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Abstract

In adults, the onset of coherent motion compared to random motion in a random dot kinematogram leads to a right hemispheric
amplitude advantage of the N2 response. The source of this asymmetry is believed to lie in the motion selective MT+ cortex.
Here, we tested whether the right tempo-parietal N2 component shows a similar regularity in children. In particular, we were
interested in whether coherent vs. incoherent motion modulates the amplitude of N2 similarly in dyslexic and control children.
We found higher N2 amplitude for coherent compared to random motion in the right hemisphere for controls but not for
dyslexics. This effect was related to topographical differences of N2 amplitude for random motion between the studied groups
and was accompanied by longer reaction times to random motion in dyslexic compared to control children. Furthermore, a
negative correlation between the amplitude of N2 for random motion and spelling errors was observed in both groups, which is
consistent with previous findings linking the magnocellular-dorsal (MD) pathway with orthographic skills. These data support
the hypothesis of subtle deficiencies in the MD pathway in dyslexia.

Introduction

One causal hypothesis of developmental dyslexia sug-
gests a specific deficit in the magnocellular-dorsal (MD)
pathway responsible for visual and auditory processing.
In vision, the magnocellular-dorsal pathway projects
from the inferior layers of the lateral geniculate nucleus,
to layer IVCa in the primary visual cortex, and domi-
nates the response of neurons in motion selective cortex,
MT (Maunsell, Nealey & DePriest, 1990; Wandell,
1995).

In support of this hypothesis, a number of investigators
have found deficiencies in a psychophysical test often used
to assess MD pathway (visual coherent motion detection)
among dyslexic readers (e.g. Cornelissen, Richardson,
Mason, Fowler & Stein, 1995; Talcott, Witton, Hebb,
Stoodley, Westwood, France, Hansen & Stein, 2002).
However, there are also studies that failed to show such
differences between dyslexic and control groups (e.g.
Edwards, Giaschi, Dougherty, Edgell, Bjornson, Lyons &
Douglas, 2004; White, Milne, Rosen, Hansen, Swetten-
ham, Frith & Ramus, 2006). The majority of the mea-
surements testing the MD hypothesis (e.g. coherent

motion, contrast sensitivity, velocity discrimination) are
behavioral, with no direct relation to the underlying
neurophysiological mechanisms in the MD pathway.
These behavioral measurements might not be sensitive
enough to assess the hypothesized MD deficit in dyslexia
and it is impossible to confidently determine that a
particular behavioral task is limited entirely by the signals
within the MD pathway (Ben-Shachar, Dougherty,
Deutsch & Wandell, 2007; Skottun & Skoyles, 2008).
Hence, physiological measurements that reliably probe
the magnocellular pathway are necessary in order to
obtain a more brain-based account of the deficit.

So far only a few studies have been carried out to
elucidate the neural basis of the MD pathway deficit in
dyslexia. Anatomical evidence from post-mortem
examinations has described a significant difference in the
size of magnocellular neurons in the lateral geniculate
nucleus (LGN) (Galaburda & Livingstone, 1993;
Livingstone, Rosen, Drislane & Galaburda, 1991). fMRI
studies have indicated abnormal responses in dyslexics to
motion in the MT ⁄ V5 complex (Ben-Shachar et al., 2007;
Demb, Boynton & Heeger, 1997, 1998; Eden, VanMeter,
Rumsey, Maisog, Woods & Zeffiro, 1996). Eden et al.
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suggested that MT+ was unresponsive in a group of five
dyslexic adults. In contrast, Demb et al. (1997, 1998)
showed that MT+ responded, but these responses were
weaker in six dyslexic adults compared to normal con-
trols. Additionally, Vanni, Uusitalo, Kiesil� and Hari
(1997) performed an MEG study and also found a
responsive MT+ in six adult dyslexics, but with different
latencies from controls. Finally, Ben-Shachar et al. (2007)
showed that contrast responsitivity in MT+ was corre-
lated with phonological awareness.

Until now, only two electrophysiological studies have
employed a coherent motion paradigm in dyslexics
(Schulte-Kçrne, Bartling, Deimel & Remschmidt, 2004;
Scheuerpflug, Plume, Vetter, Schulte-Koerne, Deimel,
Bartling, Remschmidt & Warnke, 2004). Schulte-Kçrne
et al. recorded visual evoked potentials (VEP) in dyslexic
and control children to incoherent motion and to three
types of coherent motion, in which 10, 20 or 30% of dots
moved in a coherent way. They revealed differences in the
late positive component (P500) of the VEP to coherent
motion, with lower amplitude in posterior electrodes in
the dyslexic compared to control group. They found no
differences between groups when analyzing early positive
components (P100 and P200) to incoherent motion.
Scheuerpflug et al. (2004) measured P500 in Global Field
Power to coherently moving dots and found no differ-
ences between dyslexic and control children. However, as
the authors (Schulte-Kçrne et al., 2004; Scheuerpflug
et al., 2004) did not provide behavioral results, averaging
potentials from both correct and incorrect trials might
have partially accounted for these negative findings. It
also seems unclear why the authors analyzed compo-
nents as late as P500, as prior studies have shown that an
electrophysiological correlate of visual motion processing
can be found much earlier. Analyzing effects around
300–800 ms seems rather late for the involvement of
basic visual processing stages (Heinrich, 2007).

Most studies trying to distinguish which ERP com-
ponents are related to visual motion processing
have pointed to the N2 component (Kuba, Kubov�,
Kreml�cek & Langrov�, 2007), a transient negativity
occurring at about 200 ms in the VEP. In most of the
studies, N2 was triggered by the onset of a coherent
motion and its neuronal source was found in the MT ⁄ V5
area (Probst, Plendl, Paulus, Wist & Scherg, 1993; Nie-
deggen & Wist, 1999). In healthy adults, it was found
that in a random dot kinematogram the onset of
coherent motion (i.e. correlated motion of pixels) led to a
right hemispheric N2 amplitude advantage when com-
pared to the onset of random motion (i.e. uncorrelated
motion of pixels) (Patzwahl, Zanker & Altenmuller,
1994; Niedeggen & Wist, 1999). In these studies a later-
alization of N2 was found even though the stimuli were
presented centrally. Delon-Martin, Gobbele, Buchner,
Haug, Antal, Darvas and Paulus (2006), using more
channels than their predecessors, confirmed results of a
higher amplitude of N2 in the right hemisphere to
directional motion. These authors also established the

source of this asymmetry in the areas of the visual cortex,
including the MT ⁄ V5 complex.

As the above-mentioned electrophysiological studies
were performed on adults, it seems interesting to deter-
mine whether we can find similar asymmetries in chil-
dren, even at a lower signal-to-noise ratio in the coherent
motion condition (i.e. coherent motion embedded in
noise). We decided to use an analogous paradigm as
employed in the coherent motion detection tasks used to
study behavioral MD pathway deficits in dyslexia (e.g.
15% of coherent motion embedded in random motion).
Importantly, since the source of the N2 component is
believed to lie within the MT ⁄ V5 cortex, it is worth
examining whether the amplitude of N2 will be similarly
modulated by the type of motion in dyslexic children (in
whom a specific deficit in MD pathway is hypothesized).
As previous psychophysical studies pointed specifically
to orthographic abilities (Sperling, Lu, Manis &
Seidenberg, 2003; Talcott et al., 2000; Witton, Talcott,
Hansen, Richardson, Griffiths, Rees, Stein & Green,
1998) or phonological awareness (Ben-Shachar et al.,
2007) as related to MD processing, we investigated cor-
relations between the amplitude of N2 to coherent and
random motion and reading, orthographic and phono-
logical measures.

Method

Participants

Thirty-two children, 16 with dyslexia and 16 controls,
were selected from several primary schools and tested
(see Table 1). The children and their parents gave
informed consent to their participation in the study.
None of the participants had a history of neurological or
emotional disorders. All were right-handed and had
normal hearing and normal or corrected-to-normal
vision. IQ was assessed using the WISC (Wechsler, 1991).
The dyslexic children had all previously received a
diagnosis of dyslexia from educational psychologists and
were selected in a way that their reading and writing
scores were more than 2 SD below the grade level as
measured by the Straburzyńska and Śliwińska (1992) test
(the most reliable tool for evaluating reading and writing
skills in Polish populations). The children with dyslexia
were not only slower in reading (the criterion for
grouping) but also attained lower scores in phonological
tests (Polish batteries using words; Koźniewska &
Matuszewski, 2003; and pseudowords; Bogdanowicz,
2009). The two groups did not differ in either IQ or age.

Stimuli

The stimuli comprised a square patch containing 200
randomly arranged white dots on a black background.
At the viewing distance of 70 cm the patch of dots cor-
responded to a visual angle of 8.5 · 8.5� (brightness of
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the dots: 86 cd ⁄ m2; angular velocity of the dots: 5 deg ⁄ s;
size of each dot: 0.1� visual angle). Each dot had a lim-
ited lifetime of 100 ms after which it would disappear
and then reappear again at a random location within the
stimulus patch. The dots could move either incoherently
(Brownian motion) or in a coherent way (depending on
the level of coherence, 5%, 15%, or 30% of the dots were
moving in the same direction, to the left or to the right
side). It resulted in four different conditions (i.e., 0, 5, 15
or 30% of coherently moving dots). Stimuli generated in
Matlab were presented on a PC-controlled Cambridge
Research Systems (CRS) ViSaGe stimulus generator,
connected to a 21-inch SONY GDMF500 CRT-monitor
(Michna & Mullen, 2008).

Procedure

Each of the four conditions was presented on the screen
35 times. The direction of motion and the level of
coherence (0, 5, 15 and 30%) were presented pseudo-
randomly, with no more than three consecutive trials
with the same condition. The trial included showing the
patch of moving dots for 750 ms, which was then
replaced by a fixation lasting 2000 to 2500 ms. To ensure
that children really did perceive coherent or random
motion, three answers were possible instead of the usual
two in a forced-choice task.

Children had to respond using a three-button infra-red
response pad, and indicate which direction of coherent
motion (left or right) they had perceived by pressing the
appropriate left or right button, or in the case of random
(incoherent) motion they had to press the middle button.
Each child underwent a practice session involving 12
trials with each condition being presented three times.
Children obtained feedback after each trial in the prac-
tice session. There was no feedback in the experimental
session. Accuracy and reaction times were measured.

EEG recordings

EEG was continuously recorded from 30 scalp sites, plus
two electrodes placed on the mastoids, using a 136-
channel amplifier (QuickAmp, Brain Products, Enschede,
the Netherlands) and BrainVisionRecorder� software
(Brain Products, Munich, Germany). Ag-AgCl electrodes

were mounted on an elastic cap (ActiCAP, Munich,
Germany) and positioned according to the 10–20 system.
Electrode impedance was kept below 5 kX. The EEG
signal was recorded against an average of all channels
calculated by the amplifier hardware. The sampling rate
was 1000 Hz.

Data analysis

Behavioral data

Responses were scored as correct if the appropriate key
was pressed within a 300–2000 ms period after stimulus
onset. Pressing the wrong key or pressing no key at all
was treated as an incorrect response. In the statistical
analyses we included only responses from correct trials.
Two repeated measures ANOVAs were used to analyze
the data. The first one aimed to compare different
coherent motion conditions (four levels: 0, 5, 15 and 30%
of coherently moving dots) in the two groups studied.
The second ANOVA aimed to compare two types of
motion, i.e. coherent (all conditions collapsed) vs. inco-
herent, in the two groups studied. The latter was per-
formed to enable comparisons between the present and
the previous studies. T-tests with Bonferroni correction
for multiple comparisons were applied in post-hoc
analyses.

VEP analysis

Off-line analysis of the EEG was performed using BESA
5.18 software (MEGIS Software, Munich, Germany).
The data were band-pass filtered from 0.1 to 30 Hz (zero
phase) off-line. Eye-blink artifacts were identified with a
template-based method and corrected using the adaptive
artifact correction method (Ille, Berg & Scherg, 2002).
Next, the EEG was segmented to obtain epochs
extending from 100 ms before to 400 ms after stimulus
onset (baseline correction from )100 to 0 ms). It is
worth noting that we analyzed only the trials in which
subjects correctly recognized motion as coherent (cor-
rectly indicating the direction of motion) or random.
Trials containing artifacts other than eyeblinks, identi-
fied as having voltage amplitudes greater than € 90 lV,

Table 1 Characteristics of the normally reading and the dyslexic samples

Dyslexics (n = 16;
9.2–11.7 years; 4 girls)

Controls (n = 16;
9.5–10.8 years; 6 girls) Dyslexics vs. Controls

M SD M SD t-test

Age (years) 10.3 0.9 9.11 0.4 ns
IQ 106 9 112 14 ns
Reading time 93 53 28 7 p < .001
Correct words per minute 33 6 84 18 p < .001
Reading errors 4 2 1 1 p < .001
Spelling errors 12 6 5 3 p < .001
Phonological battery – words 32 6 43 9 p < .001
Phonological battery – pseudowords 58 8 69 7 p < .001
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were removed before averaging. Finally, the EEG was
re-referenced to the mean of the recordings from the left
and the right mastoids.

In order to prevent the loss of statistical power of the
ANOVA, we analyzed the VEP in three regions of
interest instead of in all 30 electrodes. We selected nine
posteriorly located electrodes, where the N2 is typically
evaluated (Kuba et al., 2007) and pooled them into three
regions: left tempo-parietal region (T7, CP5 and P7),
occipital region (O1, O2 and Oz) and right tempo-pari-
etal region (T8, CP6 and P8). Peak amplitudes and
latencies were analyzed in the time window where the N2
component was visible on the grand-average VEPs – the
interval between 180 and 240 ms after stimulus onset.
The Greenhouse-Geisser correction was applied when
evaluating effects with more than one degree of freedom
in the numerator. T-tests with Bonferroni correction for
multiple comparisons were applied in post-hoc analyses.
The results are reported with significance at p < .05.

Results

Behavioral data

The first ANOVA, which compared accuracy rates for
the four conditions of motion (0, 5, 15 and 30%),
revealed a significant main effect of Condition (F(3,
28) = 76.4, p < .001, see Figure 1A). The responses were
more accurate for higher percentages of dots moving
coherently (30 and 15 compared to 5% – p < .001, 30 and
15 compared to 0% – p < .001 and p < .01, respectively).
The detection of 5% of coherent motion, however, gen-

erated more errors than random motion detection
(p < .001). No significant differences in the accuracy rate
were found among the groups studied. Similarly, for the
reaction times a significant main effect of Condition was
observed (F(3, 28) = 67.2, p < .001, see Figure 1B). RTs
were shorter for 30 than 5, 30 than 0, 15 than 5, 15 than
0, 5 than 0 (with p < .001) while the difference between
30 and 15 (shorter RT for 30 than 15) was marginally
significant (p = .09). There was a trend for larger reac-
tion times in dyslexic compared to control children (F(1,
30) = 3.8, p = .059). Another trend was seen for an
interaction between Group and Condition factors (F(3,
90) = 2.7, p = .065). Dyslexic children responded
significantly slower than controls only when random
motion (0% of coherence) was presented (p > .05), while
there were no significant differences between the groups
for the three other coherent motion conditions.

In the next step, the coherent motion conditions were
averaged and compared with random motion. No
significant differences in the accuracy rate were found
between these two types of motion (p > .5). The groups
that were studied obtained similar accuracy rates (see
Figure 1C). The only differences were visible in the RTs
(see Figure 1D). ANOVA carried out on the RTs
revealed the main effects of Condition (F(1, 30) = 55.9,
p < .001) and Group (F(1, 30) = 6.13, p < .05), as well as
the Group · Condition interaction (F(1, 30) = 4.71,
p < .05). RTs to coherent motion were shorter than to
random motion. Moreover, the control children generally
responded faster than the dyslexic children, but
this difference was significant only in case of random
motion (p < .01) as revealed by the Group · Condition
interaction.

(A) (B)

(C) (D)

Figure 1 Mean accuracy rates and reaction times (RTs) with standard deviations to four motion conditions (A and B) and to random
and coherent motion (C and D) in dyslexic and control children.
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Electrophysiological data

Figure 2 shows the grand average VEPs to two types of
motion in control and dyslexic children. A repeated
measures ANOVA on peak amplitude in the time period
encompassing the N2 component revealed a significant
main effect of Region (F(2, 29) = 36.5, p < .001). Post-
hoc tests revealed that N2 had a larger amplitude (was
more negative) in the RT and LT regions than in the OC
region (at p < .001 for both comparisons). Importantly,
a significant three-way interaction of Type of motion ·
Region · Group (F(2, 29) = 8.3, p < .005) was revealed.
No other effects or interactions were found. To explain
the interaction obtained, follow-up repeated measures
ANOVAs were performed for each region, each studied
group and each type of motion separately.

We conducted three ANOVAs, one for each region,
with group as the between-subjects factor and type of
motion as the within-subjects factor. In the right tempo-
parietal region, a significant interaction of Group · Type
of motion was revealed (F(1,3 0) = 11.23, p < .005).
Follow-up pairwise comparisons revealed a significant
difference between random and coherent motion for
control children (i.e. higher amplitude of N2 for coherent
than random motion, p < .01) but not for dyslexic chil-
dren. No significant effects or interactions were observed
for the left tempo-parietal and occipital regions.

In control children a significant factor of Region (F(2,
14) = 10.0, p < .001) and a Type of motion · Region
interaction were found (F(2, 14) = 7.4, p < .01). Post-hoc
analyses showed that in the RT region coherent motion
elicited higher amplitude of N2 than random motion

Figure 2 Grand average VEPs to random and coherent motion in the three regions of interest analyzed in control and dyslexic
children.
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(p < .01; see Figure 3A and C). Moreover, the amplitude
of N2 differed significantly between the regions analyzed.
For the random motion, the N2 amplitude was higher in
the RT than in the OC region (p < .05) and higher in the
LT than in the OC region (p < .01). For the coherent
motion, in turn, the N2 amplitude was higher in the RT
than in the LT and OC regions (p < .05 and p < .001,
respectively) and higher in the LT than in the OC region
(p < .005). In dyslexic children only a main effect of
Region was found (F(2, 14) = 28.6, p < .001). N2
amplitude was higher in the RT than in the LT and OC
regions (p < .001 for both comparisons). In contrast to
controls, however, there was no difference in the N2
amplitude between two types of motion in any of the
analyzed regions (no significant interaction Type of
motion · Region, see Figure 3B and D).

Separate ANOVA for random motion revealed a sig-
nificant Region · Group interaction (F(2, 29) = 5.5,
p < .01). In controls the differences in the N2 amplitude
between the regions analyzed were smaller (RT > OC –
p < .05 and LT > OC – p < .01) than in dyslexic children
(RT > OC – p < .001 and LT > OC – p < .001). No
differences were revealed for coherent motion.

Repeated measures ANOVA on peak latencies, in turn,
did not reveal any significant factors or interactions.

Correlations with behavioral data

Finally, we investigated whether the N2 amplitude in the
RT region for the two types of motion correlated
significantly with individual scores in the following

reading ⁄ phonological tests: correct words per minute,
reading time, phonological battery – words, phonological
battery – pseudowords, reading errors and spelling
errors. We found a significant negative correlation
between N2 amplitude in the RT region for random
motion and spelling errors (see Figure 4) for both
groups (r = )0.58, p < .001) and for each group (dys-
lexics – r = )0.63, p < .01; controls – r = )0.56,
p < .05). No other significant correlations were revealed.

(A) (B)

(C) (D)

Figure 3 Peak amplitudes of the N2 component in three regions of interest in (A) control and (B) dyslexic children and the
topography of the N2 difference potential (random minus coherent motion) in (C) control and (D) dyslexic children. Error bars
represent SEM. * p < .01.

Figure 4 Correlation between the N2 amplitude in the right
tempo-parietal region for random motion and spelling errors.
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Discussion

The focus of the present study was to examine in children
the differential electrophysiological response related
to the perception of coherent vs. random motion as
measured by the amplitude of N2 motion onset VEP
component. Previous studies in adults show a right
hemispheric advantage in N2 amplitude of VEP to
coherent when compared to random motion. We inves-
tigated whether children show a similar pattern of VEP
responses. We were specifically interested in whether
dyslexic children, whose reading difficulties are said to
stem from a specific MD pathway deficit, would show a
right hemispheric N2 amplitude modulation dependent
on the type of motion.

The behavioral differences found between the groups
studied were restricted to longer RTs to random motion
in dyslexic compared to control children. There were no
between-group differences in RTs to coherent motion.
Even at a very low signal-to-noise ratio (i.e. 5% of
coherence) accuracy rates and reaction times were sim-
ilar. The only behavioral measure that was significantly
different between the groups studied was the time
needed for the decision that the displayed motion was
random. Based on the pattern of RT results, we can
hypothesize that when children viewed the motion
stimuli, at first they looked for coherence and tried to
establish its direction, and only when they were unable
to do so did they decide on random motion. The
detection of random motion might be generally more
difficult than detection of coherent motion, since the
former occurs only after one rejects the hypothesis of
coherent motion. It might create an uncertain situation,
which might have affected reaction times in dyslexic
children.

On the electrophysiological level, we analyzed the
motion-related N2 component whose source lies within
the MT+ cortex. In agreement with previous studies on
healthy adults (Patzwahl et al., 1994; Niedeggen &
Wist, 1999), control children in our experiment showed
N2 amplitude differences between random and coherent
motion. Coherent motion elicited higher N2 amplitude
than random motion in the right tempo-parietal region.
Similar results were also revealed in healthy adults
using fMRI. Coherent motion when compared to ran-
dom motion induced stronger responses in the anterior
part of right MT+ area (Braddick, O’Brien, Wattam-
Bell, Atkinson, Hartley & Turner, 2001; Becker, Erb &
Haarmeier, 2008). The preference of the motion-
sensitive MT cortex for coherent motion is also well
established in animal studies of macaques’ brain (e.g.
Britten, Newsome, Shadlen, Celebrini & Movshon,
1996).

In dyslexic children, in contrast to controls, coherent
motion elicited an N2 component whose amplitude was
similar to the one elicited by random motion. We found
no significant differences between these two types of
motion in any of the regions analyzed. This seems to be

related to the differences between groups in the topo-
graphy of N2 component in response to random motion.
In dyslexic children the N2 amplitude in the RT region
was more negative, thus creating larger differences
between the regions analyzed (see Figure 3B), whereas in
controls differences between the analyzed regions were
smaller due to a more positive N2 amplitude in the RT
region (see Figure 3A). Earlier fMRI studies (Demb et
al., 1997; Eden et al., 1996) have shown attenuated
responses in MT+ in dyslexic as compared to control
subjects when viewing coherently moving dots. In light of
these results, initially it seems surprising that we
observed topographical differences for random motion
but not for coherent motion. However, in both previous
fMRI studies the reported group differences were
obtained by contrasting coherently moving dots to either
a fixation point (Eden et al., 1996) or to a stationary
pattern of dots (Demb et al., 1997). Thus, it is not pos-
sible to distinguish whether it is the coherent motion or
motion per se that evoked these attenuated responses in
MT+ of dyslexic readers. Further fMRI studies where
coherent motion is compared to incoherent motion
should verify the hypothesis of deficient MT+ area
functioning in dyslexic readers. Interestingly, a recent
fMRI study in healthy adults showed that activity in the
right MT+ can predict whether coherence was perceived
for a periliminal random dot motion stimulus (based on
an individually determined threshold) (Hesselmann, Kell
& Kleinschmidt, 2008). Coherent percepts of periliminal
stimuli yielded a larger stimulus-evoked response than
random percepts.

In conclusion, the current study has shown that the
motion-sensitive N2 component in dyslexic children, in
contrast to controls, is not modulated by the type of
motion (coherent vs. random). Both the differences in
reaction times and N2 amplitude topography for the
random motion suggest that the MD pathway deficit is
subtle in dyslexic children, and therefore not always
visible in behavioral studies. Moreover, our results fur-
ther support the idea that the MD pathway is related to
orthographic processing in children, both dyslexic and
controls.
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