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Lungomare Guglielmo
Marconi 36, I-00058,
Santa Marinella, Rome
(Italy); vicari@opbg.net

Received
13 December 2004
Revised version received
8 February 2005
Accepted 9 February 2005
. . . . . . . . . . . . . . . . . . . . . . .

J Neurol Neurosurg Psychiatry 2005;76:1392–1397. doi: 10.1136/jnnp.2004.061093

Objective: The purpose of this study was to investigate the effects of specific types of tasks on the efficiency
of implicit procedural learning in the presence of developmental dyslexia (DD).
Methods: Sixteen children with DD (mean (SD) age 11.6 (1.4) years) and 16 matched normal reader
controls (mean age 11.4 (1.9) years) were administered two tests (the Serial Reaction Time test and the
Mirror Drawing test) in which implicit knowledge was gradually acquired across multiple trials. Although
both tests analyse implicit learning abilities, they tap different competencies. The Serial Reaction Time test
requires the development of sequential learning and little (if any) procedural learning, whereas the Mirror
Drawing test involves fast and repetitive processing of visuospatial stimuli but no acquisition of sequences.
Results: The children with DD were impaired on both implicit learning tasks, suggesting that the learning
deficit observed in dyslexia does not depend on the material to be learned (with or without motor sequence
of response action) but on the implicit nature of the learning that characterises the tasks.
Conclusion: Individuals with DD have impaired implicit procedural learning.

A
varying percentage of children have difficulty learning
to read. In many of these children, the reading
impairment is secondary to a global cognitive deficit,

as in the case of mentally retarded individuals, such as
children with Down’s1 2 or Williams’3 syndrome. However, in
most instances reading disorders are observed in children
with normal intelligence and no learning difficulties linked to
factors such as sensory acuity deficits, neurological impair-
ment, or socioeconomic problems. This disorder is called
developmental dyslexia (DD). Its prevalence in the school
population varies across countries and languages. It is higher
(4–12%) in languages characterised by non-transparent
orthography, such as English, and lower (3–8%) in those
characterised by strict grapheme–phoneme correspondence,
such as Italian.4

In spite of these epidemiological data, many researchers
believe that DD is a linguistic disorder and, more specifically,
the consequence of a phonological disorder. In fact, clinical
evidence strongly supports this hypothesis (for review see
Demonet et al5 and Vellutino et al6). Children with DD usually
have great difficulty analysing and processing phonological
characteristics of spoken words.7 8 Thus, for example, dyslexic
children may have problems generating rhymes9 or subdivid-
ing a word into its single phonemes.10 11 The results of recent
neuroimaging studies provide further support for these
findings. Indeed, adults with DD show an atypical pattern
of activation in the brain regions usually involved in
phonological processing.12–15

Although it is generally believed that DD is based on a
phonological disorder, other hypotheses have also been
advanced. In particular, several researchers consider DD to
be the consequence of a disorder in visual processing.
Stein et al16 reported visual search difficulty caused by
reduced ability to correctly control ocular movements.
Furthermore, individuals with dyslexia are less sensitive
than normal readers to some variables, such as contrast
sensitivity and visual stimulus persistence.17 Consistent
with these findings, functional neuroimaging studies in
individuals with DD confirm the impairment in visual

processing linked with the transient or magnocellular visual
subsystem.18

Another hypothesis is that DD may be caused by deficits in
visual attention.19 20 Individuals with DD have been reported
to have reduced ability to find a target on a confusing
background21 and to have visuospatial disorders in orienting
and maintaining attention on a visual stimulus.22 Impaired
information processing speed has also been reported in
dyslexic individuals.23–27 According to Hari and Renvall,28 this
disorder is because of difficulty in quickly shifting attention
from one stimulus to the next, regardless of the sensorial
modality in which the stimulus is presented. In this
hypothesis, the attentional slow down is also responsible
for impaired phonological representation and inaccurate
visual searching.
Others suggest that DD deficits might be linked to the

impaired ability to acquire and automatise new cognitive
procedures. Thus, the acquisition and automatisation of
competencies, such as elementary articulatory and auditory
skills, eye movement processing, and letter recognition may
be severely compromised during development.29 30 As a result,
individuals with DD not only have difficulty reading, but also
have difficulty in other functions such as gross motor
coordination, balance, and speed of information processing.31

In a recent study, Vicari et al32 explored implicit learning
abilities in dyslexic individuals and similar age controls by
means of a modified version of the Serial Reaction Time
(SRT) task, originally developed by Nissen and Bullemer,33

and demonstrated the presence of a specific implicit learning
deficit in individuals with DD. However, Kelly et al34 drew
contrasting conclusions when investigating implicit sequence
learning in dyslexic individuals by means of a modified
version of the SRT task.35 Furthermore, Waber et al36 found no
evidence of an association between poor reading abilities and
deficits in sequential learning in a study on a large sample of
children with ‘‘heterogeneous learning problems’’. These

Abbreviations: ANOVA, analysis of variance; DD, developmental
dyslexia; MD (test), Mirror Drawing (test); SRT, Serial Reaction Time
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conflicting results may be due to differences in methodology.
Indeed, the various studies used different SRT tasks and the
ages of the individuals included were also different, as were
the criteria adopted to define reading disorders. Furthermore,
at least in some cases, the suspicion that explicit awareness
may be involved cannot be definitively excluded.
Given the complexity of this issue, we again approached it,

looking at performance of individuals with DD on different
implicit learning tests. Implicit memory functions include
skill learning (acquisition of general task procedure with
practice), learning repeated sequences of events, habit
learning (stimulus–response association), repetition priming
(item-specific learning), and classical conditioning. We
aimed to investigate the effects of specific types of tasks on
the efficiency of implicit procedural learning in the presence
of DD. For this purpose, we tested individuals with DD and
matched controls using two tests (the SRT test33 and the
Mirror Drawing (MD) test37–40) in which implicit knowledge
was gradually acquired across multiple trials. Although both
tests analyse implicit learning abilities, they tap different
competencies. The SRT task requires the development of
sequential learning and little (if any) procedural learning,
whereas the MD involves the establishment of fast and
repetitive processing of visuospatial stimuli but no acquisi-
tion of sequences. To avoid ambiguous ‘‘heterogeneous
learning problems’’, all individuals with DD included in the
present study were clearly diagnosed as having dyslexia,
based on the DSM-IV criteria.41

METHODS
Participants
A total of 32 children and adolescents participated in the
study. Of these, 16 children or adolescents (12 boys; mean
(SD) chronological age 11.6 (1.4) years) were recruited at the
Children’s Hospital Bambino Gesù in Santa Marinella, Italy,
where they had been clinically diagnosed as having DD. The
diagnosis was based on the standard exclusion criterion of
children with normal or above normal intelligence (intelli-
gence quotient (IQ) of 90 or more), without neurobeha-
vioural, sensorial, or socioeconomic problems, whose reading
abilities were at least two standard deviations below their
chronological age. The mean (SD) IQ, measured by the
Italian version of the Wechsler Intelligence Scale for
Children—Revised,42 was 99.4 (5.4). Moreover to avoid any
possible familiarity with implicit learning tasks by the
participants, we did not include any children and adolescents
in this study from among those already enrolled in our
previous study.32

The control group consisted of 16 normal readers (11 boys)
matched with the dyslexic group for chronological age (mean
11.4 (1.9) years) and socioeconomic level. None of the
controls had difficulty reading, evidence of cognitive impair-
ment, attention deficit, or a hyperactivity disorder.
We obtained informed consent from the children and their

parents.

Procedures
The Serial Reaction Time33

The SRT33 was administered on a portable computer (Compaq
LTE 5280), which controlled stimulus presentation and
reaction times (RTs), and stored data online. The children
sat facing the screen on which a bar with four empty squares
(length 3.3 cm) appeared. During the task, one of the four
squares was coloured red. The children were instructed to put
their left middle and index fingers on the C and V keys of the
keyboard, respectively, and to put their right index and
middle fingers on the B and N keys, respectively, and to press
the key corresponding to the red square when it appeared on
the screen. They were asked to respond as quickly and

accurately as possible. When a child pressed a key the red
square disappeared, and after an interval of 0.667 ms it
appeared again in a new position. The position of red square
changed according to a pseudorandom pattern or according
to a pre-established sequence. Total randomness was limited
to the extent that the red square could not appear in the same
position twice in a row. Six blocks of 54 stimulus–response
pairs were given. Although coloured (red) square presenta-
tion was random in blocks I and VI, in blocks II–V a nine item
sequence (CVCNVBNCB) of stimuli was repeated six times in
each block. The children were not told about the existence of
the repeating pattern. To verify whether they had gained
declarative knowledge of the sequence, at the end of the sixth
block they were asked whether the red square presentation
had a pattern or not. In addition, each child was invited to
reproduce the sequence on the keyboard. The degree of
declarative knowledge gained was evaluated by calculating
the percentage of items in the ordered sequence correctly
reproduced. There was no difference between groups in the
percentage of items reproduced (p.0.10). We analysed the
data by computing RT and response accuracy in each trial.

Reaction time
This was calculated as latency between stimulus appearance
on the screen and key pressing, regardless of the correctness
of the key pressed. Whether or not the children implicitly
learned the order in which the items alternated on the screen,
their RTs in the ordered sequences should have gradually
decreased with respect to the first random sequence and,
more importantly, should have greatly increased during the
last random sequence.

Response accuracy
This was evaluated as the percentage of correct key pressing
during the single blocks of each trial.

Mirror Drawing test37

All the children who performed the SRT task subsequently
performed the MD task by looking at the model, their hand,
and the trace through a mirror that inverted the image. The
apparatus consisted of a mirror (35635 cm2) mounted on a
5˚ vertically orientated metallic support and a wooden
support (40620 cm2) that prevented the children from
having a direct view of the model and of their drawing
movements. The task required the children to trace a line
between the double outline (0.4 cm) of a five pointed star
while they looked at the star and their hand only in the
mirror. The five pointed star consisted of ten segments (each
3.5 cm). A crossbar on the star perpendicular to the base of
the mirror indicated the point where the drawing had to start
and stop.
The children were instructed to draw the model as rapidly

and accurately as possible. They had four 10 minute sessions
in which they drew as many stars as they could. The first two
sessions were one after the other and the third session was at
least a half hour later. The final, fourth session took place on
the following day to verify long term learning.
To evaluate performance, we calculated two indexes:

N speed of tracing—defined as the number of star segments
traced in 10 minutes (the duration of each session)

N response inaccuracy—defined as the number of pathway
line crossings. This index was computed for each star
segment reproduced.

An increase in the number of segments reproduced through-
out the four sessions and a decrease in the number of errors
from session I to IV represented reliable measures of the
occurrence of procedural learning.
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Statistical analysis
We compared metric units of each group’s results with one or
two way analysis of variance (ANOVA) with repeated
measures. Where appropriate, post hoc comparisons were
made with Tukey’s test.

RESULTS
Serial Reaction Time test
Averages of the median reaction times of the two groups in
the six consecutive blocks of the SRT test are shown in fig 1.
The performance of the controls was affected by the presence
of an ordered item presentation sequence (one way ANOVA:
F5,75=6.54, p,0.0001), but the response pattern of the
dyslexic children was not modulated by item presentation
(one way ANOVA: F5,75=1.67, p=0.11). We analysed these
data by means of a 266 (group6block). The main effect of
group was not significant (F1,30=2.04, p=0.16). The block
effect (F5,150=6.4, p,0.0001) and the group 6 block
interaction (F5,150=2.8, p=0.02) were significant, demon-
strating a different pattern of RT changes in the two groups
across blocks.
Critical for the aims of the study, the two groups’ RTs

differed significantly (Tukey’s test) passing from the fifth
to the sixth block. This difference, usually considered the
most reliable measure of visual-motor sequence learning,
was in fact highly significant in the controls (p=0.0002)
but not in the dyslexic children (p=1). It is worth
noting that the group effect was not significant. In parti-
cular in the first experimental block, when the partici-
pants did not know anything about the task, the mean RTs
of the two groups were quite similar (controls=453.7
and dyslexic children=477.4; no significant difference
(p=0.98)).
In conclusion, although the two groups did not show RT

differences at the beginning of the task (block I), two
different RT curves were drawn throughout the blocks.
Whereas normal readers exhibited the ‘‘U shaped’’ learning
curve usually observed in this type of task, the dyslexic
children performed similarly in both randomised and ordered
blocks, thus failing to exhibit a learning curve.
We also analysed response accuracy, calculated as the

number of errors. A 262 (group 6 block) ANOVA showed a
significant effect of the group variable (F1,30=5.5, p,0.03),
due to the larger number of errors made by the dyslexic
children (mean 7.7 (3.3)) than the controls (mean 5.2 (3.1)).
The type of block (random or repeated) was not significant
(F1,30=1.2, p=0.4), given the similar number of errors made
in ordered or random blocks. The interaction was also non-
significant (F1,30=2.2, p=0.2), indicating a similar distribu-
tion of errors in the two groups passing from repeated to
random blocks (fig 2).

Mirror Drawing test
The average number of elements reproduced in the four
sessions by the two groups is shown in fig 3. One way
ANOVAs demonstrated highly significant learning effects in
both groups (controls: F3,45= 16.2; p,0.00001; dyslexic
children: F3,45=76.5; p,0.00001).
We analysed these data by means of a 264 (group 6

session) ANOVA. The main effect of group was significant
(F1,30=13.2, p=0.001), with normal readers producing
more elements than dyslexic children. The session effect
was also significant (F3,90=37.1, p,0.00001), as was the
interaction (F3,90=3.2, p=0.027). Post hoc comparisons
demonstrated that although dyslexic children and controls
produced a similar number of elements in the first, second,
and third sessions (always p.0.4), the former produced
fewer elements than normal readers in the fourth session
(mean 162.8 (51.5) and 301.1 (195.8), respectively,
p=0.0001).
We then analysed the number of errors. Since the

participants reproduced different numbers of star elements,
the children who drew more segments should have made
more errors (quicker but more inaccurate children). To avoid
this bias, the ratio between the number of errors and the
number of segments was computed for each participant in
every session. The index was analysed by means of a 264
(group 6 session) ANOVA (fig 4). The main effect of group
was not significant (F1,30=1.6, p=0.2), nor was the
interaction (F3,90=0.3, p=0.8). The session effect was
highly significant (F3,90=79.6, p,0.00001).

DISCUSSION
Procedural learning is a heterogeneous phenomenon includ-
ing cognitive, perceptual, motor, and other skills. Previous
studies have reported variable results in individuals with
dyslexia on the basis of different implicitly learned
tasks.32 34 36 43 One reason for this variability may be the
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Figure 1 Reaction times (RTs) of dyslexic (circles) and control (squares)
children in a task of serial learning acquisition. *Random blocks.
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Figure 2 Errors of dyslexic (circles) and control (squares) children in a
task of learning acquisition. *Random blocks.
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Figure 3 Number of elements reproduced by dyslexic children (circles)
and controls (squares) in each session of the Mirror Drawing test.
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multifaceted complexity of procedural learning, tapped
differently by the demands of different tasks. Our results
indicate that the children with DD were impaired on both
implicit learning tasks—that is, SRT test results indicated a
deficit in sequential learning in children with DD who
displayed similar responses in randomised and ordered
blocks. The deficit observed in the SRT task in the present
study is consistent with the results obtained in a previous
study, conducted in a different group of children with
dyslexia, demonstrating an implicit sequential learning
deficit in children with DD.32 In that study, the dyslexic
children had impaired implicit learning of a visual stimuli
sequence. Note that no motor sequence was demanded by the
task. Conversely, the visuomotor task of the present study
required implicit learning of sequential stimuli accompanied
by a complex motor pattern. In this task, as well as in the
previous one, only the dyslexic children showed evident
deficits in the implicit knowledge of stimuli serial order.
Thus, an indirect comparison between studies suggests that
the learning deficit observed in dyslexic individuals does not
depend on the material to be learned (with or without motor
sequence of response action) but on the implicit nature of the
learning characterising both tasks.
In contrast with the findings of these two studies, Kelly et

al34 reported similar patterns of implicit learning in dyslexic
and normally reading university students, although the
dyslexic students had slower RTs than normal readers.
However, the dyslexic individuals included in this study
were university students and thus rather successful acade-
mically. It is reasonable to hypothesise some degree of
recovery of the cognitive processes involved in reading in
these young adults. In fact, the impact of dyslexia can be
modified by the availability of resources such as semantic
knowledge,44 use of context,45 visual memory,46 and verbal
ability,47 which can compensate for phonological deficits. In
fact, neuroimaging findings have demonstrated that a large
number of ancillary systems representing the neural corre-
lates of these compensatory processes are present in adult-
hood.48 Thus, it is likely that cognitive processing in children
is different from that of dyslexic adults.
The SRT task adopted in a study of a large sample of

children with ‘‘heterogeneous learning problems’’36

showed no direct association between poor reading abilities
and defective sequential learning. However, since the
criteria for reading disorders were extremely loose, the
study may have included not only individuals with dyslexia
but also people affected by completely different learning
disabilities.
In the MD test, although the dyslexic and normal readers

made a similar number of errors (see fig 4), the children with
DD were always slower than normal readers in terms of

number of segments reproduced. Even if both the groups
improved as the sessions went by, we observed significant
differences between the groups in the fourth session (see
fig 3), which took place 24 hours after the preceding one.
Behavioural studies on monkeys and humans have shown
that procedural learning consists of at least two stages: an
early stage and a late stage.49 Changes in learned behaviour,
depending on the learning stages, and differential contribu-
tion of multiple brain areas and specific brain states, such as
sleep,36 to the early and late stages have been demon-
strated.50 51 In fact, in the initial stage of learning, perfor-
mance asymptotically improves, and when the training has
ended, the initially formed memory trace continues to be
processed. Consequently, when tested later, performance is
markedly improved even without any intervening training
session. This late component of learning seems to depend
critically on sleep. The observation that in dyslexic indivi-
duals the influence of sleep on the late component of
procedural learning is much less robust than in controls
suggests different processes of consolidation of procedural
abilities through off-line practice during the night. At the
system level, during sleep there is an experience-dependent
reactivation of cortical areas reflecting the reprocessing of
elaborated information contained in the learned material.52 53

This cortical reactivation is proportional to the level of
performance achieved at the end of the training session.54 By
interpreting our data in line with these studies, it can be
hypothesised that in the dyslexic children the experience
based cortical reactivation during post-training sleep was in
some way impaired. Furthermore, it cannot be excluded that
the level of implicit learning achieved prior to sleep by the
dyslexic children was insufficient to modulate the cortical
activation during sleep.
The results of the SRT and MD tests provide evidence of

reduced procedural abilities in the dyslexic children, suggest-
ing a general deficiency of implicit learning in DD. In this
regard, the reported difficulty in dyslexia to process literacy
as fast as in normal readers might be considered one facet of
the more general impairment in implicitly learned proce-
dures. Actually, implicit learning abilities allow acquiring and
executing new motor, perceptual, and cognitive skills, and
presumably also influence reading processes, thus leading to
automatisation of the mechanisms reading is based on.
Further, in DD automatisation deficits may influence
phonological processing and interfere with the ability to
automatise elementary articulatory and auditory
skills.30 31 43 55 56 In the early stages of development, implicit
learning deficits may affect the maturation of successive
abilities. This may explain the scattered difficulties exhibited
by individuals with DD such as phonological failure, visual
processing inadequacy, or attentional deficits.
We are aware that any attempt to identify the brain

structures specifically involved in the implicit learning
impairment displayed by the children with DD would be
entirely speculative. However, it is worth noting that
functional neuroimaging studies have demonstrated corti-
cal57–59 as well as cerebellar60 61 and striatal62 activation during
implicit sequential learning,62–65 suggesting that all these
structures have a role in the implicit acquisition of sequential
information. The involvement of neuronal loops comprising
the basal ganglia and cerebellum,49 the former for reward
based evaluation and the latter for timing processing, has
been proposed. It has been reported that the anterior
striatum and the putamen are related to the acquisition of
sequential learning and memory storage, respectively.66 The
restructuring of neural response patterns of striatal neurones
occurs as a result of procedural learning, culminating in task
related activity emphasising the beginning and the end of the
automatised procedure.67 Experimental data support the
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Figure 4 Ratio between number of errors and number of segments in
the Mirror Drawing test.
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involvement of cerebellar circuits in the acquisition of spatial
procedural competencies.68–70

Interestingly, the changes in activity in both the striatum
and the cerebellum have been observed at different stages of
motor sequential learning. The cerebellum has been con-
sidered as the structure that detects and corrects the errors71

mostly made in the initial stages to adjust movement to
incoming sensory input and to produce accurate motor
output.72 73 Conversely, striatal activation increases with
practice reaching its maximum once learning is achieved.74

In this framework, striatal regions are critical for the long
term storage of well learned movements.74 75

According to the clinical, experimental, and behavioural
findings reported above, the procedural learning difficulties
observed in individuals with dyslexia suggest that cerebellar
and striatal activities are impaired. Rae et al76 demonstrated
biochemical and morphological abnormalities in the cerebel-
lar areas of dyslexic adults. In a positron emission tomo-
graphy study on dyslexic adults, Nicolson et al30 described
abnormal cerebellar activation in response to both learned
and novel motor sequential tasks. In a functional magnetic
resonance imaging study, Georgiewa et al77 documented a
lower level of putamen activation in dyslexic children than in
controls, hypothesising greater familiarity of the latter with
reading performances and reduced retrieval of implicit
knowledge in the former. In the light of the present findings,
the possible role of striatal and cerebellar areas in the process
of reading acquisition is intriguing and worthy of further
investigation.
Finally, the present data suggest that evaluation of

procedural abilities is a useful clinical approach for studying
this developmental disorder. In fact, since procedural learn-
ing is acquired at the early stages of development,78 a deficit
in the acquisition of procedural competencies may be a sign
of future reading difficulty in pre-school children.
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