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DEVELOPMENTAL DYSLEXIA IS THE MOST FREQUENT 
LEARNING DISABILITY WITH NEUROBIOLOGICAL 
ORIGIN, CHARACTERIZED BY A DIFFICULTY IN accu-
rate and/or fluent word recognition and by poor spelling and de-
coding abilities. Developmental dyslexia reflects an unexpected 
difficulty in reading in children and adults who appear to have 
all capabilities (intelligence, motivation, exposure to reason-
able reading instruction) needed to turn print into meaning.1

People with dyslexia show a general impairment in all sub-
processes involved in the grapheme–phoneme conversion, re-
sulting in highly inadequate reading performance and associated 
linguistic deficits in spelling, writing, and spoken language. Eti-
ology and pathophysiology of dyslexia are still unknown and 
different hypotheses conceptualize dyslexia as phonological, 
attentional, or auditory in nature or linked to a deficit of the 
cerebellar magnocellular system.2

Functional MRI (fMRI) studies have demonstrated that, in 
contrast to typical readers, dyslexic readers show a disruption of 
the posterior reading systems in the left parieto-temporal and oc-
cipito-temporal areas, but develop compensatory systems in the 
left anterior and right anterior areas and in the right-hemisphere 

homolog of the left-hemisphere visual word-form area (VWFA). 
Hypothetically, these ancillary systems allow the dyslexic reader 
to decode words, but slowly and not automatically.3

In order to trace a marker of dyslexia from a neurophysi-
ological point of view, several studies have evaluated electro-
encephalographic (EEG) abnormalities in dyslexic children 
during phonological, semantic and orthographic assignments 
and found an overall increase in slower rhythms (i.e., delta and 
theta bands) and a decrease in faster waves (especially alpha).4,5 
This pattern has been interpreted as generically due to a matu-
rational lag in brain development in these subjects. Penolazzi et 
al.6 confirmed the fMRI findings3 because they showed higher 
levels of relative percentage of delta EEG activity in dyslexic 
children, compared to controls, in resting conditions and great-
er delta band amplitude in the frontal regions during the pho-
nological task, as compared to both semantic and orthographic 
tasks.

Although in the last years important evidence has supported 
the hypothesis that sleep plays a key role in the processes of 
learning and memory7 and particularly in children,8 almost no 
studies are available on sleep in children with dyslexia. There is 
only one report in the literature that has evaluated EEG during 
sleep in children with reading disabilities9 showing an altera-
tion of sleep architecture characterized by an increase in slow 
wave sleep (SWS), a decrease in REM sleep and a longer REM 
sleep latency in children with reading disabilities compared to 
controls.

Because of this lack of knowledge, we decided to analyze 
sleep in children with developmental dyslexia in order to char-
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acterize their sleep structure by means of the computation of 
the classic sleep parameters in addition to spectral sleep EEG 
analysis and to evaluate the differences between them and nor-
mal healthy controls.

METHOD

Participants

For the purpose of this study, we recruited 19 subjects with 
developmental dyslexia (11 girls, 8 boys; mean age: 10.3 years, 
range 8−16) and 11 normally reading children (6 girls, 5 boys; 
mean age: 10.1 years, range 7−16) previously recruited by ad-
vertisement from the community.

Patients with dyslexia were consecutively recruited at the 
Child Neuropsychiatry Clinic of the University of Rome “Tor 
Vergata.” All of them had normal or corrected-to-normal vi-
sion, no history of serious physical health problems or of 
epileptic seizures or mental retardation; none of them was tak-
ing medications of any type. All subjects were right-handed. 
Handedness was controlled by asking the subjects about the 
hand they use in different tasks such as handwriting, throwing 
a ball, brushing teeth, etc. A subject was considered as right-
handed if he/she indicated to use the right hand for all of these 
different activities.

The clinical diagnosis of dyslexia was made according to 
standard criteria defined by the DSM-IV:10 full-scale IQ ≥ 85; 
no neurobehavioral, sensorial, or socioeconomic problems and 
defective performances on Italian standard tests for the assess-
ment of reading skills with reading abilities, at least 2 standard 
deviations below age mean for speed and accuracy. Dyslexic 
children suffering from attention deficit disorder with hyper-
activity (ADHD) were excluded from the experiment to avoid 
interfering and confounding effects.

Age-matched controls were retrospectively enrolled from 
our database of sleep recordings for the comparison of sleep 
structure; normal healthy children were selected with no history 
of organic or mental illness and without neurological or psychi-
atric disabilities. All of them attended regular primary, middle 
or secondary/high schools, with normal performances.

All participants fulfilled the Sleep Disturbance Scale for 
Children (SDSC)11 to evaluate the presence of sleep disorders. 
The SDSC is a standardized questionnaire and consists of six 
factors representing the most common areas of sleep disor-
ders in childhood and adolescence: difficulty in initiating and 
maintaining sleep (DIMS), sleep breathing disorders (SBD), 
arousal disorders (DA), sleep-wake transition disorders 
(SWTD), disorders of excessive somnolence (DOES), and 
sleep hyperhydrosis (SHY). Based on this scale, 3 dyslexic 
children were excluded because they had pathological scores 
in the DIMS subscale (2 with insomnia and 1 with a phase-
delay syndrome). None of the control children had scores in 
the clinical range for the total SDSC scale and for any of its 6 
subscales. Therefore, after the exclusion of subjects with po-
tential comorbidity with sleep disturbances the group of dys-
lexic children was composed of 16 subjects (10 girls, 6 boys; 
mean age: 10.8 years, range 8−16).

All parents of subjects participating to the study gave their 
written consent. The study was conducted in accordance to the 

regulations of the local ethics committee and to the principles 
expressed in the declaration of Helsinki.

Measures

Reading Abilities

Reading abilities were evaluate using:
MT (Memory and Learning Transfer) Reading test − The par-

ticipants had to read a passage aloud with a 4-minute time limit; 
speed (time in seconds per syllable read) and accuracy (number 
of errors, adjusted for the amount of text read) were scored. To 
measure comprehension, the participants read a second passage 
without a time limit and responded to 10 multiple-choice ques-
tions. Stimulus materials (and related reference norms) varied 
by grade.12

Word and non-word reading test − This test, derived from 
The Battery for Evaluating Dyslexia and Dysorthography,13 as-
sesses speed and accuracy (expressed in number of errors) in 
reading printed word lists (4 lists of 24 words) and non-words 
lists (3 lists of 16 non-words), and provides grade norms from 
the second to the last grade of junior high school. The dyslex-
ia group obtained significantly lower scores on word (both in 
terms of accuracy and speed) and non-word (only in terms of 
speed) reading tasks.

Word, non-word and sentences writing test − This test, de-
rived from The Battery for Evaluating Dyslexia and Dysorthog-
raphy,13 assesses accuracy (expressed in number of errors) in 
writing word lists (48 words), non-words lists (24 non-words) 
and sentences (12 sentences) dictated by the examiner.

Wechsler Intelligence Scale for Children

Intelligence estimates (IQ) were obtained using the Wechsler 
Intelligence Scale for Children - Third Edition Revised (WISC-
IIIR) which consists of standardized, individually administered 
tests that yield 3 intelligence measures: verbal IQ (VIQ), per-
formance IQ (PIQ), and a full-scale (verbal + performance) IQ 
(FSIQ). In normal controls, these measures have a mean of 100 
(S.D. 15). The IQ testing was performed before the sleep study 
at the initial evaluation.

Polygraphic Sleep Recordings

For this study, subjects underwent an overnight polysom-
nographic (PSG) recording in the Sleep Laboratory of the De-
partment of Developmental Neurology and Psychiatry of the 
Sapienza University of Rome, after one adaptation night, in 
order to avoid the first-night effect.

EEG recordings and electrode placement were performed ac-
cording the international 10-20 system and the PSG montage 
included at least 11 EEG channels (Fz, Cz, Pz, Fp1, Fp2, C3, 
C4, T3, T4, O1, O2) referenced to the contralateral mastoid, 
left and right electrooculogram (EOG), chin electromyogram 
(EMG), left and right tibialis anterior muscle EMG and electro-
cardiogram (ECG). All recordings started at the subjects’ usual 
bedtime and continued until spontaneous awakening.

All parents were asked to sign a consent form approved by 
the institution in which sleep recordings were carried out.
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Sleep Stage Scoring and Periodic Leg Movement Analysis

Sleep was subdivided into 30-second epochs and sleep stages 
were scored according to the recent American Academy Sleep 
Medicine criteria.14

The following conventional sleep parameters were evalu-
ated:

Time in bed (TIB);•	
Sleep period time (SPT): time from sleep onset to sleep •	
end;
Total sleep time (TST): the time from sleep onset to the end •	
of the final sleep epoch minus time awake;
Sleep latency (SL): the start of the first epoch scored as any •	
stage other than stage W, in minutes;
Stage R latency (RL): time from sleep onset to the first •	
stage R epoch;
Number of stage shifts/hour (SS/h);•	
Number of awakenings/hour (AWN/h);•	
Sleep efficiency (SE%): the percentage ratio between total •	
sleep time and time in bed (TST/TIB*100);
Percentage of SPT spent spent in stage W (W%) and in •	
sleep stages N1 (N1%), N2 (N2%), N3 (N3%), and stage 
R (R%)
Arousal Index: number of arousals•	 14 per hour in NREM, 
REM and Total sleep

Finally, periodic leg movements during sleep (PLMS) were 
detected following the recent criteria established by the AASM14 
and WASM-IRLSSG15 and the PLMS index was calculated as 
the number of leg movements included in a series of 4 of more, 
separated by more than 5 and less than 90 s, per hour of sleep.

Power Spectra Analysis

Power spectra were calculated for the Cz-A2 channel using 
the sleep analysis software Hypnolab 1.2 (SWS Soft, Italy), af-
ter Welch windowing (wn = 1 – ((n1/2(N – 1))/1/2 (N+1))2), in 
order to minimize the truncation error and reduce spectral leak-
age by suppressing sidelobes,16 by means of the Fast Fourier 
Transform (FFT),17 on 2-sec EEG epochs sampled at 200 Hz. 
Fifteen 2-sec epoch FFTs were performed for each 30-sec arti-
fact-free sleep epoch and their results averaged. Subsequently, 
the power spectrum was calculated for frequencies between 0.5 
and 30 Hz with a frequency step of 1 Hz and then averaged 
across the following bands: delta (0.5−4 Hz), theta (5−7 Hz), 
alpha (8−11 Hz), sigma (11−15 Hz), and beta (16−30 Hz). Indi-
vidual averages were obtained, for each sleep stage, which were 
used for statistical analysis.

Sleep Spindle Density

Sleep spindles were visually identified in the Cz-A2 channel 
in all epochs scored as stage N2 for the entire night as trains of 
distinct waves with frequency 11−16 Hz and with a duration > 
0.5 s, usually maximal in amplitude using central derivations. 
However, sleep spindles in children usually occur at 2 differ-
ent frequencies and 2 different scalp locations: 11.0−12.75 Hz 
over the frontal and 13.0−14.75 Hz over the centroparietal elec-
trodes.18 In this study, all spindles included in the count had 
an amplitude exceeding 10 µV and had typical waxing-waning 

morphology. Figure 1 shows some examples of visual spindle 
detection in a patient with dyslexia and in a normal control. 
Spindle density was calculated as the ratio of the number of 
sleep spindles counted in stage N2 to the number of minutes of 
stage N2.

Statistical Analysis

The comparisons between sleep architecture parameters, sleep 
EEG power spectra parameters, and spindle density obtained 
in children with dyslexia and normal controls, was conducted 
using the Bonferroni-corrected nonparametric Mann-Whitney 
test for independent data sets.

The Spearman correlation was used in order to evaluate the 
relationship between sleep EEG power spectra and cognitive 
measures. Differences and correlations were considered as sta-
tistically significant when P < 0.05. The commercially available 
software STATISTICA (StatSoft, Inc. 2004, version 6. www.
statsoft.com) was used for all statistical tests.

RESULTS

Behavioral/Cognitive Measures

The IQ mean scores in children with dyslexia were: Full-
Scale IQ 93.9 (range 85-115), Verbal IQ 90 (range 85-113), Per-
formance IQ 98.9 (range 85-129).

The Standard Deviation scores on MT Reading test ranged 
from 1.21 to 3.39 (mean 2.11), on word reading test from 1.34 
to 2.73 (mean 2.11) and on non-word reading test from 0.81 to 
2.86 (mean 2.0).

Sleep Architecture

Table 1 shows the statistical comparison between the sleep 
architecture parameters obtained from children with dyslexia 
and normal controls. Several statistically significant differences 
were found between the 2 groups. Number of stage shifts per 
hour of sleep and number of stage R periods were significantly 
lower in dyslexic children vs. controls. Stage N2% was signifi-
cantly higher (48.8% vs. 43.5%) and N3% significantly lower 
(21.5% vs. 25.25%) in dyslexic children with respect to con-
trols. The analysis of arousals showed only a slight decrease of 
the arousal index in dyslexic children, during all sleep stages, 
which reached statistical significance only during REM sleep.

All but one dyslexic subjects had PLMS index < 5/hour; 
however, the remaining subject only had PLMS index = 5.6.

Power Spectral Analysis and Spindles Density

The FFT analysis revealed significant differences between 
the two groups of subject, as shown in Figure 2. Dyslexic chil-
dren showed an increase in power of frequency bands 0.5−3 Hz 
and 11−12 Hz during stage N2 and 0.5−1 Hz during stage N3. 
No significant differences were found for sleep stage R.

Dyslexic children showed also a significant increase in spin-
dles density during stage N2 (6.2 vs. 3.5; P < 0.0001), while 
spindle mean duration was similar between the 2 groups (1.04 
vs. 1.06, NS).
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clear increase of spindle activity and sigma power in dyslexic 
subjects which seems to be correlated with their degree of dys-
lexic impairment. These findings, never reported before in the 
literature, seem to be consistent with the most recent reports on 
the role of sleep and of specific phasic events during non-rapid 
eye movement (NREM) sleep on learning and memory.19-21

A limitation of the study was that we recruited the normal 
healthy control group from our database of sleep recordings and 
we did not have cognitive testing measures for them. This can 
potentially change the results since it is possible that other mi-
nor neurocognitive impairments which might have been over-
seen are also associated with changes in EEG power spectra 
and sleep architecture.

The analysis of sleep architecture parameters showed only few 
changes in dyslexic patients, similar to those reported in the pre-
viously published single study on this population.9 We found a 
decrease in number of stage shifts (indicating an increased sleep 
stability), in number of stage R periods and in stage N3 percent-
age, but a slight increase in stage N2. Mercier et al.9 found the 
same decrease in number of REM periods and an increase of 
stage 2 NREM and of SWS during the first NREM cycle.

The FFT analysis revealed a specific pattern of sleep EEG 
power in dyslexic children represented by a clear increase in 
power of two specific frequency bands during stage N2: the 

Correlation Between Sleep Parameters, Power Spectra and 
Reading Tests

In subjects with dyslexia, Spearman correlations were com-
puted between sleep parameters or sleep power bands (Delta, 
Theta, Alpha, Sigma, Beta) during each sleep stage (N2, N3, 
R) or spindle density in N2 and the results of the reading tests 
(MT, Word and Non-Word reading test), writing test (Word, 
Non-Word and Sentences reading test) and WISC (table 2).

No significant correlations were found between sleep parame-
ters and the cognitive/behavioral measures. Of the different power 
bands, only the sigma band power in N2 was positively correlated 
with the Word Reading test (r = 0.63; P = 0.02) and MT reading 
test (r = 0.55; P = 0.03) while no significant correlations were 
found with the Non-Word Reading test; also, a positive signifi-
cant correlation was found between spindle density and the Word 
Reading test (r = 0.66; P = 0.01). EEG band power in stages N3 
and R did not correlate significantly with cognitive measures.

DISCUSSION

To our knowledge, this is the first study designed to analyze 
sleep architecture and EEG power spectra of the entire sleep 
in children with dyslexia. The main result of this study is the 
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Figure 1—Examples of visual spindle detection in a patient with dyslexia (top tracing) and in a normal control (bottom tracing).
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tion: children with dyslexia who receive intervention not only 
improve their reading but also show an increase in activation 
in the anterior system as well as in the parieto-temporal and 
occipito-temporal systems, compared to their pre-intervention 
brain activation patterns.22 Therefore the compensatory activa-
tion over the frontal regions could account for the increased 
EEG power in the low-frequency band at 0.5–3 Hz during N2 
and in very-low-frequency band at 0.5–1 Hz during N3 because 
the generators of the sleep EEG low-frequency band (0.25–2.5 
Hz) are localized mostly over the frontal midline cortex.23

In our group of subjects with dyslexia we did not find signifi-
cant correlations between classic sleep parameters and cogni-
tive/behavioral measures and between sleep EEG spectral data 
or spindles and tests for memory or cognitive performance, in 
agreement with to Schabus et al.24 and in contrast with Nader 
and Smith,25 and Bodizs et al.26

Schabus et al.24 showed that the most robust between-group 
differences were found if measures of spindle “intensity” (i.e., 
spindle activity: spindle duration × amplitude) were used, with 
weaker (but still significant) effects for sigma power and non-
significant effects for the number of detected sleep spindles 
and traditional spindle density. This might explain the diverg-
ing results, showing no significant relationships (with tests of 
memory or cognitive performance) for the traditional mea-
sures of spindle counts and spindle densities that we employed. 
Moreover, Schabus et al.24 believed that the measures of spindle 
activity (duration of each detected spindle × mean amplitude 
of the spindle in the 11–16 Hz frequency band) should be the 
best indicators of highly efficient thalamo-cortical and⁄or hip-
pocampal-neocortical networks. In future studies, spindle activ-
ity measures as well as spindle topography might disclose more 
interesting relationships between sleep spindles and learning.

We found a significant correlation between sigma band pow-
er in N2 and MT or Word reading tests and between spindle 
density in N2 and Word reading test; this indicates that the in-

low-frequency band at 0.5−3 Hz and at 11−12 Hz (slow sigma) 
while, during stage N3, a difference was found in the very-low-
frequency band at 0.5−1 Hz. Dyslexic children showed also a 
significant increase in visually detected spindle density during 
stage N2, while spindle mean duration was similar to that of 
normal controls. The increase in the 11−12 Hz frequency band 
probably corresponds to the low frequency spindles peaking 
over the frontal brain regions. This finding is further supported 
by the increase in spindle density in stage N2.

Three neural systems subserve reading: an anterior system 
in the region of the inferior frontal gyrus (Broca’s area), which 
is believed to serve articulation and word analysis, and two 
posterior systems, one in the parieto-temporal region, which is 
believed to serve word analysis, and a second in the occipito-
temporal region (the visual word-form area or VWFA), which 
is believed to serve for the rapid, automatic, fluent identifica-
tion of words. Non-impaired readers activate all three left hemi-
sphere neural systems while dyslexic readers seem to have a 
disruption in the posterior neural systems but compensate by 
developing anterior systems in both left and right hemispheres 
and the posterior homolog of the VWFA in the right hemisphere. 
Functional MRI studies support the existence of this disruption 
of the posterior reading systems in the left parietotemporal and 
occipito-temporal areas of dyslexic readers, and the presence 
of compensatory systems in left anterior and right anterior ar-
eas and the right hemisphere homolog of the left hemisphere 
VWFA. These ancillary systems would allow the dyslexic 
reader to decode words, but slowly and not automatically.3 This 
compensatory frontal activation has been reported also during 
wakefulness by EEG spectral analysis by Penolazzi et al.6 that 
found higher levels of EEG delta band in both anterior and pos-
terior sites, and a greater delta amplitude over dyslexic chil-
dren’s anterior sites during the phonological tasks.

It has been demonstrated that intensive evidence-based read-
ing intervention brings significant changes in brain organiza-

Sleep Spindle Activity in Dyslexia—Bruni et al

Table 1—Sleep Architecture in Patients with Dyslexia and Control Subjects

	 Dyslexia (n = 16)	 Controls (n = 11)	 Mann-Whitney test
	 Mean	 SD	 Mean	 SD	 “U”	 P ≤ 
TIB, min	 557.97	 33.12	 547.14	 43.10	 80.50	 NS
SPT, min	 528.44	 33.24	 515.73	 40.37	 74.00	 NS
TST, min	 519.66	 37.87	 508.77	 39.01	 76.50	 NS
SL, min	 19.63	 18.62	 22.23	 15.12	 70.00	 NS
RL, min	 117.09	 49.29	 107.59	 32.29	 84.00	 NS
SS/h	 5.43	 1.06	 8.31	 2.04	 14.00	 0.0003
AWN/h	 0.20	 0.29	 0.31	 0.24	 60.50	 NS
SE%	 93.19	 5.12	 93.07	 3.35	 80.00	 NS
Number of stages R	 6.56	 1.46	 9.27	 2.15	 26.00	 0.002
W%	 1.67	 3.21	 1.33	 1.41	 60.00	 NS
N1%	 5.71	 2.45	 8.23	 4.15	 52.00	 NS
N2%	 48.82	 3.85	 43.55	 5.34	 36.00	 0.01
N3%	 21.49	 3.57	 25.17	 3.81	 34.50	 0.008
R%	 22.29	 3.58	 21.71	 5.19	 82.00	 NS
NREM Arousal index 	 6.39	 1.88	 7.21	 5.67	 70.00	 NS
REM Arousal index 	 5.05	 2.53	 7.81	 2.63	 39.00	 0.015
Total Arousal index 	 6.11	 1.74	 7.29	 2.26	 63.00	 NS

TIB = Time in bed; SPT = sleep period time; TST = total sleep time; SL = sleep latency; SS/h = stage shifts per hour; AWN/h = awakenings 
per hour; SE = sleep efficiency.
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NREM sleep: sleep-spindles,29,30 slow waves or delta bursts.23,28 
Recent research suggests that these oscillatory neuronal ac-
tivities during NREM sleep are involved in sleep-dependent 
memory consolidation.27 Learning before sleep modulates the 
regional expression of slow wave activity (SWA)28 and spindle 
density29-33 during subsequent NREM sleep and also correlates 
with overnight improvement in memory performance.34

Several reports support the role of sleep spindles in proce-
dural and declarative learning.8,29,30 Holdmoser et al.35 hypoth-
esized that increasing spindle band power might also enhance 
declarative memory performance in a word-pair association 
task and the spindle increase does not seem to be related to an 
increase of stage 2 NREM.

Therefore, when a subject succeeds in elaborate encoding of 
newly acquired information, this should be reflected by an in-
crease in spindle activity and, subsequently, increased memory 
performance.

In our children we found an enhancement of sigma activity at 
11−12 Hz, probably reflecting an increase of the slow spindles. 
Some reports suggests the existence of two types of spindles:36 
at 11.0−12.75 Hz over the frontal areas and at 12.5−14.5 Hz, 
over the centroparietal regions. The peak frequency of the cen-
troparietal spindles increases linearly with age, whereas the 
incidence of frontal spindles abruptly increases during early 
adolescence.37,38 It is still an open question as to whether these 
2 sources contribute differentially to memory consolidation. 
Unfortunately, most behavioral learning studies did not differ-
entiate between slow and fast spindles nor used a consistent fre-
quency range when relating the expression of sleep spindles to 
the sleep-dependent consolidation of declarative (12–15 Hz,29 
11.5–16 Hz,30 11–16 Hz,39 11.25–13.75 Hz41) or procedural 
memory (12–16 Hz,31 12–14 Hz,42 12–16 Hz32).

Although recent data33 did not show a specific role of both 
slow and fast spindles in the processing of declarative word 
pairs, a previous study indicated an increase of low-frequency 
spindles over the left frontocentral areas, correlated with verbal 
declarative memory, and fast spindles over the parietal areas, 
after spatial declarative learning.39 Gais et al.29 indicated that 
the largest learning-induced differences in spindle activity can 
be observed at frontal leads, although spindle activity is gen-
erally highest at central electrodes. A recent study, however, 
provides evidence that both slow (≤ 13 Hz) and fast (≥ 13 Hz) 
sleep spindles are differently influenced by recent changes in 
neuronal plasticity and might play a different role for plasticity 

crease in spindles and sigma power is correlated to a more se-
vere degree of dyslexic impairment.

As stated by Schabus et al.,33 previous studies on sleep and 
memory have been relying on “macroscopic” estimates of sleep, 
i.e. amount of REM or SWS, without specific findings. As of 
today, different studies give importance to transient or phasic 
events for different types of off-line memory processing during 
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Figure 2—Comparison between the grand-average power spectra 
obtained from sleep stages N2, N3 and R, in our groups of children. 
Values are shown as mean and standard error (whiskers); grey-shad-
ed areas indicate significant difference between the two spectra.

Table 2—Correlations Between EEG Band Spectral Power in Stage N2 or Spindle Density and Cognitive Measures in Patients with Dyslexia

	 Delta	 Theta	 Alpha	 Sigma	 Spindle density
MT Reading test	 0.04	 0.18	 0.13	 0.55	 0.17
Word Reading test	 0.05	 0.01	 0.11	 0.63	 0.66
Non-Word Reading test	 -0.16	 -0.17	 -0.22	 0.24	 0.26
Word writing	 -0.02	 -0.14	 0.03	 0.23	 0.41
Non-Word writing	 -0.07	 0.03	 0.05	 0.31	 0.28
Sentences writing	 -0.08	 -0.09	 -0.03	 0.05	 0.18
Verbal IQ	 0.02	 -0.04	 -0.02	 0.05	 -0.04
Performance IQ	 -0.09	 -0.18	 -0.09	 0.03	 0.03
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Bold values are significant at P < 0.05
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during sleep:34 the slow spindles predominantly reflect cortico-
cortical coupling, while fast spindles are more closely associ-
ated with thalamocortical coupling.40

It has been demonstrated that spindles indicate the repeated 
activation of thalamocortical or hippocampo-cortical networks 
that have been suggested to be the basis for reorganization and 
consolidation of memory traces43: spindles may promote the 
formation of thalamocortical networks by providing endog-
enous signals with repetitive and synchronized activity44 and 
could provide the necessary conditions important for plastic 
modifications which underlie memory formation.43,45

Thus, the learning-dependent increase in spindles might indi-
cate the efficiency of information processing dependent on thal-
amocortical communication. Maintenance and encoding of new 
information, in a more complex, system may require higher thal-
amocortical activity or a more efficient thalamocortical system 
that may be reflected in the higher number of sleep spindles.

We might hypothesize that the increase in slow spindles 
(sigma power at 11–12 Hz) in our dyslexic subjects reflects 
the enhancement of cortico-cortical coupling since they have 
to transfer information continuously from the disrupted left-
hemisphere posterior neural systems to the ancillary anterior 
systems, in the left and right hemispheres, and the posterior 
homolog of the VWFA in the right hemisphere. Therefore, 
the increase of sigma power and spindles in dyslexic children 
might be related to a genetically more efficient thalamocortical 
system or to the obliged early adoption of acquired strategies in 
order to compensate their specific learning disability or to the 
intensive stimulation linked to cognitive rehabilitation. More-
over, the increase in SWA in N2 and N3 might represent the 
activation of the ancillary frontal areas.

In conclusion, based on our results, the increase in “slow” 
spindles and in EEG sigma power during sleep might be re-
garded as a neurophysiological marker of dyslexia; moreover, 
based on the clear correlation between reading test performance 
and EEG sigma power and/or spindle density, it is possible to 
hypothesize the presence of a relationship between the increase 
in spindles or sigma power and the severity of dyslexic impair-
ment. Future research should be devoted to the confirmation of 
this correlation in large independent groups of dyslexic subjects 
and to the detailed evaluation of the differential anteroposterior 
topography of spindles, in order to confirm or not the frontal 
activation reported by fMRI also at a neurophysiological level, 
during sleep.
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