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ABSTRACT

Background: Magnocellular deficit theory is among the different hypotheses that have been proposed to explain the
pathophysiology of developmental dyslexia (DD). Dysfunction of the magnocellular system in DD has been investi-
gated using mainly visual evoked potentials (VEPs), particularly transient VEPs, although recently abnormal steady-
state VEPs have also been reported. The brain regions responsible for the abnormal VEPs in DD have yet to be elu-
cidated, however. In this study, we performed functional magnetic resonance imaging and electroencephalography
(fMRI-EEG) simultaneously to elucidate the brain areas that were found in a previous study to be activated through
stimulation of the magnocellular system, and then investigated the mechanism involved in the dysfunction seen in DD.
Methods: Subjects were 20 healthy individuals (TYP group; 13 men, 7 women; mean + standard deviation age, 26.3 +
5.53 years) and 2 men with DD (aged 42 and 30 years). Images of brain activity were acquired with 3-Tesla MRI while
the viewing the reversal of low-spatial frequency and low-contrast black-and-white sinusoidal gratings. EEG was re-
corded concurrently to obtain steady-state VEPs. Results: Stimulus frequency-dependent VEPs were observed in the
posterior region of the brain in the TYP group; however, VEP amplitudes in both DD patients were clearly smaller than
those in TYP. fMRI images revealed that both the primary and secondary visual cortices were activated by black-and-
white sinusoidal gratings in the TYP group, whereas activity in the visual cortex overall was reduced in both DD pa-
tients. Conclusions: Present low spatial and high reversal frequency visual stimuli activated the primary visual cortex
presumably through predominant activation of the magnocellular pathway. This finding indicates that some cases of
adult patients of DD involve impairment of the visual magnocellular system.

Keywords: Developmental Dyslexia; Simultaneous Functional MRI-EEG; Visual Evoked Potential; Magnocellular
Deficit Theory; Magnocellular Pathway

1. Introduction is thought to be caused by impairment of the central nerv-
ous system involved in reading, as seen in adult alexia
[3]. In alphabet-speaking countries, the phonological de-
ficit theory is the most widely accepted theory for the
pathophysiology of DD. However, the magnocellular de-
ficit theory, which involves the visual information pro-
cessing pathway, has also been attracting attention. Simi-

Developmental dyslexia (DD) is a developmental reading
and writing disorder in children. The characteristics of
DD patients are a normal range of intelligence, no pro-
blems associated with learning environments or motiva-
tion for learning, no impairment of the peripheral sensory
organs, and yet difficulties in reading and writing [1,2].

The pathology of DD has yet to be elucidated, although it larly in Japan, several theories have been proposed for
the pathology of DD [4].

In general, the visual information processing pathway
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is divided into the magnocellular (dorsal) pathway and
the parvocellular (ventral) pathway. The former is in-
volved mainly in the perception of moving objects and
the processing of spatial information, and the latter in the
perception and processing of detailed sensory informa-
tion including the texture and color of objects. Psycho-
physical, electrophysiological, and functional brain imag-
ing studies employing visual stimulation such as a che-
ckerboard, gratings, and moving dots have been conduc-
ted to investigate the magnocellular pathway.

Dysfunction of the magnocellular system in DD has
been investigated primarily using visual evoked poten-
tials (VEPs) in electrophysiological studies. Transient
VEPs in response to a checkerboard or sinusoidal pattern
are characterized by a delay in the N75 and P100 latency
and/or a reduction in the N75-P100 amplitude [5-7]. Re-
cently, focusing on the contrast sensitivity of the magno-
cellular system, Vaegan and Hollows recorded steady-
state VEPs (ssVEPs) towards black-and-white sinusoidal
gratings generated at low spatial and high reversal fre-
quency and low contrast settings and demonstrated that,
compared with normal individuals, some DD patients
had poorer contrast sensitivity [8]. However, dysfunction
of the magnocelluar system in DD has rarely been inves-
tigated using functional magnetic resonance imaging (fMRI),
and no studies have used the stimulation identical or even
similar to that used by Vaegan and Hollows. It is therefore
unclear whether the reduced VEP amplitude seen in the
DD group originated from the magnocellular pathway defi-
cit or an incomplete synchronization of VEP responses.

A number of fMRI studies have investigated the source
of VEPs, and in studies reporting on transient VEPs, the
major waveforms of VEP like N75 and P100 were de-
rived from the primary visual cortex (V1) [9-11]. How-
ever, it was not clear if these waveforms were derived via
the magnocellular pathway, parvocellular pathway, or
both. The brain area responsible for ssVEPs has also
been investigated. For example, a positron emission to-
mography study by Pastor et al. has shown that V1 was
the source of ssVEPs generated in response to flicker
stimuli [12], while it is concluded that the lateral geni-
culate nucleus (LGN), V1, and the secondary visual cor-
tex (V2) were the source of checkerboard-induced VEPs
obtained via implanted electrodes [13]. In addition, V1,
visual area V5 (V5), and the visual area middle temporal
(MT) area were activated in a study using magnetoen-
cephalography (MEG) [14], whereas V1 and V2 were ac-
tivated in an fMRI study [15]. Furthermore, an electro-
encephalography (EEG) and fMRI study using Gabor
gratings has shown that the early and late components of
ssVEPs originated from V1 and V5, respectively [16].
These studies have suggested that these ssVEP compo-
nents reflect the magnocellular pathway. Against this
background, we hypothesized that concurrent ssVEP re-
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cording and fMRI analysis would provide detailed infor-
mation about responsive brain regions.

fMRI-EEG data accumulated from healthy individuals
over the last several years have shown a correlation be-
tween brain activity visualized on fMRI and the origin of
VEPs (the location of dipoles) and between VEP ampli-
tude and blood oxygenation level-dependent (BOLD) sig-
nals [17-19], indicating that more information can be
obtained from fMRI-EEG recordings than from fMRI
alone. Thus, concurrent study of fMRI-EEG should be
able to reveal if the stimulus used by Vaegan and Hol-
lows predominantly activates the magnocellular system.
A previous fMRI study of magnocellular dysfunction in
DD patients has shown reduced activity in V1 and MT
[20] whereas another study reported reduced activity in
the V5/MT area [21]. These studies also suggest that it is
possible to elucidate if the reduction in the VEP ampli-
tude observed by Vaegan and Hollows was caused by
reduced activity in a particular brain area, indicating the
source of VEP wave components.

In this study, we therefore performed fMRI-EEG con-
currently using black-and-white sinusoidal gratings with
low spatial frequency, low contrast, and high reversal
frequency to investigate whether the visual stimulus pre-
dominantly activates the magnocellular pathway. By also
including DD patients in the experiment, we sought to
reveal the nature of impaired visual information proces-
sing in DD.

2. Methods
2.1. Subjects

Twenty-two participants took part in this study: 2 men
aged 42 and 30 years old who had been diagnosed with
DD by a pediatric neurologist and 20 healthy individuals
(13 men and 7 women; mean age, 26.3 £ 5.53 years; paid
volunteers) without abnormal childhood development as
determined by interview or a history of neurological or
psychological disorder who served as controls (TYP
group). Eighteen subjects in TYP and 2 DD patients were
right-handed. All subjects provided informed consent to
participate in the study. This study was approved by the
Ethics Committee of the National Center of Neurology
and Psychiatry (NCNP), Tokyo, Japan (Approval number
XXXX-291).

2.1.1. Patient #1

Patient #1 (DD1) was a 42-year-old right-handed man
with no remarkable history related to birth, childhood de-
velopment, or family history. Although the patient be-
came aware of difficulty in reading and writing kana (hi-
ragana, katakana) and kanji (Chinese characters) early in
elementary school, he had never consulted a school nurse
or visited a medical institution. He graduated from public

JBBS



170 H. YAMAMOTO ET AL.

elementary and junior high schools after following the
normal curriculum and entered a vocational school. He
later became a licensed chef, but resigned from his job
due to a work-related problem. For the next 20 years he
worked part-time as a convenience-store clerk before be-
coming a certified care assistant at the age of 39 and
finding his current job at an elderly care facility. He ob-
tained a motorbike license and driver’s license by taking
the writing tests in kana.

He visited the NCNP hospital at the age of 41. He was
fluent in everyday conversation and was able to engage
in conversation with his physician about complex issues
(e.g., movement of the Tsuyu or Baiu front). Upon initial
examination, the patient scored poorly on the Wechsler
Adult Intelligence Scale (WAIS-III), with a full-scale 1Q
(FIQ) of 59, a verbal 1Q (VIQ) of 57, and a performance
IQ (PIQ) of 68. These low IQ scores were considered to
be the result of inadequate education. No abnormal find-
ings were observed on head MRI or EEG.

He was able to write simple kanji characters and create
an e-mail using a personal computer or cellphone. How-
ever, he occasionally had difficulty understanding if the
converted kanji were correct. The patient was not fluent
when reading a new sentence aloud because of poor
chunking and frequent repetitive reading. In addition, he
often skipped or misread words and characters. Results
of the Kanji reading and writing test placed the patient’s
writing ability at the first-grade level of elementary school
(age of 7 years old). Based on his past history and pre-
sent behavioral findings, including reading and writing
skills, the patient was diagnosed with DD.

2.1.2. Patient #2

Patient #2 (DD2) was a 30-year-old right-handed man
with nothing remarkable noted during his birth or deve-
lopment. However, his father had dyslexic tendencies.
During early childhood, the patient had mild language
delay but used much jargon. He started to use meaningful
words at the age of 18 months and phrases at 36 months,
and did not consult or receive treatment at a medical in-
stitution.

Although he studied a normal curriculum during the
six years of elementary school, he started to attend a
class for children with dysarthria when he was in the
fourth grade because of some speech intelligibility pro-
blems. In the sixth grade, he was started studying a spe-
cial curriculum once a week because of difficulty in
writing, and around the same time, he visited our depart-
ment. He was diagnosed with functional dysarthria upon
initial examination. His IQ was within the normal range,
with an FIQ of 100, VIQ of 95, and a PIQ of 91 on the
Wechsler Intelligence Scale for Children-Revised scale.
Head MRI and EEG findings were also within the normal
range. Because of poor ability to read aloud and write,
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the patient was diagnosed with DD.

After graduating from junior-high and high schools
after following the normal curriculum, he entered a vo-
cational school but dropped out as he was unable to keep
studying. Since then, he had been helping in his father’s
business. He had also been attending a regional support
center for independent living from the age of 26. At age
27, his WAIS-III test scores were FIQ 85, VIQ 92, and
PIQ 79, indicating that his IQ was in the normal range.
His daily conversation was smooth, with no signs of fun-
ctional dysarthria. He was able to read, but had relatively
severe writing difficulties. He was fluent when reading a
sentence aloud, but had a trouble with nonsense words.

Results of the Kanji test conducted at age 30 showed
that the patient’s writing skill was equivalent to the se-
cond-grader level in elementary school (age of 8 years old).

2.2. Task

All subjects completed the following tests and exami-
nations: 1) the Kanji test for fourth graders in elementary
school, 2) a hiragana reading test (continuous mora-by-
mora reading task, 4 syllable meaningful words reading
task, 4 syllable non-words reading task and short-sen-
tence reading task) in accordance with the diagnostic cri-
teria for DD [4], 3) a rapid automatized naming (RAN)
task [22], 4) phonological examination (mora deletion
test, mora reversal test), and 5) Raven’s Colored Progres-
sive Matrices (RCPM) as a non-verbal intelligence test.
Ophthalmologic screening examinations including visual
activity test and confrontation visual field test revealed
that each subject showed normal visual acuity and nor-
mal visual field.

Reversed patterns of black-and-white sinusoidal grat-
ings generated at a low spatial frequency (0.27 cycles per
degree; c/deg) were used specifically to stimulate the mag-
nocellular visual system [8] (Figure 1(a)). The reversal
frequency was fixed at 7.5 Hz (15 reversals per second)
and the mean luminance was 60 cd/m?, with two diffe-
rent contrast settings at 30% and 15%. To evaluate the
parvocellular mechanism, a checkerboard stimulus was
used at a visual angle of 10 minutes of arc and a low re-
versal frequency of 1 Hz (2 reversals per second) (Fig-
ure 1(b)). Presentation software (version 16; Neurobeha-
vioral Systems Inc, Albany, CA) was used for stimulus
delivery and data presentation.

A block design was used in the study. The experi-
mental stimulus was produced as stated above, and a
static image (i.e., without reversal presentation) was used
as the control stimulus. One trial consisted of 4 blocks of
alternate experimental and control stimuli (20 s each).
Each subject underwent 3 trials that corresponded to 3
different experimental conditions: 30% contrast stripes,
15% contrast stripes, and black-and-white checkerboard.
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Figure 1. Task and stimuli: (a) Reversal pattern of low spa-
tial frequency, high reversal frequency, and low contrast
black-and-white sinusoidal gratings. Contrast was set at
15% and 30%; (b) Checkerboard pattern; One experimen-
tal trial consisted of 4 blocks of one experimental stimulus
(moving image) and one control stimulus (static image) pre-
sented for 20 s each.

A point of fixation (a cross, 1 x 1 visual angle) was dis-
played on the screen and to maintain the subjects’ focal
point on the screen, they were instructed to press a button
when the color of the fixation point changed from red to
blue. During the trials, MRI recording was performed and
EEG was simultaneously recorded synchronized with the
stimulus onset was recorded.

2.3. Recording

EEG was performed using a BrainAmp cap (Brain Pro-
ducts, Gilching, Germany) and was digitally recorded
from a total of 32 channels that included the electrode
locations defined by the International 10 - 20 system and
additional locations in between (Fpl, Fp2, AFz, Fz, F3,
F4, F7, F8, Fcl, Fc2, Fc5, Fc6, Cz, C3, C4, T7, TS, CP1,
CP2, CP5, CP6, TP9, TP10, Pz, P3, P4, P7, P8, POz, Oz,
01, and O2) with the reference electrode on Fcz (Figure
2(a)). In this study, the sampling rate used was 5000 Hz
and the downsampling rate 1000 Hz.

100 150 200 250 300 350 400 450 ms

P9 P LC,P\I/NFJ P10 s
P7 s F)s 10
o POz i o
1 | A
"\/_\&g | 4|‘° ] M 15
: Oz M M 20
—_——_—1__..._1 0 50
(@ (b)

0.6
0.3

) ﬂ IL &H i
Sl ZN 5 A 8
T oy . — oy —

0+ g gl W 20 S BH EH GH 2 SH G 20 £H SN &N Q z0 W N EN ;= N
QQ\ QQW Q(\ Q'b Q(l) QD( Q%QOSQO\QC:’%O‘O ‘<,\ G”‘) IS ob‘ &/"o &,@ OQ‘J OQ\ Q& QQB&'& Q,(\ Q:’) Q’b Qb‘ Q%Qo(‘) o‘\) o\ 0'\»

@ contrast 30%
@ contrast 15%

Figure 2. EEG recording sites and VEP findings: (a) Grand averaged waveforms in the 30% contrast condition of the TYP
group. Prominent VEPs were generated centering on the occipital area; (b) VEP wave at the Oz electrode; (c) Mean ampli-
tude at the 31 electrodes generated at 30% and 15% contrast in the TYP group. No significant differences in amplitude were
observed between 30% and 15% contrast at the electrodes located to the left of the dotted line. At electrodes to the right of
the line (i.e, POz, Oz, O1, and O2), amplitude was significantly larger at 30% than 15% contrast (*p <0.05).
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Brain fMRI (35 slices) was conducted using the 3.0T
MRI scanner (Siemens, Verio) in an echo-planar imaging
(EPI) sequence (TR = 2500 ms, TE = 30 ms, FOV = 192
mm, voxel size =3 x 3 x 3 mm, and flip angle = 90°).
Head of each subject was kept with cushion apparatus or
soft pad and they viewed the projected images via a mir-
ror (7.5 x 13.5 cm) placed in front of the eyes.

2.4. Analysis

EEG data were sectioned into 500-ms segments after
offline removal of MRI and ballistocardiogram artifacts.
Ocular artifacts were also removed visually. Signal ave-
raging was performed at each electrode (max. 160 times).
EEG data were re-referenced offline to the mean voltage
of all electrodes. Fast Fourier transform (FFT) was used
to calculate amplitude (uV) at each electrode, and dif-
ferences in amplitude between condition and electrode
were analyzed using a two-way analysis of variance
(two-way ANOVA; 2 conditions x 31 electrodes) follow-
ed by multiple comparison analysis using Bonferroni’s
correction. BrainVision Analyzer 2 software (BrainPro-
ducts, Germany) was used to analyze the association be-
tween BOLD signals from the fMRI and FFT amplitudes.

In MRI analysis, the first five scans for each task were
excluded from the analysis because of the magnetic sa-
turation effect. A control stimulus (static image without
reversals) was used to establish the baseline contrast for

each experimental condition. Data from individual TYP
subjects were analyzed using the abovementioned con-
trast under each experimental condition, and as a group,
brain regions activated at 30% contrast, 15% contrast, or
both 30% and 15% contrast were determined. Significant
differences in signal intensity and in activated brain re-
gions were compared within and between conditions.
The DD patients were individually analyzed in the same
manner as the TYP subjects, and differences in active
brain regions under each condition were compared be-
tween the two groups using MATLAB (version 8.0;
MathWorks, Natick, MA) and SPMS8 software (Well-
come Department of Cognitive Neurology, London, UK)

3. Results
3.1. Behavioral Tests

The results of the hiragana reading test, RAN task, Kanji
test, and RCPM are shown in Table 1. Compared with
the TYP group, both DD patients required longer time to
complete the hiragana test, but DD2 showed a similar
time to read meaningful words or sentences. Scores of
RCPM stayed within the normal range in all subjects.

On the Kanji test, both DD1 and DD2 had a low ac-
curacy rate for writing (12.5% and 18.7%, respectively).
DD1 also had a low accuracy rate of 62.5% for kanji read-
ing, whereas kanji writing was normal (100%) in DD2.

Table 1. Behavioral test results.

TYP group (n =20) DD1 DD2
Age 26.3+£5.53 42 30
Kanji reading (accuracy rate, %) 99.83 £0.73 62.5 100
Kanji test
Kanji writing (accuracy rate, %) 98.82 +1.89 18.7 12.5
Mora (required time, sec) 20.24 £4.11 39.37 39.09
4 syllable words (required time, sec) 16.14 +3.29 59.55 23.82
Reading test (Kana)
4 syllable non words (required time, sec) 26.87 +7.40 83.36 54.39
3 sentences (required time, sec) 8.69+1.19 18.75 9.13
Digit and Objects 1 (required time, sec) 9.03+1.28 12.83 12.46
Digit and Objects 2 (required time, sec) 9.68 +1.73 13.01 13.15
RAN
Digits (required time, sec) 594+1.14 9.95 14.12
Objects (required time, sec) 12.52 +2.71 16.46 16.7
4 mora delete task (response time, sec) 1.36 £ 0.59 9.82 3.1
S mora delete task (response time, sec) 1.69 +£0.79 4.36 4.05
Phonological test
3 mora reversal task (response time, sec) 2.03+1.03 5.25 7.34
4 mora reversal task (response time, sec) 4.32+245 16.18 10.33
RCPM (Correct score) 32.31+3.55 32 33

Data from the TYP group are means and standard deviations (M + SD); RAN: rapid automatized naming; RCPM: Raven’s Colored Progressive Matrices.
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3.2. Task-Related Behavioral Indices

As shown in Figure 3, the accuracy rate for button-
pressing during stimulus presentation did not differ sig-
nificantly between TYP subjects (ANOVA, F(2, 57) =
2.68, ns). Even DD2 had an accuracy rate above 80%,
and it was considered that both patients kept alertness
during the fMRI tasks.

3.3. VEP

In the TYP subjects, prominent ssVEPs were generated
in response to reversed patterns of black-and-white sinu-
soidal gratings (Figure 2(a)). Signal averaging was
129.65 £ 16.59 times for 15% contrast condition and
124.35 £ 24.66 times for 30% contrast condition (Table
2). A two-way ANOVA of amplitude differences re-
vealed significant main effects of condition and electrode
and a significant interaction (condition, F(1, 19) = 20.15,
p < 0.000; electrode, F(30, 570) = 31.71, p < 0.000; and
interaction, F(30, 570) = 11.77, p < 0.000). Post-hoc tests
showed that amplitude at the POz, O1, O2, and Oz elec-
trodes was significantly larger at 30% contrast than at
15% contrast (p < 0.05). Among these 4 electrodes, amp-
litude at Oz, O1, and O2 was significantly larger than
that at POz at 30% contrast (p < 0.05), and amplitude at
Oz was also significantly larger than that at POz at 15%
contrast (p < 0.05). A representative waveform observed
at Oz electrodes of 1 subject in the TYP group is shown
in Figure 2(b). At Oz where the largest difference in
amplitude between the two contrast conditions was ob-
served, the amplitude in the DD patients was smaller
than the mean amplitude in the TYP group (Figure 4,
Table 2).

In VEP under the Parvo condition, all subjects had a
prominent P100 wave (Figure S). In the TYP group, the
P100 latency was 106.85 + 8.57 ms and mean amplitude
was 10.51 £+ 5.82 pV, compared to the DD patients (DD1:
102 ms and 10.7 pV; DD2: 107 ms and 7.0 pV), with no
significant difference between the two groups (Table 2).

3.4. fMRI

The left superior occipital gyrus, right lingual gyrus, and
right cuneus were activated in response to reversed pat-
terns of black-and-white sinusoidal gratings at 30% con-
trast (Figure 6(a)) as well as at 15% contrast (Figure
6(b)). A comparison of the data obtained at 30% and
15% contrast revealed that the V1 - V5/MT area was the
common brain area activated under the two conditions
(Figure 6(c), Table 3).

The brain area activated at 15% contrast was smaller
than the area activated at 30% contrast, and the intensity
of activation at 15% contrast was relatively lower than
that seen at 30% contrast. Signal intensity in each acti-
vated brain area was higher at 30% than at 15% and was

Copyright © 2013 SciRes.
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Figure 3. Task accuracy in the TYP group, accuracy rates
were similar and no significant differences between tasks
were observed.

Table 2. EEG data.

TYP DD1 DD2

Averaging times | ,g cs 1659 111 123

Contrast (n)
15% '
° Amplitdevalue o5 2011 002 0.04
a. 1v)
SS-VEP Averaging imes 1,4 354 7466 116 126
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a: ssVEP amplitude in the bandwidth corresponding to the stimulus used
under each condition and the number of signals averaged; b: P100 latency
and amplitude in the two DD patients and TYP group. Latency and amp-
litude in both patients were within the deviation of the TYP group.
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Figure 4. VEP amplitude value determined by FFT analysis
at the Oz electrode ssVEP amplitude in the bandwidth cor-
responding to the stimulus used under each condition. In
both DD patients, the amplitude obtained at 30% was high-
er than that obtained at 15%.
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Figure 5. P100 waveform of the checkerboard stimulus con-
dition at the Oz electrode P100 components in the TYP
group and DD patients obtained under the parvocellular
condition. P100 waveform in the TYP group was signal ave-
raged. In both groups, the N75 (A) and P100 (V) com-
ponents were prominent.

significantly different in the right lingual gyrus (t(19) =
=5.77, p < 0.000; MNI coordinates, 16, =72, 0, t(19) =
—4.98, p < 0.000; MNI coordinates, 12, —58, 4) (Figures
7(a) and (b)).

Activity in the primary visual cortex at 30% contrast
was poor in both DD patients compared with TYP subjects
(Figures 7(a) and (b)). In DD1, activity was detected in
the right thalamus-anterior culmen (Figure 8, Table 4).

4. Discussion

In this study, we generated almost the same visual stim-

(b)

uli to those used by Vaegan and Hollows (low-contrast
black-and-white sinusoidal gratings with low spatial and
high reversal frequency) and performed fMRI-EEG. Pro-
minent ssVEPs were observed in the control subjects and
FFT amplitudes were higher at 30% contrast than at 15%
contrast. This result is comparable with the findings of a
previous study in which stimulus contrast was linearly
correlated with VEP amplitude [23,24]. On the other
hand, in both DD patients, VEPs were low and did not
differ with the change in contrast. fMRI analysis in the
TYP group revealed brain activity in a large area from
V1 to V2, V3, and V5, which was significantly higher at
30% than 15% contrast. This result was again compa-
rable with a previous study reporting a linear correlation
between BOLD signals and stimulus contrast [25].

The increase in VEP amplitude due to a change in
contrast was observed mainly in the occipital region (Oz)
of the brain with reference to the parietal-occipital region
(POz). Based on the brain regions activated in fMRI and
EEG recording sites under the different contrast condi-
tions, we conclude that the present stimulus predomi-
nantly elicited the response of the magnocellular system
in the primary visual cortex.

In addition to V1, V2 was also widely activated in the
present fMRI analysis, suggesting that the source of
VEPs might have not been only V1 but also other regions.
However, concurrent VEP recordings of 32 channels
showed the largest amplitude was generated in the vi-
cinity of Oz. The location of Oz is equivalent to the V1
region, and VEP amplitude generated at EEG electrode
sites corresponding to other areas of the visual cortex,
such as POz, were lower than the amplitude at Oz. This
strongly suggests that the VEPs elicited by the present
stimuli originated in V1 centering on the magnocellular
pathway.

Figure 6. Significant activation in each condition for the TYP group: (a) Result of group analysis using 30% contrast. Ac-
tivation was observed in the V1 - V5 area; (b) Result of group analysis using 15% contrast. Intensity and area of activation
were smaller than those obtained at 30%; (c) Activation was observed centering on the right lingual gyrus under both the
30% and 15% contrast conditions (P < 0.001 uncorrected, K > 200, (p < 0.05 FWE)).

Copyright © 2013 SciRes.
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Figure 7. Signal intensity in each condition at the right lingual gyrus: (a), (b) Signal changes (%) in the right lingual gyrus.
Activity was higher at 30% than at 15%. In DD1 (o), activity was lower at 30% than 15%, while activation in DD2 (A) was

similar to that observed in the TYP controls.

Figure 8. Significant activation in the 30% contrast con-
dition for DD1 Brain areas activated in response to 30%
contrast in DD1 were the thalamus and anterior culmen (P
< 0.001 uncorrected, K> 300(p < 0.05 FWE)).

Previous studies have shown that the ssVEP compo-
nents derived from V1, V2, and V5 [13-16]. Similarly,
the present visual stimuli clearly activated V1, V2, a part
of V3, and V5/MT. However, even though V5/MT was
activated, activation was much greater in the V1 region,
and as stated earlier, the largest amplitude was observed
at Oz, corresponding to the V1 region. In other words,

Copyright © 2013 SciRes.

the visual stimulus used by Vaegan and Hollows predo-
minantly activates the V1 region and provokes VEP com-
ponents originating in V1. Vaegan and Hollows mea-
sured contrast sensitivity using 5 different contrasts (5%,
10%, 20%, 30%, and 50%) with fixed reversal and spa-
tial frequencies and fixed brightness. They observed re-
duced or poor contrast sensitivity in pediatric DD pa-
tients. In the present study, we used two different con-
trast conditions (15% and 30%) because we had hypo-
thesized that the use of contrast lower than 30% would
allow us to measure the contrast threshold more thorou-
ghly via not only VEP amplitude, but also fMRI signals.
VEP amplitude was reduced and activation of the vi-
sual cortex was impaired on fMRI analysis in the present
DD patients. These findings suggest that the reduction in
the VEP amplitude was largely due to dysfunction of the
brain region responsible for the activation. Given the ex-
perimental results of Vaegan and Hollows and the pre-
sent fMRI-EEG findings, it is possible that inactivation
and dysfunction of the magnocellular visual pathway in
DD patients starts in childhood. The P100 VEP com-
ponent in our DD patients was similar to that in the TYP
subjects, suggesting that the parvocellular pathway was
relatively normal in these patients. Activation of the vis-
ual cortex and VEP amplitude are reported to be influ-
enced by attention levels [26,27]. However, the accu-
racy for tasks in the present study was satisfactory, in-
dicating that attention was well maintained by all subjects. It
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Table 3. Activation area in each condition for the TYP group.

Condition Region X N;NI z T (clus tfe(r size)
L. Superior Occipital Gyrus (BA18) —-14 -92 32 12.10 5403
A. 30% contrast R. lingual gyrus (BA 17) 12 =72 2 8.86
R. Superior Occipital Gyrus (BA18) 18 —88 28 8.75
R. Superior Occipital Gyrus (BA18) 22 -92 26 7.55 1313
B. 15% contrast R. lingual gyrus (BA 18) 12 =72 0 6.88
R. cuneus (BA17) —4 -74 -2 5.76
R. lingual gyrus (BA18) 16 =72 0 5.77 884
C: comumon activated regions R lingual gyrus (BA19) 18 68 -10 551
R. lingual gyrus (BA17) 12 -58 4 4.98
L: left, R: Right, MNI: Montreal Neurological Institute coordinates.
Table 4. Activation area in the 30% contrast condition for DD1.
Region X M;V ! z T (clustfr size)
R. Cerebellum, anterior culmen -6 -32 -8 5.38 724
L. Cerebellum, anterior culmen 8 =32 -8 5.09
R. Brainstem, midbrain, thalamus 18 -26 -10 4.00

is likely therefore that the magnocellular visual pathway
is impaired in the DD patients, resulting in the patholo-
gical manifestations of dyslexia.

Boden and Giaschi have proposed several hypotheses
regarding the involvement of the magnocellular visual
system in reading disorders [28], including the contrast
sensitivity deficits, position encoding deficits, ocular
deficits, visual selective attention deficits, and parafo-
veal/foveal interaction deficits. Boden and Giaschi also
stated that some of these hypotheses have yet to be cor-
roborated, and some of the hypothesized causes may in
fact not be probable. The contrast sensitivity deficit hy-
pothesis proposes that reading disorders are caused by a
reduction in contrast sensitivity, while the position en-
coding deficit hypothesis proposes that they are the result
of confusion over strings of characters because the dis-
covery of words and focusing of attention required for
reading are insufficient. In the ocular deficit hypothesis,
gaze saccade to a string of characters is impaired due to
dysfunctional eye movement, or a decline in saccadic
suppression causes visual images to blur. On the other
hand, the visual selective attention deficit hypothesis
proposes that reading impairment develop because of
abnormal shifts in the visual spatial attention needed to
shift central vision from one string of characters to an-
other. The parafoveal/foveal interaction deficit hypo-
thesis focuses on near central vision. Character recog-
nition requires the integration of information from both
the magnocellular and parvocellular pathway. The mag-
nocellular system is involved in near central vision,

Copyright © 2013 SciRes.

through which the characters in a word and the morpho-
logical features of it are recognized, and the information
is combined with information from central vision via the
parvocellular system. This hypothesis proposes that read-
ing is impaired because of reduced superiority of near
central vision.

Reading impairment in DD may be caused by one or a
combination of the abovementioned hypotheses. Because
we used sinusoidal gratings as a visual stimulus in the
present study, it is unlikely that inattention to characters
or saccade-related disorders were involved. Our results
indicate that the contrast sensitivity deficit and the pa-
rafoveal/foveal interaction deficit hypotheses are the
most likely explanations for our DD patients’ reading im-
pairment. However, according to Boden and Giaschi,
contrast abnormality is regarded as being mild in DD
because of the high contrast between strings of characters
and the background. Because of the low contrast settings
(15% and 30%) used in the present study, we hesitate to
connect the present results with the contrast sensitivity
deficit hypothesis. Although the impaired processing of
near central vision appears to have been the main cause
in the present DD patients, the magnocellular deficit the-
ory involves a complex set of factors. It is therefore ne-
cessary to the present visual stimulus at higher contrast
settings to elucidate the involvement of the contrast sen-
sitivity deficit hypothesis.

Unlike healthy individuals, the right thalamus and the
anterior surface of the cerebellum were activated in DDI.
DD has never been investigated using a stimulus similar
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to that used in this study. However, functional brain im-
aging performed during a phonological manipulation task
showed impaired activation in the right thalamus [29,30].
These results may be relevant to the present ones despite
many differences in the experimental design of the stud-
ies.

To conclude, in this study, the magnocellular visual
pathway was activated predominantly by a reversal of
black-and-white sinusoidal gratings generated at low
spatial frequency, high reversal frequency, and low con-
trast. Using the same stimulus, we plan to perform
FMRI-EEG of pediatric DD patients and healthy control
children to elucidate the mechanism by which the mag-
nocellular system is impaired in pediatric DD.
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