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ABSTRACT

Objective: Rett syndrome (RTT) is a neurodevelopmental disorder caused by a mutation in the
X-linked MECP2 gene. Individuals with RTT typically develop normally until around 18 months
of age before undergoing a developmental regression, and the disorder can lead to cognitive,
motor, sensory, and autonomic dysfunction. Understanding the mechanism of developmental
regression represents a unique challenge when viewed through a neuroscience lens. Are
circuits that were previously established erased, and are new ones built to supplant old ones?
One way to examine circuit-level changes is with the use of electroencephalography (EEG).
Using EEG, it is possible to study neural oscillations, and power spectral analysis allows for the
decomposition of the EEG signal into frequency components linked to various neurological
processes. Previous studies of the EEG in RTT have focused on morphological characteristics,
but few have explored spectral power, including power as an index of brain function or disease
severity. This study sought to determine if EEG power differs in girls with RTT and typically
developing (TD) girls and among girls with RTT based on various clinical characteristics in order
to better understand neural connectivity and cortical organization in individuals with this
disorder.

Methods: Resting state EEG data were acquired from girls with RTT (n=57) and typically
developing children (n=37). Clinical data such as disease stage, performance on the Mullen
Scales of Early Learning (MSEL), and Clinical Severity Score (CSS) were also collected for girls
with RTT. EEG power across several brain regions in numerous previously defined frequency
bands was then compared between girls with RTT and TD controls, and power in girls with RTT
was compared based on scores on the previously collected clinical and cognitive measures.
Additionally, power in all participants was related to participant age, and for a subset of
participants, power was compared between a first study visit and a second visit approximately
one year later.

Results: Girls with RTT demonstrate significantly lower power in the middle-range alpha and
beta frequency bands across multiple brain regions. Additionally, girls with RTT that are
postregression demonstrate significantly higher power in the lower frequency theta band in the
frontal region. EEG power was not found to change significantly over one year in girls with RTT
or TD controls. Increased power in these lower frequency bands in girls with RTT trended with
lower scores on the MSEL in all domains, and delta and theta power were observed to increase
with age in girls with Rett syndrome but decrease with age in TD controls.

Interpretation: Increased power in the lower frequency bands, as well as decreased power in

the middle frequency bands, is consistent with previous studies demonstrating a “slowing” of the



background EEG in RTT and is consistent with EEG patterns seen in other progressive
neurological disorders. This increase, particularly in the delta band, could represent abnormal
cortical inhibition due to dysfunctional GABAergic signaling or circuitry and could potentially be
used as a marker of disease severity due to its associations with more severe RTT phenotypes

and worsening with disease progression.



INTRODUCTION

BACKGROUND

Rett syndrome (RTT) is a rare, progressive neurodevelopmental disorder occurring almost
exclusively in females that is caused by a mutation in the X-linked MECP2 gene." The disorder
is generally marked by a period of seemingly typical development until 6 to 18 months of age
followed by a developmental regression and the emergence of features such as stereotypies,
motor dysfunction, loss of expressive language skills, intellectual disability, and epilepsy.?**
Due to the severity of symptoms seen in individuals with RTT, the objective assessment of
various aspects of brain function in individuals with the disorder, including intellectual ability,
underlying affective state, and sensory processing, can be difficult due to problems with
purposeful hand use and verbal communication. As a result, there remains a need for objective
biomarkers to assess cortical function and disease severity in this population.

MECP2 (methyl-CpG binding protein 2) codes for a transcriptional regulator required for
normal postnatal gene expression in the nervous system. MECP2 is necessary for the formation
of neuronal circuits and ultimately the normal function of neurons.® Studies of mouse models of
Rett syndrome have demonstrated that a loss of functional MECP2 in neurons can lead to
impaired neuronal maturation, abnormal dendritic arborization, altered GABAergic signaling,
and ultimately an inability to maintain a normal excitatory and inhibitory balance within the
brain.>®”® Dysfunctional neuronal communication and a resulting cortical hyperexcitability are
thought to contribute to the development of many of the symptoms, such as epilepsy, seen in
mouse models of the disorder as well as individuals with RTT.”°

Numerous imaging modalities, including computed tomography (CT), magnetic
resonance imaging (MRI), and electroencephalography (EEG), have emerged as tools to assist
in the diagnosis and assessment of neurological disorders, including neurodevelopmental
disorders such as Rett syndrome; however, EEG is perhaps the most scalable and affordable of
these tools." During an EEG study, several electrodes are placed directly on the scalp to detect
electrical activity within the brain. EEG has several advantages over other imaging modalities in
its direct measure of underlying brain activity as well as its ability to detect changes in activity on
the time scale of milliseconds. In addition to detecting seizure activity, EEG can be used to
demonstrate a functional brain abnormality when structural imaging is normal as well as to
identify diagnostic patterns of activity in various disorders."

Using EEG, it is also possible to study neural oscillations, or the rhythmic fluctuations in
excitability of large populations of neurons. The generation of these neural oscillations is

thought to be dependent on the excitatory and inhibitory balance of the cortex, and studies



suggest that synchronized oscillations are integral to the normal communication within and
between areas of the brain." Without a tissue sample, it is difficult to study neural circuits at a
basic level and determine the degree of abnormality of these circuits that exists in various
disease processes. The study of neural oscillations provides a noninvasive, indirect assessment
of the underlying function and organization of neural circuits.

Quantitative EEG analysis involves the numerical analysis of the neural oscillations
contained with the EEG signal in order to correlate this data with brain function and behavior.
This is achieved through Fourier analysis, which allows for the decomposition of the EEG signal
into several discrete component oscillations at frequencies that fall within previously defined
frequency bands." Applying a Fourier transform to an EEG produces a power spectrum, or a
representation of the amount of EEG signal’s power (amplitude?) that falls within each of these
frequency bands. Previous studies of the power spectrum of human EEGs have demonstrated
that oscillations at various frequencies can be linked to many processes in the brain, including
sensory perception, memory, and cognition; additionally, analyses of neural oscillations have

been utilized in the study of numerous neurological and neurodevelopmental disorders.">'®

STATE OF THE FIELD

Since the discovery of EEG as a tool for observing electrical activity within the brain, a great
deal of work has been done to elucidate the role of neural oscillations in both normal and
pathological processes within the brain."” Rhythmic oscillations in the brain are commonly
divided into several major frequency bands: delta (2-4 Hz), theta (4-6 Hz), alpha (6-13 Hz), beta
(13-30 Hz), and gamma (30-50 Hz). Previous studies have demonstrated that oscillations at
these frequencies are associated with processes such as sensory processing, memory,
consciousness, and other cognitive functions, and abnormal oscillatory activity has been
associated with numerous psychiatric and neurological disorders.'®'%? Additionally, though
spectral power has been shown to vary as a function of factors such as emotional state,
attention, and experimental conditions, several studies in both children and adults suggest that
an individual’s pattern of spectral power may be a stable characteristic.?"#

The neurobiology underlying the generation of neural oscillations has previously been
investigated and is thought to be the result of a precise combination of excitation and inhibition
in the brain. The modulation of outputs of excitatory cortical pyramidal cells by inhibitory
GABAergic interneurons allows for the coordinated firing of neurons and the formation of
oscillations at various frequencies.?® It has previously been shown that Rett syndrome results in

altered GABAergic signaling as well as an abnormal excitatory/inhibitory balance in the brain.



However, studies have not directly investigated how these abnormalities affect the generation of
neural oscillations in the brains of individuals with the disorder.

EEG is a neurophysiological method that is widely utilized in the assessment of various
neurological conditions to provide objective information about underlying cortical dysfunction as
well as disease severity and progression."" Various characteristics of the background EEG and
power spectrum have been shown to be abnormal in numerous neurological and psychiatric
disorders, such as Alzheimer’s disease, Parkinson’s disease, and autism spectrum disorder.'®%
Similar changes, including increased slow wave activity and abnormal discharges, can be seen
in encephalopathies regardless of underlying etiology.'> EEG abnormalities have been
described in both mouse models of Rett syndrome and in individuals with the disorder.®**
However, for a number of conditions, including Rett syndrome, the association between disease

severity and EEG findings, particularly power spectral data, is unclear.

PURPOSE

In this study, we aimed to characterize the differences in baseline EEG spectral power between
girls with Rett syndrome and typically developing children. Many studies have explored the
gross morphological features of the background EEG in girls with RTT and have found features
such as a “slowing” of the background EEG, epileptiform discharges, and spike-wave
complexes.? Our lab has previously investigated visual evoked potentials (VEPs) for use as a
biomarker for cortical function in girls with Rett syndrome and has found that the VEP is reliably
abnormal in girls with RTT and that girls with the disorder demonstrate abnormal cortical
responses to visual stimuli.?® Additionally, studies of auditory evoked potentials (AEPs) in girls
with Rett syndrome have demonstrated that girls with RTT have an abnormal cortical response
to auditory stimuli as well.?*?” However, many other features of the EEG, particularly spectral
power, have not been extensively studied in this population.

As there is currently a need for an unbiased, noninvasive biomarker to assess cortical
function as well as disease severity and progression in girls with RTT, our secondary and
tertiary aims were to characterize the stability of EEG power over time in girls with RTT and to
relate spectral power to data on both disease severity and cognitive function in girls with the
disorder to examine the association between power and various features of the disease. An
association between EEG power and various clinical features of Rett syndrome, as well as the
stability of the pattern of power observed in girls with RTT over the time course of a typical
clinical trial, could support the possibility of using EEG spectral power as an unbiased, reliable

biomarker to monitor disease severity or response to behavioral and pharmacologic therapies.



METHODS

Prior to the acquisition of data, all procedures were reviewed and approved by the Boston
Children’s Hospital (BCH) Office of Clinical Investigation and Institutional Review Board (IRB #
P00000010 and P00005610). Written, informed consent was obtained from all caregivers prior

to a child’s participation in the study.

PARTICIPANTS
Participants were recruited from ongoing Rett syndrome studies in the Boston Children’s
Hospital Laboratories of Cognitive Neuroscience and Department of Neurology. Data were also
acquired from several participants with RTT that had previously participated in phase 1 (n =8
RTT) and phase 2 (n = 24 RTT) of the BCH Insulin-like growth factor 1 clinical trial during the
initial study visit prior to treatment with the study drug or placebo.?®%

Baseline EEG data were successfully collected and analyzed from 57 girls with RTT and
a group of 37 female typically developing children with no history of neurodevelopmental
disability for comparison. Data from several participants were excluded from EEG processing
due to refusal of EEG electrode placement or pulling at electrodes during recording (n = 3 RTT
and 1 TD), a seizure during the recording process (n = 1 RTT), and male gender (n =1 RTT).
Data from several participants were excluded during processing due to a lack of sufficient
usable one-second segments (< 30) as a result of excessive artifact from movement or noise (n
=13 RTT and 2 TD). There was no significant difference in age between the RTT (median = 51,
interquartile range = 31, range = 23-131 months) and TD (median = 44, interquartile range = 29,
range = 23-123 months) groups.

For several participants (n = 11 RTT and 18 TD), EEG data were also collected at a
second study visit conducted several months after the first. There was no significant difference
in the length of time between visits in the RTT (median = 12, interquartile range = 4, range = 11-

19 months) and TD (median = 15, interquartile range = 5, range = 9-18 months) groups.

CLINICAL/BEHAVIORAL ASSESSMENTS

To assess the impact of various phenotypic features of RTT on baseline EEG characteristics,
several girls with RTT (n = 49) were grouped based on disorder stage. Girls were placed into
two groups based on timing of most recent skill loss in the gross motor, fine motor, expressive
language, receptive language, or adaptive skill domains. Girls with a skill loss in any of these
areas within twelve months of data acquisition were classified as being in active regression (AR,

n = 20), and girls with no skill loses within twelve months were categorized as postregression



(PR, n = 29). This assessment was based on thorough developmental and medical history
questionnaires completed by primary caregivers as well as a physical examination by a pediatric
neurologist.

A majority of RTT participants (n = 47) were assigned a Clinical Severity Score (CSS)
based on medical history and assessment by a physician (median = 20, interquartile range = 8,
range = 13-32). The CSS includes 13 measures specific to the RTT phenotype and assesses
both current symptom severity as well as the disease course.?®* In this study, only composite
(total) scores were considered. Many participants with RTT (n = 47) were also administered the
Anxiety, Depression, and Mood Scale (ADAMS), a parent-rated questionnaire designed to
assess affective disorders in children with intellectual and developmental disabilities. The
questionnaire includes 28 items grouped into 5 domains: manic/hyperactive behavior,
depressed mood, social avoidance, general anxiety, and obsessive behavior.?! In this study,

scores in individual domains were utilized for analysis.

COGNITIVE ASSESSMENT

Forty-nine participants with RTT were administered the Mullen Scales of Early Learning
(MSEL).* Scores were used to predict age-equivalents in months, which were then divided into
the girl’s actual age in months to determine an “age quotient.” These age quotients were then
used to assess development across four domains: receptive language, expressive language,

visual reception, and fine motor skills.

EEG DATA ACQUISITION

Continuous EEG data were acquired for 5-10 minutes in a dimly lit, electrically shielded room
while the participant watched a movie of her choice. A research assistant remained in the room
during acquisition to ensure that the subjects remained calm and still throughout the

recording. Data were collected using a 128-channel Hydrocel Geodesic Sensor Net System
(Electrical Geodesics, Inc., Eugene, OR, USA) and a Net Amps 300 amplifier (EGI, Eugene,
OR) via Net Station software (EGI, Eugene, OR). Electrodes positioned on the face (125, 126,
127, and 128) were removed to enhance tolerance to the net. Prior to acquisition, impedances
were checked to be below 100 kQ (within recommended guidelines given high-input impedance
capabilities of the amplifier). The data were sampled at either 500 or 1000 Hz, filtered,

amplified, and referenced to the vertex (electrode Cz).



EEG PROCESSING

Pre-processing of the data occurred in Net Station (EGI, Eugene, OR). A 1 Hz high pass and 60
Hz notch filter were applied, and channels with excessive artifact on visual inspection were
marked for interpolation. Participants with greater than 10% of total channels marked for
interpolation were excluded from further analysis. Data were re-referenced to average after
excluding bad channels and exported to MATLAB (r2015a). In MATLAB, data collected at 1000
Hz were downsampled to 500 Hz. The data were detrended using a Kallman filter, and
segments containing high-amplitude artifact (>150 uV) were excluded from further analysis.*

Remaining data were broken into one-second, non-overlapping segments.

POWER SPECTRAL ANALYSIS
A fast Fourier transform was used to calculate a power spectrum on each segment, and the
average power across all one-second segments for a particular participant was calculated.
Results were then binned into frequency bands (delta [2-4 Hz], theta [4-6 Hz], low alpha [6-9
Hz], high alpha [9-13 Hz], beta [13-30 Hz], and gamma [30-50 Hz])."**

For further analysis of power in different regions of the brain, several regions of interest
(ROls) were established (Figure 1). A frontal ROl was chosen based on the ROI previously
reported by Tierney et al.”® To investigate the regional specificity of EEG characteristics in girls
with Rett syndrome, other ROls in the occipital, central, and temporal region were also
established by mathematically calculating the closest electrodes to O1 and 02, C3 and C4, and
T3 and T4 (based on the international 10-20 system), respectively.>* Power in each electrode
was averaged to obtain both a left and right hemispheric average power in the frontal, central,
temporal, and occipital regions. Power values for each hemisphere were then averaged to

obtain average power for each ROI.

STATISTICAL ANALYSIS
For the comparison of power spectral density (PSD) values between groups, raw values were
either log transformed in order to control for the 1/f distribution characteristic of human EEG
recordings.*** Average power in each frequency band in each ROI was then determined for
each subject. For the analysis of EEG stability over time, change scores were calculated by
subtracting power at the second study visit from power at the first. Change scores were then
compared between groups.

Statistical analysis was carried out using SPSS Statistics v24.0 software (IBM, Armonk,

NY, USA). Nonparametric analyses were utilized due to non-normal distribution of EEG data
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(based on Shapiro-Wilk tests, p < .05, and visual analysis of histograms generated from the
data) and/or sample size. Mann-Whitney U tests were used to compare PSD values between
TD controls and girls with RTT. Kruskal-Wallis tests were used to compare PSD values between
TD controls and girls with RTT grouped by regression status (AR and PR), and post-hoc
analyses were carried out with Mann-Whitney U tests. To determine whether power spectral
characteristics change over time in girls with RTT and TD controls, Mann-Whitney U tests were
utilized to compare change scores of girls with RTT and TD controls. Additionally, Mann-
Whitney U tests were used to compare power values in each frequency band for TD controls
and girls with RTT and both the first and second time points. Spearman’s rho correlations were
performed to investigate the associations between power values in girls with RTT and age,
clinical severity score, scores on the ADAMS subscales, and age quotients on each of the

subscales of the MSEL. The significance threshold was set to p = 0.05 unless otherwise noted.

RESULTS

CLINICAL, BEHAVIORAL, AND COGNITIVE ASSESSMENTS

Mullen Scales of Early Learning (MSEL): Medians and interquartile ranges of the
developmental quotients for each subscale of the MSEL are reported for all participants with
RTT with both MSEL scores and usable EEG data at the first study visit (Table 1). Results are
also reported for girls known to be AR or PR at the time of EEG data collection. MSEL
developmental quotients were significantly lower in PR girls with RTT in the receptive language
(U =85, z=-3.483, p < 0.0005), visual reception (U = 68.5, z = -4.043, p < 0.0005), expressive
language (U = 56.5, z = -4.321, p < 0.0005), and fine motor (U = 117.5, z =-2.908, p = 0.004)
domains (Figure 2).

The MSEL was performed and scored by research assistants in the Laboratories of
Cognitive Neuroscience. The Rett syndrome clinical team at Boston Children’s Hospital
collected data on skill loss for each participant. Classification of participants into AR and PR
groups was performed by the author. Developmental quotients for each participant were
calculated by the author. Comparative statistical analyses and descriptive statistics were
performed by the author. Figures were made by the author, and tables were also compiled by

the author.
Clinical Severity Score (CSS): Medians and interquartile ranges for clinical severity score are

reported for all participants with RTT with both clinical assessment data as well as usable EEG

data at the first study visit (Table 1). Results are also reported for girls known to be in active
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regression and those that were postregression at the time of EEG data collection. No significant
differences in CSS were seen between AR and PR girls with RTT. There was no significant
correlation between age and CSS.

Clinical Severity Scores were determined and assigned to each participant by the
clinicians and research associates of the Rett syndrome team in the Department of Neurology at
Boston Children’s Hospital. Data on skill loss for each participant were also compiled by the Rett
syndrome team. Classification of participants into AR and PR groups was performed by the
author. Comparative statistical analyses and descriptive statistics were performed by the author.

Tables were compiled by the author.

Anxiety, Depression, and Mood Scale (ADAMS): Medians and interquartile ranges of scores
on each domain of the ADAMS are reported for all participants with RTT with both ADAMS
scores and usable EEG data at the first study visit (Table 1). No significant differences in
ADAMS subscale scores were seen when AR and PR RTT participants were compared. There
were no significant correlations between age and score on any ADAMS subscale.

Scores on subscales of the ADAMS were determined and assigned to each participant
by the clinicians and research associates of the Rett syndrome team in the Department of
Neurology of Boston Children’s Hospital. Data on skill loss for each participant were also
compiled by the Rett syndrome team. Classification of participants into AR and PR groups was
performed by the author. Comparative statistical analyses and descriptive statistics were

performed by the author. Tables were compiled by the author.

POWER SPECTRAL DENSITY BY CLINICAL DIAGNOSIS (RTT versus TD)

Log transformed power was calculated for each participant and compared between TD controls
(n = 37) and girls with RTT (n = 57) in each of four predetermined ROIs (Figure 3). To correct
for multiple comparisons, a p value of 0.002 was used.

Frontal ROI: Girls with RTT demonstrated significantly lower power in the high alpha (U = 537,
z =-4.005, p < 0.0005) and beta (U = 502, z = -4.276, p < 0.0005) frequency bands. No
significant differences were seen between groups in the delta, theta, low alpha, or gamma
bands.

Central ROI: Girls with RTT demonstrated significantly lower power in the low alpha (U = 580, z
=-3.672, p < 0.0005), high alpha (U = 352, z = -5.437, p < 0.0005), and beta (U = 396, z = -
5.096, p < 0.0005) frequency bands. No significant differences were seen between groups in

the other frequency bands.
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Temporal ROI: Girls with RTT demonstrated significantly lower power in the high alpha band (U
=627,z =-3.308, p = 0.001). No significant differences were seen between groups in the other
frequency bands.

Occipital ROI: Girls with RTT demonstrated significantly lower power in the high alpha band (U
=463, z = -4.578, p < 0.0005). No significant differences were seen between groups in the other
frequency bands.

EEG data were acquired by research assistants in the Laboratories of Cognitive
Neuroscience and the author. Pre-processing of data was done by the author with assistance
from a postdoctoral fellow in the Laboratories of Cognitive Neuroscience. MATLAB code for
artifact detection and Fourier analysis was written by researchers in the Labs of Cognitive
Neuroscience with some assistance from the author. Comparative statistical analyses and

descriptive statistics were performed by the author. Figures were made by the author.

POWER SPECTRAL DENSITY BY DISEASE STAGE (AR RTT, PR RTT, TD)

We conducted a Kruskal-Wallis test to investigate differences in EEG power between TD
controls (n = 37) and girls with RTT in active regression (AR, n = 20) or that were
postregression (PR, n = 29) at the time of the first study visit (Figure 3). To correct for multiple
comparisons, a p value of 0.0005 was used.

Frontal ROI. There was a significant effect of group on the frontal theta (H[2] = 15.204, p <
0.0005), high alpha (H[2] = 19.769, p < 0.0005), and beta (H[2] = 18.843, p < 0.0005) frequency
bands. Post-hoc analyses demonstrated a significant different between the TD and AR groups
in the theta (U = 159, z = 03.528, p < 0.0005), high alpha (U = 96, z = -4.582, p < 0.0005), and
beta (U = 142, z = -3.812, p < 0.0005) bands.

Central ROI: There was a significant effect of group on the central high alpha (H[2] = 29.688, p
< 0.0005) and beta (H[2] = 27.494, p < 0.0005) frequency bands. Post-hoc analyses
demonstrated a significant difference between the TD and AR groups in the high alpha (U = 59,
z=-5.200, p < 0.0005) and beta (U = 82, z =-4.816, p < 0.0005) bands. A significant difference
was also seen between TD controls and PR RTT participants in the high alpha (U = 235, z = -
3.895, p < 0.0005) and beta (U = 232, z = -3.934, p < 0.0005) bands.

Temporal ROI: No significant group differences were seen in any frequency band (all ps >
0.0005).

Occipital ROI: There was a significant effect of group on the occipital high alpha band (H[2] =
21.557, p < 0.0005). Post-hoc analyses demonstrated a significant different between the TD
and AR groups in the high alpha band (U = 160, z = -3.511, p < 0.0005).
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EEG data were acquired by research assistants in the Laboratories of Cognitive
Neuroscience and the author. Pre-processing of data was done by the author with assistance
from a postdoctoral researcher in the Laboratories of Cognitive Neuroscience. MATLAB code
for artifact detection and Fourier analysis was written by researchers in the Laboratories of
Cognitive Neuroscience with some assistance from the author. Comparative statistical analyses

and descriptive statistics were performed by the author. Figures were made by the author.

EEG STABILITY ACROSS VISITS

Given our interest in assessing changes in EEG power over time, we examined the stability of
EEG spectra from the first study visit to a second study visit in a subset of participants. Change
scores were calculated and compared between groups utilizing independent-samples Mann-
Whitney U tests (Figure 4).

Frontal, Central, and Temporal ROIs: No difference in change scores was found between
groups in any frequency band (all ps > 0.05).

Occipital ROI: Girls with RTT had significantly lower change scores than TD controls in the
beta (U =47,z =-2.337, p =0.019) and gamma (U = 38, z = 2.742, p = 0.006) bands, though
these changes are not significant when corrected for multiple comparisons (p < 0.002).

EEG data were acquired by research assistants in the Laboratories of Cognitive
Neuroscience and the author. Pre-processing of data was done by the author with assistance
from a postdoctoral researcher in the Laboratories of Cognitive Neuroscience. MATLAB code
for artifact detection and Fourier analysis was written by researchers in the Laboratories of
Cognitive Neuroscience with some assistance from the author. Comparative statistical analyses

and descriptive statistics were performed by the author. Figures were made by the author.

DEVELOPMENTAL TRAJECTORIES OF EEG POWER
To further examine how frontal EEG power changes with age in girls with RTT, we utilized
Spearman correlations to relate age to frontal power in all frequency bands (Figure 5). In girls
with RTT, increased age correlated with increased delta power (rs = 0.529, N = 57, p < 0.0005)
and theta power (r; = 0.552, N = 57, p < 0.0005). In TD controls, increased age is correlated
with decreased frontal delta (rs = -0.435, N = 37, p = 0.007) and theta (r =-0.393, N =37, p =
0.016) power.

EEG data were acquired by research assistants in the Laboratories of Cognitive

Neuroscience and the author. Pre-processing of data was done by the author with assistance
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from a postdoctoral researcher in the Laboratories of Cognitive Neuroscience. MATLAB code
for artifact detection and Fourier analysis was written by researchers in the Laboratories of
Cognitive Neuroscience with some assistance from the author. Comparative statistical analyses

and correlations were performed by the author. Figures were made by the author.

CORRELATIONS BETWEEN FRONTAL EEG POWER AND PERFORMANCE ON COGNITIVE
AND CLINICAL ASSESSMENTS

To investigate the association between EEG power and clinical, behavioral, and cognitive
measures in girls with RTT, Spearman’s rho correlations were used to relate frontal EEG power
and clinical severity scores, scores on subscales of the ADAMS, and performance on the
MSEL.

Clinical Severity Score (CSS): No correlations were seen between CSS and frontal power in
any frequency band (all ps > 0.05).

Anxiety, Depression, and Mood Scale (ADAMS): No correlations were seen between frontal
power and scores on any of the ADAMS subscales (all ps > 0.05).

Mullen Scales of Early Learning (MSEL): Higher frontal delta power was correlated with lower
developmental quotients in the visual reception (rs = -0.328, N = 49, p = 0.021), receptive
language (rs = -0.293, N = 49, p = 0.043), expressive language (rs = -0.354, N = 49, p = 0.013),
and fine motor (rs = -0.348, N = 49, p = 0.014) domains (Figure 5). Increased theta power was
correlated with lower developmental quotients in the visual reception (rs = -0.299, N =49, p =
0.037), expressive language (rs = -0.366, N = 49, p = 0.010), and fine motor (rs = -0.300, N = 49,
p = 0.036) domains. No association was found between MSEL developmental quotients and
power in the low alpha, high alpha, beta, or gamma bands.

EEG data were acquired by research assistants in the Laboratories of Cognitive
Neuroscience and the author. Pre-processing of data was done by the author with assistance
from a postdoctoral researcher in the Laboratories of Cognitive Neuroscience. MATLAB code
for artifact detection and Fourier analysis was written by researchers in the Laboratories of
Cognitive Neuroscience with some assistance from the author. Clinical severity scores and
ADAMS scores were assigned by the Rett syndrome clinical team. MSEL scores were
determined by research assistants in the Laboratories of Cognitive Neuroscience. Comparative
statistical analyses, descriptive statistics, and correlations were performed by the author.

Figures were made by the author.
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DISCUSSION

Various features of the EEG have previously been explored in individuals with Rett
syndrome. Visual analysis of the background EEG in individuals with RTT has found rhythmic
“slowing” as well as gross morphological characteristics such as spike-wave complexes and
epileptiform activity.***’ Prior to the determination of the genetic cause of the disorder, the EEG
was also utilized as a diagnostic tool for differentiating Rett syndrome from other
neurodevelopmental disorders, such as Angelman syndrome, based on the presence of spike-
wave complexes and other characteristics.*® Previous studies of event-related potentials in girls
with RTT and mouse models of the disorder have demonstrated abnormalities in both visual
evoked potentials (VEPs) and auditory evoked potentials (AEPs) when compared to typically
developing controls, suggesting that girls with Rett syndrome have an abnormal cortical
response to stimuli.?>? Our study expands upon this previous work and provides a more in-
depth quantitative analysis of spectral power characteristics in girls with Rett syndrome in order
to systematically quantify and characterize the differences seen in the baseline EEG of girls with
RTT and their associations with various clinical measures currently used in the assessment of
this population.

Though girls with RTT did not have significantly higher power in the low frequency delta
and theta bands, they did have significantly lower power in the middle frequency bands,
consistent with the greater contribution of low frequency oscillatory activity previously described
in the EEG of girls with RTT.>"*® Additionally, significantly increased power in the frontal theta
band was observed in girls with RTT that are postregression when the RTT group was
separated based on disease stage, with higher power in the delta band trending towards
significance. Similar changes, including increased slow wave activity and abnormal discharges,
can be seen in encephalopathies regardless of the underlying etiology.'? These findings are
also consistent with the “slowing” of the EEG seen in other neurological and psychiatric
disorders, such as schizophrenia and Parkinson’s disease, and may represent a reduction in
overall power in girls with the disorder.?’ Differences in power in multiple brain regions have
been associated with altered sensory processing, motor function, and communication between
different regions of the brain.*® These findings could be associated with some of the cognitive,
motor, and sensory deficits seen in girls with RTT.

Our study also demonstrated that the abnormal pattern of EEG power observed in girls
with Rett syndrome remains consistent over a relatively brief time period. Currently, the time
course required for an individual’s participation in a phase 2 or 3 clinical trial could vary

anywhere from several months to over a year. For utility as an outcome measure in such a
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setting, a biomarker would, under normal circumstances, need to remain stable or change in a
predictable manner over such a time period. The findings in this study may support the
possibility of using individual trajectories of power as an unbiased, reliable biomarker to monitor
response to both behavioral and pharmacologic therapies. Though this stability differs from the
finding of the increase in frontal delta and theta power seen with increasing age in girls with
RTT, this could possibly be explained by the shorter time course of this analysis. Additionally,
the delta and theta change scores did trend positive in the frontal ROI.

The increase in delta and theta power in girls with RTT with age, when compared to the
decrease in power seen in TD girls with increasing age, suggests that girls with RTT and TD
children demonstrate distinctly different trajectories of development of the power spectrum
throughout development. The decreases in power in the low frequency delta and theta
frequency bands seen with increasing age in TD controls are consistent with previous studies
on the developmental trajectory of low frequency EEG power throughout childhood, which have
demonstrated an increase in the prevalence of higher-frequency oscillations throughout
development.?’*"! The increases in power in the delta and theta frequency bands with age in
girls with RTT are similar to EEG changes seen in individuals with progressive neurological
disorders such as Parkinson’s and Alzheimer's disease.?>* These findings are also consistent
with previous studies of Rett syndrome that have described a nonspecific deterioration of the
background EEG with age.®?****2 On an individual level, this trajectory could possibly be used
not only as an index of disease severity or progression but also as an indicator of response to
pharmacological and behavioral treatments of RTT, especially given the delta band’s correlation
with MSEL performance. However, repeated recordings in the same participants throughout
childhood would be necessary to determine whether this trend is observed on an individual level
over the course of several years.

Study findings also suggest that increased frontal power in the delta and theta bands in
girls with RTT is correlated with worse performance on the MSEL, a measure of multiple
aspects of cognitive functioning. The significant difference in MSEL quotients based on disease
stage suggests that scores on the MSEL subscales represent a marker of cortical function in
girls with RTT that changes reliably with disease progression. As RTT is a progressive
neurodevelopmental disorder, it is difficult to separate increasing age from increasing clinical
severity, as the two are generally inextricably linked. As a result, it is difficult to determine
whether the EEG changes that occur throughout development in girls with RTT are a result of
aging or progression of the disease. However, the MSEL developmental quotient controls for

age, providing a more objective picture of cognitive abilities and cortical function in this
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population. These results indicate that delta and theta power, or the degree of “slowing” of the
background EEG, can be reliably related not only to disease progression in girls with RTT but
also to the severity of cognitive dysfunction in girls with the disorder, further supporting the
potential for the use of individual trajectories of EEG power as a biomarker in this population.

Though the link between underlying brain physiology and both normal and pathological
oscillatory activity observed by EEG remains unclear, numerous studies have investigated the
normal and abnormal synaptic interactions and neuronal circuits involved in the generation of
the EEG patterns seen in numerous intellectual and developmental disorders, including Rett
syndrome. Research on the cellular basis of evoked potential abnormalities in girls with Rett
syndrome has demonstrated that a loss of MECP2 from forebrain neurons leads to AEP deficits
in mouse models of the disorder.*® Additionally, regulation of excitatory and inhibitory inputs
plays a significant role in the regulation of neural networks, and an abnormal excitatory and
inhibitory balance in girls with RTT is thought to be responsible for the abnormalities seen in the
VEP and other evoked potentials in girls with RTT.?>***° As the generation of evoked potentials
is dependent on precise control of excitatory and inhibitory inputs as well as synchronized
oscillatory activity, it is possible that the molecular abnormalities underlying the evoked potential
abnormalities seen in girls with RTT also contribute to the abnormalities seen in the baseline
EEG oscillations, and these abnormal oscillations could contribute to the phenotypic changes
seen in mouse models of the disorder and individuals with RTT.

This study is not without limitations. Our study provides a cross-sectional view of EEG
power in a relatively large group of girls with Rett syndrome, but the number of participants is
still small. This cohort also has heterogeneous characteristics in terms of age, disease stage,
and disease severity. Though differences in EEG power were seen at the group level, the
associations between abnormal EEG findings, disease phenotype, and the underlying
pathophysiology in the brain are still not well understood. Further, serial EEG recordings in each
individual participant would be necessary in order to maximize the utility of EEG in assessing
disease severity and progression on an individual level, and this represents an opportunity for
future work." However, due to the rare nature of the disorder and the difficulty in recruiting
participants, multiple recordings with large numbers of participants at a single research site are
often difficult.

Larger, longitudinal, multi-site studies will be necessary not only to obtain a large enough
sample size but also to explore the reproducibility of collecting consistent EEG data across
multiple sites with multiple individuals involved in the collection and analysis of data. A multi-site

study of the EEG in individuals with Rett syndrome as well as other related genetic disorders is
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currently underway, which will allow us to determine whether the trends seen here are
reproducible in another cohort and across multiple sites. It will also provide an opportunity for
multiple future studies, including further stratifying the cohort by mutation severity, medications
taken at the time of participation in the study, disease stage, and gender. This study will also
collect additional clinical data to allow for better correlation of the EEG findings with multiple
different clinical features of this disorder. Studies are also underway in mouse models of the
disorder in order to determine if the EEG changes seen in individuals with Rett syndrome are
similar to those seen in mouse models of the disorder, and this provides an exciting opportunity
for translational work.

This study did not explore the effect of anti-epileptic drugs (AEDs) on the power
spectrum in this population. Prior research has demonstrated both increases and decreases in
low frequency power with AED administration, presumably due to the difficulty in obtaining a
relatively homogeneous population as well as difficulty controlling for the underlying EEG
abnormalities in a patient with epilepsy. These changes also depend on the specific AED being
studied as well as its mechanism of action.*®*” Additionally, some studies noted a slowing of the
EEG with an increase in delta power prior to the initiation of AED treatment in patients with
epilepsy.*® Around half of the participants in this study were taking at least one AED at the time
of recording due to a history of seizure activity. Given that all of the participants in this study
have the same underlying genetic disorder, this cohort may provide the relatively homogeneous
population necessary to determine if AEDs have a significant and consistent effect on the power
spectrum. The larger study of Rett syndrome currently underway may provide a larger cohort for
this analysis.

Since this study was begun, our lab has continued work on a MATLAB pipeline, the
Batch Electroencephalography Automated Processing Platform (BEAPP), that can be used to
batch-process multiple EEG files in order to efficiently obtain power spectral data.*® The lab has
also produced another pipeline, the Harvard Automated Processing Pipeline for
Electroencephalography (HAPPE), that can be utilized for pre-processing of data, a time-
consuming process that was undertaken by hand for this project and requires extensive training
in order to become proficient.*® Utilizing BEAPP and HAPPE for the analysis of power spectral
data can not only reduce the amount of time required to complete a study but also make the
analysis of power spectral data more accessible to others, increasing the potential for the use of
EEG as a biomarker in RTT and other rare disorders. The data in this project, pre-processed by
hand, could be run through this pre-processing pipeline in order to compare results and provide

additional validation for the use of these pipelines in the analysis of EEG data.
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CONCLUSIONS

Due to the nature of the symptoms and disease severity seen in girls with Rett syndrome, many
current assessments of disease severity and cognition in girls with the disorder are subjective
and based largely on provider or parent observation. As a result, there remains a need for a
reliable, non-invasive, objective biomarker that can be used in the assessment of girls with Rett
syndrome. Here, we attempt to characterize the baseline EEG power spectrum in girls with Rett
syndrome not only to better understand the disease and its effects on the brain itself but also as
a first step in identifying unique characteristics that could potentially be utilized in the future
monitoring and treatment of girls with Rett syndrome.

This study demonstrates significant differences in the baseline EEG in a relatively large
cohort of girls with Rett syndrome when compared to typically developing controls, with lower
power in middle frequency bands seen in girls with RTT in all brain regions. Additionally, when
girls with RTT are separated by disease stage, higher low-frequency theta power is seen in girls
with postregression RTT in the frontal ROl when compared to TD controls and actively
regressing individuals with RTT. Increased power in the lower frequency bands trended with
lower cognitive assessment scores in girls with Rett syndrome, and delta and theta power were
observed to increase with age in girls with Rett syndrome but decrease with age in TD controls.
This increase, particularly in the delta band, could represent abnormal cortical inhibition due to
dysfunctional GABAergic signaling and could potentially be used as a marker of severity due to
its associations with more severe RTT phenotypes.

To fully utilize EEG spectral power, including trends or changes with power over time, as
a marker of disease progression and severity or response to treatment, further studies utilizing
serial EEG recordings as well as measurements of clinical severity and cognitive function in girls
with Rett syndrome must be done to determine if the trends reported here can be observed on
an individual level over time. Additionally, multi-site studies will necessary to determine if these
findings are reproducible across sites, and further studies will be necessary to determine the
effect of anti-epileptic drugs and other clinical features of Rett syndrome on the power spectrum.

Our study does, however, demonstrate the feasibility of collecting and analyzing
baseline EEG data in this population and utilizing this data in conjunction with other clinical
measures in the assessment of girls with Rett syndrome. Though more work is necessary to
elucidate the connection between abnormal cortical architecture and the abnormal generation of
neural oscillations, it serves as an important first step in exploring the use of EEG power

spectral characteristics to assess disease severity and response to treatment in this population.
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SUMMARY

Rett syndrome is a devastating X-linked neurological disorder that can cause sensory, motor,
autonomic, and cognitive dysfunction. As a result, the objective assessment of various aspects
of brain function can be difficult in this population, and there remains a need for an objective
biomarker for use in the assessment of individuals with Rett syndrome. This study attempts to
utilize power spectral analysis to characterize baseline electroencephalographic (EEG) spectral
power in girls with Rett syndrome not only to gain information about the underlying neural
circuitry of girls with the disorder but also to determine the feasibility of using power as a non-
invasive marker of cortical function or disease severity in this population.

When compared to typically developing controls, girls with Rett syndrome demonstrate
significantly lower power in the middle alpha and beta bands, and girls that were postregression
demonstrate significantly higher power in the low frequency theta band when compared to
actively regressing individuals and typically developing controls. Girls with Rett syndrome were
also found to have increased delta and theta power with age, and delta power correlated
negatively with performance on all subscales of the Mullen Scales of Early Learning (MSEL).
Additionally, this study also demonstrates that EEG power in girls with Rett syndrome remains
relatively stable over the course of a year, a factor that would be necessary if changes in
spectral power were to be utilized as a biomarker in future clinical trials.

This study not only demonstrates the feasibility of collecting EEG data in this population
but also shows that girls with Rett syndrome have distinct patterns of EEG spectral power when
compared to typically developing children. These findings are similar to prior studies that
demonstrated a slowing of the EEG in girls with RTT, and our findings indicate that the degree
of slowing of the EEG correlates negatively with performance on a measure of cognition in this
population. Though more studies are needed to assess the reproducibility of these findings, this
increase in delta power could represent abnormal neural circuitry in Rett syndrome and could
potentially be used as a marker of severity in individuals with this disorder due to associations

with more severe disease phenotypes and its worsening with disease progression.
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GLOSSARY

RTT Rett syndrome

TD Typically developing

MECP2 Methyl-CpG binding protein 2

CT Computed tomography

MRI Magnetic resonance imaging

EEG Electroencephalogram

VEP Visual evoked potential

AEP Auditory evoked potential

BCH Boston Children’s Hospital

IRB Institutional Review Board

AR Active regression

PR Postregression

CSS Clinical Severity Score

ADAMS Anxiety, Depression, and Mood Scale

MSEL Mullen Scales of Early Learning

ROI Region of interest

PSD Power spectral density

AED Anti-epileptic drug

BEAPP Batch Electroencephalography Automated Processing Platform
HAPPE Harvard Automated Processing Pipeline for Electroencephalography
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TABLES

stage (AR versus PR)

Mullen Scales of Early Learning
Visual Reception

Receptive Language

Expressive Language

Fine Motor

Clinical Severity Score

Severity Score

Anxiety, Depression, and Mood

Scale

Manic/Hypermanic Behavior
Depressed Mood*

Social Avoidance

General Anxiety

Obsessive Behavior

*RTTn=39, PRn=23

All RTT
n=49

0.36 (0.46)
0.17 (0.13)
0.41 (0.55)
0.13 (0.18)
n=47

20 (8)

n =46

6.5 (5)
3 (4.5)
4 (4)

5 (3.75)
3 (2.75)

AR

n=18

0.62 (0.36)
0.23 (0.10)
0.77 (0.46)
0.25 (0.29)
n=20

21 (7)
n=17

8 (4)
3 (5.25)
4 (3)
4 (4)
3(2)

Table 1. Results of cognitive and clinical assessment in girls with RTT by disease

PR

n=27

0.24 (0.19)
0.11 (0.09)
0.26 (0.29)
0.09 (0.11)
n=27

19 (7.5)
n=26

6.5 (4)
3(3.5)

6 (3.75)
6 (2.75)
4 (2.75)

Data are presented as median (interquartile range). MSEL values are presented as developmental

quotients, while CSS and ADAMS data are presented as raw scores.

Data are also reported for girls in active regression (AR) and girls that are postregression (PR).

Table 1. Results of cognitive and clinical assessment in girls with RTT by disease stage

(AR versus PR). Median (and interquartile range) developmental quotients based on

performance on MSEL domains as well as scores on the ADAMS subscales and clinical severity
scores (CSS) are reported for all participants with RTT with usable EEG data at the initial study
visit. Values for participants in active regression and that are postregression are also reported.

Developmental quotients were calculated by dividing the “developmental age” in a given domain

as predicted by performance on the MSEL by the participant’s actual age (in months).
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FIGURES

Figure 1. Regions of interest utilized for power spectral analysis. Brain regions and
electrode groupings for the 128-channel net were established based on prior literature and
through mathematically determining the 5 closest electrodes to the electrodes associated with
the underlying brain region based on the International 10-20 system. (A) Frontal electrodes
included 18, 19, 20, 23, 24 (F3), and 27 on the left and 3, 4, 10, 118, 123, and 124 (F4) on the
right. (B) Central electrodes included 29, 30, 35, 36 (C3), 41, and 42 on the left and 93, 103,
104 (C4), 105, 110, and 111 on the right. (C) Temporal electrodes included 39, 40, 45 (T3), 46,
50, and 57 on the left and 100, 101, 102, 108 (T4), 109, and 115 on the right. (D) Occipital
electrodes included 59, 60, 65, 66, 67, and 70 (O1) on the left and 77, 83 (02), 84, 85, 90, and
91 on the right.
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Figure 2. Girls with Rett syndrome that are postregression demonstrate worse
performance on the MSEL in all domains when compared to girls that are actively
regressing. Developmental quotients were calculated by dividing the “developmental age” in a
given domain as predicted by performance on the MSEL by the participant’s actual age (in
months). The developmental quotients in the visual reception (a), receptive language (b),
expressive language (c), and fine motor (d) domains for participants with Rett syndrome in
active regression (AR, n = 17) and that were postregression (PR, n = 27) at the time of the
assessment were then compared, with girls that were postregression demonstrating worse
performance in all domains.

Asterisks indicate significance. *p < 0.05
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Figure 3. Power spectral density in each ROI by clinical diagnosis. Power in each
frequency band was determined for each participant through Fourier analysis. Groups were then
compared based on clinical diagnosis (RTT versus TD) using an independent samples Mann-
Whitney U test. Girls with RTT were split into groups based on regression status, with active
regression (n = 20) defined as experiencing a significant skill loss within 12 months of data
collection and postregression (n = 29) defined as having no significant skill loss during this time
period. Both groups were then compared to TD participants (n=37) using a Kruskal-Wallis test.
(A) Left panel: power in TD controls vs. girls with RTT in the frontal ROI. Right panel: frontal
power in TD controls vs. AR RTT participants vs. PR RTT participants. (B) Left panel: power in
TD controls vs. girls with RTT in the central ROI. Right panel: central power in TD controls vs.
AR RTT participants vs. PR RTT participants. (C) Left panel: power in TD controls vs. girls with
RTT in the temporal ROI. Right panel: temporal power in TD controls vs. AR RTT participants
vs. PR RTT participants. (D) Left panel: power in TD controls vs. girls with RTT in the occipital
ROI. Right panel: occipital power in TD controls vs. AR RTT participants vs. PR RTT
participants.

TD = Typically developing; RTT = Rett syndrome; AR = Active regression; PR = Postregression
Asterisks indicate significance. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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Figure 4. EEG Stability over time in girls with RTT versus TD controls. Change scores
were calculated by subtracting power in each frequency band at the first study visit from power
at the second study visit. Change scores were then compared between girls with RTT (n = 11)
and TD controls (n = 18) using independent samples Mann-Whitney U tests. No significant
difference in the length of time between visits was seen when the RTT and TD groups were
compared. (A) Change scores in girls with RTT vs. TD controls in the frontal ROI. (B) Change
scores in girls with RTT vs. TD controls in the central ROI. (C) Change scores in girls with RTT
vs. TD controls in the temporal ROI. (D) Change scores in girls with RTT vs. TD controls in the
occipital ROI. When corrected for multiple comparisons (p < 0.002), there are no significant
differences in change scores between girls with RTT and TD controls in any frequency band in
this ROI.

Asterisks indicate significance. *p < 0.05
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Figure 5. Relationship between low-frequency power and both age and performance on
the MSEL. Left Panels: (A) Girls with Rett syndrome demonstrate opposite trajectories of
baseline EEG frontal power with age in the delta (2-4 Hz) band (top panel) and theta band
(bottom panel) when compared to typically developing controls, with power increasing with age
in girls with RTT and decreasing with age in controls. Linear regression was used to generate fit
lines for each data set. Right panels: Increased delta power correlated with decreased
developmental quotient on the Mullen Scales of Early Learning (MSEL) in the receptive
language (B), visual reception (C), expressive language (D), and fine motor (E) domains.
Developmental quotients were calculated by dividing developmental age as predicted by MSEL

scores in each domain by chronological age (in months).
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