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INTRODUCTION

Dyslexic and control first-grade school children were compared in a Symbol-to-Sound
matching test based on a non-linguistic audiovisual training which is known to have a
remediating effect on dyslexia. Visual symbol patterns had to be matched with predicted
sound patterns. Sounds incongruent with the corresponding visual symbol (thus not match-
ing the prediction) elicited the N2b and P3a event-related potential (ERP) components
relative to congruent sounds in control children. Their ERPs resembled the ERP effects
previously reported for healthy adults with this paradigm. In dyslexic children, N2b onset
latency was delayed and its amplitude significantly reduced over left hemisphere whereas
P3a was absent. Moreover, N2b amplitudes significantly correlated with the reading skills.
ERPs to sound changes in a control condition were unaffected. In addition, correctly pre-
dicted sounds, that is, sounds that are congruent with the visual symbol, elicited an early
induced auditory gamma band response (GBR) reflecting synchronization of brain activity
in normal-reading children as previously observed in healthy adults. However, dyslexic chil-
dren showed no GBR. This indicates that visual symbolic and auditory sensory information
are not integrated into a unitary audiovisual object representation in them. Finally, incon-
gruent sounds were followed by a later desynchronization of brain activity in the gamma
band in both groups. This desynchronization was significantly larger in dyslexic children.
Although both groups accomplished the task successfully remarkable group differences in
brain responses suggest that normal-reading children and dyslexic children recruit (partly)
different brain mechanisms when solving the task. \We propose that abnormal ERPs and
GBRs in dyslexic readers indicate a deficit resulting in a widespread impairment in pro-
cessing and integrating auditory and visual information and contributing to the reading
impairment in dyslexia.
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modality, deficits have been observed in phonological awareness

Developmental dyslexia is a difficulty in achieving fluent reading
skills, although overall intelligence is within a normal range, the
reading instruction is adequate, and vision and hearing are nor-
mal. About 5-17% of children exhibit dyslexia and consequently
face persisting problems in reading and writing (Shaywitz, 2003).
Dyslexia may affect a child’s cognitive development and cause
secondary problems, such as low motivation to learn and low self-
esteem. Younger children with dyslexia face problems when, e.g.,
asked to operate with sounds within words, or to segment words
into parts (Lyytinen et al., 2007). Older children who can read have
in turn problems with words that are unknown to them (Wim-
mer and Schurz, 2010; Wimmer et al., 2010). This impairment
is most evident when children are asked to read nonsense words
that can only be decoded on the basis of letter-to-sound mapping
principles.

A range of impairments have been reported to be associated
with dyslexia. These include deficits in several modalities as well
as in crossmodal functions. More specifically, in the auditory

(Bradley and Bryant, 1978; Snowling, 2000; Gabrieli, 2009) and
in speech and non-speech sound discrimination (Schulte-Koérne
et al., 1998; Baldeweg et al., 1999; Ramus, 2004; Lachmann et al.,
2005; Kujala et al., 2006; Lovio et al., 2010; for a review, see
Kujala, 2007). In the visual modality, the findings emphasize the
dysfunctionality of the magnocellular system (Stein and Walsh,
1997) and working memory functions (Lyytinen et al., 2007).
Furthermore, impairments in integrating information from differ-
ent sensory modalities have been reported in dyslexia (Laasonen
et al., 2000). It was even suggested that the problems of dyslexic
individuals are more pronounced in tasks requiring sensory inte-
gration than in those limited to one modality (Laasonen et al.,
2000). Moreover, Blomert (2011) suggested a specific deficit in
audiovisual integration to be a proximal cause for the reading
deficit in developmental dyslexia. Froyen et al. (2011) reported
that unlike normal-reading children, dyslexic children showed no
early crossmodal effects in an audiovisual letter-speech sound odd-
ball paradigm. The mismatch negativity (MMN) event-related
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potential (ERP) component to speech sounds was enhanced in
normal readers when presented together with letters but not in
dyslexic children. Blomert and Froyen (2010) and Blomert (2011)
discussed this finding in the context of the specific requirements
for orthographic-phonemic binding during reading acquisition.

Recent intervention studies suggest that problems in audiovi-
sual integration may have a causal role in reading impairments
by showing that audiovisual training improves reading skills of
dyslexic children (Kujala et al., 2001; Térmianen and Takala, 2009;
Brem et al., 2010; for a review, see Loo et al., 2010). It was suggested
that auditory exercises primarily improve phonological awareness
skills but often have little effect on reading or spelling skills. Yet,
pairing of audiovisual stimuli seems to be essential for not only
improving phonological awareness, but also reading and spelling
skills (Loo et al., 2010). It has been shown that both audiovi-
sual exercises involving speech related (Lyytinen et al., 2007) and
unrelated material (Kujala et al., 2001) can improve reading skills
of dyslexic children. Lyytinen et al. (2007) found that exercises
requiring the matching of visually and auditorily presented letters
improved reading skills of 6- to 7-year-old children. The superior
effects of this letter-based computer assisted training over regular
reading intervention were confirmed during intervention period
and also in 12 and 16 month follow-up tests in a longitudinal study
(Saine et al., 2011).

Kujala et al. (2001) investigated whether exercises including
matching of visual and auditory patterns would improve reading
skills of first-grade dyslexic children and affect their ERPs. During
training sessions, children were presented with visual patterns of
3—15 rectangular elements each representing a sound in a sound
pattern. Vertical offset, length, and thickness of visual elements
was corresponding to sound pitch, duration, and intensity, respec-
tively. Children were asked to practice two tasks: In one task they
were presented with two visual patterns and had to indicate to
which of the two patterns the sound pattern was corresponding.
In a second task they had to follow a single visual pattern and
had to indicate the onset of the last sound of the corresponding
sound pattern as fast as possible by pressing a button. Whereas
there were no group differences in reading skills before training,
after the 7-week training period, children in the training group
read significantly more words correctly than the control group
and tended to have a faster reading speed. Furthermore, the train-
ing modulated the MMN, a brain response reflecting automatic
detection of deviant events in an otherwise regular auditory input
(Ndidtinen, 1992). The MMN for tone-order reversals was larger
in the training than control group after the intervention, whereas
no MMN group differences were found in the baseline recording.
These results suggest that audiovisual non-linguistic training both
improves reading skills and facilitates the neural basis of auditory
discrimination.

The present study aimed to examine the brain processes
involved in audiovisual perception and integration in dyslexic
children. To this end, a Symbol-to-Sound matching paradigm
developed by Widmann et al. (2004) based on the audiovisual
training game described by Kujala et al. (2001) was used. In their
previous study, Widmann et al. (2004) presented normal-reading
adults with visual patterns of four to six rectangles. Each rectangle
was corresponding to a subsequently played sound pattern (cf.
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FIGURE 1 | Prototypical visual display and corresponding auditory
stimulation. Each trial started with the display of a visual pattern. After 1s
a corresponding sound pattern was presented either congruent to the
visual pattern in all elements (congruent trial) or deviating in a single
element (incongruent trial). Sound duration was 300 ms. Stimulus onset
asynchrony was 600 ms. Three hundred milliseconds after the offset of the
last sound a question mark was overlayed indicating the subject to
discriminate congruent and incongruent trials by button press.

Figure 1). The visual element’s vertical offset predicted the cor-
responding sound element’s pitch. In half of the patterns a single
sound element was incongruent with the visual rectangle. Partici-
pants’ task was to press a button as fast as possible after the onset of
the last sound and subsequently to discriminate whether visual and
auditory patterns were congruent or incongruent. ERP responses
to incongruent sounds compared to congruent sounds were char-
acterized by a distinct pattern of an incongruency response (IR,
an MMN like negativity peaking about 100 ms past sound onset
and inverting polarity at mastoidal leads), followed by an N2b and
a P3a component. The incongruency response was interpreted as
reflecting a mismatch of visually induced prediction and audi-
tory sensory information detected and processed at early levels
of auditory sensory processing. Additionally, in the oscillatory
brain responses an evoked auditory gamma band response (GBR;
phase locked to sound onset) was observed in response to con-
gruent but not to incongruent sounds peaking around 40 ms past
sound onset in normal-reading adults (Widmann et al., 2007).
Subsequently, an induced auditory GBR (not phase locked to
sound onset) was observed also only in response to congruent
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but not to incongruent sounds between 100 and 200 ms past
sound onset. Evoked GBR was interpreted as reflecting the reso-
nant actual matching process between visually induced prediction
and auditory sensory information as suggested by the match-and-
utilization model (Herrmann et al., 2004 ). Induced GBR observed
in the Symbol-to-Sound matching paradigm was supposed to
reflect the integration of visual and auditory representation, which
could only be successful in congruent sounds.

Here we investigated whether the electrophysiological signa-
tures of audiovisual brain processes are deteriorated in dyslexic
children. To this end, we tested whether the brain responses elicited
in the Symbol-to-Sound matching paradigm can be observed in
children and whether they are different in normal-reading children
compared to dyslexic children. As it has been shown that in par-
ticular audiovisual integration and/or synchronization is impaired
in dyslexic individuals and that an audiovisual training analog to
the Symbol-to-Sound matching task has remediating effects on
dyslexic children (Kujala et al., 2001), we hypothesized that no or
only reduced ERP (IR, N2b, and P3a; cf., Widmann et al., 2004)
and GBRs (evoked and induced; cf., Widmann et al., 2007) can be
observed in these children.

MATERIALS AND METHODS

PARTICIPANTS

Twenty-one 7-year-old Finnish first-grade school children from
three schools in the Helsinki city area participated in the exper-
iment. Eleven children (five females, six males) were rated as
dyslexic and 10 (six females, four males) as normal readers by their
class teachers. All of them reported normal or corrected to normal
vision and normal hearing and were right-handed. None of the
participants had a history of neurological disease or injury. The
children were paid for their participation in the experiment and
their parents gave informed consent after the details of the proce-
dure had been explained to them. The study was approved by the
Ethical Committee of the Department of Psychology, University
of Helsinki.

The performance IQ (PIQ) was measured with the Perfor-
mance Subtest of WISC III. The subtests of reading short and
long words were chosen from a Finnish test battery of Poskiparta
et al. (1994) designed for diagnosing reading skills in pre-school
and first-grade children. The subtest of determining the borders of
two to four words written without a space between the words was
chosen from the Finnish reading test battery of Lindeman (1998)
for elementary-school children.

STIMULI AND APPARATUS

The experiments were conducted in the schools during the school
day in quiet rooms in which only the child and two experimenters
were present. The children were comfortably seated in front of
a notebook with an LCD-display. Their right index and middle
fingers were placed on two color-marked keys on the notebook’s
keyboard. Visual stimuli consisted of four to six light gray rec-
tangles presented simultaneously on black background aligned
horizontally above and below the horizontal midline of the screen
(see Figure 1 for a sample screenshot). The rectangles subtended
a visual angle of 0.44° x 0.22°. The empty spaces between the
rectangles were of the same width as the rectangles. The upper

corners of the rectangles were placed 0.27° above or 0.05° below
the horizontal midline of the screen. Auditory stimuli consisted
of triangle waves with a frequency of 352 (F4) or 440 Hz (A4)
with a duration of 300 ms, including 5 ms rise and 5 ms fall time
(Hann windowed). Auditory stimuli were presented to the subjects
via headphones. Each trial started with the visual presentation of
an element pattern of four to six rectangles on the screen. Visual
stimuli remained on screen until the end of the trial. The pre-
sentation of the auditory stimuli started 1,000 ms after the onset
of the visual display. Four to six auditory stimuli were presented
with an offset-to-onset interstimulus interval (ISI) of 300 ms. The
visual and auditory patterns contained the same number of ele-
ments and were related to each other in the manner that high tones
were represented by a rectangle above and low tones by a rectangle
below the horizontal midline. In half of the trials one element was
incongruent, that is, either a high tone was presented when there
was a rectangle below the midline at the corresponding position
of the visual pattern, or a low tone was presented when there was
a rectangle above the midline. Incongruent elements could occur
on each position in the pattern with equal probability. Three hun-
dred millisecond after the offset of the last sound a question mark
was presented above the visual stimuli prompting the subject to
respond. Depending on whether the response was correct or not
either a smiley was presented for 400 ms replacing the question
mark or no feedback was given. The next trial started 1,200 ms
after the subject responded.

DESIGN AND PROCEDURE
The IQ and reading tests were performed on a separate day before
the experimental session.

The experiment started with a series of training blocks. In the
first training block only congruent trials were presented. Each of
the rectangles was highlighted in green when the corresponding
tone was played. In the second training block also incongruent
trials were presented. The rectangles were highlighted in green for
congruent events and in red for incongruent events when the cor-
responding tone was played. When the question mark appeared the
subjects had to indicate whether there was an incongruent event
in the trial by pressing one of the two buttons. If the subject’s
response was correct a smiley was presented, if it was incorrect
the trial was repeated without requiring the subject to respond. In
the third training block the rectangles were no longer highlighted,
but if an incorrect response was given highlighting was used for
the repetition of the trial. In the last training block and in the
experimental blocks no highlighting was used and the trial was
not repeated, if an incorrect response was given, but a smiley was
still presented, if a correct response was given. Each of the train-
ing blocks consisted of 53 trials and could be aborted or repeated
depending on the subject’s performance.

Following the training blocks, 10 experimental blocks of 53
trials were presented. The trials consisted of four to six pseudo-
randomly selected elements with the restrictions that the trial
could not consist of only high or low visual or auditory elements.
In addition, the visual pattern was never the same as in the preced-
ing trial. The children were instructed to respond as accurately as
possible. The children could have breaks between the blocks and
get refreshments whenever needed.
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The experimental blocks were followed by a passive oddball
condition to ensure that the observed differences were not due to
possible group differences in discriminative abilities. The oddball
condition consisted of five blocks with 360 trials each, in which
the same sounds as in the Symbol-to-Sound matching condition
were presented with an ISI of 300 ms. Frequent high tones (90%;
Standards) were randomly interspersed with rare low tones (10%;
Deviants). At least one standard sound was presented between two
deviant sounds. The children watched a self-selected movie with
Finnish subtitles on the notebook display and were instructed not
to pay attention to the auditory stimulation.

DATA RECORDING

The electroencephalogram (EEG) was recorded with Ag-AgCl
electrodes from Fz, Cz, and Pz (10-20-system), L1 and R1 (placed
at 1/3 of the arc connecting Fz and the left and right mastoids,
respectively) and from the left and right mastoids (M1, M2, respec-
tively). The vertical electrooculogram (EOG) was recorded with a
supraorbitally placed electrode above the left eye and the horizon-
tal EOG with an electrode placed at the outer canthus of the left eye.
All electrodes were referenced to the tip of the nose. Impedances of
all electrodes were kept below 10 k2. EEG and EOG were recorded
with BrainAmp DC EEG amplifier and BrainVision Recorder soft-
ware (BrainProducts GmbH, Gilching, Germany) with a sampling
rate of 250 Hz. Responses and response times were recorded for
each trial.

ANALYSIS OF ERP DATA

Electroencephalogram and EOG were filtered off-line with a 0.75-
to 100-Hz bandpass FIR filter (Kaiser windowed, Kaiser § = 5.653,
607 points) and divided into epochs of 1,024 ms time locked to the
onset of each auditory stimulus including a 312-ms pre-stimulus
period. The first auditory stimulus of each sound pattern in the
Symbol-to-Sound matching condition was excluded from analysis
(since it required absolute judgment of pitch). From incongruent
patterns only the incongruent events were included in the analysis.
Only events increasing the signal-to-noise ratio were included in
the analysis by applying the sorted averaging procedure as sug-
gested by Rahne et al. (2008) separately for congruent, incongru-
ent, standard, and deviant sounds. For each incongruent event the
closest congruent event with identical pitch and pattern position
was selected, resulting in equal numbers of trials and signal-to-
noise ratio of congruent and incongruent events. The remaining
epochs were averaged separately for congruent and incongruent
elements. In the experimental condition on average 167.9 of 235
trials per condition and subject were included in the analysis
(71.4%j; SD = 25.4 trials; control children: 169.7 & 26.3 trials, min
114, max 207 trials; dyslexic children: 166.3 4 24.6 trials, min 137,
max 220 trials). In the oddball control condition on average 141.5
of 180 trials per condition and subject were included in the analy-
sis (78.6%; SD = 15 trials; control children: 141.5 & 16 trials, min
119, max 166 trials; dyslexic children: 141.6 4 14.1 trials, min 121,
max 168 trials). Grand-average waveforms were computed from
the individual average ERPs for the visualization of the results.

ANALYSIS OF OSCILLATORY ACTIVITY
To compute the time-frequency representation of oscillatory
gamma band activity phase locked to stimulus onset (termed

as evoked activity), the individual averages for congruent and
incongruent stimuli were convolved with complex Morlet wavelets
w(t, fo) = AexpIli tfy) exp(—tz/Zof) normalized to unit
energy A= (o \/l'l)_”2 with 6, =1/(2 I o) (Tallon-Baudry
et al.,, 1996). The wavelet family used was defined by fo/or=7
ranging from 30 Hz [duration (2 o) 74.2 ms, spectral bandwidth
(2 0y) 8.6Hz] to 80 Hz (duration 27.9 ms, bandwidth 22.9 Hz)
in 1-Hz steps. The amplitude of the evoked activity was calcu-
lated by taking the modulus of the time-frequency representation.
The time-frequency representation of the total oscillatory gamma
band activity (phase locked and non—phase locked) was calcu-
lated by averaging the modulus of the convolution of each epoch
with the same family of complex Morlet wavelets separately for
congruent and incongruent events and each subject. For each fre-
quency band, the mean of a —200 to —50-ms pre-stimulus baseline
was subtracted from the time-frequency representation in order to
eliminate uncorrelated noise and effects not related to sound onset.

STATISTICAL ANALYSIS

Mixed-effect model ANOVAs with the between subject factors
group (dyslexic vs. control children), and the within subject factors
electrode location, and congruency (Symbol-to-Sound matching
condition; congruent vs. incongruent events) or deviancy (Odd-
ball condition; standards vs. deviants) were performed on the ERP
mean amplitude values within post-stimulus time windows cen-
tered at the peaks of the difference wave of the grand-average
difference waves [ERPs to incongruent minus ERPs to congruent
events: IR/N2b early: 140180 ms; N2b: 216-256 ms; P3a: 508—
588 ms; or ERPs to deviants minus ERPs to standards: MMN:
108-148 ms; late discriminative negativity component (LDN):
408-488 ms]. In the behavioral data the same ANOVA was per-
formed on the hit rates. Spearman rank-order correlation coeffi-
cients were calculated on the results of the reading tests and the
mean incongruent minus congruent difference amplitudes within
the N2b time window at electrode location Cz. Time-frequency
windows for the analysis of oscillatory activity were centered
on the peaks and troughs of mean 30-80 Hz total gamma band
activity at electrode locations Fz, Cz, and Pz in response to con-
gruent (204-284 ms) and incongruent events (344-424 ms) for
control and dyslexic children, respectively. Synchronization and
desynchronization presumably reflect different underlying brain
processes. Thus, we preferred the analysis strategy testing synchro-
nization and desynchronization separately in two time windows
over a single omnibus-ANOVA. Group differences in IQ, read-
ing score and reading times were tested with ¢-tests. Degrees of
freedom were adjusted for t-tests where statistically significant
differences of group variances were detected by the Levene test.
All t-tests reported are two-sided. Greenhouse-Geisser corrected
degrees of freedom were used when a statistically significant viola-
tion of sphericity was detected by the Mauchly test. An alpha level
of .05 was defined for all statistical tests.

RESULTS

READING SKILLS AND BEHAVIORAL PERFORMANCE

The dyslexic and control groups did not differ in their PIQ but dif-
fered significantly in their average reading score and their average
reading time of short and long words (see Table 1). All children
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Table 1 | Performance IQ, reading score, reading times, and accuracy mean and SE values for dyslexic and control children.

Dyslexic children (SEM) Control children (SEM) t (df) p
PIQ 106.8 (3.8) 111.6 (3.3) 0.943 (19) 0.357
Reading score 2.7 (0.3) 6.3 (0.4) 7551 (19) 0.001***
Reading time long words 4.0(0.8) 1.2 (0.1) 3.432 (10.2) 0.006**
Reading time short words 1.4 (0.3) 0.7 (0.1) 2.552 (10.7) 0.027*
Accuracy 0.85 (0.03) 0.93 (0.02) 2.178 (19) 0.042*
Accuracy congruent trials 0.90 (0.03) 0.97 (0.01) 2.525(12.7) 0.026*
Accuracy incongruent trials 0.80 (0.04) 0.89 (0.03) 1.742 (19) 0.098

were able to perform the Symbol-to-Sound matching task and had
hit rates clearly above chance level. However, control children per-
formed somewhat better than dyslexic children [F(1,19) = 4.744,
p=0.042, n% =0.200]. Accuracy was higher in congruent tri-
als than in incongruent trials [0.93 vs. 0.85; F(1,19) =18.296,
P <0.001, 0y =0.491].

EVENT-RELATED POTENTIALS

The ERPs to congruent and incongruent events in the Symbol-
to-Sound matching condition (Figure 2A) and to standard and
deviant sounds in the control condition (Figure 2B) are shown
in Figure 2 for control (first row) and dyslexic children (sec-
ond row). The corresponding incongruent minus congruent and
deviant minus standard subtraction waves are shown in the
third row.

IR/N2b EARLY

Visual inspection of difference waves showed an earlier onset of
N2b over left hemisphere and midline electrode locations in con-
trol children than in dyslexic children. This early negativity preced-
ing N2b might also reflect the correlate of IR in children; however,
as it did not invert polarity over mastoid leads, it will be referred
to as N2b early. The ANOVA in this time window showed a three
way interaction of the factors electrode location, condition, and
group [F(6,114) =3.699, p =0.020, € = 0.459, n%) =0.163]. A sig-
nificant interaction of condition and group was observed at elec-
trode locations L1 [F(1,19) =10.106, p=10.005, nf) =0.347], Cz
[F(1,19) =8.261,p=0.010, T]IZ) =0.303],and Pz [F(1,19) =7.768,
p=0.012, né =0.290]. Only control children showed a significant
difference between congruent and incongruent trials at these elec-
trode locations in this time window [L1: #(9) =3.178, p=0.011;
Cz: (9)=3.222, p=0.010; Pz: £(9)=2.698, p=0.024] while
dyslexic children showed no difference at any of these electrode
locations.

N2b

Difference waves showed a broadly distributed N2b component
peaking at centro-parietal electrode sites 236 ms after sound onset.
The ANOVA in this time window yielded a three way inter-
action of the factors electrode location, condition, and group
[F(6,114) =4.537, p=0.004, £=0.601, 12 =0.193]. A signifi-
cant interaction of condition and group was observed on elec-
trode locations L1 [F(1,19)=5.543 p=0.029, n§:0.226], Fz

[F(1,19) =6.822, p=0.017, n§:0.264], Cz [F(1,19) =10.255,

p=20.005, T]% =0.351], and Pz [F(1,19)=10.173, p=0.005,
n%, =0.349]. However, both groups showed a significant differ-
ence between congruent and incongruent trials at these electrode
locations in this time window [Control children: L1: £(9) = 5.758,
p <0.001; Fz: £(9) = 6.776, p < 0.001; Cz: +(9) = 6.650, p < 0.001;
Pz: t(9) =4.395, p=10.002; dyslexic children: L1: #(9) =3.633,
p=0.005; Fz: t(9) =2.587, p =0.027; Cz: t(9) =4.433, p=0.001;
Pz: t(9) = 3.250, p = 0.009].

N2b incongruent minus congruent difference at Cz was sig-
nificantly correlated with the reading score [r(21)=—0.632,
p=0.002; see Figure 3], reading time of short words
[r(21) =0.735, p<0.001], and reading time of long words
[r(21) =0.674, p=0.001]. Children with better reading skills
showed higher (more negative) N2b amplitudes.

P3a

N2b was followed by a left-frontally distributed P3a component
peaking 548 ms after sound onset. The ANOVA in this time win-
dow showed a three way interaction of the factors electrode loca-
tion, condition, and group [F(6,114) =3.671,p = 0.015,e = 0.535,
nf) =0.162]. A significant interaction of condition and group was
observed at electrode locations L1 [F(1,19)=6.140, p =0.023,
1} =0.244],and Fz [F(1,19) =7.200, p = 0.015,n = 0.275]. Only
control children showed a significant difference between congru-
ent and incongruent trials at these electrode locations in this time
window [L1: £(9) = 2.793, p=0.021; Fz: £(9) = 3.294, p = 0.009],
while dyslexic children showed no difference at any of these
electrode locations.

ODDBALL CONTROL CONDITION
Mismatch negativity was elicited in response to deviant sounds
peaking 128 ms after sound onset at frontal leads. MMN amplitude
was not significantly different between the groups. The ANOVA in
this time window showed a significant interaction of the factors
electrode location and condition [F(6,114) =30.969, p < 0.001,
e =0.389, nf’ =0.620]. ERPs to deviants were significantly more
negative than ERPs to standards on all electrodes locations
above the sylvian fissure except Pz [L1: £(20) =4.489, p < 0.001;
Fz: £(20) =5.249, p <0.001; R1: #(20)=5.654, p <0.001; Cz:
1(20) =4.674, p < 0.001] and significantly more positive at mas-
toid leads [M1: #(20) =4.270, p <0.001; M2: ¢(20)=3.716,
p=0.001].

Mismatch negativity was followed by a LDN component
peaking 448 ms after sound onset at fronto-lateral leads and
inverting polarity over mastoid leads. The ANOVA in this time
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FIGURE 2 | Event-related potentials (ERPs) to congruent and
incongruent events in the Symbol-to-Sound matching condition (A)
and to standard and deviant sounds in the passive oddball control
condition (B) for control (first row) and dyslexic children (second
row) and the corresponding incongruent minus congruent and
deviant minus standard subtraction waves (third row). Bars indicate
the time windows used for statistical analysis. Black asterisks indicate

statistical significance of results in the respective time windows as
described in Section “Results” (interaction of condition and group for
difference waves; follow-up test of within group difference between
incongruent and congruent trials for ERPs on electrode locations with
significant interactions; gray asterisks indicate statistical significance of
additional within group contrasts not motivated by significant
interactions).

window showed a significant interaction of the factors electrode
location and condition [F(6,114) =32.215, p < 0.001, £ = 0.422,

nf):O.629]. ERPs to deviants were significantly more nega-
tive than ERPs to standards at all electrode locations above
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FIGURE 3 | Scatter plot and correlation of N2b amplitude rank (negative up) at electrode location Cz and rank of reading score, and reading time of

the sylvian fissure except Pz [L1: #(20) =4.613, p <0.001;
Fz: t(20) =4.473, p <0.001; R1: #(20) =5.145, p <0.001; Cz:
£t(20) = 3.134, p =0.005] and significantly more positive at mas-
toid leads [MI1: £(20)=5.405, p <0.001; M2: #(20)=4.584,
p <0.001].

OSCILLATORY ACTIVITY

No changes in evoked (phase-locked) oscillatory activity in the
gamma band relative to baseline were observed. Thus, total gamma
band activity reflects what is in the literature often referred to as
induced gamma band activity (total activity minus evoked activ-
ity in the strict sense) and the terms will be used synonymously
within this manuscript (Tallon-Baudry and Bertrand, 1999; Her-
rmann and Mecklinger, 2000). Spectrograms for total gamma
band activity in response to congruent (Figure 4A) and incon-
gruent sounds (Figure 4B) are shown in Figure 4 separately for
control (first row) and dyslexic children (second row). The mean
of total gamma band activity over time is shown on Figure 4C.
The mean amplitudes to congruent sounds in the early time win-
dow and to incongruent sounds in the late time window in both
groups are displayed in Figure 5.

Control children showed an increase in total gamma band activ-
ity in response to congruent sounds relative to baseline peaking
244 ms after sound onset [#(9) = 4.426, p = 0.002]. Dyslexic chil-
dren showed no change in total gamma band activity in response to
congruent sounds relative to baseline [#(10) =0.179, p =0.862].
The group difference was statistically significant [#(19) =2.661,
p=0.015].

The oscillatory brain responses to the incongruent sounds
in both groups showed a decrease in total gamma band activ-
ity relative to baseline with a minimum at 384 ms after sound
onset [control children: ¢(9)=2.647, p=0.027; dyslexic chil-
dren: #(9)=4.473, p=0.001]. The decrease was significantly
larger in dyslexic children than in control children [#(19) = 2.263,
p=0.036].

No significant group differences of uncorrected gamma band
activity were observed in the baseline time window. Thus, the
observed group effects in both time windows were not due to
differences in baseline activity.

DISCUSSION

Two groups of 7-year-old school children — a normal-reading con-
trol and a dyslexic group — were instructed to perform a Symbol-
to-Sound matching task detecting incongruencies in asynchro-
nously presented visual and sound patterns. Our main results were
as follows: Both groups were able to perform the task. However,
the performance was significantly worse in dyslexic children than
in normal-reading children. ERP responses to incongruent com-
pared to congruent sounds showed an N2b component in both
groups; however, the N2b component in dyslexic children was
delayed in onset and significantly smaller than the one found in
the control children. Furthermore, the N2b amplitude correlated
with children’s reading abilities. A P3a component for the incon-
gruent sounds followed the N2b in the control, but not in dyslexic
children. In addition, normal-reading children showed an early
increase in induced gamma band power in response to congruent
sounds, which was not observed in dyslexic children. Subsequently,
both groups showed a decrease in induced gamma band activity in
response to incongruent sounds, the decrease being significantly
larger in dyslexic children.

EVENT-RELATED POTENTIALS

In contrast to adults, the children showed no early incongruency
response resembling the MMN component in latency (peak-
ing around 100 ms after sound onset) and topography (bilateral
frontal negativity and polarity inversion over mastoid leads; Wid-
mann et al., 2004). The incongruency response component was
interpreted as an initial error signal related to the detection of
incongruency between the visual and the sound pattern. How-
ever, in the current study, a component which presumably is the
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FIGURE 4 | Spectrograms for mean total gamma band activity at
electrodes Fz, Cz, and Pz in response to congruent (A) and incongruent

sounds (B) for normal-reading (first row) and dyslexic children (second
row). The mean of total gamma band activity is shown on (C).
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[344-424 ms; (B); error bars indicate the 95% confidence
intervals].

N2b and which might be related to the incongruency response,
was elicited. It has a significantly earlier onset in control than in
dyslexic children (with the rising edge of N2b changing its slope
at 150 ms post-stimulus onset).

Besides the N2b onset latency, impaired processing of congru-
ency of symbol-sound combinations in dyslexia was also indicated
by the N2b’s amplitude: in dyslexic children it was approximately
half that found in control children. N2b is usually observed in
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response to deviant task-relevant stimuli in the active oddball
paradigm and interpreted as reflecting processes related to atten-
tive target discrimination (Ritter et al., 1979; Néitinen, 1992) and
arousal or orienting response (Sokolov et al., 2002). As incongru-
ent sounds are rare and can be interpreted as targets also in the
Symbol-to-Sound matching paradigm, the later onset and lower
amplitude of N2b found in dyslexic children might reflect later
and less reliable processing of audiovisual congruency and dis-
crimination of congruent against incongruent sounds at this level
of stimulus processing. This N2b difference was restricted to the
left hemisphere and central electrode locations, while the N2b
was of equal amplitude over the right hemisphere electrode loca-
tion. This finding indicates that the group difference is primarily
due to differential processing in the left hemisphere corroborat-
ing evidence from the literature that dyslexia could be related
to impaired left hemispheric processing. Blau et al. (2009), for
example, argue that dyslexia is characterized by a deficit in phono-
logical processing and an underactivation of the left superior
temporal cortex, which, in turn, impairs the ability to map speech
sounds onto their homologous visual letters. Our study shows
that this deficit extends to non-linguistic stimulus material, while
it still is confined to the hemisphere especially engaged in speech
processing.

Furthermore, the N2b amplitude was significantly correlated
with the children’s reading abilities, thus, presumably reflecting
the impaired reading process in dyslexic children. However, it
should be noted that the current task is not directly related to
alphabetic or orthographic reading. Neither letters nor phonemes
were used as stimulus material; instead they were substituted by
visual symbols, which gain their “meaning” via their vertical off-
set and simple time-invariant sounds, which do not resemble
phonemes. Thus, these results suggest that the difficulty in audio-
visual integration might be a core deficit in dyslexia (Blomert,
2011), which is not confined to speech sounds and corresponding
letters (letter-to-phoneme pairings), but rather more general in
nature.

A P3a component in response to incongruent compared to con-
gruent sounds with left-frontal topography was only observed in
control children. P3a is, for example, observed in response to novel
and salient sounds in passive oddball paradigms (e.g., Wetzel and
Schroger, 2007) and to target sounds in active oddball paradigms
as an N2b-P3a-complex (Sokolov et al., 2002). It has been related
to the behavioral relevance of a stimulus, even if it is not defined as
atarget in the present task context. Thus, it may be associated with
an orienting response (Nieuwenhuis et al., 2011), an involuntary
switch of attention (Escera et al., 2000), and with the evaluation
whether an event is of potential significance (Ritter and Vaughan,
1969; Winkler and Schroger, in revision). The MMN response in
the control condition was highly similar between dyslexic and con-
trol children and did not indicate any major group difference at
levels of auditory sensory processing and deviance detection. The
later and presumably more cognitive N2b (indicating target selec-
tion) did already differ to a higher extent. At the level of the P3a
(indicating the behavioral relevance of a stimulus) dyslexic chil-
dren were characterized by a complete lack of this component.
Thus, the identification processes related to audiovisual match-
ing are impaired in dyslexia. In the model suggested by Widmann

et al. (2007), audiovisual matching (and subsequent audiovisual
integration) is based on auditory representations pre-activated by
the predictive visual symbols. Hence, the observed impairment
in crossmodal processing could also be related to the general
difficulty dyslexic individuals have in dynamically constructing
stimulus-specific predictions (Ahissar et al., 2006).

In the passive oddball control condition the same auditory
stimuli and ISIs as in the Symbol-to-Sound matching condi-
tion were employed. There, an MMN component followed by a
LDN was elicited. No significant group or hemisphere differences
were observed (cf. Figure 2). As the automatic deviance detection
system did not indicate group differences when only processing
our auditory stimuli, we conclude that the discriminative abil-
ities were not different in these dyslexic children compared to
normal-reading children. Thus, group differences found in the in
the Symbol-to-Sound matching condition can be attributed to the
audiovisual task.

OSCILLATORY ACTIVITY

No evoked auditory GBRs were observed for any sound type in
children unlike in adults in our previous study (Widmann et al,,
2007). This might be due to either a lower signal-to-noise ratio
in the children’s compared to the adults’ data, or due to effects
of maturation. As auditory middle latency responses, which are
presumably related to the auditory evoked GBR, were shown not
to be reliably detectable before the age of about 10 years, the latter
alternative appears to be more plausible (Kraus et al., 1985).

An early induced auditory GBR to congruent stimuli was
obtained in normal-reading control children but not in dyslexic
children. Latency and topography were similar to those reported
for adults (Widmann et al., 2007) with a broad scalp distri-
bution maximal over parietal sites and peaking about 150 ms
post-stimulus onset. This response reflects a synchronization of
neural activity, which was related to the binding of visual and
auditory information. This is plausible since only in sounds con-
gruent to the corresponding visual symbol this information could
be successfully integrated. The finding that gamma band activity
is in fact related to subjective perceptual experience of audiovisual
stimuli supports this interpretation (Kaiser et al., 2006). Also in
response to synchronously presented animal pictures and vocaliza-
tions an enhanced induced GBR was observed (Yuval-Greenberg
and Deouell, 2007), and in lower frequency bands an increase of
oscillatory activity in response to congruent relative to incongru-
ent letter-speech sound pairs was reported (Herdman et al., 2006).
Thus, in dyslexic children no or less integration of visual sym-
bolic and auditory sensory information into a unitary audiovisual
object representation appears to occur.

A later decrease in induced gamma band activity in response
to incongruent sounds was observed in both groups of children.
However, this effect was significantly larger in dyslexic children.
A decrease of gamma band activity in response to incongruent
sounds can also be identified in normal-reading adults (Figure
2 in Widmann et al., 2007). Desynchronization of gamma band
neural activity has been previously related to the dissolution of
binding of corresponding perceptual elements by resetting gamma
oscillations in thalamo-cortical networks (Ross et al., 2005).
The observed gamma band desynchronization might thus reflect
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the separation of activated auditory and visual representations
in incongruent events. Enhanced desynchronization in dyslexic
children might indicate a compensatory strategy, which actively
dissolves incongruent elements rather than automatically inte-
grates congruent auditory and visual elements. Alternatively, a late
(>400 ms) decrease in beta and low gamma band activity has also
been related to activity of the executive control attention network
(Fan et al., 2007). However, the latter explanation is assumed not
to be valid, as observed gamma band desynchronization starts
markedly before 400 ms post-stimulus onset and already peaks
around 400 ms.

It has been suggested that both in the visual (Yuval-Greenberg
etal., 2008) and auditory domains the induced GBR is susceptible
to contamination by spike potentials generated by micro-saccadic
eye movements (Yuval-Greenberg and Deouell, 2011). A correla-
tion between gamma band activity and saccadic rate was observed,
both showing a stereotypical decrease of activity after sound onset
followed by a sustained increase 200-300 ms after sound onset.
This stereotypical pattern we observed neither in the adults’ (Wid-
mann et al., 2007) nor in the children’s oscillatory responses: (1)
There was no decrease in activity after sound onset. (2) At least in
adults, the onset and peak of the observed induced GBR to con-
gruent sounds was earlier than the activity rebound observed by
Yuval-Greenberg. (3) Finally, the observed response was of tran-
sient, but not sustained nature in adults and in children; rather a
decrease was observed in response to incongruent sounds. As we
did not perform eye tracking together with the EEG to control
for micro-saccades in this study, we cannot completely exclude
the contamination of gamma band activity with spike poten-
tials. However, as the observed activity pattern is so fundamentally
different from the one reported by Yuval-Greenberg, we assume
that our data reflect neural oscillatory activity rather than spike
potentials.

To our knowledge, there is only a limited number of studies on
higher frequency band oscillatory activity in general and gamma
band activity in dyslexic subjects in particular. Amongst these, Rip-
pon and Brunswick (2000) report impaired or reduced oscillatory
activity. Nagarajan et al. (1999) and Ucles et al. (2009) observed
reduced evoked gamma band activity in response to sounds. How-
ever, impairments in oscillatory neural activity at different time
scales have been hypothesized to be the actual neurological deficit
underlying dyslexia (for review see Llinas, 1993; Goswami, 2011).
Our data are fully compatible with this hypothesis. Dyslexic chil-
dren do not show an increase in induced oscillatory gamma band
activity when congruent symbol and sound information is pre-
sented unlike adults and normal-reading control children. This
can be interpreted as an impairment of binding or integrating
multi-modal information.

Our results well support the hypothesis of a deficit in audio-
visual integration as a possible proximal cause for the failure of
reading acquisition in dyslexia as suggested by Blomert and Froyen
(2010). Also in our study the missing induced GBR signature
of binding of auditory and visual information and the reduced
ERP responses to incongruent sounds are supposed to reflect a
specific deficit in audiovisual integration. However, our Symbol-
to-Sound mapping paradigm refrained from using language or
reading related letter-speech sound material, employing rather

artificial, culturally defined audiovisual relations. Rather simple,
intuitive and rule-based audiovisual relations were employed
instead and stimuli varied only in a single dimension (vertical
offset and pitch, respectively). The fact that dyslexic children still
showed severe impairments in the electrophysiological signatures
of audiovisual integration emphasizes the fundamental nature of
the deficit. Furthermore, the hypothesis of Blomert and Froyen
(2010) was mostly based on more or less synchronous presen-
tation of auditory and visual stimulation. Here we show that
dyslexic children are not only impaired in integrating synchro-
nously presented crossmodal information, but also are unable
to activate auditory representations by predictive symbolic visual
information when symbols are presented before the sounds. The
finding that visual symbols can not automatically activate audi-
tory (or audiovisual) representations even when connected by
an intuitive, simple, uni-dimensional rule in dyslexic children
is well compatible with the observation that dyslexic children
do not reach fluent reading despite the mastery of letter-speech
sound correspondence. Finally, as emphasized by Blomert (2011),
orthographic-phonologic binding is mainly performed within a
left lateralized posterior network within the left temporal cortex, in
particular superior temporal sulcus and superior temporal gyrus
and occipito-temporal areas. Interestingly, as our data demon-
strate, the left hemispheric impairment in dyslexia with respect to
audiovisual integration is not limited to language, speech, or letter
related material, but also holds for non-language related stimulus
material.

As outlined in the model by Widmann et al. (2007), several
processes are assumed to be involved in audiovisual informa-
tion processing and audiovisual integration in the Symbol-to-
Sound matching paradigm. Visual symbols have to be dynamically
mapped to pitch, and a corresponding auditory representation
has to be activated. This auditory expectation has to be com-
pared with the auditory sensory information received. In case
of a mismatch, an error signal has to be generated, as reflected
in the ERPs by the N2b. In case of a match, the visual repre-
sentation and/or the auditory expectation have to be integrated
with sensory information into a unitary object representation.
The observed audiovisual deficit in dyslexic children could be due
to one or more of these processes failing: The deficit could be due
to impaired processes preceding and underlying comparison and
integration; these processes include translation of symbolic visual
information into auditory representations, dynamically construct-
ing stimulus-specific predictions (Ahissar et al., 2006), and syn-
chronization of auditory expectation and sensory input in time.
The deficit could also be due to impaired comparison, integration,
and target selection processes. In effect however, audiovisual pro-
cessing of asynchronously presented visual symbols and sounds
is impaired in dyslexia. The impaired neural functions resulting
in the observed deficit in audiovisual processing and integration
might also be responsible for other deficits observed in dyslexia
in other tasks and paradigms, e.g., requiring dynamic predictions
or temporal synchronization. Thus, the underlying deficit might
not be necessarily audiovisual in nature. However, as reading and
reading acquisition are functions relying fundamentally on audio-
visual processing the observed audiovisual deficits might play a
key role in our understanding of dyslexia as already suggested
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by other authors (e.g., Laasonen et al., 2000; Kujala et al., 2001;
Lyytinen et al., 2007; Blau et al., 2010; Loo et al., 2010; Blomert,
2011; Froyen et al., 2011).

Given the large and significant differences between normal-
reading and dyslexic children observed on the neurophysiolog-
ical level in the Symbol-to-sound matching task, it is initially
surprising that dyslexic children actually perform only slightly
worse than controls and far above chance level on behavioral
level in this task. Furthermore, as no difference in MMN ampli-
tude in the passive oddball control condition was observed, it
can be assumed that there were no major differences in audi-
tory sensory discrimination abilities between the groups with
the present stimulus set. On the basis of the observed gamma
band activity we suggest that dyslexic children might solve the
task using a different strategy: rather than more or less automati-
cally integrating corresponding and congruent visual and auditory
information, as normal-reading children do, dyslexic children
operate by eliminating or “dis-integrating” non-matching infor-
mation as reflected in the stronger decrease of induced gamma
band activity in response to incongruent sounds. This interpreta-
tion is supported by the findings of Blau et al. (2010) showing
that neural activation in response to letter-speech sound pairs
reflecting integration is modulated by congruency only in normal-
reading but not in dyslexic children. In future studies it should
be tested whether the audiovisual training reported by Kujala
et al. (2001) is effective by improving this compensatory strat-
egy or by training to more successfully integrate graphemic and
phonemic information. This should be reflected by an increase in
induced gamma band activity in response to congruent sounds
after the training. It should also be tested whether audiovi-
sual training employing letter-speech sound material (Lyyti-
nen et al., 2007, 2009) has differential effects from audiovi-
sual training employing non-verbal material (Kujala et al., 2001)
to further specify the nature of the neural deficit underlying
dyslexia.

CONCLUSION

The present results emphasize the importance of audiovisual inter-
action and integration in our understanding of dyslexia. Dyslexic
children show reduced N2b and P3a components in response
to sounds incongruent with an asynchronously presented visual
symbol in comparison with congruent sounds. This presumably
reflects a correlate of the impaired processes resulting in a reading
deficit also in non-verbal material. Furthermore, dyslexic chil-
dren showed no induced GBR to congruent sounds but rather an
enhanced gamma band desynchronization in response to incon-
gruent sounds. Dyslexic children presumably do not solve the task
by automatically activating auditory representations of the pre-
dictive visual symbols and integrating them into a audiovisual
object representation, as normal-reading children do, but rather
use a fundamentally different strategy; possibly they solve the task
by eliminating non-matching incongruent stimuli as indicated
by the observed desynchronization of brain activity. Based on
the current evidence and its implications, the Symbol-to-Sound
matching paradigm could provide a valuable tool for understand-
ing the remediating effects of audiovisual training in dyslexia and
shedding light on the question how the impairment in oscillatory
activity is related to the neurological deficit in dyslexia.
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