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Purposk. Dyslexia is a language-based learning disability char-
acterized by difficulties with reading, spelling, and writing.
Persons with dyslexia often have deficits in processing rapid
temporal sensory information. There is also evidence of senso-
rimotor deficits in persons with dyslexia. Whether these defi-
cits include ocular motor problems is still an open question.
Some previous studies have shown an increased saccadic la-
tency in dyslexics, whereas others have not reproduced this
finding. The purpose of the present study was to investigate
saccadic latency in young adults with dyslexia during the
double-step paradigm, a task that requires rapid sequential
visual information processing and saccade generation. The
study hypothesis was that dyslexics have a longer saccadic
latency in the second orthogonal saccade, a task that nondys-
lexics parallel process and perform rapidly.

MEerHODS. Eight students with dyslexia and eight age-matched
control subjects participated in the study. Their eye movements
were monitored with the scleral search coil technique in simple
saccade trials and in the double-step paradigm. The second sac-
cade was either orthogonal or colinear to the first. Intersaccadic
interval and latency were calculated for the second saccade.

Resurrs. No difference in saccadic latency was found for colin-
ear second saccades; however, dyslexics had significantly
longer latencies for orthogonal second saccades. This included
a subset of subjects who had longer latencies for orthogonal
than for colinear saccades.

Concrusions. The findings indicate that under certain condi-
tions, when the demand for rapid visual information process-
ing is high and a rapid saccade sequence is required, some
persons with dyslexia show ocular motor deficits manifested
by longer saccadic latencies. (Invest Ophthalmol Vis Sci. 20006;
47:4401-4409) DOI:10.1167/iovs.05-1657

he etiology of developmental dyslexia has been under
investigation for over a century. Because reading is a spa-
tiotemporal process that begins with decoding serial visual
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information, a great deal of research has focused on the differ-
ent levels and skills of visual information processing and re-
sponses to nonorthographic tasks. An important finding was
that persons with dyslexia often have deficits in processing
rapid temporal sensory (visual and auditory) information when
compared with normally achieving readers." Lovegrove and
Brown? presented evidence that at each age, reading-disabled
children have a significantly longer visual information storage
time and a significantly slower rate of visual information trans-
fer than do age-matched normally achieving readers, and that
this deficit apparently persists into adulthood.? It has also been
demonstrated that both children and adults with dyslexia are
significantly worse than normally achieving readers in tasks
that require fast, sequential visual processing as opposed to
tasks in which the visual information is displayed all at once.®
It is intuitive that deficits in the perception of rapid visual
information will impact on a person’s reaction time, and in-
deed there is evidence for longer reaction times for eye move-
ments,>® hand movements, and vocal responses7 to rapid vi-
sual changes in persons with dyslexia compared with normally
achieving readers.

Various hypotheses have been suggested to explain the
presence of sensorimotor disorders in persons with dyslexia.
One such theory, the “magnocellular theory,” postulates a
deficit in the magnocellular neuroanatomy and neurophysiolo-
gy.® The magno cells project via two different pathways to the
superior colliculus (SC) and to area V5, also known as MT. The
SC seems to be specialized for rapid responses and is more
sensitive to sudden changes in illumination than to stationary
stimuli. Area V5 appears to specialize in the detection of the
speed and direction of motion.® With a variety of techniques
(e.g., psychophysics, fMRI, lesions, postmortem surgery) sev-
eral studies have shown, both in human and nonhuman pri-
mates, that dysfunction of the magnocellular system leads to
deficits in fixation and eye movements.>'!!

The “fast temporal deficit hypothesis” focuses on the lim-
ited ability of persons with dyslexia to process rapid sequential
auditory and visual stimuli.’*>"'® This may be related to the
magnocellular theory, because magno cells are particularly
sensitive to high temporal frequencies and to visual change.'"
Alternatively, others suggest that persons with dyslexia have a
basic sequential sensory processing deficit, unrelated to dys-
function of the magno cells, that influences the subsequent
levels of processing, resulting in their having a limited ability to
retain and compare perceptual traces across brief intervals.'”
The mechanism of this deficit is not clear and may be related to
an underlying problem in the ascending sensory pathways,
short-term memory, or attention-shifting ability.'®

A relatively new theory connects the more wide-ranging
difficulties in dyslexia and explains them by the cerebellar-
deficit hypothesis. This hypothesis suggests that many deficits
associated with dyslexia, including the core phonological dif-
ficulties'”?° and the poor general motor control—such as
automatization,”’ time estimation,”* and speeded perfor-
mance>*—are caused by abnormalities within the lateral parts
of the posterior lobe of the cerebellum.**
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Whether persons with dyslexia have ocular motor deficits
in addition to their deficits in rapid visual information process-
ing is still controversial Some researchers have found differ-
ences in mean saccadic reaction time, stability of fixation, and
number of regression movements between persons with and
without dyslexia on nonorthographic tasks>®?> whereas oth-
ers did not find these differences.?®~2® Because of the incon-
sistent findings, sequenced saccadic eye movements are not
considered diagnostically useful for early detection of dyslex-
ia.?® We speculate that only under certain conditions, such as
those that require a very rapid sequence of visual information
processing, will the two groups consistently differ in the reac-
tion time of their eye movements.

For many years, eye-movement studies of dyslexia recorded
only the horizontal component of each eye movement and
concentrated on tasks not representative of those required
during reading. Elterman et al.>® were the first to establish the
necessity of recording both horizontal and vertical eye move-
ments to interpret the eye-movement patterns properly during
reading paragraphs of different difficulties. Without vertical
eye position, it is impossible to determine the true positions of
the eyes. In addition, they isolated the ocular motor aspect of
the reading process by using a symbol-driven task that mim-
icked the normal reading pattern. Their results showed that a
variety of disturbances underlie so-called pure dyslexia, in that
some dyslexic children demonstrated an ocular motor disabil-
ity during reading but not on the symbol pattern, some had
abnormal patterns on the symbol task and during actual read-
ing, and some had no ocular motor abnormality. In the years
since, eye movement studies in dyslexia have built on their
results but have also come full circle and again are looking at
basic tasks that do not directly reflect reading patterns, and
many of the studies continue to produce conflicting results
(see Rayner,“ for a summary). Although reading is self-paced
and uses a staircase paradigm, our study involves a target-
driven, double-step paradigm. Reading is a complex task in
which the visual system has to process and integrate multiple
stimuli. Previous studies®* have shown the utility of the double-
step task in studying parallel processing. Our motivation was
not necessarily to use movements necessary for normal read-
ing, but rather to use a task that probes for a deficit in the
parallel processing of saccades, which can indicate the degree
with which the subject can cope with fast visual information
processing. The speed of processing of the visual-ortho-
graphic system is known to be important in the reading pro-
cess.”?

In the present study, we investigated the temporal perfor-
mance of the saccadic system in persons with developmental
reading disabilities (PRD) compared with normally achieving
readers (NAR). In the experimental task, the ocular motor
system performed either: one simple saccade, a slow sequence
of two saccades, or a rapid sequence of two saccades in the
“double-step paradigm.” This paradigm is a tool that has been
used for decades to probe how the ocular motor system pro-
cesses visual information for multiple saccadic sequences to
nonlinguistic targets.>* It has been demonstrated that the pre-
paratory process of two sequential saccades may overlap in
time®>? and that this occurs more efficiently when the two
saccades are orthogonal and not colinear, resulting in shorter
latency second orthogonal saccades.®”

It should be noted that the term “double-step saccade task”
is used in the literature in two different ways. Heide et al. 3¢
used a double-step task in which the target rapidly stepped
twice and then disappeared before the first saccade was exe-
cuted. The utility of that paradigm is that it allows a separation
of the second target’s retinal vector from its saccadic motor
vector. The paradigm we used was described in the classic
paper by Becker and Jurgens,®* and in it the target steps to its
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second location before any reaction of the eye, and then
remains visible at that final position. The usefulness of this
paradigm is its ability to probe for parallel processing in the
programming of sequential saccades. It is this ability of dyslex-
ics that we were interested in, and it is thus this version of the
paradigm that we used.

The double-step task forces the saccadic system to process
visual stimuli rapidly in parallel and to program two saccades in
rapid succession, thus placing a significantly heavier demand
on the ocular motor system than required for a single visually
guided saccade. In light of the debate regarding the ability of
PRDs to generate rapid sequences of saccades, it is thus of
interest to explore how these persons cope with this task. The
double-step paradigm is also directly relevant to the study of
reading disabilities because during reading, the ocular motor
system is required to generate a series of rapid and accurate
saccades. It should be noted, however, that the double-step
paradigm requires only two sequential saccades and not mul-
tiple sequential saccades as might be required during reading.
Our hypothesis was that the PRD group would have longer
saccadic latencies for the second orthogonal saccade in the
double-step paradigm when compared with the NAR group
and that they would not show a significant difference between
second orthogonal and second colinear saccades.

Some of these findings have been presented in abstract form.>”

METHODS

Subjects

Eight PRD (all men; mean age 28 *=2.7) and eight age-matched NAR (5
women, 3 men; mean age 27 =2.9) subjects participated in the study.
They were recruited by notices placed on a university campus and by
direct mailing using a database from the university center for assisting
students diagnosed with learning disabilities. All PRD participants had
psychoeducational diagnoses of a developmental reading disability. All
subjects had a minimum of several years of university education. The
criterion for inclusion in the PRD group was a score on the speed of
pseudoword reading test (described later) that was at least 1 SD above
the average score for the control group. All subjects performed within
the normal range on the matrices subtest of the Wechsler Adult
Intelligence Scale (WAIS-IID).*® Performance on other subtests was not
a basis for participants’ exclusion. All were tested on the Snellen visual
acuity test. Monocular and/or binocular visual acuity was within nor-
mal range. All participants were native Hebrew speakers and naive to
the purpose of the study.

Psychometric Tests

The following psychometric tests provided the aptitude and achieve-
ment profiles of the subjects.

Cognitive Measures. The tests used were all from WAIS-IIL>®
An estimation of intelligence abilities was derived from the matrices
subtest of the WAIS-III that resembles the Raven’s Advance Progressive
Matrices (APM.) which is very highly g-loaded.*® The digit span (verbal
short term memory) and digit-symbol coding (visual motor coordina-
tion and short-term visual memory) of the WAIS-III test were used to
screen participants for distractibility.*®

Reading Measures. The reading measures used were speed and
accuracy of reading lists of single words (measured in words per
minute, WPM),*! pseudowords per minute (PWPM), *? and reading rate
of an academic level passage (PASS speed).

Orthographic Skill. A test of the written spelling ability of each
participant was administered. The score was based on the number of
spelling errors. 4

Phonological Awareness. Hebrew translations of the spoo-
nerism®® and Pig Latin?® tasks were used. The score was based on the
number of errors.
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Eye Movement Monitoring and Analysis

The experimental paradigm and data collection were under the control
of “virtual instruments” written in commercial software (LabView;
National Instruments, Austin, TX). Horizontal and vertical gaze of one
eye were measured by the magnetic search coil technique®” with 6-ft
field coils (CNC Engineering, Seattle, WA) and a scleral search coil
embedded in a silastic ring (Skalar, Delft, The Netherlands). The coil
was placed on the eye after application of one or two drops of local
anesthetic (benoxinate HCI, Localin, Fischer Laboratories, Tel Aviv,
Israel). Coil signals were filtered (bandwidth, 0-200 Hz) before digiti-
zation at a 1000-Hz sampling rate, with 12-bit resolution. The visual
stimulus was a dim (3 mW with a 100X neutral density filter) red laser
spot (1.5-mm diameter) rear-projected onto a semitranslucent screen
situated 1.1 m in front of the subject. The position of the laser spot was
determined by an X-Y galvanometer (General Scanning, Billerica, MA).
The fly-time of the mirrors is 2 to 3 ms, and they settle to their final
location within 5 to 6 ms. The subject sat in front of the semitranslu-
cent screen in a dark room and was given time to adjust to the dark.

Each experimental session of 30 to 40 minutes consisted of be-
tween 15 and 30 blocks of trials, with each block containing 10 to 25
trials. Each trial began with a red laser spot in the center of the display
(1 in Fig. 1), on which the subject was instructed to fixate. The
subjects were instructed to track the target as accurately and as rapidly
as possible whenever it moved. After 1500 to 3000 ms the target made
a purely horizontal jump of 12° (2 in Fig. 1) randomly to the right or
left. In the single-saccade catch trials (e.g., Fig. 2D), the target re-
mained at that location for 1500 ms and then returned to its starting
position. In the double-step saccade trials, the target remained at this
position (2 in Fig. 1) for one of three possible interstimulus intervals
(ISIs) and then jumped 5 deg either colinear (Fig. 2A) or orthogonal
(Figs. 2B, 20) to the first target jump (Fig. 1, positions 3). The three ISIs
were 150, 180 (both are “medium” ISD) and 250 ms (“long” ISD. It
remained at the final location approximately 1300 ms and then jumped
back to the origin. Each subject performed a minimum of 25 saccades
of each type. The presence and direction of the second saccade as well
as the ISI were random.

Analysis of the data was performed using with another commercial
program (MatLab; The MathWorks, Natick, NA). Saccade detection was
performed automatically and then verified by the investigator manu-
ally. A rough estimate of saccade location was obtained from the raw
data by using a Haar wavelet transform. The advantage of using a
wavelet is that at the appropriate scale the saccade signal is enhanced
and the fixation noise is “filtered” out, thus causing the saccade
location to be easily identifiable. Then, the beginning and the end of
the saccade were precisely determined from the absolute velocity.
Starting from the location of the velocity peak, the saccade’s beginning

3. 3
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® O @ ©) o o
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2, . L.
(@) Intermediate Position
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FIGURE 1. Diagrammatic representation of the spatial events during
the individual trials. Each trial started with a target at the central
location, marked 1. The target then jumped to one of the two positions
labeled 2, where it either remained for the duration of the trial, or next
jumped to one of the four surrounding positions labeled 3. This figure
is for those trials in which the initial saccade was horizontal. For those
in which the initial saccade was vertical the entire figure should be
rotated through 90°.
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and end were taken as the points where the velocity’s magnitude
exceeded and decreased below noise level, respectively. The noise
level was calculated from the peaks of the velocity magnitude’s distri-
bution of all sampling points.

Our primary interest was to measure the saccadic latency of the
second saccade in a double-step saccade. For this second saccade,
latency was defined by two measures. This was necessary because for
medium ISIs most subjects began the first saccade after the target had
already completed its second step (as in Figs. 2A, 2B). In the first
method, “reaction time” (RT), latency is defined as the time from the
second target step to the beginning of the second saccade (a in Fig.
2A). In the alternate approach, “intersaccadic interval” (ISal), latency is
defined as the time from the end of the first saccade to the initiation of
the second saccade (b in Fig. 2A).

Magnocellur tasks

Stimuli and Procedure. The following two tasks were de-
signed to examine magnocellular performance. A Gabor patch stimulus
in two directions (45° and 135°) was used in a two-alternative, forced-
choice (2AFC) paradigm to assess contrast detection thresholds. Con-
trast detection was varied in a two-down/one-up adaptive staircase
procedure, converging on 71% correct.*® Contrast was increased by 1
dB after an incorrect response, and decreased by 1 dB after two
consecutive correct responses. The stimulus contrast was defined as
ULpax — Lonin)/Lmax + Linin), Where L. and L, are the maximum
and minimum luminances, respectively (Michelson contrast). All tasks
included “catch trials” in which the Gabor patch had a permanent high
contrast of 50%, and all subjects performed close to 100% on the catch
trials. The viewing distance was 90 cm. The interval between a re-
sponse and the next trial varied randomly between 1.0 and 1.5 sec-
onds.

M-Selective Task. Contrast-detection thresholds of same-differ-
ent judgment were measured for a 0.5-cyc/deg Gabor patch (o = A =
2°). The stimuli were presented on the center of the screen with a low
mean luminance of 5.7 cd/m? The subjects were asked to indicate via
a button push the orientation of the lower part of the Gabor patch. The
Gabor patch was displayed for 500 ms, with a flicker frequency of 10 Hz.

M-Selective Saccade Task. To further explore whether there
is truly a magnocellular deficit, we added a second component that is
known to be part of the magnocellular functions (i.e., saccadic eye
movements).' Contrast-detection thresholds of same- different judg-
ment were measured for a Gabor patch that appeared to jump from
side to side. This procedure was repeated twice with different types of
temporal variations: flicker, which has been demonstrated to reveal
processing impairments in PRD,* and rotation, which is known to be
processed by medial superior temporal (MST) area in the extrastriate
cortex,’® a region that receives input mainly from magno cells.>' The
three serial Gabor patches in this experiment were not displayed on
the center of the screen, but 2° to the left or to the right of the center
randomly and it then jumped twice from side to side (right-left-right or
left-right-left). The subjects were asked to indicate by means of a
button push whether the three displays had the same or different
orientations. Each Gabor patch was displayed for 500 ms with a low
mean luminance of 5.7 cd/m” and had a spatial frequency of 0.5cyc/
deg (o = A = 2°). The flicker frequency was 10 Hz, and the rotational
frequency was 10 Hz, with an amplitude of 45°, with the center at
either 45° or 135°.

Apparatus

The psychophysical tasks were administered in a dark room, and the
subjects were given several minutes in which to dark adapt. We used
the VSG2\5 system (Cambridge Research Systems Ltd., Rochester, UK)
for generating the stimuli that were displayed on a 21-in. video monitor
with a frame rate of 170 Hz (model GDM-F520; Sony, Tokyo, Japan).
The experiments were controlled by and the data analyzed using
commercial software (MatLab ver. 7.0; The MathWorks). A colorimeter
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Sample data illustrating the various trial types. Positive is rightward-upward motion. (A) Saccade of an NAR participant. The target

initially stepped horizontally (rightward) 12°, followed 150 ms later by a backward (leftward) step of 5° Two latency measures for the second gaze
shift are shown. The first, a, is the time from the second target step to the second saccade initiation (i.e., the reaction time). The second, b, is the
time from the end of the first saccade to the start of the second (i.e., intersaccadic interval. (B) Saccade of a PRD participant; the initial target step
was horizontal (rightward) followed 150 ms later by a vertical (upward) step of 5°. (C) Saccade of an NAR participant; The initial target step was
horizontal (rightward) followed 250 ms later by a vertical (upward) step of 5°. Note that, unlike in A and B, the initial saccade occurs before the
second target step. (D) Saccade of an NAR participant. A catch trial consisting of a single horizontal target step.

was used to calibrate the screen (ColorCAL; Cambridge Research
Systems, Ltd.).

The local Helsinki Committee for human experimentation ap-
proved the eye movement measurement technique used in the study,
and all subjects gave written informed consent before participation in
accordance with the Declaration of Helsinki.

RESULTS

Assessment of Reading and Psychometric Skills

Table 1 summarizes the performance of the PRD and the NAR
on the cognitive and reading-related tests along with the sta-
tistical significance. PRD and NAR participants did not differ in
their mean scaled score on the matrices subtest (P > 0.05),
typically used to match groups for cognitive abilities. However,
NARs performed significantly better than PRDs on the screen-
ing factor for distractibility (digit-symbol coding and digit span
combined; mean, 11.0 vs. 8.18; P < 0.01). As can be seen in
Table 1, the PRDs scored significantly lower on the digit-
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symbol coding (P < 0.01), but not on the digit span (P > 0.05).
We attribute this to the high level of functioning of the stu-
dents with dyslexia who participated in this experiment. On all
the reading-related tests the PRDs were significantly impaired
compared with the NARs. This finding is consistent with pre-
vious results.>*>?

Psychophysical Measures

Performance on Magnocellular Tasks. As shown in Ta-
ble 2, the PRD and NAR groups did not differ as on the
M-selective task. This means that despite using stimuli that
were designed to stimulate magno cells, the two groups
showed no difference in their contrast thresholds on this task.

The inability of some experiments to find magnocellular
deficits in PRDs has been attributed to the fact that these
deficits are subtle and that the magnocellular system is not “all
or nothing.””* The suggestion is thus that to search for mag-
nocellular impairments in dyslexia one incorporates in the
stimulus as many facets as possible that are unique to the
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TasBLE 1. Results of Psychometrics Tests
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P

NAR PRD t-Test
Age 28 (2.7) 27 (2.9 n.s.
Cognitive measures
Matrices + 14.5 (1.4 12.8 (3.9 n.s.
Digit span + 10.2 2.7) 9.2 (2.9) ns.
Digit symbol coding + 11.7 2.9 7.1 (1.9 0.001
Reading measures
WPM speed 123.7.(A7) 75 (22.8) 0.000
PWPM speed 75.7 (12.1) 41 (15.5) 0.000
Paragraph 73.9 (7.8) 119.9 (31.2) 0.001
RAN letter 17.5 (7.1 26.4 (3.9) 0.008
RAN symbols 32.3(6.2) 51.9 (11.6) 0.001
RAS 21.1 (2.0) 29.7 (6.9 0.003
Orthographic
Spelling 2927 32.4 (16.2) 0.000
Phonological awareness
Spoonerism 5.75 (0.7) 3.6 (1.9) 0.011
Pig Latin 5.7 (0.9 4.0 2.9 0.031

Data are expressed as the mean (SD). +, scaled score; NAR, normally achieving readers; PRD, persons
with reading disabilities; WPM, words per minute; PWPM, pseudowords per minute; RAN, rapid autom-

atized naming; RAS, rapid alternating stimuli.

magno system. We added to the second task jumping targets
that would engage the saccadic eye movement system, which
receives its input and some control from the magnocellular
system.>>

ANOVA for repeated measures conducted on contrast-de-
tection thresholds on the M-selective saccade task with group
(PRD/NAR) as a between-subject variable and type of temporal
frequencies (flicker/rotation) as a within-subject variable, re-
vealed a significant effect only for type of temporal frequen-
cies, F(1,14) = 4.80, P < 0.04 (M = 2.37 and M = 2.07 for
flicker and rotation, respectively). No significant effects were
found for both group, F(1,14) = 2.05, P > 0.10 and Group x
Type of Temporal Frequencies interaction, F(1,14) = 0.45, P >
0.50, indicating that PRD’s and NAR’s thresholds did not differ
significantly, despite using various conditions similar to previ-
ous studies that revealed magnocellular impairments in per-
sons with reading disabilities.

Ocular Motor Results. Representative raw data of the
various trial types can be seen in Figure 2.

ANOVA for repeated measures was conducted on latency of
the second saccade on trials with ISIs of 150 and 180 ms with
group (PRD/NAR) and direction (colinear, orthogonal) as the
between- and within-subjects effects, respectively. The
ANOVA showed that the effect of group was not significant
F(1,14) = 0.46, P > 0.5. However, the direction effect was
significant F(1,14) = 25.2, P < 0.001. In addition, there was a
significant group X direction interaction F(1,14) = 5.2, P <
0.05. Pair-wise comparisons indicated that whereas for a colin-
ear (horizontal) second saccade, PRD and NAR performed

TABLE 2. Performance on Psychophysical Tasks

equally well using both latency measures (RT and ISal), for
orthogonal (vertical) second saccades, PRD were significantly
slower than NAR for both latency measures (RT and ISal). The
results are summarized in Table 3.

We then asked whether the latency patterns of the eye
movements’ response to DS target are the same in the PRD
group in the NAR group. The results of a paired #-test, summa-
rized in Table 4, revealed a significant effect between latencies
for orthogonal (vertical) second saccades compared with co-
linear (horizontal) second saccades for each group and each
method of measuring latency (RT and ISal). The results for the
NARs showed highly significant latency differences between
horizontal and vertical second saccades, a finding that is con-
sistent with previously reported results.>> The PRD showed a
smaller effect, which will be elaborated on later.

Because there are different subtypes of dyslexia, it is impor-
tant to analyze each subject’s eye movements independently in
addition to the group analysis. The results of horizontal and
vertical differential latency and the results of paired #test for
each subject are summarized in Figure 3. In the NAR group,
seven of eight subjects had a significantly shorter reaction time
for the orthogonal compared with colinear saccades, and six of
eight had a significantly shorter intersaccadic interval for the
orthogonal compared with colinear saccades. However, in the
PRD group only three of eight subjects had significantly shorter
reaction times and intersaccadic intervals between the two
directions of the second saccade. These results indicate that
almost all the NAR participants (87%) had significantly different
reaction times between orthogonal and colinear saccades,

Visual Tasks NAR PRD P
M-selective task
M-selective 2.2(0.D 2.3 (0.5) 0.500*
M-selective and saccades task
Flicker 2.0 (0.6) 2.6 (0.8)
Rotation 1.8 (0.3) 2.2(0.9) 0.1731

NAR, normally achieving readers; PRD, persons with reading disabilities.

* Two-sample t-tests.

1 Group effect in a repeated measure ANOVA for group (NAR vs. PRD) by condition.
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TABLE 3. Summary of the Results Comparing the Latency of a
Second Colinear (Horizontal) Saccade to a Second Orthogonal
(Vertical) Saccade between the Two Groups

Latency

RT-H

PRD 306 = 11

NAR 307 £ 19
ISal-H

PRD 200 = 11

NAR 222+ 13
RT-V*

PRD 2779

NAR 240 £ 7
ISal-Vt

PRD 180 = 10

NAR 159 £ 7

Data are expressed as mean milliseconds = SE. RT, reaction time;
PRD, persons with reading disabilities; NAR, normally achieving read-
ers; H, horizontal; V, vertical; ISal, intersaccadic interval.

*P < 0.01.

TP <0.05.

whereas in the PRD group, significantly different reaction
times was found in less than half of the group (37%).

For ISIs of 250 ms, in most trials both PRD and NAR subjects
completed the initial saccade before the second target jump. In
other words, the trials appear to be similar to two ordinary
back-to-back saccades rather than a rapid double-step se-
quence. There is thus no parallel processing taking place and
there were thus no significant differences between coplanar
and orthogonal second saccade latencies in all but one of the
subjects.

Often the distribution of saccade latencies has more infor-
mation than the mere reaction times. To look for such patterns,
the time the target spent in a retinal location that required
updating for the programming of the second saccade was used
as an independent variable to look for its effect on latency. As
noted, all analyzed saccades had the second target step before
the first saccade occurred. Thus, the period between the sec-
ond step and the first eye movement is the “update-requiring
location” (URL) and correlations between the time spent at the
URL and the saccadic latency (both measures: RT and ISal)
were looked for. Because RT = URL + ISal, there will be
interdependencies. Some of the subjects showed weak corre-
lations between several of the variables, but there was no
consistent pattern between those findings and performance on
the double-step task.

Di1scUsSION

Summary of the Results

The results support our hypothesis that in specific conditions
of very rapid sequential visual information processing, such as
required in double-step orthogonal saccades, the PRD partici-
pants had longer latencies for the second saccade than did the
NAR participants.

Whereas the saccadic system of seven of the eight NAR
participants had the capability to generate a faster orthogonal
second saccade using parallel processing, only three of eight
subjects in the PRD group had this capability. For the other five
PRDs no significant difference was found between the second
rapid horizontal saccade and the second rapid vertical saccade.
In three of those five subjects, the latency for the vertical
saccade was actually longer than that for the horizontal sac-
cade. This finding may indicate that under certain conditions,
some persons with dyslexia have a slower saccadic reaction.
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When Do Dyslexics Exhibit
Saccadic Dysfunction?

Our findings support the assertion that there is a deficit in the
saccadic eye movements in at least a subgroup of persons
diagnosed with developmental dyslexia.”®>” Some previous
studies examined saccadic eye movements with very long ISIs
and found no significant difference between NAR and PRD,
and concluded that defective ocular motor control is not asso-
ciated with nor is it a causal factor in dyslexia and that abnor-
mal eye movements in subjects with dyslexia during reading
must thus be related to differences in higher cognitive process-
es.27:2258-60 The procedure used in the present study (i.e., a
very rapid double-step saccadic movement) succeeded in elic-
iting differences in eye movements between the NAR and PRD
groups. Our explanation for why this procedure reveals differ-
ences in eye movements between PRD and NAR is that these
differences are manifest only when the demands on the sac-
cadic system are high and the system is required to function
under relatively stressful conditions. Thus, while the saccadic
system of the NAR has the flexibility to deal with those condi-
tions (i.e., sequential saccades and short enough ISI so that the
second target step occurs before the ocular motor system has
finished producing the initial saccade), the saccadic system of
the PRD does not. In this experiment, we did not monitor eye
movements during reading, but these results may give us some
indication that persons with dyslexia have a limited capability
to cope with the stressful conditions of rapid visual sequential
information processing and with the generation of saccades
compared with normally achieving readers. Normal reading
requires rapid processing of visual information and the gener-
ation of a sequence of saccades.

Possible Mechanisms for Explaining Longer
Saccadic Reaction Times in Persons with
Reading Disabilities

There are various possible explanations for the longer saccadic
latencies observed in persons with dyslexia in the present
study. It is possible that the increased latency is a result of an
increased processing time during the perceptual stage, or al-
ternatively, participants with dyslexia may take longer to pro-
gram and execute the saccadic movement, or it could be a
combination of the two. Several theories may provide expla-
nations for the ocular motor deficit in persons with dyslexia
when a sequence of saccades is required in response to rapidly
presented visual information.

TABLE 4. Summary of the Results Comparing the Latency for Each
Direction between PRD and NAR

Latency
PRDt
RT-H 306 £ 11
RT-V 2779
PRD*
ISal-H 200 = 11
ISal-v 180 = 10
NART
RT-H 307 £ 19
RT-V 240 £ 7
NARYT
ISal-H 222+ 13
ISal-v 159 £ 7

Data are expressed as mean milliseconds * SE. Abbreviations are
as defined in Table 3.

*P < 0.05.

TP <0.01.
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The magnocellular theory may explain the differences in
the saccadic latencies between the two groups. Deficits of the
magno cells which project to area V5 may result in a dysfunc-
tion in motion processing.®’®> Magno cells also project to the
SC. It has been shown that the SC has both sensory and motor
maps that lie in register.G?"64 Based on this observation, it is
now known that a major function of the superior colliculus is
to generate saccadic eye movements.®>°° Thus, a dysfunction
of the magno cells may lead to a disruption in the functioning
of the SC, an area where a deficit may reduce the ability to
perceive motion and/or to program and execute saccadic
movements. The magnocells also play a prominent role in the
bottom-up direction of attention.®” It has been demonstrated
that due to a weaker magnocellular system, the speed with
which deficient readers can disengage and reengage attention
on new targets is reduced compared with that of normally
achieving readers.®® All those dysfunctions of magno cells
could result in a longer saccadic latency under conditions that
require a very rapid eye movement response. However, it
should be noted that we did not find a difference between the
groups on the small number of magnocellular tests that we
performed. Although several of the PRD differed significantly
from the NAR group, they were not all part of the same
subgroup as regards the saccadic findings. Of note is that the
subject who most differed from the NAR group showed a
saccadic effect opposite that seen in the NARs. This does not
rule out a role for the magnocellular system in contributing to
dyslexia or to our saccadic findings and it is possible that with
additional tests the magnocellular deficit would reveal itself.

Another relevant theory is the “fast temporal deficit hypoth-
esis” that postulates a deficit in temporal processing which is
believed to be one of the prime factors affecting reading ability.
Previous studies have shown that the reading disabled popu-
lation has a longer visual persistence, which means that they
need longer stimulus separations due to ongoing neural activ-
ity>® and that the greater difficulty in visual and auditory
frequency discrimination is related to the interstimulus interval
rather than to intrastimulus variability.'” Cumulative evidence
suggests that a reduced capacity to process rapidly presented
stimuli in a number of sensory modalities interferes with the
reading process.'®7°
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An alternative explanation for our findings could be the
“cerebellar deficit hypothesis.” Recent studies demonstrate the
importance of the cerebellum for language processing.”"”> It
has been shown that cerebellar damage can cause deficits in
attention and working memory’? and that it can cause dyslexia-
like symptoms during reading.”* It has further been demon-
strated that the cerebellum is an indispensable component of
the saccadic system that participates in the programming and
execution of saccadic eye movements.”> Because of its critical
role in the generation of saccades, it may be suggested that
dysfunctions of the cerebellum leads to a longer saccadic
latency.

CONCLUSIONS

We suggest that persons with dyslexia may have abnormal
saccadic eye movements when the saccadic system is required
to deal with highly demanding tasks, such as a rapid sequential
double-step movements and as perhaps is required during
reading. The question of the underlying mechanism awaits
further research, and in searching for the underlying mecha-
nism, it must be kept in mind that all dyslexics are not the
same. We found these deficits in a group of adults with higher
education. We can speculate that those deficits are more prom-
inent in average adults with dyslexia and in children with
dyslexia. This research demonstrated that under specific stress-
ful conditions, some adults with dyslexia have deficits in their
ocular motor response to rapid visual information.
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