnocellular pathway
to gate the information going into the temporal stream. The
information is gated via attentional feedback to the striate cortex
and to other regions in the occipito-temporal cortex (Martinez
et al, 1999; Vidyasagar, 1999, 2001), most likely by top-
down feedback which uses synchronized neuronal oscillations
at the lower end of the gamma frequency range (Vidyasagar,
2013), which can then be used by parvocellular neurons in
the ventral stream as a starting point for deciphering the
individual letters (Vidyasagar, 2001; see Figure 4). Each cycle of
gamma oscillation focuses an attentional spotlight on the primary
visual cortical representation of just one or two letters before
sequential recognition of these letters and their concatenation
into word strings. The timing, period, envelope, amplitude,
and phase of the synchronized oscillations modulating the
incoming signals in the striate cortex have a profound influence
on the accuracy and speed of reading (Vidyasagar, 2013).
The speed determined by the gamma frequency oscillation is

the essential rate-limiting step in dyslexia (Vidyasagar, 2013).
Figure/ground movement discrimination training is likely to
strengthen coupled: (1) theta/gamma activity for the test patterns
moving at 6.7 and 8 Hz; or (2) alpha/gamma activity for the test
patterns moving at 10 and 13.3 Hz. Therefore, it is likely that the
visual direction-discrimination training paradigm used in this
study improves not only magnocellular function and attention,
but also magno-parvo integration, figure/ground discrimination,
and low gamma frequency oscillation.

Our working hypothesis is that sluggish magnocellular
neurons early in the dorsal cortical visual pathway (V1), found in
dyslexics (Livingstone et al., 1991), disrupt processing at higher
levels of dorsal stream processing, dyslexics having little or no
activity in MT (Eden et al., 1996; Demb et al., 1998), including
the development of these processes. After 6 weeks of motion
direction-discrimination training 3 times/week in dyslexic fourth
graders, dorsal stream activity improved as shown by their Visual
Evoked Potentials (Shelley-Tremblay et al,, 2011), consistent
with a recent pilot study using magnetoencephalography (MEG)
source imaging (Lawton and Huang, 2015) that found improved
function in both the dorsal stream (V1, V3, MT, MST areas) and
fronto-parietal attention networks. Magnocellular output from
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FIGURE 4 | Word distortions resulting from sluggish magnocellular neurons. \What happens when the pattern and motion pathways are not working together:
dyslexics always go to the middle of word, often not seeing the first letter and flipping the order of the letters. The dorsal stream sets up frame of reference (where is
word located) and ventral stream analyses details sequentially. The dyslexic appears to tunnel down to get meaning (individual letters), not knowing where to go next
with their eyes since magnocellular neurons are sluggish, being delayed 20-40 ms, causing confusion and misrecognition.
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the anterior portion of the dorsal stream, including the PPC, is
input to the mid/posterior insula, a hub of the Central Executive
Network (CEN), which includes the PPC and the DLPFC
(Supekar and Menon, 2012). Magnocellular activity signals the
beginning and end of a word, thereby gating the processing
of parvocellular activity, as proposed by Vidyasagar (2001,
2013), and illustrated in Figure 4. The sluggish magnocellular
neurons in dyslexics not only result in attention deficits, an
impairment in the low gamma frequencies reducing feedback
in visual cortical areas (Vidyasagar, 2013), but also disrupted
processing in LIP and FEF, either within a fixation, between
fixation sequences, or both (Vidyasagar, 2001; Slaghuis and Ryan,
2006; Fischer, 2012). This study found, for the first time, that
direction-discrimination training improved not only reading
fluency, but also attention and working memory. Therefore,
direction-discrimination training improved CEN functioning,
also found using MEG source imaging (Lawton and Huang,
2015), providing more evidence that abnormal visual motion
processing is a fundamental cause of attention and subsequent
reading problems in dyslexics.

By improving the attention network’s functioning, motion
direction-discrimination training provides a wider usable field of
view so that more objects are perceived in their correct location
in a single glance. Motion direction-discrimination training is
the key for reading acquisition to happen at an efficient speed
for dyslexics, most likely by increasing the ease of magno-parvo
integration. When motion direction-discrimination training was
followed by guided reading in the classroom, attention, reading
fluency, and working memory skills improved significantly
more than found after training on linguistic word building or
auditory timing interventions. Remediating visual timing deficits
in the dorsal stream reveals the causal role of visual motion
discrimination and attention in reading acquisition. This study
supports the hypothesis that faulty timing in synchronizing the
activity of magnocellular (left-right movement discrimination)
with parvocellular (stationary background) visual pathways
are a fundamental cause of dyslexia and argues against the
assumption that reading deficiencies in dyslexia are caused by
phonological or language deficits. This study demonstrates that
visual movement figure/ground discrimination can be used to

REFERENCES

Allman, J., Miezin, F., and McGuiness, E. (1985). Stimulus specific responses from
beyond the classical receptive field: neurophysiological mechanisms for local-
global comparisons in visual neurons. Annu. Rev. Neurosci. 8, 407-430. doi: 10.
1146/annurev.ne.08.030185.002203

American Academy of Pediatrics. (2009). Learning disabilities, dyslexia and vision.
Pediatrics 124, 837-844. Available online at: http://pediatrics. aappublications.
org/cgi/reprint/124/2/837

Amitay, S., Ben-Yehudah, G., Banai, K., and Ahissar, M. (2002). Disabled
readers suffer from visual and auditory impairments but not from a specific
magnocellular deficit. Brain 125, 2272-2285. doi: 10.1093/brain/awf231

Atkinson, J. (1991). “Review of human visual development: crowding and
dyslexia,” in Vision and Visual Dyslexia, ed. ]. F. Stein (Boston: CRC Press),
44-57.

Baker, C. L. (1990). Spatial and temporal frequency selectivity as a basis for velocity
preference in cat striate cortex neurons. Vis. Neurosci. 4, 101-113. doi: 10.
1017/50952523800002273

not only detect dyslexia early, but also for its successful treatment,
so that reading problems do not prevent children from readily
learning.

AUTHOR CONTRIBUTIONS

TL designed study, recruited and trained staff, ran daily
operations, and wrote article.

ACKNOWLEDGMENTS

I thank Drs. Jack Shelley-Tremblay, Sue Cotter, Norma Graham,
Mike Posner, Eric Borsting, Steve Hillyard, Dan Felleman, Jaime
Pineda, and Bryan Hansen for many thoughtful and insightful
suggestions to help improve this article substantially. I thank
Wendy Portnuff, the chief trainer at Scientific Learning, for
training and supervising the RAs to administer FastForWord,
and her vast knowledge of motivational strategies used to
improve compliance of all students in this study. I thank Steve
Edland, the UCSD biostatistician who designed and analyzed
all the statistical analyses for this study using the R statistical
package, and helped write earlier versions of this article. I thank
Kelly Lawton for helping to automate the computer calibration,
training staff using easy to follow written instructions, helping
film the video training movies, and help in developing the
motivational strategies. I thank Jordan Conway, the Senior
Research Assistant, who helped run daily operations, being in
charge of the lead assistants at each school, as well as helping
to recruit and train the 40 UCSD undergraduates who were
in charge of performing these experiments, help in developing
the motivational strategies, helping film the video training
movies, backing up and calibrating all of the computers, and
providing the motivational strategies at each school. I thank the
40 UCSD cognitive science and psychology undergraduates who
collected the data. I thank Dr. Doug Stephey for his support,
encouragement, and advice, especially recommending we use
the CAS Stroop and Number Detection subtests to measure
attention, and the TIPS to measure working memory. This work
was supported by the Institute of Educational Sciences (IES), US
Department of Education (IES Award R305A100389) to UCSD.

Blakemore, C., and Campbell, F. W. (1969). On the existence of neurones in the
human visual system selectively sensitive to the orientation and size of retinal
images. J. Physiol. 203, 237-260. doi: 10.1113/jphysiol.1969.sp008862

Boden, C., and Giaschi, D. (2007). M-stream deficits and reading-related visual
processes in developmental dyslexia. Psychol. Bull. 133:346. doi: 10.1037/0033-
2909.133.2.346

Boets, B., Vandermosten, M., Cornelissen, P., Wouters, J., and Ghesquiere, P.
(2011). Coherent motion sensitivity and reading development in the transition
from prereading to reading stage. Child Dev. 82, 854-869. doi: 10.1111/j.1467-
8624.2010.01527.x

Braddick, O., O’Brien, J. M. D., Wattam-Bell, J., Atkinson, J., Hartley, T., and
Turner, R. (2001). Brain areas sensitive to coherent visual motion. Perception
30, 61-72. doi: 10.1068/p3048

Bradley, L., and Bryant, P. E. (1983). Categorizing sounds and learning to read: a
causal connection. Nature 301, 419-421. doi: 10.1038/301419a0

Buchholz, J., and McKone, E. (2004). Adults with dyslexia show deficits on spatial
frequency doubling and visual attention tasks. Dyslexia 10, 24-43. doi: 10.
1002/dys.263

Frontiers in Human Neuroscience | www.frontiersin.org

14

August 2016 | Volume 10 | Article 397


http://pediatrics.aappublications.org/cgi/reprint/124/2/837
http://pediatrics.aappublications.org/cgi/reprint/124/2/837
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Lawton

Improving Dorsal Function Improves Attention

Callaway, E. M. (1998). Local circuits in primary visual cortex of the macaque
monkey. Annu. Rev. Neurosci. 21, 47-74. doi: 10.1146/annurev.neuro.21.1.47

Chambers, J. M., Freeny, A., and Heiberger, R. M. (1992). “Chapter 5: analysis of
variance; designed experiments,” in Statistical Models, eds J. M. Chambers and
T. J. Hastie (Pacific Grove, CA: S. Wadsworth and Brooks/Cole), 853-861.

Cornelissen, P., Richardson, A., Mason, A., Fowler, S., and Stein, J. (1995).
Contrast sensitivity and coherent motion detection measured at photopic
luminance levels in dyslexics and controls. Vision Res. 35, 1483-1494. doi: 10.
1016/0042-6989(95)98728-r

Dehaene, S. (Ed.). (2009). “The dyslexic brain,” in Reading in the Brain,
(New York, NY: Penguin Viking), 235-261.

Demb, J. B., Boynton, G. M., and Heeger, D. J. (1998). Functional magnetic
resonance imaging of early visual pathways in dyslexia. J. Neurosci. 18,
6939-6951.

De Valois, R. L., Cottaris, N. P., Mahon, L. E., Elfar, S. D., and Wilson, J. A.
(2000). Spatial and temporal receptive fields of geniculate and cortical cells
and directional selectivity. Vision Res. 40, 3685-3702. doi: 10.1016/s0042-
6989(00)00210-8

Dreher, B., Fukada, Y., and Rodieck, R. W. (1976). Identification, classification and
anatomical segregation of cells with X-like and Y-like properties in the lateral
geniculate nucleus of old-world primates. J. Physiol. 258, 433-452. doi: 10.
1113/jphysiol.1976.sp011429

Eden, G. F,, VanMeter, J. W., Rumsey, J. M., Maisog, J. M., Woods, R. P., and
Zeffiro, T. A. (1996). Abnormal processing of visual motion in dyslexia revealed
by functional brain imaging. Nature 382, 66-69. doi: 10.1038/382066a0

Facoetti, A., Paganoni, P., Turatto, M., Marzla, V., and Mascetti, G. G. (2000).
Visual-spatial attention in developmental dyslexia. Cortex 36, 109-123. doi: 10.
1016/s0010-9452(08)70840-2

Facoetti, A., Trussardi, A. N., Ruffino, M., Lorusso, M. L., Cattaneo, C.,
Galli, R,, et al. (2010). Multisensory spatial attention deficits are predictive of
phonological decoding skills in developmental dyslexia. J. Cogn. Neurosci. 22,
1011-1025. doi: 10.1162/jocn.2009.21232

Farah, M. ], Wong, A. B.,, Monheit, M. A, and Morrow, L. A. (1989).
Parietal lobe mechanisms of spatial attention: modality-specific or
supramodal? Neuropsychologia 27, 461-470. doi: 10.1016/0028-3932(89)
90051-1

Felleman, D. J., and Van Essen, D. C. (1991). Distributed hierarchical processing
in the primate cerebral cortex. Cereb. Cortex 1, 1-47. doi: 10.1093/cercor/1.1.1

Fischer, B. (2012). “Subitizing, dynamic vision, saccade and fixation control in
dyslexia, chapter 2,” in Visual Aspects of Dyslexia, eds J. Stein and Z. Kapoula
(New York, NY: Oxford University Press), 15-43.

Georgeson, M. A., and Scott-Samuel, N. E. (1999). Motion contrast: a new metric
for direction discrimination. Vision Res. 39, 4393-4402. doi: 10.1016/s0042-
6989(99)00147-9

Gori, S., Cecchini, P., Bigoni, A., Molteni, M., and Facoetti, A. (2014).
Magnocellular-dorsal pathway and sublexical route in developmental dyslexia.
Front. Hum. Neurosci. 8:460. doi: 10.3389/fnhum.2014.00460

Goswami, U. (2011). A temporal sampling framework for developmental dyslexia.
Trends Cogn. Sci. 15, 3-10. doi: 10.1016/j.tics.2010.10.001

Guerin, D. W., Griffin, J. R., Gottfried, A. W., and Christenson, G. N. (1993).
Concurrent validity and screening efficiency of the dyslexia screener. Psychol.
Assess. 5, 369-373. doi: 10.1037/1040-3590.5.3.369

Handford, P., and Borsting, E. (2015). Validity of the decoding encoding screener
for dyslexia. Optom. Vis. Sci. 92, 487-493. doi: 10.1097/0px.00000000000
00560

Hansen, P. C., Stein, J. F., Orde, S. R, Winter, J. L, and Talcott, J. B.
(2001). Are dyslexics’ visual deficits limited to measures of dorsal stream
function? Neuroreport 12, 1527-1530. doi: 10.1097/00001756-200105250-
00045

Higgins, K. E., Jaffe, M. J, Coletta, N. J, Caruso, R. C, and de
Monasterio, F. M. (1984). Spatial contrast sensitivity. Arch. Ophthalmol. 102,
2067-2074.

Hinshelwood, J. (1917). Congenital Word-Blindness. London: H. K. Lewis and Co.

Hupe, J. M, Payne, A. C., Lomer, B. R, Girad, S. G., and Bullier, J. (1998). Cortical
feedback improves discrimination between figure and background by V1, V2
and V3 neurons. Nature 394, 784-787.

Kaplan, E., and Shapley, R. M. (1986). The primate retina contains two types of
ganglion cells, with high- and low-contrast sensitivity. Proc. Natl. Acad. Sci.
U S A 83,2755-2757. doi: 10.1073/pnas.83.8.2755

Kevan, A., and Pammer, K. (2009). Predicting early reading skills from pre-reading
measures of dorsal stream functioning. Neuropsychologia 47, 3174-3181.
doi: 10.1016/j.neuropsychologia.2009.07.016

Lawton, T. B. (1989). Outputs of paired Gabor filters summed across background
frame of reference predicts direction of movement. IEEE Trans. Biomed. Eng.
36, 130-139. doi: 10.1109/10.16458

Lawton, T. B. (2000). Methods and Apparatus for Diagnosing and Remediating
Reading Disorders. U.S. Patent No. 6,045,515. Washington, DC: U. S. Patent
and Trademark Office.

Lawton, T. (2007). Training direction-discrimination sensitivity remediates a wide
spectrum of reading skills. Optom. Vis. Dev. 38, 37-51.

Lawton, T. (2008). Filtered text and direction discrimination training improved
reading fluency for both dyslexic and normal readers. Optom. Vis. Dev. 39,
114-126.

Lawton, T. (2011). Improving magnocellular function in the dorsal stream
remediates reading deficits. Optom. Vis. Dev. 42, 142-154.

Lawton, T. (2015). Diagnosing and Remediating Cognitive Deficits Involving
Attention, Sequential Processing, Reading, Speed of Processing, and Navigation.
U. S. Patent No. 8,979,263 B2. Washington, DC: U. S. Patent and Trademark
Office.

Lawton, T., and Huang, M. X. (2015). “Improving visual timing enhances cognitive
functioning by altering dorsal stream and attention networks,” in 12th Annual
World Congress of the Society for Brain Mapping and Therapeutics (Los
Angeles, CA).

Livingstone, M. S., and Hubel, D. H. (1988). Segregation of color, form, movement
and depth: anatomy, physiology and perception. Science 240, 740-749. doi: 10.
1126/science.3283936

Livingstone, M. S., Rosen, G. D., Drislane, F. W., and Galaburda, A. M.
(1991). Physiological and anatomical evidence for a magnocellular defect
in developmental dyslexia. Proc. Natl. Acad. Sci. U S A 88, 7943-
7947.

Lovegrove, W. J., Bowling, A., Badcock, D., and Blackwood, M. (1980). Specific
reading disability: differences in contrast sensitivity as a function of spatial
frequency. Science 210, 439-440. doi: 10.1126/science.7433985

Lyon, G. R., Shaywitz, S. E., and Shaywitz, B. A. (2003). Comorbdity, teachers’
knowledge of language and reading: a definition of dyslexia. Ann. Dyslex. 53,
1-14.

Mann, V. A, and Liberman, I. Y. (1984). Phonological awareness and short-
termmemory. J. Learn. Disabil. 17, 592-599.

Martinez, A., Anllo-Vento, L., Serono, M. I, Frank, L. R, Buxton, R. B,
Dubowitz, D. J., et al. (1999). Involvement of striate and extrastriate cortical
areas in spatial attention. Nat. Neurosci. 2, 364-369.

Maunsell, J. H., Nealey, T. A., and De Priest, D. D. (1990). Magnocellular and
parvocellular contributions to responses in the middle temporal visual area
(MT) of the macaque monkey. J. Neurosci. 10, 3323-3334.

Merigan, W. H., and Maunsell, J. H. R. (1993). How parallel are the primate visual
pathways? Annu. Rev. Neurosci. 16, 369-402. doi: 10.1146/annurev.neuro.
16.1.369

Nassi, J. J., Lyon, D. C., and Callaway, E. M. (2006). The parvocellular LGN
provides a robust disynaptic input to the visual motion area MT. Neuron 50,
319-327. doi: 10.1016/j.neuron.2006.03.019

National Center for Educational Statistics. (2013). Available online at:
http://nces. ed.gov/nationsreportcard/subject/publications/main2013/pdf/2014
451.pdf, page 7.

Nicholson, R. I, and Fawcett, A. J. (2007). Procedural learning difficulties:
reuniting the developmental disorders? Trends Neurosci. 30, 135-141. doi: 10.
1016/j.tins.2007.02.003

Olulade, O. A., Napoliello, E. M., and Eden, G. F. (2013). Abnormal visual motion
processing is not a cause of dyslexia. Neuron 79, 180-190. doi: 10.1016/j.
neuron.2013.05.002

Ostarello, A., and De Ley, L. (2009). The Effect of Product use Lapses on Student
Learning. Oakland, CA: Scientific Learning Corporation.

Pammer, K., and Wheatley, C. (2001). Isolating the M(y)-cell response in dyslexia
using the spatial frequency doubling illusion. Vision Res. 41, 2139-2147. doi: 10.
1016/s0042-6989(01)00092-x

Pinheiro, J., and Bates, D. (2000). Mixed-Effects Models in S and S-PLUS.
(US: Springer).

Posner, M. L, and Petersen, S. E. (1990). The attention system of the human brain.
Annu. Rev. Neurosci. 13, 25-42.

Frontiers in Human Neuroscience | www.frontiersin.org

August 2016 | Volume 10 | Article 397


http://nces.ed.gov/nationsreportcard/subject/publications/main2013/pdf/2014451.pdf
http://nces.ed.gov/nationsreportcard/subject/publications/main2013/pdf/2014451.pdf
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Lawton

Improving Dorsal Function Improves Attention

Posner, M. 1., Walker, J. A., Friedrich, F. J., and Rafal, R. D. (1984). Effects of
parietal injury on covert orienting of attention. . Neurosci. 4, 1863-1874.

Ridder, W. H., Borsting, E., and Banton, T. (2001). All developmental dyslexic
subtypes display an elevated motion coherence threshold. Optom. Vis. Sci. 78,
510-517. doi: 10.1097/00006324-200107000-00014

Saalman, Y. B., Pigarev, I. N, and Vidyasagar, T. R. (2007). Neural mechanism of
visual attention: how top-down feedback highlights relevant locations. Science
316, 1612-1615. doi: 10.1126/science.1139140

Scarborough, H. S. (2005). “Developmental relationships between language and
reading: reconciling a beautiful hypotheses with some ugly facts,” in The
Connections between Language and Reading Disabilities, eds H. W. Catts and
A. G. Kamhi (Mahwah, NJ: Erlbaum), 3-24.

Schatschneider, C., Fletcher, J. M., Francis, D. J., Carlson, C. D., and
Foorman, B. R. (2004). Kindergarten prediction of reading skills: a longitudinal
comparative analysis. J. Edu. Psychol. 96, 265-282. doi: 10.1037/0022-0663.96.
2.265

Sclar, G., Maunsell, J. H. R., and Lennie, P. (1990). Coding of image contrast in
central visual pathways of the macaque monkey. Vision Res. 30, 1-10. doi: 10.
1016/0042-6989(90)90123-3

Shaywitz, S. E., Shaywitz, B. A., Pugh, K. R, Fullbright, R. K., Constable, R. T,
Mencl, W. E,, et al. (1998). Functional disruption in the organization of the
brain for reading in dyslexia. Proc. Natl. Acad. Sci. US A 95, 2636-2641. doi: 10.
1016/s0006-3223(98)90658-8

Shelley-Tremblay, J. F., Syklawer, S., and Ramkissoon, I. (2011). The effect
of magno-parvocellular integration training on fluency and visual evoked
potentials in poor readers. J. Behav. Optom. 22, 31-37.

Slaghuis, W. L., and Ryan, J. F. (2006). Directional motion contrast sensitivity in
developmental dyslexia. Vision Res. 46, 3291-3303. doi: 10.1016/j.visres.2006.
05.009

Solan, H. A., Larson, S., Shelley-Tremblay, J., Ficarra, A., and Silverman, M.
(2001). Role of visual attention on cognitive control of oculomotor readiness
in students with reading disabilities. J. Learn. Disabil. 34, 107-118. doi: 10.
1177/002221940103400202

Solan, H. A., Shelley-Tremblay, J., Hansen, P. C,, Silverman, M., Larson, S., and
Ficarra, A. (2004). M-cell deficit and reading disability: a preliminary study
of the effects of temporal vision-processing therapy. Optometry 75, 640-650.
doi: 10.1016/s1529-1839(04)70211-0

Sperling, A. J., Lu, Z., Manis, F. R,, and Seindemberg, M. S. (2006). Motion-
perception deficits and reading impairment: it’s the noise, not the motion.
Psychol. Sci. 17, 1047-1053. doi: 10.1111/j.1467-9280.2006.01825.x

Stanley, G., and Hall, R. (1973). Short-term visual information processing in
dyslexics. Child Dev. 44, 841-844. doi: 10.2307/1127735

Stein, J. (2001). The magnocellular theory of developmental dyslexia. Dyslexia 7,
12-36. doi: 10.1002/dys.186

Stein, J., and Walsh, V. (1997). To see but not to read; the magnocellular theory of
dyslexia. Trends Neurosci. 20, 147-152.

Strong, G. K., Torgerson, C. J., Torgerson, D., and Hulme, C. (2011). A systematic
meta-analytic review of evidence for the effectiveness of the ‘FastForWord
language intervention program. J. Child Psychol. Psychiatry 52, 224-235.
doi: 10.1111/j.1469-7610.2010.02329.x

Stuart, G. W., McAnally, K. I, and Castles, A. (2001). Can contrast sensitivity
functions in dyslexia be explained by inattention rather than a magnocellular
deficit? Vision Res. 41, 3205-3211. doi: 10.1016/s0042-6989(01)00176-6

Supekar, K., and Menon, V. (2012). Developmental maturation of dynamic causal
control signals in higher-order cognition: a neurocognitive network model.
PLoS Comput. Biol. 8:¢1002374. doi: 10.1371/journal.pcbi.1002374

Talcott, J. B., Hansen, P. C., Assoku, E. L., and Stein, J. F. (2000). Visual
motion sensitivity in dyslexia: evidence for temporal and energy integration
deficits.  Neuropsychologia 38, 935-943. doi: 10.1016/s0028-3932(00)
00020-8

Talcott, J. B., Witton, C., and Stein, J. F. (2013). Probing the neurocognitive
trajectories of children’s reading skills. Neuropsychologia 51, 472-481. doi: 10.
1016/j.neuropsychologia.2012.11.016

Tallal, P., Miller, S., and Fitch, R. H. (1993). Neurobiological basis of speech: a case
for the preeminence of temporal processing. Ann. N'Y Acad. Sci. 682, 27-47.

Temple, E., Deutsch, G. K., Poldrack, R. A., Miller, S. L. Tallal, P.,
Merzenich, M. M., et al. (2003). Neural deficits in children with dyslexia
ameliorated by behavioral remediation: evidence from functional MRI. Proc.
Natl. Acad. Sci. U S A 100, 2860-2865. doi: 10.1073/pnas.0030098100

Tyler, C. W. (1974). Observations on spatial-frequency doubling. Perception 3,
81-86. doi: 10.1068/p030081

Ungerleider, L. G., and Mishkin, M. (1982). “Two cortical visual systems,” in
Analysis of Visual Behavior, eds D. J. Ingle, M. A. Goodale and R. J. W.
Mansfield (Cambridge, UK: MIT Press), 549-586.

Vellutino, F. R., Fletcher, J. M., Snowling, M. J., and Scanlon, D. M. (2004). Specific
reading disability (dyslexia): what have we learned in the past four decades?
J. Child Psychol. Psychiatry 45, 2-40. doi: 10.1046/j.0021-9630.2003.00305.x

Vidyasagar, T. R. (1999). A neuronal model of attentional spotlight: parietal
guiding the temporal. Brain Res. Rev. 30, 66-76. doi: 10.1016/s0165-
0173(99)00005-3

Vidyasagar, T. R. (2001). From attentional gating in macaque primary visual cortex
to dyslexia in humans. Prog. Brain Res. 134, 297-312. doi: 10.10.1016/S0079-
6123(01)34020-7

Vidyasagar, T. R. (2012). “Aetiology of dyslexia: a visual perspective on a
phonological marker,” in Visual Aspects of Dyslexia, eds J. Stein and Z. Kapoula
(New York, NY: Oxford University Press), 151-170.

Vidyasagar, T. R. (2013). Reading into neuronal oscillations in the visual system:
implications for developmental dyslexia. Front. Hum. Neurosci. 7:811. doi: 10.
3389/fnhum.2013.00811

Vidyasagar, T. R., and Pammer, K. (2010). Dyslexia: a deficit in visuo-spatial
attention, not in phonological processing. Trends Cogn. Sci. 14, 57-63. doi: 10.
1016/j.tics.2009.12.003

Wagner, R. K. (1997). Changing relations between phonological processing
abilities and word-level reading as children develop from beginning to skilled
readers: a 5-year longitudinal study. Dev. Psychol. 33, 468-479. doi: 10.
1037/0012-1649.33.3.468

Wilkins, A. J. (1995). Experientia. Oxford: Oxford University Press.

Williams, M. J., Stuart, G. W., Castles, A., and McAnnally, K. I. (2003). Contrast
sensitivity in subgroups of developmental dyslexia. Vision Res. 43, 467-477.
doi: 10.1016/50042-6989(02)00573-4

Wise, B. W., Ring, J., and Olson, R. K. (2000). Individual differences in gains from
computer-assisted remedial reading. J. Exp. Child Psychol. 77, 197-235. doi: 10.
1006/jecp.1999.2559

Wolf, M., Bowers, P. G., and Biddle, K. (2000). Naming-speed processes, timing
and reading: a conceptual review. J. Learn. Disabil. 33, 387-407. doi: 10.
1177/002221940003300409

Zohary, E. S., Celebrini, S., Britten, K. H., and Newsome, W. T. (1994). Neuronal
plasticity that underlies improvement in perceptual performance. Science 263,
1289-1292. doi: 10.1126/science.8122114

Conflict of Interest Statement: The author has a potential conflict of interest, since
she is the developer of Path To Reading (PATH). She had no part in collecting or
analyzing the data, thereby having no influence over the results we obtained.

Copyright © 2016 Lawton. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution and
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

August 2016 | Volume 10 | Article 397


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	 Improving Dorsal Stream Function in Dyslexics by Training Figure/Ground Motion Discrimination Improves Attention, Reading Fluency, and Working Memory
	INTRODUCTION
	Visual Timing (Magnocellular) Deficits in Dyslexics

	MATERIALS AND METHODS
	Experimental Design
	Standardized Tests
	Interventions
	Auditory Timing Intervention: FastForWord
	Visual Timing Intervention: Motion Direction-Discrimination Training
	Linguistic Word Building Intervention (Control Intervention)

	Hypotheses
	Statistical Analyses

	RESULTS
	Effect of Interventions on Attention, Reading Fluency, and Working Memory
	Effect of Interventions on Visual Motion Processing

	DISCUSSION
	Novel Method to Remediate Attention, Reading, and Working Memory in Dyslexics
	Sluggish Magnocellular Processing Limits Reading Acquisition in Dyslexics

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


