Cognitive stimulation leads to a long-term brain activation with
a spectral shift to higher frequencies in Rett syndrome

patients
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Abstract

Rett syndrome (RTT) is the second leading cause of mental
disability in women and causes a serious neurodevelopmental
disorder that leads to a global disability of the individual.
Cognitive  training has been shown to improve
neuropsychological and neurophysiological parameters in
similar pathologies. However, knowledge about
neurophysiological training in RTT is scarce. The objective of the
study was to evaluate the result and duration of the effect of
cognitive stimulation over four consecutive days of training, in
order to determine the viability of a long-term effect. Nineteen
patients performed a cognitive task using an eye tracking device
during the first three days of training. Prior to each training, a
resting-state EEG with eyes open was recorded to assess changes
in spectral variables in the brain. An EEG recording at rest with
eyes open was also acquired on the fourth day, in order to
evaluate the differences with respect to the first day. Results
showed a spectral shift to higher frequencies in a long-term
period of four days. Significant positive alterations of brain
rhythms were observed: decrease in low-frequency (delta)
oscillations and an increase in high-frequency (beta) rhythms,
resulting in more complex signals closer to non-pathological
brain behavior. In conclusion, this study showed the potential
long-term benefits of cognitive stimulation in RTT patients.

1. Introduction

Rett syndrome (RTT), considered a rare disease, causes a
severe neurodevelopmental disorder that leads to a global
disability of the individual. It affects almost all aspects of
a person’s life: the ability to speak, walk, eat or breath,
among others. The most common form of the disease is
known as classic RTT. It is caused by a MECP2 gene
mutation and mainly affects females, specifically 1 in
10,000/15,000 newborns. The MECP2 gene is involved in
the maturation, neural growth and dendritic ramification.
It is essential for the proper function of nerve cells and
neural synapsis, being fundamental for brain development
and for the control of the functions of other genes [1]. The
abnormal production of this protein is clinically manifested
after apparently normal psychomotor development that
lasts until the first 6 to 18 months of age. From this period,
a regression process begins where all the skills acquired up
to that moment are lost, highlighting hand skills and
expressive language [2].

Speech difficulties and loss of purposeful hand movements
make it difficult to explore cognitive processes and social
aspects of RTT patients. Therefore, assessing their
cognitive skills is extremely challenging [3]. One way to
provide effective communication and evaluate cognitive
and social aspects in RTT is by using eye-tracking
technology. The eye-gaze response to visual tasks has
allowed the possibility of evaluating the cognitive function
of patients in a measurable way. Previous studies have
demonstrated its utility to verify the level of understanding
during cognitive tasks and to evaluate non-verbal cognitive
social abilities and attention aspects, showing a preference
for socially weighted stimuli and difficulty in endogenous
attention [3] .

Electroencephalography (EEG) can be used as a low-cost
neuroimaging tool to evaluate heterogeneity of cognitive
spectrum and cognitive treatment responses. It provides an
excellent temporal resolution and during last years, it has
been widely used in ADHD and autism disorders [4]. For
what concerns this study, the aim of cognitive stimulation
is to enhance the neuropsychological abilities in RTT
patients. Therefore, it is necessary to find objective
methods of evaluating cognitive tasks, as well as their
effectiveness.

Previous studies in RTT syndrome have shown
topographical changes of different EEG markers before
and after the cognitive task showing significant reductions
and improvements of delta and beta powers, respectively
[5], [6]. It was concluded that the effect of cognitive
stimulation remained after the end of the task, linking these
changes to a general increase in cognitive competences [5].
This is due to the power distribution, since the
predominance of low-frequency oscillations is associated
with pathological states, whereas higher frequency
oscillations are associated with cognitive functions such as
attention, arousal, object recognition and top-down
modulation of sensory processes. Similar results were
obtained for a long-term training, indicating a positive
effect on behavioral parameters and an improvement of
neurophysiological measures [6].

The objective of this study was to assess whether the
activation was maintained in the long term by means of
topographical analysis, which had not been done



previously. The spectral changes of the EEG activity were
studied in different test sessions (four consecutive days) to
evaluate the effect of cognitive stimulation on the EEG
topographical patterns, as well as its differences between
the first and last day of cognitive training.

2. Methods

This is a cohort study, a prospective observational study
without a control group. The study was conducted by the
Department of Neurology of Sant Joan de Déu Children’s
Hospital in Barcelona. It was approved by the local ethics
committee following the Declaration of Helsinki and
written and informed consent was obtained from all parents
or legal caregivers.

2.1. Participants

Nineteen young girls clinically diagnosed with RTT were
included in the study. The stimulation protocol consisted
of three different activities: learning, playing and Peabody
Picture Vocabulary Test. The acceptance condition for this
work was to have a minimum of four consecutive training
days performing the same task. All participants underwent
a full medical and neurological evaluation in order to
determine, according to the signs and symptoms, the stage
of the disease (I to 1VV). The molecular analysis confirmed
the presence of a pathogenic mutation in MECP2 in all
patients.

2.2.  Experimental protocol

The experiment was conducted in a quiet room with
reduced ambient light to diminish distractions. Participants
were seated approximately 45 cm from a 29-in computer
monitor. A portable eye-tracker (Tobii Dynavox PCEye
Explore) was used as a computer mouse, allowing the
navigation and control of the computer by tracking the
gaze. The cognitive processes targeted by the tasks were
related to attention, memory and language comprehension,
which are severely impaired in RTT patients. The
experimental session was divided into two stages,
including in each session, an initial eyes-open (EO)
resting-stage period (passive) followed by training
activities (active). Three different activities were assessed:
playing, learning and Peabody Picture Vocabulary Test.
Figure 1 shows an outline of an example of the
experimental procedure.

First, a resting-state EEG of approximately 5 min (5.8 +1.7
min) with eyes open was recorded. The active intervention,
with a mean time of 20-min, consisted on the presentation
of three different activities using the software Look to
Learn from Smartbox Assistive Technology to encourage
the user to engage the whole screen. In this phase of the
study, the work focused on analyzing only playful
activities that teach "cause and effect" (duration: 8.6 + 1.4
min). Patients were guided by a neuropsychologist who
regularly evaluated whether the patient was following the
task. The cognitive training was performed during three
consecutive days and a resting-state EEG for evaluating its
long-term effect, was recorded the fourth day.

Electroencephalography  signals were continuously
recorded using a 20-channel EEG system (Starstim 20

wireless device, Neuroelectrics, Barcelona, Spain). Dry
electrodes were placed in accordance with the International
10-10 system (Fpl, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz,
C4, T8, CP5, CP6, P7, P3, Pz, P4, P8, Oz). EEG signals
were acquired during 25 min referenced to the right ear
lobule with a sample frequency of 500 Hz.

DAY 1 DAY 2 DAY 3

EO resting-state EEG (5-min) EO resting-state EEG (5-min) EQ resting-state EEG (5-min)

20 min cognitive training 20 min cognitive training 20 min coghnitive training

Playing/Learning/Peabody Playing/Learning/Peabody Playing/Learning/Peabody

DAY 4

LONG-TERM COGNITIVE
TRAINING EVALUATION
EO resting-state EEG (5-min)

Figure 1: “Schematic diagram of the time course of the
experimental procedure. At the beginning of each session day, a
5-min resting-state EEG recording with eyes open was
acquired.”

2.3.  Electroencephalography analysis

As RTT is characterized by a large series of abnormal
movements, it was necessary to design an artifact rejection
procedure. It was designed a robust energy-based function

to detect outliers with entropy as its main component. The
result was a method that was more robust to outliers but
more stable to signal-to-noise ratio. The k-value
(threshold) that worked best for the data was the 99.5% of
the signal baseline calculated from the entropy value
distribution. Together, sudden and strong movements
(jerks) can cause impedance faults. A FieldTrip
triangulation algorithm was used to define neighboring
nodes, and channels were then repaired by replacing
affected sections with the distance-weighted average of
their neighbors. The last step of EEG preprocessing,
Independent Component Analysis (ICA), was performed
by Matlab EEGLab toolbox. Runica algorithm was
employed for decomposition and a visual inspection of the
components was realized by two experts to decide which
components were considered ocular and muscle artifacts
and, therefore, needed to be removed. Finally, the data was
reconstructed without the artifact components, obtaining
an artifact-free signal ready for the analysis.

A novel method to evaluate the effect of cognitive
stimulation is through topographic maps. It allows us to
observe the distribution of changes in spectral variables in
the brain. The spectral analysis consisted of evaluating
different parameters to observe the evolution of the
cognitive response to the training protocol. The short-time
Fourier transform was used to estimate power spectral
density (PSD) of the EEG data. From the PSD data, the
absolute and relative powers (AP, RP) were evaluated in
the conventional EEG frequency bands: delta (5, 1-4 Hz),
theta (6, 4 -7 Hz), alpha (a, 7-13 Hz) and beta (8, 13-30
Hz). Beta was divided into betal (13-20 Hz) and beta2 (20-
30 Hz) to analyze if there were greater changes in a certain
frequency range within the band.
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Figure 2: Topographic analysis of RP (from left to right): Mean RP of all patients (N=19) for the five frequency bands, for the first day
(top-row) and last day (bottom-row).

One way to summarize those changes is by using the
median frequency (MF) and the spectral entropy (SE).
These measurements have been applied in different brain
disorders such as schizophrenia, showing a deficit in MF
and SE modulation as a response to a cognitive task
[7]. MF was computed as the frequency at half of the
accumulative PSD. An increase in the MF would be
associated with an increase in the signal power, expected
to be caused by a simultaneous decrease in slow states
(delta) and increase in fast states (alpha and beta). In order
to measure signal complexity, SE was used to evaluate
irregularity of signals due to the cognitive tasks,
demonstrating its usefulness in EEG studies for several
pathologies, such as epilepsy, schizophrenia and autism
[7]. Decreases in entropy indicate decreases in signal
complexity, which are consequently associated with
pathological states of the brain.

3. Results

In order to analyze the effect of the training, the resting-
state EEG data of the first day was compared against the
resting-state EEG data of the last day. To ensure enough
signal information representative of each stage condition,
it was established a minimum of 24 free-artefact epochs (2
min). The average number of 5-s-free artefact epochs of
the nineteen patients was 43.01+16.98 for the resting-state
EEG of the first day of training and 48.95+13.65 for the
resting-state EEG of the last day.
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Figure 3: P-value representation showing the statistical
differences between the first and the last day of EO resting-state
EEG recording for delta and beta (Negative p-value: decrease.

Positive p-value: increase).

Figure 2 shows the mean RP of the nineteen patients for the
main frequency bands of interest. In order to evaluate the
changes between average power topographies, paired-
sample Wilcoxon ranked tests were performed. Since
previous research has highlighted the relevance of
modulation in delta and beta as an effect of cognitive
training, the following results and discussion will focus
solely on these two bands [5], [6]. Figure 3 shows the
significant differences found in delta and beta bands. In
delta, fifteen channels showed significant differences
(P<0.0486, Z= -2.543+0.307) indicating a general power
decrease. In betal, frontal F7 channel showed significant

differences (P=0.0269, Z=2.213), indicating an increase in
power. Likewise, in beta2, significant differences were
observed in a more generalized area. Five channels had p-
values lower than 0.05 with a positive z-statistics for all
channels (P < 0.0442, Z=2.205+0.2). Therefore, cognitive
training seems to induce a spectral shift to higher
frequencies in a long-term period of four days.

These changes can be deeply evaluated in Figure 4. The
violin plot, a hybrid of a box plot and kernel density plot,
was used to visualize the distribution of numerical data. It
was obtained only for the channels that showed statistically
significant differences in Figure 3. In delta band, the
median power decreased from 35.43% to 31.13%, whereas
in betal and beta2, increased from 11.94% to 12.53% and
from 12.91% to 14.34%, respectively. Likewise, it is
observed that there is no overlap between the values
corresponding to the first and last day of cognitive training.
Which indicates that the effect of reduction of delta and
increase of beta is fulfilled for all the participants.

Finally, Figure 5 shows the topographic maps of the MF
and SE, both for the mean difference between the first and
last day and for its statistical differences. In MF, an average
increase of almost 2 Hz was observed in areas with
significant differences of P < 0.0442 and Z = 2.079 + 0.08.
Likewise, significant differences were also obtained in
entropy with P <0.0442 and Z = 2.132 + 0.17. An increase
in MF indicated an energy shift to higher frequencies,
caused by a decrease in the slow states (delta) and an
increase in the fast states (beta). On the other hand, an
increase in SE implied that the spectral content spread out,
resulting in an increase in complexity, thus moving away
from a pathological state of the brain characterized by low
complexity.

4. Discussion and conclusion

Rett syndrome, despite being considered a rare disease, is
the second most common cause of mental disability in
women. However, the literature is scarce when evaluating
the disease at the neurocognitive level. In a previous phase
of the study, with a single cognitive training session, we
already observed statistically significant reductions and
improvements of delta and beta powers, respectively,
concluding that the effect of cognitive stimulation
remained after the end of the task [5]. This opened the
possibility of linking those changes to an overall increase
in cognitive skills.

Pathological states are characterized by the predominance
of low-frequency oscillations, spanning larger neuronal
populations and general brain functions. Instead, higher-
frequency oscillations originate from a smaller neuronal



population and have been associated with cognitive
functions such as attention, arousal, object recognition, and
top-down modulation of sensory processes.

Data distribution (n° channels: p-value < 0.05)
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Figure 4: violin plot of the mean RP in delta and beta for the first
and last session. The mean of all patients (n=19) has been
performed across the electrodes with significant differences for each
band. In delta: Fpl, Fp2, F7, F4, F8, C3, C4, T8, CP5, P7, P3, Pz,
P4, P8, 0z. In betal and beta2: F7, F8, P7, P3, P8. For betal, in
order to obtain a general area representation, it has been
performed with F7 (which had significant differences) and the rest
of significant electrodes from beta2.

For this reason, the improvement in the beta/delta ratio
after cognitive stimulation proved that, carrying out
activities using eye-tracking, could lead to cognitive
activation that involve reaching more active brain states
that are farer from the pathological pattern.

In this phase of the study, the objective was to see if these
changes were maintained over time and, therefore, had a
prolonged effect on the patients. A positive effect of long-
term cognitive training on brain and behavioral parameters
in RTT patients was observed in a previous study, showing
increased beta activity and decreased theta activity [6].
However, there are no studies that have evaluated
topographic changes before and after long-term cognitive
stimulation treatment in RTT, which allow us to observe
the distribution of changes in spectral variables on the
brain.

The evaluation of RP, MF and SE concluded a decrease of
delta oscillations and increase of beta rhythms after four
days of cognitive training. The possibility that patients
reach a more active brain state for a prolonged time is
demonstrated by the increase in SE. Since, more complex
signals were also associated with less pathological states.
Moreover, these findings may lead to the hypothesis that
cognitive stimulation triggers a generalized functional
interconnectivity in the brain of RTT patients, that should
be tested in future studies. On the other hand, the increase
in MF confirmed the increase in signal power, leading to
states of intense mental activity and moving away from
pathological states.

In conclusion, this study showed the potential long-term
benefits of cognitive stimulation in RTT patients. After
three consecutive training days, the differences between
the EO resting states EEG of the first and fourth day,
showed significant positive alterations of brain rhythms:
EEG analysis showed a decrease in low-frequency (delta)
oscillations and an increase in high-frequency (beta)

rhythms, resulting in more complex signals closer to
normal brain behavior. Moreover, the current evaluation of
the effectiveness of RTT therapies is made by clinical
states. However, this study showed that EEG could add a
new biomarker to analyze patient performance.
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Figure 5: (a) Difference between the mean MF power of the first and
last day resting-state EEG. (b) Statistical differences between the MF
of the first and last day resting-state EEG. (c) Difference between the
mean SE of the first and last day resting-stage EEG. (d) Statistical
differences between the SE of the first and last day resting-state EEG.

It offers the possibility of having an objective measurement
of the cognitive evolution. The spectral analysis of the
signal before, during and after the completion of the
therapy can be of great help to evaluate the preferences of
the patients and find those therapies with the greatest
impact. Finally, it should be noted that this research has
been carried out based on previous works limited to the
delta and beta bands. Future work will address the analysis
of all frequency bands.
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