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Electrophysiological Abnormalities in Angelman Syndrome
Correlate With Symptom Severity

Joerg F. Hipp, Joel Frohlich, Marius Keute, Wen-Hann Tan, Lynne M. Bird

Roche Pharma Research and Early Development (JFH, JF, MK), Neuroscience and Rare
Diseases, Roche Innovation Center, Basel, Switzerland; Center for Autism Research and
Treatment (JF), Semel Institute for Neuroscience & Human Behavior, University of California

Los Angeles, Los Angeles; Department of Pediatrics (LMB), University of California San Diego;
Genetics/Dysmorphology (LMB), Rady Children’s Hospital San Diego, San Diego, California;
Division of Genetics and Genomics (W-HT), Boston Children’s Hospital, Harvard Medical School,
Boston, Massachusetts; and Institute for Neuromodulation and Neurotechnology (MK), University
of TUbingen, Tubingen, Germany.

Abstract

BACKGROUND: Angelman syndrome (AS) is a rare neurodevelopmental disorder caused by
the absence of functional UBE3A in neurons. Excess low-frequency oscillations as measured with
electroencephalography (EEG) have been identified as a characteristic finding, but the relationship
of this EEG finding to the symptomatology of AS and its significance in the pathophysiology of
AS remain unknown.

METHODS: We used correlations and machine learning to investigate the cross-sectional and
longitudinal relationship between EEG spectral power and motor, cognitive, and language skills
(Bayley Scales of Infant and Toddler Development, Third Edition); adaptive behavior (Vineland
Adaptive Behavior Scales, Second Edition); AS-specific symptoms (AS Clinical Severity Scale);
and the age of epilepsy onset in a large sample of children (age: 1-18 years) with AS due to a
chromosomal deletion of 15q11-g13 (45 individuals with 72 visits).

RESULTS: We found that after accounting for age differences, participants with stronger

EEG delta-band abnormality had earlier onset of epilepsy and lower performance scores across
symptom domains including cognitive, motor, and communication. Combing spatial and spectral
information beyond the delta frequency band increased the cross-sectional association with clinical
severity on average by approximately 45%. Furthermore, we found evidence for longitudinal
correlations of EEG delta-band power within several performance domains, including the mean
across Bayley Scales of Infant and Toddler Development, Third Edition, scores.

CONCLUSIONS: Our results show an association between EEG abnormalities and symptom
severity in AS, underlining the significance of the former in the pathophysiology of AS.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Furthermore, our work strengthens the rationale for using EEG as a biomarker in the development
of treatments for AS, a concept that may apply more generally to neurodevelopmental disorders.

Angelman syndrome (AS) is a rare genetic neurodevelopmental disorder with a prevalence
of approximately 1 in 22,000 births (1-3). Clinical characteristics of AS include
developmental delay, sleep disturbance, and epilepsy (4-8).

AS occurs owing to the lack of functional UBE3A in neurons (4,9). In all individuals, the
paternal copy of UBE3A is silenced in neurons by genomic imprinting; only the maternally
inherited copy of UBE3A is expressed (10). AS occurs when the maternal UBE3A is absent
or nonfunctional owing to one of four mechanisms: deletion on chromosome 15¢q11-q13 that
encompasses the maternal copy of UBE3A (~70%), i.e., deletion AS; pathogenic variants in
the maternal copy of UBE3A (~15%); imprinting defects (5%—7%); and paternal uniparental
disomy of chromosome 15g11-q13 (5%—7%) (4). Individuals with different AS genotypes
differ in their clinical presentation, with deletion AS being most severe (11,12).

Deletions of chromosome 15g11-q13 commonly occur at recurring breakpoints, resulting in
two typical deletion sizes: class | (~6 Mb, ~16 protein-coding and various noncoding genes
deleted, ~40% of deletions) and class Il (~5 Mb, ~12 protein-coding and various noncoding
genes deleted, ~55% of deletions). Atypical deletions (~5%) can span chromosomal
segments longer than class | or shorter than class 11 deletions (4). Deletion classes | and

Il present with similar clinical severity (12) and can be considered the largest homogeneous
AS subgroup.

Individuals with AS have highly abnormal electroencephalography (EEG) results (13-15).
The most characteristic and robust AS EEG features are excess spontaneous oscillations in
the delta frequency range (2-4 Hz) that have been investigated quantitatively in recent years
(16-19). Delta-band EEG power is strongly elevated compared with typically developing
control subjects, is present in all AS genotypes, and persists with age. This suggests that
excess delta-band oscillations relate to the core pathophysiology. However, excess EEG
delta-band oscillations alternatively may be an epiphenomenon that is not directly associated
with AS symptomatology. Solving this open question is highly important to gain a better
understanding of AS and to understand the utility of EEG-derived metrics as biomarkers for
clinical trials in this population.

Here, we investigate the cross-sectional and longitudinal relationship between EEG
abnormality and clinical severity of AS, as measured by several clinical scales and
characteristics. While such a relationship may well differ depending on the AS genotype, we
focused our analysis on the deletion AS genotype (classes I and 1) as the largest (relatively
homogeneous) subgroup.

METHODS AND MATERIALS

Here, we provide a brief account of the methods used. The Supplement provides full details
and several additional analyses.

Biol Psychiatry Glob Open Sci. Author manuscript; available in PMC 2021 November 26.
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Study Population

The reported data were obtained as part of the AS Natural History Study (ASNHS)
(ClinicalTrials.gov identifier: NCT00296764), a longitudinal multicenter study of AS.
Consent was obtained according to the Declaration of Helsinki and was approved by the
institutional review boards of the participating sites (12,14,16,17,19,20).

We investigated data from children and adolescents (1-18 years) with deletion AS genotype
(only the common class | and class Il deletions were included) and from visits where both
EEG and clinical scale assessments were performed. In total, we analyzed 72 visits from 45
individuals with deletion AS (class I: 23 visits from 16 individuals; class 11: 49 visits from
29 individuals). The age of individuals (mean + SD) was 59 + 40.1 months with a sex ratio
of 15:30 (female:male). Overall, 16 participants had more than one and up to five visits.

Electroencephalography

EEG in the wake state (19 electrodes) was carefully cleaned, preprocessed, and subjected to
a spectral analysis following our previous work (16).

Clinical Scales

We quantified AS symptoms using three clinical scales:

1. Growth scale scores from the Bayley Scales of Infant and Toddler Development,
Third Edition (Bayley-3) (21);

2. Raw scores of eight subdomains from the Vineland Adaptive Behavior Scales,
Second Edition (VABS-II) (22);

3. The Clinical Severity Scale (CSS), a scale developed for the ASNHS (12).

All scores analyzed have a nonlinear developmental trajectory that we accounted for by
using linear mixed-effects regression models with third-order polynomials of log-age, as
described in (12).

Age of Epilepsy Onset
We investigated the age of epilepsy onset for the participants with a history of epilepsy. If a
participant had several visits after the onset of epilepsy, we used the EEG closest to the onset
of epilepsy for analyses.

Statistical Analyses

A basic characteristic of the dataset analyzed is that the participants had different numbers
of visits. To account for partially redundant information from repeated visits and to not
overrepresent participants with more than one visit, but at the same time to use all data
available, we took the following approach: we performed all of the analyses described below
repeatedly on randomly selected subsamples of the data that contained only one visit per
participant (1000 resamples). The quantity of interest for the specific analysis (e.g., linear
regression parameters with age, correlation coefficient) was then derived as the mean across
all resamples. To derive p values and confidence intervals (CIs), we used the number of
participants, not the number of visits, as degrees of freedom.

Biol Psychiatry Glob Open Sci. Author manuscript; available in PMC 2021 November 26.
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Before any analysis, the effect of age was removed (linear regression of log-age) from both
EEG metrics and clinical scales (Bayley-3, VABS-II, and CSS). For the clinical scales, this
age correction was performed on top of the age correction that was derived from a larger
sample (see Clinical Scales). The rationale was to ensure that there was no residual age
dependency in the sample analyzed here.

To analyze cross-sectional relationships between EEG metrics and clinical parameters,

we used Pearson correlation coefficients (Spearman rank correlations for supplementary
analyses). To derive the correlation coefficient across the 1000 resamples (see above),

we first determined Fisher ztransformed correlation coefficients before averaging and back-
transformation. We derived p-value Cls exploiting that the Fisher ~transformed correlation
coefficients are approximately normally distributed with a standard error of 1/V/(n — 3)
(1.06/V(n — 3) for Spearman rank correlations). Given our directional hypothesis (greater
EEG abnormality with lower clinical scores), we reported one-sided tests and 90% Cls.

To test if a multivariate combination of power at different frequencies and electrode
locations could improve the prediction of clinical scores compared with delta power
averaged over all electrodes, we used a machine learning (ML) approach separately for
each of the clinical scales investigated: linear support vector regression (MATLAB 2020b;
The MathWorks, Inc.) and fitrsvm (23). This approach should be superior to the more
widely used multivariate techniques, such as ordinary least squares regression, when there
are many predictor variables and limited data, as is the case here. We then quantified

the relationship between predicted clinical scales and the actual clinical scales using cross-
sectional correlation analyses (as described above). This allowed direct comparison to

the correlation with EEG delta-band power [for statistical comparison, we accounted for
the dependent nature of correlation coefficients (24)]. For the multivariate prediction/ML
approach, correlation values were expected to be positive, and we adapted the directional
hypothesis accordingly.

To avoid overfitting and derive unbiased estimates of the strength of the multivariate
relationship, we used a nested cross-validation approach (see Figure S1 for a schematic).
We derived the predicted clinical score for each participant (test data in outer loop) based
on a model derived from all but this participant (training data). For training, we optimized
the hyperparameter e in an inner loop, using cross-validation, to maximize the correlation
coefficient with the clinical scale of interest (hyperparameter range investigated: 25 values
spaced logarithmically between 10 times and 10 times the default value [interquartile
range of the outcome variable y divided by 13.49 (23)]). Within the hyperparameter
optimization, we used 100 randomly selected subsamples of the training data that contained
only one visit per participant. The limitations of the ML approach are discussed in
Supplemental Discussion.

For longitudinal correlations, we derived change in EEG metrics and change in clinical
scales between any two visits for a given participant (16 participants had more than one visit
and contributed to these analyses, in total 43 differences between visits; visits were at least
12 mo and up to 84 mo apart; mean + SD, 34 + 22.5 mo). Because the age of epilepsy

onset and several other components of the CSS do not change over time, the longitudinal

Biol Psychiatry Glob Open Sci. Author manuscript; available in PMC 2021 November 26.
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correlation analyses were restricted to Bayley-3 and VABS-I1 scores. Given the low number
of data points, we did not apply the ML approach to longitudinal data.

RESULTS

We sought to determine if there is a relationship between the characteristic
electrophysiological abnormalities and clinical severity in AS. To this end, we analyzed
awake EEG data from children and adolescents with deletion AS (age: 1-18 years) (Table
S2) that were recorded along with the three clinical scales at up to five visits in the
ASNHS. The three clinical scales assessed different aspects of AS symptoms: 1) Bayley-3,
a play-based assessment of cognitive, communication, and motor skills with the participant
(five scores); 2) VABS-I11, a semistructured interview with the caregiver to quantify adaptive
behavior and motor function (8 of 11 subdomains analyzed); and 3) CSS, a clinical severity
scale developed for the ASNHS that quantified different clinical variables of interest for
the condition. Furthermore, we investigated the relationship between EEG and the age

of epilepsy onset for applicable participants. In total, we analyzed 72 visits from 45
participants, 42 of whom had epilepsy.

Before any correlation analyses, we removed the effect of age from clinical scales and EEG
parameters (see Methods and Materials).

Cross-Sectional Correlations: Individuals With Higher EEG Delta-Band Power Have Lower
Clinical Scores

First, we tested for a cross-sectional relationship between the AS delta-band EEG
abnormality (power at 2.8 Hz averaged across electrodes) and the mean across growth

scores from five Bayley-3 scores, which we used as a single proxy for global development
(Bayley-3 mean) (see Supplemental Methods). We found a significant negative correlation (r
=-0.38, p=.004) (Figure 1A), indicating more global impairment, i.e., lower score, with
greater delta-band EEG abnormality.

Next, we tested associations between all individual scores from all scales and the age of
epilepsy onset (subsumed under “clinical scores” from here on) and delta-band EEG power
to investigate symptom domain specificity. We found negative correlations with 14 of 15
clinical scores (r=-0.23 £ 0.12 [mean + SD]). For simplicity, we reported correlations with
the negative of the CSS, because it was the only scale with higher values, indicating more
impairment. Correlations were significant with most clinical scores of the Bayley-3, the
CSS, and the age of epilepsy onset, as well as fine motor and daily living skills—personal
subdomains of the VABS-II (8 of 15 significant, p < .05, uncorrected; 4 of 15 showed a
trend, p<.1, uncorrected) (Figure 1B and Table 1; Table S6). Thus, we found that across
different symptom domains, individuals with a greater AS delta-band EEG abnormality had
lower clinical scores and therefore greater impairment (we found similar, though weaker,
results with relative power) (Table S7). In a sensitivity analysis, we investigated the data
from younger and older individuals separately and confirmed a similar pattern for both age
groups (Table S8).

Biol Psychiatry Glob Open Sci. Author manuscript; available in PMC 2021 November 26.
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The above analyses were restricted to EEG power at 2.8 Hz averaged across all electrodes.
We next investigated the spatial and spectral characteristics of the EEG signal that correlated
with symptom severity. To this end, we repeated the cross-sectional analyses either at

the same frequency (2.8 Hz) for each electrode separately or at other frequencies for the
average across all electrodes. Negative correlations with the EEG were strongest at temporal
electrodes (Figure 1D, E). Furthermore, we found that correlations were negative across a
broad range of frequencies (with two marked exceptions around 5-6 Hz and around 10-12
Hz) and generally became weaker toward higher frequencies. The spectral characteristic of
the correlation with the age of epilepsy onset was markedly different, being strongest at
higher frequencies (>16 Hz).

Multivariate Analysis

Analyses of the spatial and spectral characteristics revealed a relationship with clinical
scores across a broad range of EEG frequencies that differed across electrodes. This raised
the question of whether a multivariate combination of EEG signal power from different
electrodes and frequencies could have a stronger relationship with clinical parameters than
average delta-band EEG power alone. We investigated this question using ML; we predicted
the clinical scores using support vector regression in a nested cross-validation approach and
then quantified the correlation of the prediction with actual clinical scores (see Methods and
Materials).

The magnitude of the correlation with the Bayley-3 mean, the proxy for global development,
increased by 20% from r=—0.38 to r= 0.46, but the increase was not statistically
significant (p = .29). Unlike the correlation with the individual scores, the correlation with
the multivariate prediction is expected to be positive (we accounted for this in the statistical
comparison of correlation values).

In line with the Bayley-3 mean, we found that the magnitude of the correlation increased for
all but two clinical scores compared with the univariate EEG delta power analysis, was on
average r=0.34 £ 0.15 (mean £ SD), and now was significantly larger than zero for 13 of 15
scales (p < .05, uncorrected) (Table 2; Tables S9 and S10).

The correlation increased on average by 45% for 11 of 15 correlations that were significant
or showed a trend (p < .1) in both the univariate delta power and multivariate analyses.
Although most increases in correlation coefficients were not statistically significant, they
were consistent across domains and suggest that the spatial-spectral structure of the EEG
signal power may carry substantially more information than the delta band or any other
frequency alone. Most notable were the increases and magnitude of the correlation values
with gross motor scores for both Bayley-3 and VABS-II, with r=0.63 (70% increase, p =
.077, uncorrected) and r=0.49 (96% increase, p = .027, uncorrected), respectively, in the
multivariate analysis. Furthermore, the VABS-11 communication domain showed a strong
increase and magnitude in correlation with the EEG (receptive: r= 0.43, 99% increase, p =
.106, uncorrected; expressive: r=0.49, 137% increase, p = .046, uncorrected).

Biol Psychiatry Glob Open Sci. Author manuscript; available in PMC 2021 November 26.
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Longitudinal Correlations: Intraindividual Changes in Symptom Severity Correlate With
Changes in EEG Delta-Band Power

Next, we investigated if changes in symptoms of individual participants across different
visits corresponded to changes in the AS delta-band EEG abnormality (power at 2.8 Hz
averaged across electrodes). Overall, 16 participants had more than one visit, which were at
least 1 year apart, and contributed to this analysis.

We found a negative longitudinal correlation between delta-band EEG and the Bayley-3
mean, the proxy for global development (r=-0.55, p=.013) (Figure 2A). In line with the
Bayley-3 mean, we found negative correlations for 12 of 13 clinical scores with a mean of r
=-0.28 £ 0.18 (mean % SD). Correlations were significant with the Bayley-3 cognitive score
and the VABS-II daily living skills—personal and social—coping skills (3 of 13 significant,
p < .05, uncorrected; 2 of 13 showed a trend, p < .1, uncorrected) (Figure 2B and Table 3;
Table S4).

We next investigated the spatial and spectral characteristics of the EEG signal that correlated
longitudinally with symptom severity. To this end, we repeated the analyses either at the
same frequency (2.8 Hz) for each electrode separately or at other frequencies for the average
across all electrodes. The negative correlations with EEG spectral power were strongest at
parietal electrodes (Figure 2D, E). Correlations were similarly negative compared with 2.8
Hz across lower frequencies (~1-5 Hz) and became weaker for higher frequencies.

DISCUSSION

Our results show that the abnormal delta-band EEG in AS is related cross-sectionally and
longitudinally to severity as measured with several different clinical scales as well as the age
of epilepsy onset. Our findings provide strong evidence that excess low-frequency neuronal
oscillations reflect a core aspect of AS pathophysiology.

Delta-Band EEG Power, a Macroscopic Proxy for AS Disease Pathophysiology

The etiology of AS is deficiency of UBE3A in neurons (4,9,25), but the consequences

of UBES3A deficiency are not understood in detail. However, it is well established that

lack of UBE3A leads to cellular abnormalities in neurons, including impaired synaptic
function. It is plausible to assume that these abnormalities are responsible for pathological
neuronal circuits underlying AS symptomatology and manifest in the highly abnormal EEG.
Our work provides strong support for this hypothesis by showing a correlation with AS
symptomatology.

Specificity of Cross-Sectional Correlation

Most of the clinical scores analyzed (12 of 15) showed significant or near-significant
negative correlation with delta-band EEG power. Notably, the three clinical scores that
did not show a correlation (the three VABS-I1 socialization subdomain scores) are those
with the poorest psychometric properties in the AS population (flooring effects) (12). The
correlations were not specific to a certain symptom domain but involved various domains
including cognition, communication abilities, motor skills, and adaptive behaviors as well

Biol Psychiatry Glob Open Sci. Author manuscript; available in PMC 2021 November 26.
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as the age of epilepsy onset. This is consistent with the global and severe impairment in
AS characterized by a high degree of correlation between symptom domains [see (12)]
(see Figure S6 for correlation between the different clinical scores in AS used here), which
renders it difficult to quantify the contribution of specific symptom domains (e.g., the
cognition assessments may well be confounded by motor impairment).

Age Dependence of Correlations

We investigated data from a large age range (1-18 years). Importantly, regression was

used to remove the effect of age from both EEG parameter and clinical scales before any
correlation analyses. Consequently, we investigated if individual differences of EEG and
clinical scales relative to the AS population mean for that same age correlated with each
other. Thus, trivial correlations related to the broad age range are not expected. However,
the correlation between EEG and clinical scales could be of different strength across the age
range. Our sensitivity analysis using an age half split (Table S8) suggests that the correlation
between EEG and clinical scales exists across the broad age range studied.

Longitudinal Correlations

Longitudinal correlations tested if a change in symptom severity of participants goes hand in
hand with a change in the strength of the delta-band EEG abnormality. We found negative
longitudinal correlations of the EEG delta-band abnormality with the Bayley-3 mean as

a proxy for global development, and for all but one clinical score (12 of 13), that was
near-significant or significant for five scores and the Bayley-3 mean. The magnitude of
the significant longitudinal correlations was numerically stronger than for cross-sectional
correlations. However, owing to sample size (only 16 participants with more than one
visit), the longitudinal analyses have large Cls. We do not know what drove longitudinal
change, and many factors could have contributed, including educational and therapeutic
interventions and the degree of efficacy of seizure control. Despite this limitation, the data
do provide clear evidence for the existence of a longitudinal relationship between EEG
phenotype and severity.

The topographies of the longitudinal correlations are notably different from those of the
cross-sectional correlations (Figures 1D, E and 2D, E). While cross-sectional correlations
are strongest at temporal electrodes, comparable to where the delta-band EEG power has
the largest separation from typical developing children (16), longitudinal correlations are
strongest for centroparietal electrodes. The origin of this difference is unknown but has
practical implications for the use of EEG as a biomarker: the temporal electrodes that show
the strongest effect size and the highest cross-sectional correlations will not necessarily be
most sensitive to treatment-related changes.

Multivariate Analyses: Beyond Delta-Band Power

Our analyses initially focused on the prominent delta-band EEG abnormality. However,
further analyses showed that EEG signals at other frequencies correlate with clinical severity
and depend on the location of electrodes.

Biol Psychiatry Glob Open Sci. Author manuscript; available in PMC 2021 November 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hipp et al. Page 9

We used ML to investigate if combining information across electrodes and frequencies could
improve the prediction of clinical symptoms. Our results suggest this by showing an average
increase in the correlation coefficients of 45%. Notably, only a few increases in correlation
coefficients reached significance, and the analysis is based on limited data for ML (see
Characteristics and Limitations of the ML-based analyses in the Supplement). Our results
need to be confirmed on larger and independent datasets. The increase in correlation could
arise from at least two sources: 1) reducing intersubject variability due to spatiospectral
normalization, similar to e.g., relative power but in a more optimal, data-driven manner;

and 2) leveraging information from EEG features representing different electrophysiological
abnormalities reflecting different relevant pathophysiology. Examples of the latter may

be alterations in theta-band and beta-band activity, which have been identified recently

to be abnormal in deletion AS and may be a consequence of the deleted GABA (gamma-
aminobutyric acid) receptor subunit gene cluster rather than the lack of UBE3A in neurons
(16). Future studies are needed to disentangle the contributions of different EEG features
and link them to specific pathophysiology. Furthermore, while we restricted our analyses to
spectral power, other measures (e.g., quantifying connectivity, entropy) may yield additional
signals of relevance.

Nondeletion AS Genotypes

We investigated individuals with deletion AS as the largest relatively homogeneous
subgroup. The relationship between EEG findings and clinical severity may well be different
for other AS genotypes, which have milder clinical severity (12). The number of individuals
with other AS genotypes in the ASNHS who provided data for the analyses presented here
(EEG and clinical scales) is comparatively low (< 12). Consequently, we did not attempt to
analyze nondeletion AS genotypes. Importantly, the delta-band EEG abnormality is present
in nondeletion AS genotypes (16) and is therefore very likely related to the deficiency of
UBES3A in neurons. If so, we predict that our findings would be generalizable to other

AS genotypes, but this needs to be tested in future studies with appropriate sample sizes.
However, if genes other than UBE3A in the deleted region (shared between classes | and

Il, e.9., GABRB3, GABRA5, GABRGJ3) contribute to the EEG characteristics that correlate
with symptom severity (particularly relevant for the multivariate ML analyses), our findings
may only be partially generalizable, if at all, to other AS genotypes.

Magnitude of the Correlations

Moderate (>0.3) to high (>0.5) correlations of practical relevance were identified for most of
the clinical scores in cross-sectional analyses (e.g., = —0.38 for Bayley-3 mean, our proxy
for global development) and for some in longitudinal analyses (e.g., r= —0.55 for Bayley-3
mean). It is important to note that a true correlation between two variables is reduced by

the reliability with which each of them can be measured (26). For example, a hypothetical
test-retest correlation of 0.8 for EEG metrics and clinical scales would correspond to true
correlations that are 25% higher than those derived from the data (see the Supplement).

This dependence on the reliability with which the clinical scales are measured should be
considered when attempting to compare the strength of correlation to EEG parameters
between them. For example, the correlation with the Bayley-3 expressive communication

Biol Psychiatry Glob Open Sci. Author manuscript; available in PMC 2021 November 26.
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score is comparatively low, but there is evidence that at least in an AS population, it also has
the lowest reliability among the Bayley-3 domains (12).

Implications for Use as a Biomarker

The delta-band EEG abnormality has been proposed as a biomarker of AS pathophysiology,
with possible utility in clinical trials (16,19). Our work closes a critical gap of knowledge
about the delta-band EEG as a putative biomarker by showing a correlation with severity.
Importantly, the existence of a longitudinal correlation between EEG delta-band abnormality
and severity suggests that the former could serve as a short-term surrogate measure of the
latter, offering a more immediate and objective assessment of whether a treatment is likely to
be beneficial. In addition, the magnitude of the correlation (moderate to strong) strengthens
the confidence that EEG beta-band power may have practical utility as a disease biomarker
for AS.

Conclusions

This work provides evidence for an association between the characteristic
electrophysiological abnormality and symptom severity in AS and thereby contributes to
the understanding of the disorder and to the development of biomarkers that can support
development of treatments for this condition. Our work may well—conceptually and
methodologically—apply to other genetic neurodevelopmental disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Crgoss—sectional correlation between electroencephalography (EEG) delta-band power (8)
and clinical severity, as measured with Bayley Scales of Infant and Toddler Development,
Third Edition (Bayley-3), Vineland Adaptive Behavior Scales, Second Edition (VABS-II),
Clinical Severity Scale (CSS), and the age of epilepsy onset. (A) Relationship between EEG
delta-band power and the Bayley-3 mean (i.e., mean of the growth scale scores across from
all five Bayley-3 scores; see Supplemental Methods). Each dot represents one visit. Visits
from the same participant are connected by lines. (B) Cross-sectional correlation values

for all investigated clinical scales and the age of epilepsy onset. Gray lines indicate 90%
confidence intervals. Statistical significance is color-coded (dark blue p< .01, uncorrected:;
blue p< .05, uncorrected; light blue p < .1, uncorrected, i.e., a trend). Table 1 summarizes
all underlying values. The colored lines in parentheses behind clinical scale names provide
the legend for panel (C). (C) Spectral characteristic of correlation between EEG power

and all clinical scales. The color-code is provided in parentheses in panel (B). Clinical
scales that had no correlation with EEG delta power (i.e., p> .1, uncorrected) are shown as
dashed lines. The solid black line is the average for all clinical scales with EEG delta power
correlation (p> .1, uncorrected); the dashed black line shows the average across all clinical
scales. (D) Topography of the correlation with EEG delta power averaged for all clinical
scales that showed a trend (correlation with delta-band power of p < .1, uncorrected) (Table
1) and (E) the Bayley-3 mean. *p < .1; *p < .05; **p < .01. Com., communication domain;
Corr. Coeff., correlation coefficient; DLS, daily living skills; Interp. Rel., interpersonal
relations; Play and Leas., play and leisure time; Pow, power; Soc., social domain.
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Figure 2.
Longitudinal correlation between electroencephalography (EEG) delta-band power (8) and

clinical severity, as measured with Bayley Scales of Infant and Toddler Development, Third
Edition (Bayley-3), Vineland Adaptive Behavior Scales, Second Edition (VABS-II), and
Clinical Severity Scale (CSS), and the age of epilepsy onset. (A) Relationship between
temporal changes in EEG delta-band power and the temporal changes in Bayley-3 mean
(i.e., average of the growth scale scores across from all five Bayley-3 scores). Each

dot represents the temporal differences between two visits. (B) Longitudinal correlation
values for all investigated clinical (sub)scales and the age of epilepsy onset. Gray lines
indicate 90% confidence intervals. Statistical significance is color-coded (dark blue p <

.01, uncorrected; blue p < .05, uncorrected; light blue p< .1, uncorrected, i.e., a trend).
Table 3 summarizes all underlying values. The colored lines in parentheses behind clinical
scale names provide the legend for panel (C). (C) Spectral characteristic of longitudinal
correlation between EEG power and all clinical scales. The color-code is provided in
parentheses in panel (B). Clinical scales that had no correlation with EEG delta power (i.e.,
p> .1, uncorrected) are shown as dashed lines. The solid black line is the average for all
clinical scales with EEG delta power correlation (p> .1, uncorrected); the dashed black line
shows the average across all clinical scales. (D) Topography of the longitudinal correlation
with EEG delta power averaged for all clinical scales that showed a trend (correlation with
delta-band power of p< .1, uncorrected) (Table 1) and (E) the Bayley-3 mean. *p<.1; *p
<.05; **p < .01. Com., communication domain; Corr. Coeff., correlation coefficient; Diff.,
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difference; DLS, daily living skills; Interp. Rel., interpersonal relations; Play and Leas., play
and leisure time; Pow, power; Soc., social domain.
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