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Abstract

Background: Down syndrome (DS) is the most common genetic cause of intellectual disability (ID) worldwide.
Understanding electrophysiological characteristics associated with DS provides potential mechanistic insigits into
ID, helping inform biomarkers and targets for intervention. Currently, electrophysiological characteristics asfociated
with DS remain unclear due to methodological differences between studies and inadequate controls for cognitive
decline as a potential cofounder.

Methods: Eyes-closed resting-state EEG measures (specifically delta, theta, alpha, and beta absolute and felative
powers, and alpha peak amplitude, frequency and frequency variance) in occipital and frontal regions were
compared between adults with DS (with no diagnosis of dementia or evidence of cognitive decline) and typjcally
developing (TD) matched controfs£ 25 per group).

Results:We report an overalllower EEG spectrum, characterised by higher delta and theta power, and lowefr
alpha and beta power, for both regions in people with DS. Alpha activity in particular showed strong group
differences, including lower power, lower peak amplitude and greater peak frequency variance in people with DS.

Conclusions:Such EEGlowing has previously been associated with cognitive decline in both DS and TD

populations. These findings indicate the potential existence of a universal EEG signature of cognitive impairment,
regardless of origin (neurodevelopmental or neurodegenerative), warranting further exploration.
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Introduction function in people with DS is important for elucidating
Down syndrome (DS) is caused by an extra copy ofthese characteristics, and electrophysiological measures
chromosome 21 and is the most common genetic causen particular allow us to examine potential mechanisms
of intellectual disability (ID) worldwide, affecting 1 in related to function. Understanding electrophysiological
800 hirths [1]. Due to a ‘triple dosé of genes on this characteristics associated with DS may therefore provide
chromosome, almost all individuals with DS have an ID mechanistic insights into both cognitive ability and
(clinically defined as an 1Q less than 70 and impairmentsdecline.
in everyday adaptive abilities), in addition to an ultra- Resting-state electroencephalography (EEG) paradigms
high risk of developing Alzheimés disease (AD) with a provide a general measure of brain activity (i.e. activity
lifetime prevalence of 90%2]. Understanding brain that is not associated with any particular sensory modal-
ity). As resting-state paradigms are passive, they are in-
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button in response to a target), thus reducing any con- These inconsistencies in findings, for alpha power in
founding influences of individual differences in ID level particular, are in part likely due to methodological differ-
and motor skills B]. Such paradigms are therefore suit- ences between EEG studies. Differences in study charac-
able for use with the majority of individuals with DS. teristics are common, including frequency band
EEG recordings reveal oscillatory brain activity. classification, power measure (i.e. relative or absolute),
The organisation of this activity represents the scalp regions examined, participant age and whether any
means by which neuronal networks dynamically participants show signs of cognitive decline. For
communicate and interact 4]. For example, net- example, Politoff et al.J0] reported no significant differ-
works of inhibitory interneurons generate rhythmic ences between people with DS and TD controls for rela-
inhibitory post-synaptic potentials (IPSPs). Thesetive power (where power is calculated relative to the
rhythmic IPSPs provide widows of alternating re- total EEG power for each participant) but found differ-
duced and enhanced excitability, offering a temporalences for absolute power. There is therefore value in
framework for the ‘chunking of neuronal activity. examining both type of power measure. Previous re-
This ‘chunking enables the effecte communication search also shows topographical differences are import-
of local information to distributed regions. It is pos- ant to consider—differences in alpha activity between
ited that these mechanisms enable the brain to inte-people with DS and TD controls appear most apparent
grate a large number of distributed local processesin posterior regions 8, 11] and may differ between oc-
into global states 4]. Such brain rhythms are charac- cipital and parietal electrode derivations], whilst delta
terised by distinct frequency bands, associated withdifferences may be most apparent in frontal and centro-
differing underlying mechanisms of generation and anterior regions B, 11, 12], theta differences in centro-
brain functions; typically, delta (< 4 Hz), theta (4-8 posterior regions 8, 11], and beta differences in parieto-
Hz), alpha (8-13 Hz), beta (13-30 Hz) and gamma (>temporal regions 8, 11].
30 Hz). It is of note, however, that brain rhythms Given the previous discrepancies in the literature re-
may operate across a wider frequency range thargarding differences in EEG measures between people
these discrete categories, with substantial inter-with DS and TD controls, and the potential contribution
subject variability p]. of methodological variations to these discrepancies, it is
Using EEG to identify individual and group differ- important to conduct research accounting for these vari-
ences in oscillatory brain activity has been of interestations to understand differences in EEG activity between
to researchers since EEG was invented in the 1920geople with DS and TD controls. We therefore com-
Power in both slow (delta and theta) and fast (betapared EEG activity between adults with DS and TD con-
and gamma) EEG bands has generally been reportettols using commonly used frequency band
as greater in participants with DS compared to typ- classifications, and both absolute and relative power, in
ically developing (TD) controls §-14]. This pattern addition to including two scalp regions (occipital and
is well established for slower frequencies, though in-frontal). To reduce a potential confounding effect of
consistencies in the literature exist for faster fre- cognitive decline, we used a sample of adults with DS
guencies, with Babiloni et al.12, 13] reporting less with no noticeable cognitive decline. Understanding
power in beta and gamma bands in individuals with these differences in activity between adults with DS and
DS compared to TD controls. TD controls will not only provide mechanistic insights
As alpha waves can be visually identified in EEG recordinto cognitive ability but also help elucidate the signifi-
ings, they have been of particular interest to DS re-cance of studies examining individual differences be-
searchers from the earliest EEG studied5]. Alpha tween people with DS. In turn, this may help inform
activity is commonly associated with both 1Q and memory biomarker and drug target research.
performance in the TD population 16-18], in addition to Based on previous findings, it was hypothesised that
between people with DS1[9]. Differences in alpha activity individuals with DS would have less alpha power (8-
between people with DS and TD controls are commonly 13 Hz) but more power in delta (0.5-4 Hz), theta (4-8
reported, though specific findings are inconsistent. Whilst Hz) and beta (13-30 Hz) bands compared to TD con-
the majority of studies have reported less alpha power introls. Results were not expected to significantly differ
DS [8, 11, 12, others have found significantly more alpha between absolute and relative power measures, or be-
power in DS B] or no difference between DS and TD con- tween occipital and frontal electrode montages.
trols [10. For alpha peak frequency (the frequency atGamma activity was not investigated as it shares a
which peak amplitude occurs within this band), many similar frequency to muscle artefacts, which are com-
studies have found people with DS have a significantlymon in electrophysiological recordings in people with
slower peak frequencyg] 7, 11, 14, 2Q], though others re- DS due to lower compliance with the instruction to
ported no significant differencel[0, 13]. remain still.
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Methods Hz. An amplifier gain of 10,000 was used for both data-
Participants sets. Data from adults with DS was sampled at a rate of
Participants with DS were recruited from an existing 250 Hz, whilst TD control data was sampled at a rate of
pool of UK adults with DS who had participated in an 500 Hz.
initial cognitive assessmeng]. All participants had gen- During the resting-state task, participants of both
etically confirmed trisomy 21 and were aged 16 andgroups repeated multiple eyes closed (EC) recording
over. Participants with an acute physical or mental blocks. However, the first 11 participants with DS had
health condition were excluded, as were participantsone continuous 5.5 min EC block, which was then chan-
with a clinical diagnosis of dementia or the presence ofged to multiple shorter blocks due to poor compliance
cognitive decline associated with dementia. The presencand drowsiness (see Hamburg et al9 for details). All
of cognitive decline was determined by the Cambridgepreprocessing was performed using EEGLAR3J] for
Examination of Mental Disorders of Older People with MATLAB (MathWorks, Natick, MA) and was identical
Down Syndrome and Others with Intellectual Disabil- for both groups (see Hamburg et al19]). Briefly, the
ities (CAMDEX-DS PR1]), which is considered a valid continuous EEG signal was digitally filtered using a low-
and reliable tool for assessing cognitive decline in adultspass filter of 30 Hz. All data from six channels situated
with DS [21]. It is an informant-based questionnaire around the ears were removed due to poor fit (as a re-
which enquires about decline (with respect to an individ- sult of morphological differences in people with DS).
uals best level of functioning) within the following do- Movement and blink artefacts were removed manually
mains: everyday skills, memory, orientation, generabased on visual inspection. Bad channels were also iden-
mental functioning, language, perception, praxis, execudified based on visual inspection and were replaced using
tive functions, personality, behaviour and self-care. Anyspherical spline interpolation. Remaining channels were
change in any one of these domains was scored as prese-referenced to the average electrode excluding VEOG
ence of decline. All participants were required to show and HEOG channels.
no decline on this questionnaire to be included in the
study. The resting-state EEG recordings from all partici- EEG analysis
pants with DS selected for this study has also previouslyAnalysis was carried out using MATLAB (MathWorks,
been used in a separate investigation into differences beNatick, MA). For each individual, absolute and relative
tween individuals with DS 19]. power measures for each frequency band of interest
TD control group participants were selected from the were obtained (delta 0.5-4 Hz; theta 4-8 Hz; alpha 8-13
Multimodal Resource for Studying Information Process- Hz; beta 13-30 Hz) for each region (frontal and occipital,
ing in the Developing Brain (MIPDB)Z22]. The MIPDB see Fig.1 for electrode montages). Additionally, alpha
is a large open source dataset provided by the Childpeak features were calculated; this was defined as the
Mind Institute. This dataset aims to advance the study frequency (Hz) of the peak amplitude within the 8-13
of clinical cognitive neuroscience, and contains high-Hz range.
density task-based and task-free raw EEG data collected Specifically, absolute power measures were obtained
from TD individuals aged 6-44 years. by convolving the raw signal from artefact free, non-
All participants were required to have sufficient EEG overlapping 2 s epochs for each channel with a five cycle
data (at least 24 s of artefact-free data) and for no meaMorlet wavelet. Power spectra were then averaged across
sured EEG variables to fall > 3 SD from the group meanall 2 s epochs, yielding a single average power spectrum
(indicative of outlier activity). All participants meeting for every electrode for each individual. Relative power
inclusion criteria were considered for matching. In total, measures were obtained for every electrode for each in-
25 individuals from each pool were chronologically age-dividual by dividing absolute power values by the total
matched to within 1 year, and sex-matched at a sub-absolute power across the 0.1-30 Hz frequency range.
group level split by age (16-25 years, 26-35 years, 36 Some participants with DS did not have a measurable

years and over). alpha peak. Standard methods would assign peak fre-
quency to the lower boundary (i.e. 8 Hz) for these indi-
EEG acquisition and pre-processing procedure viduals, as brain signals show a decrease in power with

Data from both groups was acquired using 128-channelincreasing frequency. Alpha peak features were therefore
EEG Geodesic Hydrocel nets (Electrical Geodesics, Incgbtained for all individuals by removing the linear trend
Eugene, OR, USA) with an appropriate size selected bjrom individual power spectra to achievéspectral nor-
measuring head circumference. In both datasets, elecmalisatiori [24]. This method allowed an accurate repre-
trode impedances were maintained below 5@kduring sentation of these values to be obtained for all
recording; the EEG signal was referenced to the vertexindividuals, including those whose peak characteristics
and was recorded with a bandpass filter of 0.1 to 100were initially lost within the natural EEG background.
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Fig. 1 Electrode map illustrating occipital and frontal montages. Electrode map illustrating individual cap electrodes for occipital (bottom cluster;
70 (01), 71, 74, 75 (Oz), 76, 82, 83 (02)) and frontal (top cluster; 4 (F2), 5, 10, 11 (Fz), 12, 16 (AFz), 18, 19 (F1)) montage averages psed within this
analysis. Corresponding 10-20 system shown in brackets where applicable

J

Statistics and visualisation According to carer report of participants with DS, level
Customised MATLAB (MathWorks, Natick, MA) scripts of ID was mild ¢z = 13), moderate £ = 10), and severe
were used to produce power-frequency spectrum plots.(n = 2).
All statistical analyses were performed with SPSS.

In order to determine whether there was any effect of ECEEG measures
paradigm on EEG variables within individuals with DS (i.e. Table 2 shows absolute and relative values for each EEG
one segment of 5.5 minutes compared to 11 segments of 3@easure by region within each group, in addition to stat-
seconds), independent sampidests were used to compare istical analysis of EEG variables by region. Standard devi-
absolute and relative power values between DS participantations in the DS group appeared to be higher than those
completing a full-block ¢ = 11) and those completing a in the control group, particularly for peak frequency,
split-block (2 = 14) paradigm. As one test was significant indicative of more variability. Figur& (DS group) and
(higher relative frontal theta power was found for the full- Fig. 3 (TD control group) further illustrate increased
block paradigm {1 = 0.26 (0.02 SD)) compared to the split- variability within the DS group, apparent from individual
block paradigm §1 = 0.24 (0.01 SD)),t((14.96) = 2.35p = power spectra. As a consequence, further analysis was
.033 (95% CI < 0.01, 0.02)), EC paradigm was added as a amdertaken to compare alpha peak frequency variance
variate for all comparisons when activity was compared be-between groups, with highly significant between group
tween groups. effects found for both occipital £ (24, 24) = 59.98p <

All TD control participants were assigned to the split- .001) and frontal £ (24, 24) = 29.15p < .001) regions.
block protocol. ANCOVAs were used to statistically com- The overall group differences in the power-frequency
pare differences between groups. This was performed fospectra between DS and TD control participants are il-
each EEG variable at each region (occipital and frontal)Justrated by Fig4.
using both absolute and relate power values and alpha peak Statistical analysis of EEG variables from the occipital
amplitude, and alpha peak frequency values. Where the coregion revealed significantly higher absolute and relative
variate (EC paradigm) was sidjcant, this was left in the delta power, and relative theta power, and significantly
model, and where this was notgiificant, this was removed lower absolute and relative power in alpha and beta
from the model. Partial eta squared values for each variable

were used to provide an indication of effect size. Table 1 Participant demographics for each group
Group n Mean age (SD) Age range Sex
Results DS 25  27.76 (8.45) 17-44 12 M; 13F

Preliminary analysis
. Y Y . T Control 25 27.68 (8.34) 16-44 14 M; 11 F
Final analyses were carried out on 25 individuals from e ( - Tand
. Participants were matched individually for age (years; within 1 year) and on a
each group. Tablel shows the demerapthS of all par- sub-group level for sex (sub-groups were age 16-25 years, 26-35 years, 36

ticipants included in the final analysis. years and over)
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Fig. 2 DS power-frequency spectra. DS group power-frequency spectra for occipital (top) and frontal (bottom) regions. Absolute (left) gnd relative
(right) values are shown for each individual

bands, for those with DS compared to TD controls (seelog uVv? (0.02 SD) full-block and 0.25 logV? (0.01 SD)
Fig.4 and Table2). Those with DS also showed a signifi- split-block). Paradigm also had a significant effect on
cantly lower alpha peak amplitude. The effect sizes wergelative theta power in the frontal region, with higher
greatest for relative alpha power, with group accountingvalues for the full-block compared to the split-block
for 56.5% of variance. paradigm (0.26 log:V (0.02 SD) full-block; 0.24 logV?
Results for the frontal region followed the same pat- (0.01 SD) split-block). Additionally, there was a signifi-
tern (see Table® and 3). All group differences (includ- cant relationship between alpha peak frequency and
ing both absolute and relative values) were statisticallyparadigm in the occipital regionthose with DS com-
significant, apart from absolute alpha and beta powerpleting the full-block paradigm had a faster peak (10.76
and alpha peak frequency. Overall, in this region, absoHz (1.27 SD)) compared with those completing the split-
lute and relative delta and theta power values were sigblock paradigm (9.98 Hz (0.76 SD)). It is noteworthy
nificantly higher in individuals with DS, whereas relative that participants with DS completing the full-block also
alpha and beta power values, and both absolute and relahad higher standard deviation of occipital peak
tive alpha peak amplitude, were all significantly lower.frequency (1.27 vs. 0.76), indicating more variability in
The effect sizes were greatest for absolute alpha peathis particular measure.
amplitude and relative alpha power, with group account-
ing for 28.8% and 20.9% of variance in these variableBiscussion
respectively. This study aimed to characterise EEG differences be-
It is worth noting that paradigm had a significant tween adults with genetically confirmed trisomy 21 with
effect on occipital theta power, with both absolute and no evidence of dementia, and matched TD controls. We
relative theta values higher for the full-block compared show an overalfslower EEG spectrum in both occipital
to the split-block paradigm for participants with DS and frontal regions (higher 0.5-8 Hz power and lower 8-
(absolute values 5.57 logV? (0.63 SD) full-block and 30 Hz power) in people with DS. Alpha band activity in
5.08 loguVv? (0.71 SD) split-block; relative values 0.26 particular shows strong group differences, as shown by
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Table 3 Summary of significant results increased efficiency, transparency and reproducibility
[38]. Although variation in recording paradigm within
Occipital Frontal the group with DS is a potential study limitation, effects
were controlled for through the inclusion of this as a co-
Delta power variate. Furthermore, it appears likely that splitting the
(absolute) recording reduced participant drowsiness as intended
(research suggests theta power is increased with light
Delta power drowsiness 9] and theta power was higher for the full-
(relative) block paradigm). Serendipitously, this provides useful in-
formation pertaining to the most appropriate design for
Theta power resting-state studies in people with DS.
(absolute) This study benefitted from only including individuals
with genetically confirmed trisomy 21 and the exclusion
Thet? power of individuals with cognitive decline (as assessed using
(relative) the CAMDEX-DS) or a diagnosis of dementia. This is

important as cognitive decline in DS has been associated

ggzas&;\ler with chan_ges in EEG activiFyS[_O]_. This ensured results
were not influenced by any individuals with a rarer form
Alpha power pf DS (for ex.ample mpsaicism), an_d results are valid f.or
(relative) individuals with DS prior to dementia onset. These vari-
ables are not commonly controlled for within DS stud-
Beta power ies, despite them substantially impacting the validity of
(absolute) findings. An additional strength of this study is that peak
frequency measures were obtained by removing the indi-
Beta power vidual linear trend from the EEG spectrum to achieve
(relative) ‘spectral normalisatioh This method has not been uti-

lised in DS studies previously but is particularly useful in
this population due to many individuals having a small
peak that is not measurable beyond the natural back-
ground EEG noise.

A key limitation of this study is that there was no cor-
rection for multiple comparisons, due to the exploratory
nature of this investigatior<future studies should there-
fore prioritise replication of these findings. Future stud-
ies may also benefit from investigating differences in
eyes-open EEG, and the examination of gamma activity
in this population where possible. There is also an indi-
cation that the parietal region may be an area of particu-
Light grey shows EEG measures that were significantly higher and dark grey IarIy strong  group differences (seeSuppIementary
shows measures that were significantly lower in participants with DS information), which future research may benefit from
compared to TD controls examining. Differences in inter-regional phase coupling

between DS and TD groups also remains an important
inter-individual variability in brain anatomy, which is particu- avenue for future investigation; however, there is a risk
larly apparent in individuals with DSJ7]. This anatomical spurious increases in phase coupling may arise due to
variability may contribute to the higher EEG measure SDsignificant differences in oscillatory power between
values found in this group. It is worth noting that absolute groups §0]. Such studies will therefore need to control
power values are likely to be oBlue when investigating indi- for this.
vidual differences between people with DS, as this variability Interestingly, we report here significantly lower alpha
is of interest. peak amplitude in individuals with DS. In line with this,

The use of open source neuroimaging datasets is inprevious research indicates that within individuals with
creasingly common and allows small exploratory studiesDS, higher peak amplitude is associated with greater
of clinical population access to a large control group to cognitive ability [L9]. However, we also find here that
obtain closely matched control subjects. Such datasetsheta power is significantly higher in individuals with DS
offer numerous benefits to researchers includingcompared to TD controls, despite previous research

Peak amplitude
(absolute)

Peak amplitude
(relative)

Peak frequency
(Hz)

Peak frequency
variability
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suggesting greater theta power may be associated withnalysed the EEG data. SH interpreted the results and wrote the manuscript.
greater cognitive ability in individuals with DS1f]. It Al authors read and approved the final manuscript.

may therefore be the case that some EEG measures ass'(:)Jnding

ciated with higher cognitive abl“_ty n pe_()ple with DS are This work was supported by the Baily Thomas Charitable Fund (TRUST/RNA/
closer to that of the TD population, whilst others are of AC/KwW/3111/5776) and a Wellcome Trust Strategic Award (grant number:
the opposite direction (potentially suggestive of Compen_098330/2/12/2) conferred upon The London Down Syndrome (LonDownS)

satory mechanisms). Importantly, therefore, higher abil- “°"5°""™

ity individuals with DS may not necessarily have EEGpgciarations
activity closer to TD EEG spectra. The implications of

this are interventions aiming to enhance cognitive ability Ethics approval and consent to participate
Ethical approval for the study was obtained from the North Wales West

in this populatl_on throth s_eeklng tonormalls_é_ EEG Research Ethics Committee (13/WA/0194). Where individuals had capacity to
spectra could in fact negatively impact cognition. In- consent for themselves, written informed consent was obtained. Where

stead targeting EEG measures associated with individudtdividuals did not have capacity to consent for themselves, a consultee was

diff . L bili h h h asked to sign a form to indicate their decision regarding the individuals
Ifferences In cognitive ability, rather than measures t atinclusion based on their knowledge of the individual and his/her wishes, in

differ between individuals with DS and TD controls, accordance with the UK Mental Capacity Act 2005.

may be of benefit.
Consent for publication
. Not applicable.
Conclusions
We report an overall'slower EEG spectrum, charac- competing interests
terised by higher delta and theta power, and lowerThe authors declare no competing interests.
alpha and beta power, for frontal and occipital re- _
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