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Abstract. Purpose:Several attempts have been made to remediate developmental dyslexia using various training environments.
Based on the well-knowretrieval structure modelthe memory strength of phonemes and graphemes should be strengthened
by visual and auditory associations between graphemes and phonemes. Using specifically designed training software, we
examined whether establishing a multitude of visuo-auditory associations might help to mitigate writing errors in children with
developmental dyslexia.

Methods: Forty-three children with developmental dyslexia and 37 carefully matched normal reading children performed a
computer-based writing training (15—20 minutes 4 days a week) for three months with the aim to recode a sequential textual input
string into a multi-sensory representation comprising visual and auditory codes (including musical tones). The study included
four matched groups: a group of children with developmental dyslexia @0) and a control groupr{ = 18) practiced with the

training software in the first period (3 months, 15-20 minutes 4 days a week), while a second group of children with developmental
dyslexia (- = 23) (waiting group) and a second control group=€ 19) received no training during the first period. In the second
period the children with developmental dyslexia and controls who did not receive training during the first period now took part
in the training.

Results: Children with developmental dyslexia who did not perform computer-based training during the first period hardly
improved their writing skills (post-pre improvement of 0-9%), the dyslexic children receiving training strongly improved their
writing skills (post-pre improvement of 19-35%). The group who did the training during the second period also revealed
improvement of writing skills (post-pre improvement of 27-35%). Interestingly, we noticed a strong transfer from trained to
non-trained words in that the children who underwent the training were also better able to write words correctly that were not
part of the training software. In addition, even non-impaired readers and writers (controls) benefited from this training.
Conclusion:Three-month of visual-auditory multimedia training strongly improved writing skills in children with developmental
dyslexia and non-dyslexic children. Thus, according tor#igeval structuremodel, multi-sensory training using visual and
auditory cues enhances writing performance in children with developmental dyslexia and non-dyslexic children.
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1. Introduction orthography speed and accuracy problems as well as
_ - _ _ difficulty in segmenting and manipulating phonemes
Developmental dyslexfais a specific learning dis-  in words. In addition to deficient writing and reading

ability. Affected children and adults have inconsistent skills, poor speech production and poor spelling are
other hallmarks of developmental dyslexia (Goswami,

*Corresponding author: Monika Kast, ETHirZch, Computer
Graphics Laboratory, Haldeneggsteig 4, 809@ich, Switzerland.
E-mail: monika.kast@inf.ethz.ch. widespread and probably the most common neurobehavioral disorder

IDevelopmental dyslexia is characterized by low average reading affecting children, with uncertain prevalence, ranging from 5% to
and writing skills despite average 1Q, good educational support and 17.5% for English speaking countries (Shaywitz, 1998) and about
solid social background (World Health Organization, 1993). Itisa 10% for Germany (Russeler, Gerth, & Munte, 2006).
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2003). Dyslexic individuals demonstrate limitations
in performance of phonics-based memory and show
problems with rapid retrieval of phonological informa-
tion from long-term memory (Elbro, Nielsen, & Pe-
tersen, 1994; Pennington, Van Orden, Smith, Green,
& Haith, 1990; Mody, Studdert-Kennedy, & Brady,
1997; Wagner, Torgesen, & Rashotte, 1994). Accord-
ing to the double-deficit hypothesis the combination
of deficts in both phonological processing and nam-
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Moreno, Santos, & Magne, in press; Gaab, Gabrieli,
Deutsch, Tallal, & Temple, in press; Uther et al.,
2006); (2) practice speech-like auditory stimuli (train-
ing of phoneme perception, improving phonological
awareness) (O’Shaughnessy & Swanson, 2000; Hatch-
er et al., 2006); (3) practice specific manipulations
of speech-like signals to support phoneme and speech
perception (Tallal, 2004); (4) improve low-level and
high-level visual functions (e.g., moving stimuli) (Ba-

ing speed represents a further independent source of con, Handley, & McDonald, 2007; Lorusso, Facoetti,

dysfunction in dyslexia (Vukovic & Siegel, 2006). In

Paganoni, Pezzani, & Molteni, 2006); or (5) combine

spite of decades of research in this area, the causestraining of auditory and visual functions at different

for reading and writing failures are still disputed. A
neurological disorder with a genetic origin is currently
thought to be the main current candidate for the ori-
gin of developmental dyslexia (Galaburda, LoTurco,
Ramus, Fitch, & Rosen, 2006; Galaburda, Sherman,
Rosen, Aboitiz, & Geschwind, 1985; Demonet, Tay-
lor, & Chaix, 2004; Schulte-Korne, Deimel, Bartling,
& Remschmidt, 2004; Ziegler et al., 2005). Because
dyslexic subjects show a wide variety of symptoms this
disorder may well result from several distinguishable
impairments. One of the core problems of develop-
mental dyslexia is that of phonological processing (Ra-
mus, 2003), which however falls far short of being able
to explain the general auditory, visual, and motor im-
pairments encountered by sufferers of developmental
dyslexia. Other theories place particular emphasis on
deficits in rapid auditory processing (Tallal, 1980); on
deficits in visual processing (Livingstone, Rosen, Dris-
lane, & Galaburda, 1991;dvegrove, Bowling, Bad-
cock, & Blackwood, 1980; Hill & Raymond, 2002); on
cerebellar dysfunction (Nicolson et al., 1999; Nicolson,
Fawcett, & Dean, 2001) and/or suggest a magnocellu-
lar deficit (Stein, 2001; Skottun, 2000). In addition, at-

levels of cognitive processing (Kujala et al., 2001). In
addition to these remediation programs there are sev-
eral training programs in use that combine training of
reading and writing skills at different levels of complex-
ity (Edwards, 2003; Vadasy, Jenkins, & Pool, 2000;
Shaywitz et al. 2004).

A multi-modal training program developed by a
Finnish group has recently been shown to induce strong
reading improvements in dyslexic children and adults
(Kujala et al., 2001). The basic principle of this pro-
gram is that the participants learn to associate abstract
audio-visual material. The training program is present-
ed as a kind of computer game consisting of abstract,
nonverbal tasks that require audio-visual matching. In
this game, various sound patterns (3—15 sound elements
varying in pitch, duration, and intensity) are simulta-
neously presented with horizontal sequences of rectan-
gles. The display of the rectangles on the screen dif-
fers according to the presented sound pattern in terms
of their vertical position, length, and thickness. The
basic principle of this task is to learn associations be-
tween the visual and auditory stimuli. By learning to
associate visual with auditory cues the trainee improves

tention deficits have been proposed as causing reading multi-modal coding of speech stimuli, thus improving

and spelling difficulties (Hari, Renvall, & Tanskanen,
2001; Hari, Valta, & Uutela, 1999). The divergence of

symptoms has lead some authorities to argue that de-

velopmental dyslexia is a neurological disorder caused
by a number of different factors (Russeler, Gerth, &
Munte, 2006).

Several intervention programs for remediation of
developmental dyslexia have been successfully eval-
uated in adults and children. Among them are pro-
cedures that (1) utilize low-level auditory perceptu-
al learning (e.g., practicing to improve perception of
tones, tone durations, auditory rhythms or gaps be-
tween successive acoustic stimuli) (Tallal, 2004; Ro-
bichon, Besson, & Habib, 2002; Santos, Joly-Pottuz,
Moreno, Habib, & Besson, 2007; Besson, Schoen,

reading and writing skills. Although the exact neu-
rocognitive underpinnings of this training program are
currently unknown, the training effect can be best ex-
plained by drawing on current theories of human as-
sociative memory (Gillund & Shiffrin, 1984; Raaij-
makers & Shiffrin, 1992). In terms of this theoretical
framework, the memory strength of a particular item
(a letter or a phoneme) depends on the established re-
trieval structure, the sum strength of which depends on
the individual strength of each of the three factors that
affectretention: (1) the strength of each individual item
(its sound, spelling, and its meaning), (2) the strength
of associations between different items belonging to-
gether (e.g., associating sound with letters or sound
with meanings), and (3) the strength of the associated
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Fig. 1. Conceptual components of the method and framework.

context in which the information has been learned. In
learning to read and write, the strength of the retrieval
structure of a letter or phoneme is therefore determined
by all three strength measures. From this follows that a
good strategy for implementing optimal retrieval struc-
tures for letters or phonemes would be to increase the
number of associations for letters and phonemes.

In this paper, we introduce a new training program
(Dybuste} designed to establish cross-modal associa-
tions between different visual and auditory cues asso-
ciated with the presentation of written words. It should
be emphasized that tHeybusterbased training aims
to improve the trainee’s orthographical writing skills
as tested before and after the training period. In con-
trast to the training program of Kujala et al. (2001),
which is based on simple stimuli, our newly designed
training program relies on meaningful visual and audi-
tory stimuli. The basic idea behind this approach was
to use a multitude of meaningful visual-auditory asso-
ciations in order to build up the memory strength of

accuracy forimages with multisensory associations and
of differential hemodynamic responses within regions
of the lateral-occipital complex, the anterior cingulate
and frontal cortices (Murray, Foxe, & Wylie, 2005).

The objective of the present study was to evaluate the
performance of a multi-medial learning-software called
Dybuster This new computer-based training program
for the remediation of developmental dyslexia is based
on information theory models from Computer Science.
It utilizes Markovian language statistics derived from
linguistic analysis of standard language corpdpy-
busteris based on the idea of recoding a sequential tex-
tual input string into a multimodal representation us-
ing a set of novel codes. These codes re-route textual
information through multiple perceptual cues. There
are topological, colour, shape, and auditory represen-
tations. The spatio-topological code is computed by
recursive parsing trees of the string and decomposes it
into words, syllables, and individual letters. The ap-
pearance code assigns appearance attributes (colours

graphemes and phonemes (see above for the theoreti-and shapes) to each symbol. An additional auditory
cal background taken from the retrieval structure mod- code assigns Midi events (musical notes) to each sym-
el). This idea currently receives substantial support bol and thus generates a melody for each input string.
from neuroscience research showing that multisensory Detailed information on the statistical algorithms and
(meaningful) experiences enhance perceptions and fa- its implementation is available from a supplementary
cilitate memory retrieval processes. Data of a recent more technical publication (Gross &dgeli, submit-
neuroimaging study demonstrated that repeated visu- ted).

al stimuli could be discriminated according to whether
they were initially encountered in a multisensory (au-
ditory — visual) or unisensory (visual only) mode. The
discrimination was evident both in terms of improved

Dybustercomprises three different games. The first
is the colour gamein which the users have to learn
the association between a letter and a particular colour.
Based on the information theory model Df/buster
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eight different colours are used. The mapping of let-
ters to colours is the result of a multi-objective opti-
mization, taking into account that, for example, let-
ters, which dyslexics easily confuse, such as “t” and
“d”, map to different colours. Other aspects considered
include a uniform distribution of the colours over the
alphabet, maximizing the information content of the
letter to colour assignment measured as entropy. This
approach of associating colours and letters is aimed to
facilitate the elimination of mistakes.

In the second game, tlggaph gamethe users have
to segment graphically the word into syllables and let-
ters. Developmental dyslexics have difficulty in seg-
menting and manipulating phonemes in words (Elbro,
Nielsen, & Petersen, 1994; Mody, Studdert-Kennedy,
& Brady, 1997). Reading acquisition in children re-
quires the development of an appreciation for the seg-
mental nature of speech, a skill known @isonemic
awareness. Once the child realizes that spoken words

M. Kast et al. / Computer-based multisensory learning in children with developmental dyslexia

aged 9-11 years (mean 10.23), all native German
speaking and with an IQ 85 participated in the study
(IQ dyslexics: 105; IQ controls: 113). Two children
were excluded from the study because of poor perfor-
mance in the classical writing tests and in Bybuster
writing test. Two additional children were excluded
because they performed the writing test only once.

2.2. Test battery

At the beginning of the study, every child underwent
a series of standard psychological tests. The battery in-
cluded classical German writing (“Salzlger-Lese und
Rechtschreibtest SLRT” (Landerl, H, & Moser, 1997),
“Diagnostischer Rechtschreibtedirffunfte Klassen
DRT5” (Grund, Haug, & Naumann, 1995)) and read-
ing tests (“4ircher Lesetest ZLT” (Linder, & Grisse-
mann, 2000)) to quantify writing and reading errors, a

are CompOSed of smaller Segments (the phonemes)’ hestandard German inte”igence test (HAWIK 1| (TeWeS,
or she can learn to treat written words as multi-segment Rossmann, & U, 1999)) to exclude children with an
units and to grasp the correspondence between letters|Q lower than 85, attention tests to exclude children
(or letter complexes) and phonemes (Fletcher et al., suffering from attention-deficit-hyperactivity disor-

1994; Stanovich & Siegel, 1994). ders ("ADHD/ODD-Elternfragebogen” (Steinhausen,

In the third game, the actulglarning gameDybuster 2002)), a categorization test to measure possible plan-

presents all alternative representations of a word before ning problems (MWCST (Cianchetti, Corona, Fosco-
the user enters the word itself with the keyboard: the liano, Contu, & Sannio-Fancello, 2007)), and a hand-

graph appears on screen, and the colours and shapesdness performance test to measure hand performance
(spheres for small letters, cylinders for capital letters,

and pyramids for umlauts) are displayed for all letters.
A voice dictates the word and the users hear a melody
computed from the pertinent letters and the lengths of
the syllables. The words are organizedin modules, each
module consisting of 100 words, and ordered according
to their frequency and difficulty for dyslexics so that
the users begin by learning the most frequent and easy
words. For effective training, word selection adapts to
the user’s state and optimizes the learning process by
estimating and minimizing error entropy.

This paper reports the first data from our training
study. The study is based on a relatively large number
of children with developmental dyslexia who under-
went this audio-visual training procedure. We tested
whether this training procedure resulted in an improve-
ment of writing skills in dyslexic children compared
with dyslexics who did not receive this training.

2. Methods
2.1. Subjects

Forty-three dyslexic children (15 females), aged 9—-
11 years (mean 10.3), and 37 controls (17 females),

skill (“Hand-Dominanz-Test” (Steingruber, 1971)). A
summary of the main neuropsychological data separat-
ed for children with developmental dyslexia and con-
trols is given in Table 1.

All children were recruited by local newspaper ad-
vertisements and with the cooperative support of the
Swiss Dyslexia Corporatigand all were carefully ex-
amined using the above-mentioned neuropsychological
test battery. Each child received the diagnosis of devel-
opmental dyslexia according to a discrepancy between
his or her reading performance, as measured by the
standardized German reading tests (see above), and to
the child’s general cognitive abilities, as measured by
the standardized intelligence test. No further distinc-
tion was made between possible subgroups. All chil-
dren had at least normal intelligence. Each child’s per-
formance in both reading tests was compared with that
of the corresponding reference population of the SLRT
and the ZLT. A performance below 2 SD (percentage
rank<3%) of that of the reference populationin at least
one of the two subtests was used as criterion of discrep-
ancy. To serve as a control participant, a child had to
perform within the norms of the reference population
in both tasks (percentage rad 7%; within one SD).
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Fig. 2. Surface display of the learning game. Phonological information is represented by form of the graph, colour of the letters, and accompanying
musical sequences.

DW || Training ||

DO § § || Training || g
0Q 0] 0Q

Ccw o || Training || e 7
& a &

co || Training ||

Fig. 3. Sequence of actions. The Dybuster writing test is given three times (t1, t2, and t3).

All of the children with developmental dyslexia in this  learning-software, whereas 50 words were not trained.
study were initially screened as reading impaired by The learned and non-learned words (set 1 and set 2)
the school, school psychologists or clinical neuropsy- were carefully matched according to frequency and
chologists, and all were additionally interviewed about difficulty, as determined by th&Cl German 3cor-
their reading impairment. pora, and to number of syllables. The writing errors
Besides the above-mentioned tests, all children had were classified in O-, G-, and N-errors. O-errors were
to write a dictation containing 100 words before and incorrectly written but phonologically correct words
after the training Dybusterwriting test). Fifty of the (e.g. Somer instead of Sommer, Kwalitinstead of
100 words of the writing test were trained using the Qualitat, Feler instead of Fehler). G-errors were con-
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sidered mistakes in major and minor writing (e.g. non-
capitalized nouns, capitalized adjectives). N-errors

M. Kast et al. / Computer-based multisensory learning in children with developmental dyslexia

who performed théybustertraining after a waiting
period of 3 months (dyslexics and controls without

were regarded as mistakes originating from incorrect training in the first period: DO and CO). The train-
phoneme-grapheme correspondence (e.g. Grten insteadng groups practiced for three months, on average, four

of Garten, Bedeutun instead of Bedeutung; in English:

grden instead of garden, meanin instead of meaning).

times a week for 15-20 minutes a day. After this train-
ing period, no further training was undertaken in the

Table 2 demonstrates the number of errors separated second period of the study. The children in the control

for each error type expressed as percentage values.

group now began their training. But only five control

Interms of error rates, both word lists revealed strong children practiced wittDybuster and just 9 children

between-test correlations ranging frem- 0.7 tor =

(CO) wrote the writing-test three times. All children

0.9, depending on the sample studied and the analyzed used their home PCs for training. Psychologists and
error types. These inter-test correlations were obtained computer scientists involved in this project monitored

from an additional samplex(= 32) of children, half of
whom did not participate in this experiment. Howev-

the performance of the participants on a once-weekly
basis. A schematic demonstration of the study design

er, the between-test correlations were the same for the is presented with Fig. 3.

sample that participated in this experiment. The low-
er inter-test correlation was obtained for the dyslexic
children, while the higher correlation was measured for
normal non-dyslexic children. In addition, we estimat-
ed test reliability by calculating “consistency” using the
Spearman-Brown formuldi;; = (2% R12)/(1+4 R12)
(Ry: consistency coefficienfp;o: Pearson correlation
between halves of the “Dybuster writing test”)). Be-
cause reliability depends heavily on test length (high
reliability with long tests), the Spearman-Brown re-
liabilities had to be corrected for this effect. Thus,
we calculated an estimate of reliability corrected for
overall test length using the Spearman-Brown relation
(R, = (n'/nx Ru)/(1+ (0 /n — 1) % Ruy) (Ryy =
corrected reliability,R;;: original reliability, n: num-
ber of test stimuli, n": number of test stimuli for the
longer test version).R;;'s for the Dybusterwriting

2.4. Statistical analysis

The basic design is two-factorial with one group-
ing factor (4 levels: CO, CW, DO and DW) and
one repeated measurements factor (3 levels for the
three time points: tl1, t2, and t3). Since the data
did not entirely fulfil the prerequisites for convention-
al linear ANOVA analysis (normal distribution, homo-
geneity of variances, reasonable large number of sub-
jects), distribution-free statistical models were applied
(Krauth, 1988). The results of these analyses are not
interpreted in terms of statistical significance, but in-
terpreted using p-values as a measure of effect. The p-
value is defined as the lowest significance level at which
one would still have obtained a significant result for a
given data set, a given significance test, and a given test

test ranged between 0.90 and 0.97, depending on the problem. This has the advantage that other researchers

error type and the sample studied (larggy’ for the
non-dyslexic subjects). Please note thatRhg values
represent the largest reliabilities possible for this test.
The empirical reliabilities ranged between= 0.82
andr = 0.95. The performances (in terms of error

can decide for themselves whether the results are sig-
nificant at the significance level they find acceptable.

Since we have to take into consideration the fact that
p-values depend on sample size we also calculated ef-
fect sizes according to Cohen (1969). Here dhalue

rates) in these dictation tests were used as dependentwas used, which is the difference between two means
variables for this experiment. Thus, there were mean divided by the accompanying standard deviation. A
error rates for the learned and non-learned words and d > 0.5 is considered as moderate, whild a> 0.8 is

these were used to quantify the effect of iybuster
training.

2.3. Procedure

The dyslexic and control subjects were randomly
assigned to training or waiting groups. Two groups
immediately began witlbybustertraining (dyslexics
with training: DW; controls with training: CW). The

considered large (Cohen, 1969). All statistical analy-
ses were performed using SPSS for MAC version 11.0.
We will only comment on effects associated with a
p < 0.05 or ad > 0.5 (moderate effect size). In order

to handle the different conditions and the possible in-
teractions between them, and to avoid an unnecessarily
large number of statistical tests, we performed a series
of statistical tests that were strongly guided by a pri-
ori hypotheses. (1) We first tested for between-group

remaining two groups were assigned to waiting groups differences in terms of number of incorrectly written
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Table 1

Summary of neuropsychological data. Age is given in years; 1Q is given in Wechsler 1Q

scores; the values for the ZLR, SLRT and the DRT are presented as z-scores with negative

scores indicating inferior performance compared to age-matched controls. The values for

the Dybuster writing test are given as total number of errors made in the Dybuster writing

test

Dyslexics Controls Effect-d p
m s.d. m s.d.

age 10.3 0.9 10.2 1.0 0.1 n.s.
1Q 104.9 12.0 112.9 11.8 —-0.67 0.002
VQ 108.4 12.3 1155 129 -0.56 0.005
PQ 100.5 12.1 106.1 11.7 —-0.47 0.016
ZLT (time) wordlist Z-Score —-4.1 4.7 —-0.82 2.7 —0.89 0.000
ZLT (time) text Z-Score 2.7 3.0 -0.9 2.3 —0.68 0.000
SLRT+ DRT5 —-1.3 0.7 —-0.1 1 —2.7 0.000
Dybuster-writing test at T1 74.3 31.2 39.2 24.3 1.26 0.000

1Q = total 1Q, VQ = verbal 1Q, PQ= performal
Salzburger Lese- und Rechtschreibtest, DRF

nce 1Q, ZLT= Zircher Lesetest; SLRE
Beutscher Rechtschreibtest 5.

Table 2
Analysis of the error types: errors in percentage
Group O-errors  G-errors  N-errors
Controls, Words to learn 59.1% 29.7% 11.2%
Controls, Words not to learn 64.2% 26.7% 9.1%
Developmental Dyslexics, Words to learn 64.2% 23.6% 12.2%
Developmental Dyslexics, Words not to learn 66.6% 22.5% 10.8%

words at t1 (baseline), using Kruskal-Wallis tests. In
case of a p-valuec0.05 for the Kruskal-Wallis anal-
ysis, subsequerunn’s Multiple Comparisons Test
were performed and corrected for multiple testing. (2)
To answer our main question, we tested for significant
t1-t2 and t1-t3 differences for each group separately,
applying the Wilcoxon matched-pairs signed-rank test.
(3) In order to examine group differences in practice
effects we also compared t1-t2 and t1-t3 differences,
where necessary using appropriate non-parametric tests
(Kruskal-Wallis or Mann-Whitney U-test).

3. Results

3.1. Number of incorrectly written words and writing
errors at T1(baseling

Table 3 presents the mean number of incorrectly writ-
ten words separately for each group. Table 4 repre-
sents the corresponding data for the number of errors.

obtained at the first time point (T1) to Kruskal-Wallis
analysis revealed strong between groups differences
(total: Chi? = 29.7, d.f. = 3, p < 0.0001; learned
Chiz = 18.8, d.f. = 3, p = 0.0003; not learned
Chi? = 23.5, d.f. = 3, p < 0.0001). Subsequently
performedunn’s Multiple Comparisons Testvealed
significantly more incorrectly written words for the de-
velopmental dyslexics compared to the control sub-
jects (all p values< 0.001). Similarly, subjecting the
writing errors obtained at T1 to Kruskal-Wallis analy-
sis also revealed strong between group differentces (
tal: Chi? = 27.7, d.f. = 3, p < 0.0001; learned
Chi? = 17.1, d.f. = 3, p < 0.001; not learned
Chi? = 23.2, d.f. = 3, p < 0.0001). Subsequent-
ly performedDunn’s Multiple Comparisons Tese-
vealed significantly more errors for the developmental
dyslexics compared to the control subjects (all p values
< 0.001). The only exception was that CO subjects
made as many writing errors (and number of incorrect-
ly written words) as the children with developmental

We have presented both Tables because each child candyslexiaforwords that were notlearned in tgbuster

make more than one error within one word. However,
a close look at both tables reveals that there is no basic
difference. Subjecting the three measureimobrrect-

ly written words(total number of wordsd(ll), words
learned during th®ybustertraining (earned, words

not learned during thBybustertraining (ot learned)

training. Closer inspection of the data revealed that two
of the CO subjects made atypical many writing errors.
Excluding them from the analysis revealed the same
amount of writing errors of for the CW group. How-
ever, we kept these subjects in our analysis in order to
adhere our conservative attitude to our study.
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Table 3

Total number of incorrectly written words. Indicated are means (rounded) and standard
deviations (in brackets) for the three time points (T1, T2, and T3) at which the Dybuster
writing test was conducted. Means are given for all words (all), the words in the Dybuster
training (learned), and the words not learned (not learned) in the Dybuster training. For the
number of incorrectly written words at T1 the result of the Kruskal-Walllis test is presented
as p-value (K-W result). d is Cohen’s effect size measures representing the difference
between two means (at T1 and T2, or T1 and T3) divided by the average standard deviation.
The last two columns represent the percentage change from T1 to T2 and from T1 to T3.
Positive d-values represent an improvement (less number of incorrectly written words at
T2 or T3). Negative d-values represent a decline of writing performance (more incorrectly
written words at T2 or T3)

T1 T2! T3 d d % %
T1-T2  T1-T3  T1-T2  T1-T3

all

CO 39 34 23 0.25 0.86* 12.8 41.0
(20) 200 (@7

cw 27 19 17 0.73* 0.91* 29.6 37.0
(13) 9) 9)

DO 57 53 40 0.24 1.03* 7.0 29.8
a7 (16) (16)

DW 59 45 45 0.76* 0.74* 23.7 23.7
(29) a8) (19

K-Wresult P < 0.001

learned

CO 13 16 10 -0.29 0.33 -23.1 23.1
) (12)  (9)

Cw 13 8 8 1.00* 1.11* 38.5 38.5
(6) 4) 3)

DO 23 23 16 0.00 0.78* 0.0 30.4
9) 9) 9)

DW 21 15 16 0.80* 0.67* 28.6 23.8
(8) (7) (")

K-Wresult P < 0.001

not-learned

CO 35 17 14 1.06* 1.17* 51.4 60.0
22 (12 (14

cw 14 10 9 0.57* 0.71* 28.6 35.7
(8) (6) (6)

DO 33 30 24 0.24 0.75* 9.1 27.3
(13) 12) (11)

DW 37 30 29 0.48* 0.55* 18.9 21.6
(15) 14) (@14

K-Wresult P < 0.001

! The groups CO and DO did not receildybustertraining from T1 to T2.
!l The groups CW and DW did not recei@ybustertraining from T2 to T3*
Significant difference between two time point with a p at least01.

3.2. T1-T2 differences dren with developmental dyslexia and controls receiv-

ing training (DW and CW) compared with the subjects

The T1-T2 differences reflect the writing perfor-  who did not receive any training and waited for the next

mance difference (either as number of incorrectly writ-  Dybusteitraining session (waiting groups DO and CO).
ten words or as number of writing errors) between T1 Before conducting this statistical test, we first tested for
(baseline) and T2. These differences are represented assignificant T1-T2 differences. The statistical evalua-
effect size measureg); As one can see from Tables 3  tion (using Wilcoxon matched pairs signed rank test) of
and 4 as well as from Figs 4 and 5 the effect sizes for the these differences revealed highly significant decreas-

T1-T2 differences for those receivilybustertrain- es of incorrectly written words and writing errors for
ing (CW and DW) are mostly largel (> 0.5tod > 1). all groups umber of incorrectly written words=
To demonstrate a training effect duegbustertrain- total: DW: p < 0.0001; CW: p < 0.001; learned

ing, the T1-T2 difference should be larger for the chil- DW: p < 0.0001; CW: p < 0.001; not-learned DW:
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Table 4
Total number of errors (O, G and N errors). Indicated are means (rounded) and standard
deviations (in brackets) for the three time points (T1, T2 and T3) at whictDifmister
writing test was conducted. Means are given for all woalg,(the words in theDybuster
training (earned, and the words not learneddt learned in the Dybustertraining. For the
number of incorrectly written words at T1 the result of the Kruskal-Wallis test is presented as
p-value (K-W result). d is Cohen’s effect size measures representing the difference between
the means divided by the average standard deviation. The last two columns represent
the percentage change from T1 to T2 and from T1 to T3. Positive d-values represent an
improvement (less number of errors at T2 or T3). Negative d-values represent a decline of
writing performance (more errors at T2 or T3)

T1 T2! T3 d d % %
T1-T2 T1-T3 T1-T2 T1-T3

all

CO 48 41 25 0.25 0.94* 14.6 47.9
(29) 27 (20)

cw 30 20 19 0.77* 0.83* 33.3 36.7
(15) (11) (1)

DO 69 66 48 0.12 0.83* 4.3 30.4
(25) (25) (21)

DW 77 57 58 0.59* 0.54* 26.0 24.7
(36) 32) (32

K-Wresult P < 0.001

learned

CO 17 20 12 -0.19 0.45 —-17.6 29.4
(12) (19) (10)

cw 14 9 9 0.83* 0.83* 35.7 35.7
(1) (5) (5)

DO 29 28 19 0.08 0.83* 3.4 345
(13) (13) (11)

DW 28 20 21 0.64* 0.54* 28.6 25.0
4 1y @12

K-Wresult P < 0.001

not-learned

CO 43 21 17 0.94* 1.08* 51.2 60.5
(31) ae) (@17

cw 16 11 10 0.59* 0.71* 31.3 375
(10) (1) (7)

DO 40 38 30 0.12 0.65 5.0 25.0
a7 @an @4

DW 50 38 37 0.46* 0.51* 24.0 26.0
27) (25) (24)

K-Wresult P < 0.001

! The groups CO and DO did not receildybustertraining from T1 to T2.
!l The groups CW and DW did not receid@ybustertraining from T2 to T3
*significant difference between two time point Wwia p atleast<0.01.

p = 0.0006; CW: p = 0.0004; number of writing p = 0.28; CO:p = 0.07, n.s.). Importantly, the T1—
errors = total: DW: p < 0.0001; CW: p < 0.001; T2 differences were strongest for the children with de-
learned DW: p < 0.0001; CW: p < 0.001; not- velopmental dyslexia receiving training from T1 to T2
learned DW: p > 0.0001; CW: p = 0.0003). There compared with those who did not receive training (DW
were also some decreases for the controls and the de-vs. DO, all p-valuep < 0.001; Mann-Whitney U-test).
velopmental dyslexics receiving no training, howev- The DW group also revealed stronger improvements

er to a lesser degreaymber of incorrectly written than the control subjects who did not recelgbuster
words = total: DO:p = 0.02; CO:p = 0.01; learned training (DW vs. CO: p valuec0.001; Mann-Whitney
DO: p = 0.02; CO: p = 0.01; non-learned DO: U-test).

p = 0.02; CO:p = 0.01; number of writing errors: One can see from Tables 3 and 4 children with de-
total: DO: p = 0.2 n.s.; CO:p = 0.009; learned DO: velopmental dyslexia are still outperformed by the con-

p < 0.0001; CO: p = 0.14, n.s.;non-learned DO: trols even after training (more writing errors at T2 for
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Fig. 4. Effect sizes for the t1-t2 and t1-t3 differences (as d-values) obtained fioctresctly writtenwords in theDybusterwriting test. An

effect size> 5 indicates a moderate and/a> 0.8 a large improvement. Improvement is defined as reduced number of incorrectly written words
and is indicated by a positive d.

DW vs. CW, all p values<0.0001). differences reflect the differences between the number
of incorrectly written words (and writing errors) be-
3.3. T1-T3 differences tween T1 (baseline) and T3. The T1-T3 differences

are significant for the developmental dyslexics (all p-
The T1-T3 differences reflect the difference between values<0.001). Thus, the DO subjects benefited from
the number of incorrectly written words and writing  theDybustertraining and revealed stronger writing im-
errors obtained at T1 (baseline) and T3. These differ- provements than during the T1-T2 period. A similar
ences are also represented as effect size measlres ( specific improvementwas found for the controls, how-
(Tables 3 and 4 as well as Figures 4 and 5). As shownin ever only for the all words and for the learned words
Figs 4 and 5, the effect sizes for the T1-T3 differences (all p values at least0.01). For the not-learned words
are mostly larged > 0.5 —d > 1.0). The T1-T3 there was no difference depending on the extraordinary
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Fig. 5. Effect sizes for the t1-t2 and t1-t3 differences (as d-values) obtained faurtfi@er of errorsn the Dybusterwriting test. An effect size

>5 indicates a moderate andig> 0.8 a large improvement. Improvement is defined as reduced number in writing errors and is indicated by a
positive d.

larger number of incorrectly written words (and writing  bilized their performance and slightly improved their
errors) at T1. As mentioned above these extraordinary writing skills from T2 to T3, although they did not re-
large numbers of incorrectly written words are due to ceive any further formaDybustertraining (difference
two subjects. Eliminating those two subjects changed between T1-T2 and T1-T3 difference not significant;
the figures substantially and revealed that the T1-T3 p = 0.8).
differenceis largerthan the T1-T2 difference in the CO As one can see in Tables 4 and 5, the children with
subjects < 0.01). developmental dyslexia are still outperformed by the
While all subjects (even the control subjects) im- controls even after training (more incorrectly written
proved their writing skills from T1 to T3 (all p values  words at T2 for DW (means- S.D.: 45+ 18) vs. CW
<0.01), the developmental dyslexics who underwent (19 + 9); all p values<0.0001). The same is true
Dybustertraining during the T1-T2 period (DW) sta-  for the children with developmental dyslexia receiving
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Dybustettraining during the T2 to T3 time period (more
incorrectly written words at T3 for DO (meah S.D.:
40+ 16) vs. CO (23t 17); all p values<0.0001).

3.4. Percent measures

Impressive changes were revealed by calculating the
writing improvements as percentage changes (T1-T2
difference and T1-T3 difference related to T1). Chil-
dren with developmental dyslexia (DO) without train-
ing reduced their writing errors from T1 to T2 testing
by about 4-7%. Thus, these children would appear to
derive little benefit from regular schooling if they do not
receive intensive additional support. The children with
developmental dyslexia receivillybustertraining re-
duced their writing errors by about 19—29% (depending
on the writing performance measure used). Comparing
the developmental dyslexics and control subjects with
training reveals that both groups benefited to the same
extent from the learning-software.

The results for the T1-T3 difference demonstrate
that the groups with training in the second period of the
study benefited from the learning software even more
(descriptively) than the first training groups. Devel-
opmental dyslexics with training in the second period
reduced the errors by about 25-35% (depending on the
writing performance measure used). The findings al-

so demonstrate that suspended dyslexics, that is, those

who underwent the first period of training, were unable
to improve their writing skills any further by simply
attending school and other therapies. The suspend-
ed controls did further improve their writing skills but
showed less improvement than with training. These
results indicate that average writers benefit much more
from regular schooling compared with dyslexics, and
show that dyslexics can improve their writing skills
when they undergbybustertraining.

3.5. Transfer from learned to non-learned words

The data further demonstrate that the children were
able to improve their writing skills for the learned as
well as for the non-learned words. The learned and
non-learned words iDybusterwere carefully select-
ed on the basis of equivalent frequency, difficulty and
number of syllables. Thisis animportantfinding which
indicates that both children with and without develop-
mental dyslexia succeeded in the transfer of writing
rules and linguistic knowledge in all textual strings.
The data reveal a high error correlation=£ 0.9) be-
tween learned and non-learned words, this indicating
similar difficulty in the two groups.

M. Kast et al. / Computer-based multisensory learning in children with developmental dyslexia

4. Discussion

The present experiment clearly demonstrates that
this training has a beneficial effect on writing skills
in developmental dyslexic and non-dyslexic chil-
dren. The obvious enhancement in writing skills was
achieved with a multi-medial approach designed es-
pecially to increase cross-modal associations between
various visual and auditory cues. This training-related
effect is also evident for words that were not trained
but similar in terms of difficulty, number of syllables
and occurrence in the German language corpus, thus
clearly indicating processes of learning transfer from
writing learned to non-learned words. It is important
to note that dyslexic children derived very little benefit
from regular schooling. What these children do need
is an intense re-mediation to ameliorate their writing
skills. The developmental dyslexics did benefit from
the Dybustertraining (19% to 35% improvement de-
pending on the writing performance measure used) but
were still outperformed by the non-dyslexics. Given
that some degree of writing impairment is still present,
it may be advantageous to expand or combine the train-
ing with other approaches. But there is, nevertheless, a
remarkable reduction of writing errors in developmen-
tal dyslexics followingDybustertraining, a reduction
that also extends to non-learned words, thus indicating
that some kind of transfer from learned to non-learned
words had taken place.

The precise impact on the underlying neurological
and psychological mechanism is still not fully under-
stood. Various factors (and the interaction between dif-
ferent factors) may have caused the training effects: (1)
The intense multisensory (visual and auditory) stim-
ulation provided by the learning software might en-
hance the processing of graphemes and/or phonemes,
in which case the perception of graphemes would be
enhanced by our training procedure. (2) The intense
three-month training period might have strengthened
the memory trace and lead to a more efficient acti-
vation of the underlying associative network. If this
were the operative mechanism, th&rieval structure of
graphemesnd/omphonemeswrould have been changed
due to the explicit coupling of colours, symbols, and
musical notes. (3) The direct feedback and presenta-
tion of the correctly written word might support learn-
ing and thus strengthen the memory trace of words,
graphemes, and phonemes. (4) The motivation and
ambition of the children to work with computer-based
training is also a further possible contributory factor:
the participating children demonstrated great pleasure
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working with theDybustemprogram and understood the
training more as a game than as a conventional writing
training. (5) And finally, the support and interest of
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ing a phonological task. After training, the dyslex-
ic children’s oral language and reading performance
had significantly improved. In addition, the children

adults (parents, therapists, psychologists and computer with developmental dyslexia showed increased activa-

scientists) might have motivated the children to work
with Dybuster

Taken together, a multitude of factors might have
contributed to the training effect. Which of the above-
mentioned factors or combination of factors are indeed
responsible for the results of our study has to be shown
in additional future experiments. There are also a num-
ber of unanswered questions, which should be investi-
gated in further studies. Specifically, it should be ex-
amined whether the training also influences other lan-
guage skills such as reading, reading comprehension,
phonological awareness and rapid automatized nam-
ing. Furthermore, research in developmental dyslex-
ia has revealed a deficit in verbal-memory functions
(Jeffries & Everatt, 2004; Russeler, Johannes, Kowal-
czuk, Wieringa, & Munte, 2003; Russeler, Johannes,
& Munte, 2003; Schulte-Korne, Deimel, Bartling, &
Remschmidt, 2004). Because we assume that the
Dybustertraining strengthens the memory trace for
phonemes and graphemes, working memory for visu-
al and auditory verbal information might also be en-
hanced. It would also be helpful to examine whether
the Dybuster training exerts influence on other mem-
ory functions such as phonological short-term memo-
ry, working memory, and long-term representations of

graphemes or phonemes. One should also discuss the

difference in general 1Q of children with developmen-

tal dyslexia (IQ= 104.9) and children who served as

controls (112.9). Even though one would have wished
to perform the study with groups that match in gener-
al 1Q we do not think that this difference has any se-
rious implications for the study. It is rather interest-

ing to note the large improvements in writing skills of

children with developmental dyslexia albeit they had a
lower general 1Q.

A further open question is whether our remediation
program induces cortical functional plasticity. Only
few studies have investigated the changed neural acti-
vation patterns due to developmental dyslexia remedi-
ation. Two of the few published studies have employed
a widely used dyslexia re-mediation program (Fast
ForWord-Languagd®) in children with developmental
dyslexia (Temple et al., 2003; Temple et al., 2001). Be-
fore training, the children with developmental dyslex-
ia exhibited an absence of left temporo-parietal acti-
vation and a displacement of the left prefrontal acti-
vation exhibited by typical reading children perform-

tions in the left temporo-parietal and left prefrontal re-
gions during phonological task performance after train-
ing. Thus, the pattern of brain activation in dyslex-
ic children bears greater similarity to normal-reading
children after re-mediation. A similar finding was re-
ported of increased activation in left hemisphere pos-
terior language regions and left inferior frontal gyrus
in children with developmental dyslexia following a
phonologically-based remediation, using an auditory-
visual cross-modal phonological task (Shaywitz et al.,
2004). A very recent paper examined the neural corre-
lates of rapid auditory processing in dyslexic and non-
dyslexic children, using fMRI. The children listened to
nonlinguistic acoustic stimuli, with either rapid or slow
transitions, designed to mimic the spectro-temporal
structure of consonant-vowel-consonant speech sylla-
bles (Gaab, Gabrieli, Deutsch, Tallal, & Temple, in
press). While normal-reading children showed activa-
tion for rapid compared with slow transitions in left
prefrontal cortex, children with developmental dyslexia
did not show any differential response in these regions
to rapid versus slow transitions. After eight weeks
of re-mediation focusing primarily on rapid auditory
processing, the children with developmental dyslex-
ia showed significant improvements in language and
reading skills, and exhibited activation for rapid rela-
tive to slow transitions in left prefrontal cortex. Taken
together, these studies demonstrate that appropriate de-
velopmental dyslexia remediation is also accompanied
by changed activation patterns in a left-sided language-
related network.

5. Conclusion

We explored whether a newly designed software
program Dybuste) for remediation of developmen-
tal dyslexia has a beneficial effect on writing errors in
dyslexic and non-dyslexic childrenDybusteris de-
signed to strengthen multimodal associations between

visual and auditory cues in the context of a game-like

training. The children with developmental dyslexiaand
controls substantially improved their writing by prac-
ticing 15-30 minutes a day for about 3 months. This
improvement was even evident for non-learned words
that they did not practice in tHaybustertraining, thus
revealing the involvement of learning transfer mecha-
nisms.
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