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A B S T R A C T   

Sleep plays a crucial role in brain development, sensory information processing, and consolidation. Sleep 
spindles are markers of these mechanisms as they mirror the activity of the thalamocortical circuits. Spindles can 
be subdivided into two groups, slow (10–13 Hz) and fast (13–16 Hz), which are each associated with different 
functions. Specifically, fast spindles oscillate in the high-sigma band and are associated with sensorimotor 
processing, which is affected by visual deprivation. However, how blindness influences spindle development has 
not yet been investigated. We recorded nap video-EEG of 50 blind/severely visually impaired (BSI) and 64 
sighted children aged 5 months to 6 years old. We considered aspects of both macro- and micro-structural 
spindles. The BSI children lacked the evolution of developmental spindles within the central area. Specifically, 
young BSI children presented low central high-sigma and high-beta (25–30 Hz) event-related spectral pertur
bation and showed no signs of maturational decrease. High-sigma and high-beta activity in the BSI group 
correlated with clinical indices predicting perceptual and motor disorders. Our findings suggest that fast spindles 
are pivotal biomarkers for identifying an early developmental deviation in BSI children. These findings are 
critical for initial therapeutic intervention.   

1. Introduction 

From birth, sleep enhances brain development (Fifer et al., 2010; 
Grigg-Damberger, 2017; Miller et al., 2015; Sadeh et al., 2002). During 
sleep, the sensory information people have acquired while awake is 
reprocessed and consolidated (Fernandez and Lüthi, 2020; Fogel and 
Smith, 2011; Gruber and Wise, 2016). Sleep spindles are a marker of 
these mechanisms as they mirror the activity of the thalamocortical 
circuits, which are composed of neurons that integrate sensory and 
motor inputs (Fernandez and Lüthi, 2020; Halassa and Kastner, 2017; 
Steriade, 1999; Steriade et al., 1985) and undergo important changes in 
the first years of life (D’Atri et al., 2018; Kwon et al., 2023). Spindles are 
bursts of neural activity that oscillate in the sigma band (Fernandez and 
Lüthi, 2020; Steriade, 1999; Steriade et al., 1985), which is modulated 
by sleep to support visual plasticity (Aton et al., 2013; Menicucci et al., 

2022). This suggests that the absence of vision from birth could influ
ence the maturation of sleep spindles. Therefore, we hypothesized that 
blindness may elicit a plastic reorganization of the brain structures that 
are involved in sleep processes. 

Specifically, sleep spindles can be subdivided into two groups, slow 
and fast. Slow spindles oscillate in the low-sigma band (10–13 Hz) and 
prevail in the frontal area (Chatburn et al., 2013; Clemens et al., 2005; 
Doucette et al., 2015; Gruber et al., 2013; Hoedlmoser et al., 2014; 
Kurdziel et al., 2013; Tarokh et al., 2014). In turn, fast-spindles oscillate 
in the high-sigma band (13–16 Hz) and prevail in the central area 
(Barakat et al., 2011; Chatburn et al., 2013; Jaramillo et al., 2023; 
Schabus et al., 2007; Tamaki et al., 2008). Slow and fast spindles evolve 
with age in a manner that may reflect the maturation of the different 
sub-networks. Indeed, they present different evolutional processes dur
ing development (D’Atri et al., 2018; McClain et al., 2016; Ricci et al., 
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2021; Shinomiya et al., 1999) that can be attributed to the existence of 
multiple generators (Shinomiya et al., 1999). Specifically, the higher 
frequencies increase through a child’s first 6 months, while the slower 
rhythms become significantly less common across the same period 
(Louis et al., 1992). From age 1, and at least until reaching the 4-year 
mark, the slow spindles reverse this tendency and increase in density 
(D’Atri et al., 2018) while the fast spindles decrease in density (D’Atri 
et al., 2018; Page et al., 2018). Afterward, fast spindles linearly increase 
until adolescence, while slow spindles decline and show a following 
increase in early adolescence (Campbell and Feinberg, 2016; Shinomiya 
et al., 1999). These changes agree with the spindle frequency evolution 
described in a recent article that illustrates spindle characteristics from 
birth to 18 years of age (Kwon et al., 2023). 

The spindles sub-groups are also associated with different functional 
skills: slow spindles are associated with high-level cognitive functions 
(e.g., intelligence and declarative learning), (Chatburn et al., 2013; 
Clemens et al., 2005; Doucette et al., 2015; Gruber et al., 2013; Hoedl
moser et al., 2014; Kurdziel et al., 2013; Tarokh et al., 2014). In turn, 
fast spindles are associated with sensorimotor processing (e.g., visuo
motor performance, motor functioning, and motor learning), which is 
affected by visual deprivation (Barakat et al., 2011; Chatburn et al., 
2013; Jaramillo et al., 2023; Schabus et al., 2007; Tamaki et al., 2008). 
Indeed, vision plays a crucial role in the way our brains represent the 
body and the external world, and its absence alters the development of 
people’s spatial, social and motor abilities (Rigato et al., 2014; Bollini 
et al., 2023; Cappagli et al., 2019, 2017; Gori et al., 2021; Cappagli et al., 
2017; Houwen et al., 2007; Cappagli et al., 2019; Houwen et al., 2007, 
2009). Therefore, given the strong association with sensorimotor pro
cessing, we hypothesized that fast spindle development may be specif
ically impacted in blind children. 

To investigate our hypothesis, we recorded nap video-EEG in 50 
blind or severely visually impaired (BSI) children and 64 sighted (S) 
children aged 5 months to 6 years old. We explored both macro- and 
micro-structural aspects. Specifically, we focused on three potential 
spindle biomarkers and their associations with clinical indices: the 
spatial spindle-frequency distribution on the scalp, spindles character
istics (density and duration), and spindles’ event-related spectral 
perturbation (ERSP) after spindle onset in the different ROIs. 

2. Materials and methods 

2.1. Participants 

114 children participated in the study; 50 were blind or visually 
impaired (BSI) and 64 were sighted (S). Both groups were subdivided 
into two age-bins in accordance with previous literature (Campus et al., 
2021; McClain et al., 2016): the first bin included children from 5 
months to less than 3 years and had 27 BSI subjects (13 Females, mean 
age = 1.65, sd=0.71) and 28 S subjects (13 Females, mean age = 1.58, 
sd=0.80); subsequently, the second bin had children from 3 to 6 years 
and included 23 BSI (16 Females, mean age = 4.46, sd=0.85) and 36 S 
(12 Females, mean age = 4.40, sd=0.87). We performed a t-test between 
the ages of the BSI and S groups for each age-bin. They were 
non-significant for both the 0–3 (t(53)=0.36, P = 0.72, 95 % CI=[− 0.34, 
0.48]y) and the 3–6 (t(57)=0.30, P = 0.80, 95 % CI=[− 0.40, 0.52]y) 
age-bins. A histogram of age distribution and the exact age of each 
participant is reported in the supplementary materials (see Fig. S1). 
However, considering the maturational changes known to happen in the 
first decade of life, like cortical rewiring, we also counted age as a 
continuous predictor and found results that supported the adopted 
age-bin subdivision. 

2.2. Ethics statement 

We have complied with all relevant ethical regulations, and we have 
received informed consent from the participants’ parents to use their 

instrumental and clinical data for research according to the guidelines of 
the Declaration of Helsinki. 

2.3. Clinical details of the blind/visually impaired participants 

Full clinical details are provided in Table S1 (see Supplemental In
formation). In this study, we enrolled children affected by congenital 
peripheral visual impairments (i.e., involving pre-chiasmatic structures, 
such as the retina and optic nerve) that were referred to the centre of 
Child Neurophthalmology of the IRCCS Mondino Foundation based in 
Pavia, Italy. Subjects with primary brain involvement (e.g., cerebral 
visual impairment) were excluded based on diverse criteria including 
medical history, clinical evaluations (neurologic and visual function 
assessments), and diagnostic exams (VEP, brain MRI, EEG). None of the 
participating children had a history of perinatal problems (such as res
piratory distress during delivery or suffering from an anoxic-ischemic- 
hemorrhagic injury), metabolic disorders, genetic syndromes, epi
lepsy, or sleep disorders. Only 4 children were born preterm. All 4 in this 
group were born late preterm and they had no neurological involve
ment. All the subjects had good general health. Some subjects presented 
a slight and nonspecific developmental delay (which is frequently re
ported in visually impaired infants) (Dale et al., 2017). However, based 
on the standardized evaluation, no children had cognitive impairment. 

Developmental and cognitive assessments were performed using a 
comprehensive approach that included a multidisciplinary clinical 
evaluation and standardized tests that were chosen according to the 
participant’s age and the severity of their blindness. These assessments 
were performed by trained professionals with expertise in evaluating 
blind and visually impaired children. The cognitive levels of this pop
ulation were evaluated using the verbal subscales of the Wechsler scales 
(Wechsler, 2003). Their developmental levels were assessed using the 
Reynell-Zinkin Scale (RZS) (Reynell, 1978). The RZS is a standardized 
developmental assessment test designed for children with disorders of 
the visual system. In turn, specific subscales of the RZS were selected as 
parameters to consider in the associated analysis (see the statistical 
analysis sections). Visual function evaluations were carried out by 
trained professionals. According to the age and cooperation level of the 
children, their grating or visual impairment was measured using stan
dardized tests. Infants were evaluated using the preferential look tech
nique (i.e., observing the child’s spontaneous behaviors when facing a 
grating target (Hyvarinen et al., 1980)). Subsequently, the older chil
dren were administered either the Snellen Chart (Azzam and Ronquillo, 
2023) or the LEA Vision Test (Hyvarinen et al., 1980) at a distance of 3 
m, depending on their age and academic levels. The level of grating or 
visual acuity was graded based on the severity of the participants’ visual 
deficits; these ranged from severe visual impairment to total blindness. 
Similarly, none of the participating children in the control group had a 
history of perinatal problems, metabolic disorders, genetic syndromes, 
epilepsy, diagnosed sleep disorders, or cognitive impairment. 

2.4. Apparatus and materials 

Daytime naps were recorded in the EEG lab of the Child Neuropsy
chiatrists Unit at the IRCCS Mondino Foundation Hospital, Pavia (Italy) 
with a 512 Hz sampling frequency using a Nicolet vEEG 5.94 system. 
The recordings included EEGs from 19 derivations (FP1, FP2, Fz, F3, F4, 
F7, F8, Cz, C3, C4, Pz, P3, P4, O1, O2, T3, T4, T5, T6) following the 
International 10–20 System. Further polygraphic channels included 
ECG, pneumogram (PNG), EMG, and electrooculogram (EOG), 
depending on the subject’s compliance. Video was also acquired using 
two infrared cameras. 

2.5. Procedure 

Along with their parents (or legal guardians), the participants 
arrived at the laboratory at their scheduled time. Most of these 
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assessments occurred between 9 and 11 am. However, some participants 
came to the laboratory in the early afternoon (around 1 pm), due to 
familial difficulties. To verify that the diurnal and homeostatic dynamics 
did not influence our results, we tried to add the period of the day in 
which the nap was scheduled (morning vs. afternoon) as an independent 
variable in our models, which considered the spindles characteristics or 
power as the dependent variables. However, we found no significant 
interaction with the period of the day (the probability closest to signif
icance was P = 0.12). 

An expert EEG technician explained to the parents what the exam 
was about. Subsequently, they signed the informed consent form for the 
video-EEG recording and the use of data for research purposes. Then, the 
EEG cap was put on the participants and the polygraphic parameters 
were set. A band pass filter was set at 5–15 Hz for ECG, 0.5–5 Hz for PNG 
and EOG, and 50–70 Hz for EMG. The participants were placed in a dark, 
silent, and comfortable room, while an expert EEG technician continu
ously monitored their state. Starting from the first drowsiness period 
that appears on the EEG trace, the participant had 50 min of sleep 
possibility. The effective mean total sleep time (TST) and SE for each 
group and age-bin is outlined in Table S2. At the end of the 50 min or 
after the natural awakening of the child, the test finished, and the test 
material worn was disassembled. Sleep scoring (operated by two sleep 
experts) and the pre-processing analysis were performed offline. The 
study included the results of the participants who achieved at least 30 
min of TST and N3 sleep stage. 

2.6. Sleep scoring and pre-processing 

The sleep recordings were processed using EEGLAB (Grandchamp 
and Delorme, 2011) and Hume (https://github.com/jsaletin/hume) 
software. Any missing or artifacted electrodes were interpolated. The 
EEG was filtered using a notch (50+− 5 Hz) and a band-pass filter be
tween 0.16 and 100 Hz; in turn, it was subsampled to 256 Hz and 
re-referenced to the average of all the electrodes. Data were scored for 
sleep stages using 30-s epochs, in accordance with the American Acad
emy of Sleep Medicine manual criteria (Berry et al., 2020). The artifacts 
related to ocular, muscle, and cardiac activities, or related to problems 
with the electrodes were removed using a visually-inspected indepen
dent component analysis (ICA). 

2.6.1. Sleep macrostructure 
To compute the spectrogram, each scoring page was divided into 6 

non-overlapping 5-s segments. Subsequently, on each segment, the 
power spectral density (PSD) was computed using the pwelch function 
(the window length was set to 5 s without overlap – as a default of Hume 
toolbox – and the nfft was set to 256, equal to the sampling frequency). 
Then, the mean PSD was computed by averaging all the segments within 
each 30-s epoch. For each 30-s epoch, the power of the sigma and delta 
frequency bands was calculated. The band power was then normalized 
to the mean power of all total sleep time (TST) according to the formula: 

Normalized power (epoch) =
power (epoch)

mean (power of TST)
*100 (1)  

2.6.2. Sleep microstructure: spindle characteristics 
The detect spindles EEGLAB plug-in (Ray et al., 2015) was used to 

automatically detect the sleep spindles (10–16 Hz) using a minimum 
duration threshold of 0.5 s. Fig. S2 shows a representative plot that in
cludes EEG traces and marked detections. We considered spindle events 
on the Frontal (F3, F4, Fz) and Central (C3, C4, Cz) electrodes during the 
N2 and N3 sleep stages. The detections were inspected visually. 

2.6.3. Sleep microstructure: spindle ERSP 
To compute the event-related spectral perturbation (ERSP) in dB, the 

data were segmented from 1 s before to 4 s after the spindle onset 
(considered as t = 0). For each segment, the period from − 1 s to 0 s was 

used as a baseline. In turn, ERSP was calculated using the newtimef 
function of EEGLAB. For each participant, the whole time-frequency 
distribution (Fig. 3B) was extracted from 3 to 32 Hz using a Morlet 
Wavelet. This started with 3 cycles and increased with a 0.1 factor. We 
considered the low-sigma (10–13 Hz) band, high-sigma (13–16 Hz) 
band, and the observed clear modulation within the high-beta (25–30 
Hz) frequency band. For each band, the mean ERSP was computed 
within the Frontal and Central ROIs, while considering the temporal 
evolution over the whole epoch time course (Fig. 1A). Subsequently, we 
evaluated the ERSP within 1 s time-windows from sleep onset to 4 s 
after, considering the ERSP mean for each time-window (see Fig. 1B). 

2.7. Quantification and statistical analysis 

Statistical analyses were carried out in the R environment (R Core 
Team, 2021). Linear mixed models were fitted using the lmer function of 
the lme4 package (Bates et al., 2015). The predictors were evaluated 
using Type III Wald χ2 tests, as implemented in the Anova function of the 
car package. We adopted linear mixed models with random intercepts 
per subject because we can assume that extracting features from the 
ERSP distribution or the spectrum of the same subject violated the 
assumption of independent observations due to individual variability. 
Therefore, we chose this model because it was a compromise that at least 
partially accounts for subject specificities while also avoiding the 
overfitting potentially given by setting random slopes due to the number 
of subjects involved in the study. 

2.7.1. Sleep macrostructure 
For the sleep macrostructure, the effects of the groups (S and BSI) 

and age-bin ((0–3)Y, Young and (3–6)Y, Old) were evaluated on the 
sleep statistics and spectrogram activities in the sigma and delta bands. 
For the sleep statistics, we considered the total sleep time (TST) in mi
nutes and the percentage of stage 1 (N1), stage 2 (N2), and stage 3 (N3) 
NREM and stage REM on TST. TST is defined as the duration of time 
spent in Stages 1, 2, 3, and REM – the elapsed time from the onset of 
sleep through the last epoch of unambiguous sleep. NREM is defined as 
the duration of time in Stages 1, 2, and 3. A linear model was fitted using 
the lm function; it considered each sleep statistic independently as the 
dependent variable, while group and age-bin served as the predictors. 
The predictors were evaluated using an F test implemented in the Anova 
function of the car package (Fox and Weisberg, 2018). Because only a 
small percentage of participants reached the REM stage, this data was 
excluded from the subsequent analysis. The delta (0.5–4.75 Hz) and 
sigma (10–16 Hz) activities were extracted from the spectrogram, 
normalized to the mean band activity over all NREM sleep stages, and 
then averaged separately for N1, N2, and N3. Linear mixed models were 
fitted for each independent band. The mean power was taken as the 
dependent variable, while group, age-bin, and sleep stage (N1, N2, N3) 
served as the predictors. For both the sleep statistics and the sigma/delta 
activity analysis, the contrasts were further investigated with the 
emmeans function of the emmeans package (Lenth, 2022) by obtaining 
their estimated marginal means (EMMs). The effects were considered 
significant when P < 0.05 after the Bonferroni correction. 

2.7.2. Sleep microstructure: spindle characteristics 
In the first analysis, to provide an overview of the modulation of the 

spindle frequency distribution, the mean spindle frequency (SF) was 
evaluated by fitting a linear mixed model using the lmer function. SF was 
considered as the dependent variable, with group and age-bin serving as 
the between-subject factors, while the ROI was the within-subject factor. 
In the second analysis, we investigated the characteristics of slow and 
fast spindles on the Frontal and Central ROIs separately. We evaluated 
this by fitting a linear mixed model using the lmer function. The spindle 
density (#/min) and duration (s) were considered as the dependent 
variables, while the group, age-bin, and frequency band (10–13 Hz, 
Slow or 13–16 Hz, Fast) were evaluated in the LMM. In both analyses, 
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the contrasts were further investigated using the emmeans function by 
obtaining the estimated marginal means (EMMs). The effects were 
considered significant when P < 0.05 after the Bonferroni correction. To 
evaluate the maturational effects in more detail, the analyses on spindle 
density and mean frequency were repeated while considering contin
uous age. Indeed, it is always suboptimal to dichotomize continuous 
variables. Thus, the planned contrasts were investigated with the 
emtrends function while considering age as a continuous covariate. 
Importantly, the figures that show these analyses have been generated 
using the emmip function of R, which creates an interaction plot of EMMs 
based on how they are fitted. Therefore, we have not aggregated the ages 
for statistical analysis. Rather, we have estimated the coefficients of the 
model and the associated 95 % confidence intervals. Then, we simulated 

the prediction of the model and related a 95 % confidence interval at 
given ages. Thus, there is no quantization but only a graphic represen
tation of the prediction of the model. 

2.7.3. Sleep microstructure: spindle ERSP 
The ERSP modulations were evaluated by fitting a linear mixed 

model using the lmer function. We considered the ERSP mean as the 
dependent variable, while the group, age-bin, and time-window ([0–1]s, 
[1–2]s, [2–3]s, [3–4]s) were evaluated in the LMM. The contrasts were 
further investigated using the emmeans function. The effects were 
considered significant when P < 0.05 after the Bonferroni correction. 
Afterward, to consider the interindividual variability, we also investi
gated the peak power within the spindle time-window ([0–2]s) for the 

Fig. 1. Differences between age-bin, group, and ROI in ERSP power of sleep spindles. (A) Plot of time-frequency distribution for each group, age-bin, and ROIs 
showing the increase in low-sigma (10–13 Hz), high-sigma (13–16 Hz), and high-beta (25–30 Hz) power delimited by the horizontal dashed lines. We extracted 
event-related spectral perturbation (ERSP) in dB Hz using a Morlet Wavelet. Data were segmented from − 1 s before the spindle onset to 4 s after it; the period from 
− 1 to 0 s before the onset was used as the baseline. We computed the mean ERSP within each frequency band and ROI. Significant results were found for the high- 
sigma and high-beta. (B) ERSP curve representation of the low-sigma, high-sigma, and high-beta on the Frontal and Central ROIs for each group and age-bin. We 
considered ERSP peak within each frequency band on Frontal and Central ROIs. Significant results were found for the high-sigma and the high-beta only on the 
Central ROI. 
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low-sigma (10–13 Hz), high-sigma (13–16 Hz), and high-beta (25–30 
Hz) frequency bands and on both the Frontal and Central ROIs. In turn, 
we used the aov function to assess the effect of group and age-bin on 
peak power. The contrasts were further investigated with the emmeans 
function. We considered the comparisons to be significant when P <
0.05 after the Bonferroni correction. To investigate the maturational 
effects in more detail, the analyses were repeated with continuous age 
instead of age-bins. Planned contrasts were investigated with the 
emtrends function while considering age as a covariate (see Section 
2.6.2). 

2.7.4. Association with clinical indices 
Finally, we examined whether there was a specific association be

tween the electrophysiological features and the selected clinical indices. 
First, we evaluated if the severity of visual impairment (i.e., Sighted (S) 
=0, Severely Visually Impaired (SVI) =1, and Blind (B) =2) could be 
predicted from the investigated spindle measures. To this end, we 
applied ordinal regression models using the orm function of the rms 
package. Subsequently, in the BSI children only, we related the spindle 
biomarkers with the specific clinical scores that reflect sensory, envi
ronmental interaction and motor dysfunction: the presence (or absence) 
of motor coordination impairment (MCI) and hypotonia (evaluated 
through neurologic examinations), along with the subsequent subscales 
of the RZS (Reynell, 1978): social adaptation (concerning personal au
tonomies), spatial exploration (i.e., the ability of the toddler to orient 
within a space), verbal comprehension (including the response to 
sound), and expressive language, to evaluate the social interaction. All 
the parameters were coded with Normal=1 or Altered=2. These data 
were not available for 5 participants. Then, to identify more reliable 
factors, we performed a factorial analysis in which we included all these 
indices (Drasgow, 2004; Revelle, 2009). This factorial analysis was 
based on a polychoric correlation matrix (Presaghi and Desimoni, 2023; 
Revelle, 2016). Parallel analysis suggested that 2 clinical factors were 
most appropriate. The first clinical factor was environmental interaction, 
which accounted for spatial exploration, sound response, social adap
tation, and language indices. The second clinical factor was motor dis
orders, which accounted for motor coordination impairment and the 
hypotonia indices. For each clinical factor, we computed related scores. 
Then, we used the two extracted factors, instead of the original 6 indices, 
to test their possible associations with electrophysiological features. 

To test the association between spindle biomarkers and clinical 
factors, we applied linear regression models. For each clinical factor in 
the first model, we considered the age-bin, while in the second model, 
we considered continuous age. 

3. Results 

To investigate our hypothesis that fast spindle development may be 
specifically affected in blind children, we recorded nap video-EEG in 50 
blind or severely visually impaired (BSI) children and 64 sighted (S) 
children aged 5 months to 6 years old. We explored both macro- and 
micro-structural aspects. The macrostructural analyses provided infor
mation about sleep statistics (TST and%N1, N2, N3, NREM, and REM) 
and the activity of the sigma (10–16 Hz) and delta (0.5–4.75 Hz) bands 
at the different stages. No relevant differences were found between the 
BSI and S children (see supplemental information and Table S2). In the 
microstructural analyses, we focused on three potential spindle bio
markers: spatial spindle-frequency distribution on the scalp, spindles 
characteristics (both density and duration), and spindles’ event-related 
spectral perturbation (ERSP) after the spindle onset in the different 
ROIs. Finally, we investigated the possible associations between spindle 
biomarkers and the indices of perceptual, environmental interaction, 
and motor impairment in BSI children. 

3.1. The impact of blindness is ascribed to the central ROI 

To ascertain an overview of the spindle topography distribution, we 
investigated the mean spindle frequency (SF). This measure allowed us 
to explore how the spindle frequency is distributed in different regions. 
Therefore, we fitted an LMM to evaluate the effects of group (S or BSI), 
age-bin (Young or Old), and ROIs (Central or Frontal) on SF. For SF, a 
significant interaction occurred between group, age-bin, and ROI, χ2 
(1)=99.89, P < 0.0001. Fast spindles were localized mainly in the 
central area while slow spindles were localized mainly in the frontal area 
(see Fig. 2B). Indeed, the SF was higher in the central than the frontal 
ROI in all groups and age-bins: young S, Z = 11.21, P < 0.0001, young 
BSI, Z = 13.94, P < 0.0001, old S, Z = 27.24, P < 0.0001, and old BSI 
group, Z = 22.74, P < 0.0001. Furthermore, as they aged, S children had 
the typical reduction both on the frontal, Z=− 5.03, P < 0.0001, and 
central, Z=− 3.07, P = 0,03, ROIs; in contrast, this reduction was not 
evident in the BSI children. Considering continuous age, the analysis 
provided evidence of a selective absence of SF maturation on the central 
ROI in BSI children (see Fig. 2C). Indeed, the results showed the typical 
reduction with age in both the frontal and central ROIs in S children, 
Z=− 4.6, P < 0.0001 and Z=− 3.09, P = 0.002, respectively; and only in 
the frontal region, Z=− 3.50, P = 0.0005, in the BSI group. The between- 
group contrasts provided evidence of a significant interaction in the 
central area, Z = 2.08, P = 0.04. 

3.2. Maturational differences in spindle characteristics 

During development, changes in the characteristics of the slow and 
fast spindles reflect the maturation of the thalamocortical structures 
(D’Atri et al., 2018; Guadagni et al., 2021; Ricci et al., 2021; Scholle 
et al., 2007). Therefore, we investigated spindle characteristics by fitting 
an LMM to evaluate the effects of group (BSI or S), age-bin (Young and 
Old), and frequency band (Slow or Fast) on the spindles’ density 
(#/min) and duration (s) on each of the frontal and central ROIs sepa
rately. The BSI children diverged from their S peers in the maturation of 
slow and fast spindles length and density only in the central area, χ2(1)=
125, P < 0.0001 and χ2(1)=11.60, P = 0.0003. Specifically, in S chil
dren, the fast spindles were longer than the slow spindles for the young 
age-bin, Z = 19.34, P < 0.0001, while the slow spindles were longer than 
the fast spindles for the old age-bin, Z=− 8.10, P < 0.0001. Indeed, there 
is a reduction of the fast spindles duration between age-bins, Z=− 3.3=, 
P = 0.01 (Fig. 3A). This result was confirmed by continuous-age anal
ysis, Z=− 4.62, P < 0.0001. In the BSI children, the fast spindles were 
longer in the young age-bin, Z = 6.04, P < 0.0001, without any changes 
with age. The continuous-age analysis only revealed a slight reduction of 
the fast spindles’ duration with age, Z=− 2.20, P = 0.03 (Fig. 3C). 
Concerning spindle density, the fast spindles were denser than the slow 
spindles in young S children, t(106) =5.4, P < 0.0001, while there was 
no density difference in the young BSI children. Moreover, between 
age-bins, we found a maturation of both the slow and fast spindles only 
in the S children. Specifically, the fast spindles were denser in the young 
age-bin, t(212)=− 3.1, P = 0.02, while the slow spindles were denser in 
the old age-bin, t(212)=3.8, P = 0.003 (Fig. 3B). The continuous-age 
analysis confirmed that only in the S children, the fast spindles’ den
sity decreased with age, t(220)=− 3.47, P = 0.0006, while the slow 
spindles’ density increased with age, t(220)=4.12, P = 0.0001 (Fig. 3D). 
Indeed, the contrasts between the BSI and S children prove a significant 
divergence in the maturation of both the slow, t(220)=− 3.34, P = 0.001, 
and fast spindles, t(220)=2.20, P = 0.03. 

3.3. High-sigma and high-beta in spindles ERSP 

Another important spindle measurement is an event-related spectral 
perturbation, especially when splitting whole sigma activity into low- 
and high-sigma, which are respectively associated with slow and fast 
spindles. Considering ERSP went beyond the global spindle descriptors, 
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and it explored the frequency distribution and the timing of the acti
vation of each frequency during the spindle event. Some studies re
ported a concurrent high-frequency activity with spindles in animals 
(Averkin et al., 2016) and humans (Clemens et al., 2011). Only one 
study presented evidence of a concurrent component time-locked to the 
spindle, spanning from ~ 24 to 30 Hz, in the centro-parietal areas 
(Laventure et al., 2018). Accordingly, a first visual inspection of the 
spindle ERSP sometimes provides evidence of an increased occurrence of 
high-beta power (Fig. 1A). Therefore, we decided to also explore this 
frequency band. 

For each ROI, we fitted an LMM to evaluate the effects of age-bin and 
group on the mean ERSP in 1-s time windows from 0 to 4 s after the 
spindle onset. Differences between age-bins and groups emerged in the 
high-sigma and the high-beta on the Central ROI (see Table 1, Fig. 4A, 
and Fig. 4B). Within the high-sigma band, the Y S children showed 
higher activity than their BSI peers in the second time window. How
ever, in the continuous age analysis, the difference was found in both the 
[0–1]s and [1–2]s time windows. Moreover, the power was strikingly 
higher in the Y S children than the O S children in both the first and 
second time windows. This maturational difference was almost absent in 
the BSI children, with a weak significant difference only in the [0–1]s 
time window. As shown in Fig. 4B, these maturational results were 
confirmed by the continuous age analysis, which showed evidence that a 
3- to 4-year period is crucial for the differences in spindle development 
to occur between BSI and S children. Similarly, the high-beta band 
power was higher in Y S children than in BSI children in the first two 
time windows. This effect of the group also persisted when considering 
continuous age. Moreover, the high-beta activity is higher in Y S chil
dren than in O S children. In turn, no developmental differences were 

found in the BSI children. By evaluating continuous age, we confirmed 
these results (see Fig. 4B). 

To consider interindividual variability, we also investigated the ef
fects of group and age on peak power in the spindle time window ([0–2] 
s). We found similar results in the age-bin and continuous age analysis 
(see Table 2, Figs. 4C and 4D). Differences involved the central ROI in 
the high-sigma band and the high-beta band, with a maturational evo
lution only occurring in S children. The high-beta band also showed that 
peak power is higher in Y S children than in BSI children. However, a 
significant interaction between BSI and S children was found on both 
high-sigma and high-beta when considering age as a continuous 
variable. 

3.4. Sleep spindles and their association with clinical factors 

Recent studies have demonstrated that fast spindles could be an 
important developmental biomarker in infancy (Jaramillo et al., 2023). 
Therefore, we hypothesized that the deviation from the typical devel
opmental trajectory of fast spindles in blind children could be linked to 
possible sensorimotor disorders. Thus, we tested the association be
tween our spindle biomarkers and specific clinical indices in BSI chil
dren. For the visual impairment index (VII), our results showed evidence 
that sleep density and spindle ERSP were good predictors. Specifically, 
we found a significant interaction between age-bin, spindle frequency 
band, and density, χ2(1) =12.39, p = 0.0004. Comparable results were 
found in the continuous age model, χ2(1) =12.02, p = 0.0005. Fig. 5A 
shows that the lower the fast spindle density is in the (0–3)Y age-bin, the 
higher the probability that they will be blind subjects. In turn, the higher 
the fast spindle density is in the (3–6)Y age-bin, the higher the 

Fig. 2. Topographical distribution of mean spindle frequency (SF) comparing the Frontal and Central ROIs. (A) The 3D models represent the group dif
ferences between the two age-bins ((0,3)Y 270 and (3,6)Y) and the different ROIs (Frontal and Central). The main difference is related to the central spindles’ power 
in the early age-bin, which is weaker in blind (orange) children than in sighted (green) children. In the older age-bin, the spindle power decreases in sighted children 
(light blue), while it remains weak in blind children (yellow). (B) Plot of mean spindles frequency (violin plot), the median (box plot) and related 95 % CI (vertical 
line), and the single subjects spindle frequency (scattered plot) for each age-bin, group, and ROIs. The dashed line points out y = 13. The stars represent the sig
nificant p values (* = p < 0.5, **=p < 0.01, ***=p < 0.001) after the Bonferroni correction considering the significant interaction. The gray stars represent the 
significant interactions within the ROIs (effects of group and age-bin); the black stars represent the significant interactions between the ROIs (differences in frontal 
and central area). (C) Plot of the frontal and central spindle frequency evolution considering age as a continue variable. The blue stars represent the significant 
evolution of sighted participants, while the pink star of the BSI children. The bigger stars represent a significant p value < 0.001. 
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probability that they are blind subjects. In contrast, the slow spindles 
have the opposite pattern. The SVI group seems to follow the S group at 
low densities, and the B group at high densities for fast spindles in the 

0–3 years (note: this occurs in the opposite way for the slow spindles). In 
contrast, in the (3–6)Y age-bin, they have a pattern similar to the B 
group. 

Fig. 3. Differences between age-bin and group in duration and density of fast and slow spindles. (A) Plot of mean spindles duration (violin plot), the median 
(box plot) and related 95 % CI (vertical line), and the single subjects spindle duration (scattered plot) for each age-bin, group, and frequency band. (B) Plot of mean 
spindles density (violin plot), the median (box plot) and related 95 % CI (vertical line), and the single subjects spindle density (scattered plot) for each age-bin, group, 
and frequency band. In both figures A and B, the stars represent the significant P values (*=p < 0.5, **= p < 0.01, ***= p < 0.001) after the Bonferroni correction. 
The gray stars represent the significant interactions within the spindle frequency band (effects of group and age-bin); the black stars represent the significant in
teractions between the spindle frequency band (differences in slow and fast spindles). (C) Plot of the slow and fast-spindles evolution of duration considering age as a 
continue variable. (D) Plot of the slow and fast spindle density evolution considering age as a continue variable. In both figures C and D, the blue stars represent the 
significant evolution of sighted participants, while the pink star of the BSI children. The bigger stars represent a significant P value < 0.001; the small star represents a 
significant P value < 0.05. 

Table 1 
Statistics of mean spindle ERSP. The table shows the statistics of the LMM which evaluate effects of age-bin and group (BSI = blind/severely visually impaired, 
S=sighted) on mean ERSP only on Central ROI. Models are expressed with the Wilkinson notation.    

Low Sigma High Sigma High Beta 

Mean ERSP Age-bin Mean frequency ~ time window*group*age bin + (1|subject)   

χ2(Df) p χ2(Df) p χ2(Df) p 
time_window*group*age_bin 1.46(3) 0.69 9.36(3) 0.02 11.66(3) 0.009 

Post Hoc for each time window   

[0–1]s [1–2]s [0–1]s [1–2]s [0–1]s [1–2]s   
t 
(Df) 

p t 
(Df) 

p t(Df) p t(Df) p t(Df) p t(Df) p 

BSI-S contrast (0–3) 
Y 

– – – – – – − 2.87 (377) 0.004 − 1.98 (392) 0.048 − 2.92 0.004 

BSI-S contrast (3–6) 
Y 

– – – – – – – – – – – – 

(0–3)Y – (3–6)Y contrast BSI – – – – – – 2(377) 0.046 – – – – 
(0–3)Y – (3–6)Y contrast S – – – – 3.62 (377) 0.0003 5.13 (377) <0.0001 3.59 (392) 0.0004 3.75 (392) 0.0002 

Mean ERSP Age Mean frequency ~ time window*group*age bin + (1|subject)   

χ2(df) p χ2(df) p χ2(df) p 
time_window*group*age 2.17(3) 0.5 9.09(3) 0.03 14.31(3) 0.002 

Post Hoc for each time window   

[0–1]s [1–2]s [0–1]s [1–2]s [0–1]s [1–2]s   
t 
(Df) 

p t 
(Df) 

p t(Df) p t(Df) p t(Sf) p t(Df) p 

BSI-S contrast  – – – – 2.04 (384) 0.04 2.59 (384) 0.01 1.91 (393) 0.056 2.21 (393) 0.03 
BSI  – – – – – – − 2.17 (384) 0.03 − 2.07 (393) 0.04 – – 
S  – – – – − 4.64 (384) <0.0001 − 6.46 (384) <0.0001 − 5.31 (393) <0.0001 − 4.66 (393) < 0.0001  
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Moreover, we found a significant interaction between age-bin and 
mean ERSP in the high-sigma band, χ2(2) =10.51, p = 0.005, and high- 
beta band, χ2(2) =10.31, p = 0.006. These interactions persisted when 
considering age as a continuous variable, showing results of χ2(2)=
11.59, p = 0.003 and χ2(2)=8.44, p = 0.01, respectively. Similarly, we 
found a significant interaction between age-bin and peak ERSP in the 

high-sigma band, χ2(1) =6.99, p = 0.008, and high-beta band, χ2(1) 
=4.8, p = 0.03. Once again, these interactions were confirmed when 
considering age as a continuous variable, showing results of χ2(1)=9.91, 
p = 0.002 and χ2(1)=5.17, p = 0.02, respectively. The probability curves 
are shown in Figs. 5B and C for ERSP mean and peak, respectively. They 
reveal similar results. Specifically, the lower the high-sigma and high- 

(caption on next page) 
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beta power were in the (0–3)Y age-bin, the higher the probability that 
they were classified as blind subjects. In the (3–6)Y age-bin, a higher 
high-sigma increases the probability of visual disorder. The SVI group 
showed a similar behavior as for fast spindle density. 

Regarding the clinical factors environmental interaction and motor 
disorders, a trend emerged for the interactions between age-bin, time 
window, and ERSP mean in the high-sigma band for the motor disorders, 
F(1,78) =3.7, p = 0.057. However, this interaction was fully significant 
when considering continuous age, showing results of F(1,78) =5.7, p =
0.02. Specifically (see Fig. 5D), for (3–6)Y children within the [0–1]s 
time window, a higher high-sigma activity increased the score of the 
motor disorders factor. Finally (see Fig. 5D), we found a main effect of a 
high-beta ERSP peak for the motor disorders factor, F(1,39)=4.89, p =
0.03, which shows a negative association. 

4. Discussion 

Spindles are a marker of sensory information reprocessing and 
consolidation during sleep (Fernandez and Lüthi, 2020; Fogel and 
Smith, 2011; Gruber and Wise, 2016). In turn, how their characteristics 
change may be a marker of optimal or deviant neurodevelopment. We 
hypothesized that blindness may elicit a plastic reorganization of the 
brain structures that are involved in spindle generation and that this 
would specifically affect the development of fast spindles. Indeed, fast 
spindles are specifically associated with sensorimotor processing (Bar
akat et al., 2011; Chatburn et al., 2013; Jaramillo et al., 2023; Schabus 
et al., 2007; Tamaki et al., 2008), which is often compromised by visual 
deprivation. We focused on three spindle biomarkers that had notable 
differences between BSI and S children. First, we found an absence of 

mean frequency reduction only on the central ROI in the BSI children. 
This suggests a selective involvement of the sensorimotor area. Second, 
the BSI children did not show maturation (or showed just a slight 
maturation) of the fast spindles’ density and duration. Third, the ERSP 
mean and peak provided evidence of the specific impact that blindness 
had on the high-sigma and high-beta in the central ROI. Finally, in the 
BSI children, we found associations between spindle biomarkers and the 
indices of perceptual, and motor impairment. 

4.1. The impact of blindness is ascribed to the central area 

The topography of spindles is modulated by experience-dependent 
plasticity (Menicucci et al., 2022; Tononi and Cirelli, 2014). There
fore, we hypothesized that congenital blindness could impact the 
maturation of spindles in the area linked to the processing of sensori
motor information. Accordingly, our results provided evidence of an 
absence of mean frequency reduction only on the central ROI in blind 
and severely visually impaired (BSI) children. As shown in our results 
and in the literature, a decrease in mean frequency in both the frontal 
and central ROI is typically present in children between ages 2 to 5 years 
(D’Atri et al., 2018; Kwon et al., 2023; McClain et al., 2016). Indeed, 
these changes reflect the typical neural development that occurs from 
infancy to adolescence, and it includes synaptic pruning. It consists of 
removing the weaker synaptic connections so that they produce fewer 
but more efficient synapses (Rapoport et al., 2001). Therefore, the lower 
the mean spindle frequency is, the lower the activity necessary to obtain 
the same results; this reflects an efficient process. However, in BSI 
children, the lack of vision from birth seems to influence the related 
brain structures, which is reflected in this process being less optimized. 

Fig. 4. Mean and peak ERSP within high-sigma (13–16 Hz), and high-beta (25–30 Hz) on Central ROI. Plots A and B represent the Mean ERSP, plot C and D 
represents the Peak ERSP. (A) Plot of Mean ERSP within high-sigma and high-beta on the Central ROI within 1 s time windows from the spindle onset through 4 s 
after (violin plot), the median (box plot) and related 95 % CI (vertical line), and the single subjects Mean ERSP (smaller points). The dashed line points out y = 0. The 
stars represent the significant P values (*=p < 0.5, **= p < 0.01, ***= p < 0.001) after the Bonferroni correction. Stars represent the significant interactions within 
groups (effects of age-bin) and between groups (differences between the BSI and S groups). (B) Plot of the Mean ERSP evolution in each time window considering age 
as a continue variable. The blue stars represent the significant evolution of S participants, while the pink star of the BSI children. The bigger stars represent a 
significant p value < 0.001; the small star represents a significant P value < 0.05. (C) and (D) represent the Peak ERSP within high-sigma and high-beta, respectively, 
on Central ROI. On the left, plot of Peak ERSP in the spindle time window [0–2]s (violin plot), the median (box plot) and related 95 % CI (vertical line), and the single 
subjects Mean ERSP (smaller points). The stars represent the significant P values (*=p < 0.5, **= p < 0.01, ***= p < 0.001) after the Bonferroni correction. On the 
right, plot of the Peak ERSP evolution in the spindle time window [0–2]s considering continuous age. The bigger blue star represents the significant evolution of 
sighted participants with significant P value < 0.001. 

Table 2 
Statistics of peak spindle ERSP. The table shows the statistics of the LMM which evaluate effects of age-bin and group (BSI = blind/severely visually impaired, 
S=sighted) on mean ERSP only on Central ROI.    

Low Sigma High Sigma High Beta 

Peak ERSP Age-bin Peak frequency ~ group*age bin   

F(Dfn, Dfd) p F(Dfn, Dfd) p F(Dfn, Dfd) p 
Group*age bin  0.03(1110) 0.87 4.02 (1110) 0.047 7.1(1110) 0.0087 

Post Hoc   

t(Df) p t(Df) p t(Df) p 
BSI-S contrasts (0–3)Y – – – – 3.65(110) 0.0016 
BSI-S contrasts (3–6)Y – – – – – – 
(0–3)Y – (3–6)Y contrasts BSI – – – – – – 
(0–3)Y – (3–6)Y contrasts S – – − 5.06(110) <0.0001 − 5.45(110) <0.0001 

Peak ERSP Age Peak frequency ~ group*age + Error(subject)   

F(Dfn, Dfd) p F(Dfn, Dfd) p F(Dfn, Dfd) p 
Group*age  2.17(1110) 0.87 6.66(1110) 0.011 7.57(1110) 0.0069 

Post Hoc   

t(Df) p t(Df) p t(Df) p 
BSI-S contrast  – – 2.58(110) 0.011 2.75(110) 0.0069 
BSI  – – – – – – 
S  – – –5–32(110) <0.0001 − 5.95(110) <0.0001  
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The topography of spindles also partially reflects the slow and fast 
spindles subdivision because slow spindles prevail in the frontal area, 
while fast spindles in the central one (Chatburn et al., 2013; D’Atri et al., 
2018). As expected, our results showed that the spindle frequency is 
higher in the central area than in the frontal area, confirming the typical 
topography spindle distribution. This finding suggests that the impact on 
the central area by blindness could mirror a possible maturational 
divergence of fast spindles. 

A compromise of high-frequency spindles’ mechanisms could also 
explain why the spindle frequency of the BSI children seems to start 
slower. We can speculate that BSI children had slower spindle frequency in 
their early lives may be related to processes occurring in their first six 
months of life, which are not considered in the current study. Some studies 
have revealed that in the first months of life, there is an increase in spindle 
frequency and that decreases only occur later (D’Atri et al., 2018; Kwon 
et al., 2023; Louis et al., 1992). Even though we still cannot clearly 
distinguish fast from slow spindles at this age (more studies should be done 
to determine this), it is clear that the mechanisms that favor the matura
tion of high frequencies accelerate at this stage. This is probably due to an 
increase in the synaptic connections related to the processing of sensory 
and motor information. Therefore, a possible interpretation is that these 
mechanisms are already corrupted in blind children. Consequently, they 
show a lower level of spindle frequency in the first years of life than 
sighted children do. Generally, spindle frequency may indicate network 
maturity (Kwon et al., 2023), which suggests that blindness could impact 
the cortical maturation of our early lives. 

4.2. Developmental differences of fast spindles 

Sleep spindles are the first EEG hallmarks to mature after birth 
(Eisermann et al., 2013; MacLean et al., 2015; Sankupellay et al., 2011; 
Scholle et al., 2007). Thus, changes in their characteristics reflect the 
maturation of the thalamocortical network (D’Atri et al., 2018; Gua
dagni et al., 2021; Ricci et al., 2021; Scholle et al., 2007). After exploring 
the spindle frequency distribution on the scalp, we investigated the slow 
and fast spindles’ density and duration in frontal and central areas 
separately. We found that the spindles’ density and duration were 
different only in the central area where the BSI children did not show (or 
just slightly show) the maturation of fast spindles. 

Fast spindles, which are linked to sensorimotor (Schabus et al., 2007) 
and neural processing (Geiger et al., 2011; Lustenberger et al., 2012; 
Maquet, 2010), undergo greater changes with age in this period of life. 
Indeed, their density is higher during infancy, and it significantly de
creases with age. Changes in spindle duration follow a similar devel
opmental trajectory, according to the literature (Kwon et al., 2023). As 
such, the absence of this spindle evolution in BSI children underlies the 
loss of those synaptic changes that should have occurred during the 
earliest stages of life, which allows the neural structures to mature 
correctly. Indeed, changes in spindle density and duration are linked 
with the trajectory of cortical growth (Kwon et al., 2023). Specifically in 
central regions, the cortical gray matter increases in the first year of life 
due to ongoing neural mechanisms, such as neurogenesis, synapto
genesis, and spine density formation (Bhardwaj et al., 2006; Sanai et al., 
2011). Subsequently, the cortical thickness begins to decrease, which 
reflects synaptic pruning (Gilmore et al., 2018). Thus, spindle density 
and duration may reflect cortical replay and consolidation (Kwon et al., 
2023). 

Interestingly, we also found an absence of slow spindle maturation in 
the central area of BSI children. Although the evolution of slow and fast 
spindles that occurs with age may reflect the maturation of different sub- 
networks, our results suggest that the maturation of slow and fast 
spindles could be correlated. However, the current study is based on an 
arbitrary definition of the frequency range of slow and fast spindles 
rather than using a single-subject method for determining the frequency 
bands of the spindles based on the position of spectral peaks (Ujma et al., 
2016). Future studies may benefit from a single-subject approach to 
identify subgroups of spindles and better elucidate the developmental 
dynamics of slow and fast spindles. Based on our results, we can suggest 
that blindness could have a pivotal impact on the neural processing and 
consolidation operated by the thalamocortical network that occurs in 
the first years of life (Piantoni et al., 2013; Steriade et al., 1985; Tarokh 
et al., 2014). 

4.3. High frequencies spindles ERSP 

The spindle ERSP allows us to go beyond global spindle descriptors, 
exploring the frequency, distribution, and activation timing during the 
spindle event. The ERSP mean and peak provided evidence of the 

Fig. 5. Spindle biomarkers association with clinical indices. figures (A), (B) and (C), show the results of Visual Impairment index (VII). Specifically, they are the 
plot of probability to be classified as S, SVI and B based on slow and fast spindle density (A), based on high-sigma and high-beta ERSP mean (B), and high-sigma and 
high-beta ERSP peak (C). figures (D) show the results of motor disorders factor, and specifically the association with spindle ERSP in the high-sigma (top) and high- 
beta (bottom) bands. 
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specific impact that blindness had on the high-sigma region in the 
central ROI. In the sighted children, we found a striking power reduction 
with age for both spindle time windows ([0–1]s, [1–2]s). In contrast, 
this maturational difference was just barely hinted at in the BSI children. 

Our results indicate that the typical developmental trajectory of the 
fast spindles does not occur in BSI children, suggesting that vision is 
extremely important in the proper maturation of the neural structures 
that underlie brain rhythms. While this importance has already been 
demonstrated for awake cortical (i.e. alpha) (Campus et al., 2021) 
rhythms, our pioneering results extend it to sleep rhythms for the first 
time. It is well known that sleep promotes the stabilization of visual 
plasticity, which is revealed by temporary visual deprivation (Aton 
et al., 2013; Menicucci et al., 2022); however, researchers have not yet 
studied how the absence of vision from birth affects the development of 
the sleeping brain. The selective involvement of the high-sigma and 
central regions suggests that it has a strong link with processing senso
rimotor information. 

Interestingly, the spindle ERSP also revealed a high-beta synchro
nization with a pattern similar to that of high-sigma. Some studies re
ported a concurrent high-frequency activity with the spindles in animals 
(Averkin et al., 2016) and humans (Clemens et al., 2011). Only one 
study presented evidence of a concurrent component time-locked to the 
spindle, spanning from ~ 24 to 30 Hz, in the centro-parietal areas 
(Laventure et al., 2018). The researchers described it as a secondary 
spindle component that represents the activity of a neuron’s population 
synchronized with spindle oscillations. Specifically, the authors found 
that following a motor-learning task, a sensory cue provided during 
sleep improved performances and modulated high-beta activity during 
spindle oscillation. Another study found increased high-frequency ac
tivity over the motor cortex during NREM sleep (Nobili et al., 2011). 
This beta modulation may have been a reinforcement activity of 
reprocessing sensory and motor information. Mechanisms that could be 
affected in early blind infants favor the development of multisensory 
and motor impairments that can be found during development. 

4.4. Sleep spindles and sensorimotor processing 

Sleep spindles provide a direct window into thalamocortical matu
ration and insights into the development of the sensorimotor and 
cognitive functions that they support (Kwon et al., 2023). A recent study 
demonstrated that fast spindles could be an important developmental 
biomarker in infancy (Jaramillo et al., 2023). The researchers found that 
infants with higher fast-spindle density at 6 months old showed higher 
developmental scores at both 12 and 24 months, including their Gross 
Motor Scores. These findings validated the role fast spindles play in 
predicting sensorimotor scores. Behaviors that fall within the perceptual 
and motor realm are often compromised in blind children. A strong vi
sual impairment from birth affects children’s exploration of their own 
bodies and the external world (Rigato et al., 2014). This compromises 
their spatial representation development (Cappagli et al., 2019, 2017; 
Gori et al., 2021) and leads to increased difficulties in establishing social 
relationships with their peers (Cappagli et al., 2017; Houwen et al., 
2007). These difficulties reduce interactions with reality, which may 
lead to the altered development of motor abilities (Cappagli et al., 2019; 
Houwen et al., 2007, 2009). 

Therefore, we investigated if a deviation from the typical develop
mental trajectory of fast spindles in blind children could be linked to 
possible sensorimotor disorders. Our results provided evidence that 
sleep density and the spindle ERSP’s mean and peak are good predictors 
of visual impairment. Specifically, a lower density of fast spindles in the 
younger group of children and a higher density in the older group of 
children were associated with a higher probability of having a visual 
impairment. Similarly, the probability of blindness increased with lower 
high-sigma and high-beta activity in the young age-bin, while there was 
only a higher activity of the high-sigma bands in the older children. 
These results support that blindness itself, not the disease or injury that 

caused it, causes changes in the spindles. The SVI group seems to have a 
hybrid behavior in the first years of life, which becomes more like the 
blind group with age. The spindle ERSP mean in the high-sigma band 
may be also an interesting biomarker of motor disorders in the older 
group of BSI children. A high-sigma ERSP mean seems to represent the 
more important spindle measure; it can predict both visual impairment 
in early life and later motor dysfunction. 

This temporal dynamic emerges from the analysis using the age-bins 
compared to the analysis that examines continuous age. In general, in 
the measures we considered, we found similar results between the two 
models. This suggests that three years of age may represent a meaningful 
threshold in measuring the developmental differences in the neuro
physiological markers of sleep between blind and sighted children; this 
also holds in wakefulness. A possible explanation is that during the third 
year of age, there is an abrupt transition in the function of sleep. During 
early development, sleep predominantly promotes brain reorganization; 
in contrast, during late development, the neuronal repair function of 
sleep is more dominant (Cao et al., 2020). We found some important 
differences between the groups in the first three years of life. This sug
gests that the brain reorganization function of sleep could be more 
involved, and there is also an effect on future deficits. Unexpectedly, the 
ERSP peak in the high-beta band can predict the motor dysfunction 
index independently from age. This is probably because it is more sen
sitive to interindividual variability. 

These findings suggest that fast spindles and their concurrent beta 
modulation could be an important biomarker in blind children. 
Although further longitudinal studies are needed, and the association 
with specific tasks needs to be determined, the delay in the maturation 
of the thalamocortical network may represent the earliest impacted 
neurophysiological mechanism that could cause future impairment. 
Thus, sleep spindles seem to represent an early biomarker of a possible 
impairment. Moreover, recent evidence has shown that spindles not only 
mirror the thalamocortical activity but that they also have an active role 
in the thalamocortical network maturation (Schoch et al., 2021; Sokol
off et al., 2021). Indeed, sleep spindles favor the synaptic plasticity that 
gates the required dendritic calcium shifts (Seibt et al., 2017). Therefore, 
it can be hypothesized that there is a reciprocal cause-and-effect rela
tionship between the maturation of the spindles and our sensorimotor 
skills. 

5. Conclusions 

Our study shows the importance of investigating the sleeping brain 
to identify the early biomarkers of developmental divergence in blind 
children. Sleep mechanisms could be an unexplored way to understand 
how sensory deprivation produces a neural divergence from the typical 
developmental trajectory. This information has considerable therapeu
tic implications, both in terms of timing (i.e., when to start intervening) 
and new therapeutic possibilities (Vitali et al., 2022) (i.e., considering 
both wake and sleep as possible intervention periods). 
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