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A B S T R A C T   

Objectives: NREM parasomnias also known as disorders of arousal (DOA) are characterised by abnormal motor 
and autonomic activation during arousals primarily from slow wave sleep. Dissociative state between sleep and 
wake is likely responsible for clinical symptoms of DOA. We therefore investigated potential dissociation outside 
of parasomnic events by using simultaneous 256-channel EEG (hdEEG) and functional magnetic resonance im-
aging (fMRI). 
Methods: Eight DOA patients (3 women, mean age = 27.8; SD = 4.2) and 8 gender and age matched healthy 
volunteers (3 women, mean age = 26,5; SD = 4.0) were included into the study. They underwent 30–32 h of 
sleep deprivation followed by hdEEG and fMRI recording. We determined 2 conditions: falling asleep (FA) and 
arousal (A), that occurred outside of deep sleep and/or parasomnic event. We used multimodal approach using 
data obtained from EEG, fMRI and EEG-fMRI integration approach. 
Results: DOA patients showed increase in delta and beta activity over postcentral gyrus and cuneus during 
awakening period. This group expressed increased connectivity between motor cortex and cingulate during 
arousals unrelated to parasomnic events in the beta frequency band. They also showed lower connectivity be-
tween different portions of cingulum. In contrast, the greater connectivity was found between thalamus and some 
cortical areas, such as occipital cortex. 
Conclusion: Our findings suggest a complex alteration in falling asleep and arousal mechanisms at both 
subcortical and cortical levels in response to sleep deprivation. As this alteration is present also outside of slow 
wave sleep and/or parasomnic episodes we believe this could be a trait factor of DOA.   

1. Introduction 

Non-rapid eye movement (NREM) parasomnias are characterised by 
abnormal behaviours mostly arising from slow wave sleep (SWS; stage 
NREM 3) [1,2]. We distinguish several clinical units, such as sleep 
walking (SW), sleep terrors (ST) or confusional arousals and its variants 
[2–4]. These clinical units are also called ’disorders of arousal’ (DOA), 
referring to the current pathophysiological model of NREM para-
somnias, which assumes a state dissociation between wake and NREM 
sleep [4]. There are many factors that could increase the chance of 
parasomnic event, such as sleep deprivation, alcohol consumption, some 

types of medication and/or stress (Pressman 2007). Introducing sleep 
deprivation into experimental protocols to increase the chance of 
capturing parasomnic event have been widely used [5–9]. The state 
dissociation means incomplete activation after an arousing stimulus 
with partial awakening from NREM sleep (mainly from NREM 3 stage of 
sleep, less likely from NREM 2). This predominant hypothesis is sup-
ported by three lines of evidence: electroencephalographic (EEG) studies 
[10–13], functional imaging studies [5,14–16] and structural imaging 
studies [17]. EEG studies prove that during the NREM parasomnia epi-
sodes, there is a fast beta activity over the motor and cingulate cortices 
present and concomitant slow delta activity over frontoparietal and 
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associative cortices [18]. This is further supported by functional imaging 
studies, which identified NREM parasomnia patients to have a coexist-
ing sleep and wake stages and differences of blood flow in many brain 
areas, such as thalamus and cingulate cortex which remained activated 
upon awakening [5,16]. 

It is well known that thalamus participates widely on sleep-wake 
control [19–23]. Thalamus itself might also play a crucial role in 
development of DOA events. Among all an abrupt occurrence of 
wake-like activity from otherwise slow wave sleep was reported in some 
portions of thalamus while stereo-EEG recording study during confu-
sional arousal (Gibbs et al. 2016). 

Furthermore, structural changes were found in NREM parasomnia 
patients which suggest the occurrence of specific trait factors in this 
sleep disorder. Heidbreder et al. [17] reported reduction in the grey 
matter volume in left dorsal posterior cingulate and posterior 
mid-cingulate cortices. 

Concurrently occurring local sleep-like and wake-like activity over 
frontal, limbic and motor regions seem to be the hallmark of DOA epi-
sodes [4]. Our aim was to clarify whether this dissociation or the 
disturbed sleep-wake mechanisms are present outside the episodes 
themselves, already during falling asleep and whether this could be seen 
as a trait-factor of this sleep disorder. We were determined to answer 
following questions: 1) Is there a difference in thalamic connectivity in 
DOA patients compared to controls (thalamus-motor cortex, cingulum 
vs rest of the brain, thalamus-posterocentral gyrus vs. rest of the brain); 
2) Is there a difference in hypothalamic connectivity (Ventrolateral 
preoptic area, posterolateral area) in DOA patients compared to controls 
(towards thalamus and/or other cortical areas). To answer the question, 
a series of EEG and fMRI analyses were provided. The following section 
summarises the working hypotheses and the neuroimaging analysis 
methods. 

2. Methods 

2.1. Participants and recording process 

Patients with sleep walking and/or sleep terrors (SW/ST) [24,25] 
who came on their free will to the examination at the Department of 
Sleep Medicine, National Institute of Mental Health, Klecany, Czech 
Republic. The diagnosis was based on ICSD-3 criteria [1]. They under-
went a medical interview with basic neurological and psychiatric 
assessment and overnight video-polysomnography (vPSG). We recruited 
8 patients (3 women; mean age 27,8; SD = 4,2). We also recruited the 
group of age and gender matched paid volunteers (8 participants). These 
volunteers were recruited after responding to online call for volunteers. 
We used social media such as Facebook and Instagram, where we dis-
played the short screening questionnaire which tried to identify poten-
tial symptoms of sleep disorders. Those who showed potential symptoms 
of sleep disturbances, such as snoring, cramps and artificial feelings in 
lower extremities prior to sleep, artificial movement and/or behaviours 
in sleep, unpleasant dreams, vocalisations or else, were excluded before 
being invited into the sleep lab. Those who did not show any potential 
signs of sleep disorders and simultaneously could have been matched to 
our patients based on age and gender criteria were invited into the sleep 
lab where they were further examined by sleep specialist and the com-
plex neurological examination along with medical and sleep history was 
obtained. This process led to further exclusion of some subjects. Those 
who were included into following phase underwent vPSG to objectively 
exclude any possible sleep disorder. The inclusion criteria that were 
mandatory for both patients and controls included 1) the age between 18 
and 45 years; 2) no somatic, neurological or psychiatric illness 
(including claustrophobia), which could interfere with sleep; 3) no 
medication that could affect sleep. Exclusion criteria included: 1) 
gravidity or breastfeeding; 2) other sleep comorbidities (apnoe hypo-
pnoea index above 15, periodic leg movement index above 15) and/or 
concomitant occurrence of rapid eye movement (REM) parasomnias. 

These data were obtained after analysing of vPSG data by two inde-
pendent specialists. We also checked for other possible reasons, which 
might prevent examination in MRI, such as implantation of cardio-
stimulator or ferromagnetic bone implants, although due to the rela-
tively young age of our cohort we did not exclude any participant based 
on this. Our subjects were free to terminate their participation in the 
study at any time. 

Simultaneous recording of high density 256-channel electroenceph-
alography (hd-EEG) and functional magnetic resonance imaging (fMRI) 
was done after 30-32-h of sleep deprivation. The ideal length of sleep 
deprivation was based on previous studies [26–29]. However, as our 
main concern was to assure sleep and potentially to reach deep sleep 
stages, we decided to prolong the sleep deprivation overnight and the 
next day until after the lunch time to promote postsprandial sleep 
pressure. This in fact gave us the above mentioned 30–32 h of sleep 
deprivation. All participants spent this time in the sleep lab and could 
have used the assistance of medical personnel whenever any potential 
side effect, from mild to more severe (i.e. epileptic seizure) might have 
arisen. This also allowed us provide safe environment for them and 
prevent additional stress that might be caused by traveling to and from 
our lab. A medical check-up was done by an appointed physician prior to 
sleep deprivation to check for potential comorbidities that could inter-
fere with the experiment and sleep deprivation such as recent epileptic 
events, exacerbation of acute or chronic disorder or else. Furthermore, 
practical details of the experiment were discussed again along with any 
additional questions. Patients spent their time in our lab in single-bed 
rooms. They were provided with food and regularly checked by mem-
bers of personal in order to prevent unintentional napping. 

After the sleep deprivation period ended, participants were escorted 
to another part of the building where the recording took place. They first 
entered the preparation room where the hd-EEG electrodes were 
adjusted. The EEG MR-compatible HCGSN (HydroCel Geodesic Sensor 
Net) 256 channels net was utilised. Due to the length of the measure-
ment, a hydrogel-based material was used. 

The MR compatible Geodesic EEG System (GES) 400 from Electrical 
Geodesics, Inc., Eugene, OR, USA (EGI) was used to measure EEG in the 
MRI scanner. The system included a Net Amps 400 amplifier, which was 
controlled by an iMac computer with Net Station software; synchroni-
sation was controlled by the GES Clock Sync I/O device. EEG data were 
recorded with a sampling frequency of 1 kHz. 

The MRI data were collected by using the 3T Siemens Magneton 
Prisma (Erlangen, Germany) by using the 64-channel head and neck 
coil. The final length of the examination was no longer than 69 min. 
Some participants wished to terminate the examination earlier (Partic-
ipants were free to terminate the recording at any time upon request 
without explaining the exact reason for doing so). Two of our partici-
pants actually did not want to continue the study after 40 min of 
recording due to unpleasant feelings in the scanner, 1 participant 
terminated the recording while not sleeping for many minutes). The 
technical aspects of the procedure as well as statistical analysis were in a 
great detail described by (Piorecky et al. ,2020) who focused on the 
method of simultaneous EEG and fMRI recording along with its specific 
technical features and complications [30] and they are also further 
specified in following subsections. 

After the recording the subjects were taken to their rooms and were 
offered to spend some time to do personal hygiene (such as washing 
their hair or else) and they could take a nap before they left the lab. They 
were also finally checked for any discomfort or potential changes in their 
medical condition before leaving. 

2.2. Scoring of sleep stages 

In order to be able to distinguish sleep and particular sleep stages, the 
EEG data were also analysed by 2 independent sleep specialists in the 
MatLab environment (The MathWorks, Inc.). The sleep stages were 
staged based on the standard criteria [31]. NREM 1 stage of sleep was 
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defined as one 30-s epoch in which alpha activity is reduced below 50% 
of the epoch. NREM 2 stage of sleep was defined by the occurrence of 
K-complexes and/or sleep spindles. NREM 3 was defined by presence of 
delta waves occurring in more than 20% of the epoch. These principles 
were applied on both vPSG data from the night sleep and data EEG data 
obtained during the nap in MRI scanner. We knew from vPSG data that 
all the subjects generated alpha rhythm in vPSG. NREM 1 was consid-
ered after alpha attenuation was detected and theta waves emerged in 
minimum of 15 s period. NREM 2 was defined as the period that fol-
lowed the appearance of first K-complex and/or spindle in the first half 
of the epoch [31]. We did not find any statistically significant difference 
in the percentage of particular sleep stages, sleep effectivity, total sleep 
time or the number of periodic leg movements in sleep and apnoe/hy-
popnoea index in DOA patients compared to healthy individuals. 

Based on the recordings from 256-channel EEG, which was measured 
during the nap while fMRI was also taken, we determined 2 conditions 
which were of our main interest. These conditions we falling asleep (FA) 
and Arousal (A). In our analysis we focused primarily on occipital re-
gions as they are crucial for scoring sleep stages. Falling asleep (FA 
condition) was defined as a deepening of sleep by attenuation of alpha 
rhythm, which was generated by all the subjects. This was replaced by 
low amplitude, mixed frequencies mainly from the theta range lasting 
minimum of 5 s. The Arousal (A condition) was defined as the occur-
rence of faster frequencies such as alpha and/or beta frequency preceded 
by slower frequencies and the minimal length of this segment was 5 s. 
These segments were defined as such for the purposes of this particular 
experiment in order to allow for further analyses. 

2.3. Selected neuroimaging methods and hypotheses 

We used two methods to investigate the alteration of sleep-wake 
mechanisms during sleep initiation in superficial NREM sleep: the EEG 
source activation, EEG power seed based functional connectivity, fMRI 
(blood oxygen level desaturation; BOLD) signal analysis, and multi-
modal EEG-fMRI analysis. We investigated the activity of thalamus and 
selected hypothalamic regions. 

2.4. Data preparation for multimodal analyses 

2.4.1. EEG pre-processing 
EEG data contains physiological and technical artefacts along with 

additional substantial artefacts that occurred during data acquisition in 
the MR machine environment. The gradient artefact (GA) was sup-
pressed by average artefact subtraction method implemented in fully 
automated statistical thresholding for EEG artefact rejection (FASTR) 
[32]. Data corrupted by initiation scans (otherwise referred to as dummy 
scans) were removed from the time series. After removing GA, the signal 
was down-sampled from 1 kHz to 250 Hz due to the size of the data files. 
Hermitian polynomials were used for subsampling. The signal was 
filtered using a zero-phase two-way finite impulse response (FIR) filter. 
The lower critical frequency was 0.5 Hz and the upper one was 30.0 Hz. 
The ECG channel was used to create a template for the detection of 
cardiobalistic artefacts by the aOBS (adaptive Optimal Basis Set) method 
[33]. Bad time intervals with high variance values were identified by the 
Turkey’s method and removed. Bad channels exhibiting variance above 
the Tuckey’s threshold were subsequently interpolated by the average 
values of neighbouring electrodes. The eye movement artefacts were 
corrected by the ICA decomposition approach followed by our quality 
control clustering algorithm [34]. EEG data subjected to EEG-fMRI data 
integration were preprocessed in the same way as it was done in our 
previous methodological paper (Piorecky et al. , 2020). 

2.4.2. fMRI pre-processing 
As mentioned above, the MRI data were collected by using the 3T 

Siemens Magneton Prisma (Erlangen, Germany) by using the 64-channel 
head and neck coil. Before the simultaneous hdEEG and fMRI recording 

started, we collected anatomical scans with high resolution T1 (3D- 
MPRAGE with the matrix size of 256 × 256 × 192, 1 mm 3 isotropic 
cube, flip angel [FA] = 9◦; time of repetition [TR] = 2400 ms; Echo time 
[TE] = 2,27 ms, and time of inversion [TI] = 900 ms). Data from fMRI 
(Blood Oxygen Level Desaturation; BOLD signal) were pre-processed by 
using SPM toolbox [35]. The main steps of pre-processing pipeline were: 
a bias field correction, motion correction, slice-timing correction, nor-
malisation, and spatial smoothing. Bias field correction compensates for 
the inhomogeneity in signals caused by using the 64-channel coil. If this 
is not done directly within the MR scanner post-processing utilities, it 
can be performed as a first step in the pre-processing. In our case, it was 
done by using the segmentation tool in SPM and estimating a bias field. 
The bias field is then used to correct the data. The regularisation 
parameter for bias field correction was set to 0.001, and the FWHM 
parameter was set to 60. Subsequently, all volumes were realigned by a 
rigid body transformation to the average volume (selection corresponds 
to the reference volume in our case). Finally, volumes were normalised 
to the MNI space and smoothed by a Gaussian of 8 × 8 × 8 voxel size. 
Extracted parameters of translation and rotation were added as re-
gressors to a GLM. 

The head movements were minimised by specially adjusted pillows. 
The functional scans were afterwards collected using echo planar im-
aging (EPI) sequence with the following parameters: repetition time 
(TR) = 1000 ms, echo time (TE) = 30 ms, flip angle = 52◦, matrix size =
74 × 74, resolution = 3 × 3 × 3 mm3 

Since not all participants completed the whole fMRI session, we 
adjusted the data length to be the same for all subjects (2549 time points; 
TR volume). The fMRI data were first bias field corrected for in-
homogeneities caused by a 64-channel head coil, and then we used a 
default pre-processing pipeline in the CONN toolbox (https://web.co 
nn-toolbox.org/) in Matlab (The MathWorks, Inc.) to perform the 
following steps: the data were first corrected for possible head motion 
while in the scanner (motion correction), then the slice timing correc-
tion was performed to correct the acquisition times of the individual 
axial slices, then we transformed the data into the MNI space and 
applied spatial smoothing with 8 mm full width at half maximum 
(FWHM) kernel. The resulting time series were orthogonalised against 
signals of white matter (WM) and cerebrospinal fluid (CSF) together 
with motion parameters (estimated while performing the motion 
correction step) and then filtered using a band-pass filter with a window 
of 0.008–0.09 Hz followed by linear detrending. 

2.4.3. EEG source localization 
In order to localise the sources on EEG we firstly constructed and 

anonymised anatomical scan from magnetic resonance scans, which was 
afterwards used as a template for all the subjects in the study. The EEG 
signal propagation model was constructed based on the 3 data compo-
nents: electrode positions on the head surface, anatomical tissue orga-
nisation and the discretisation grid of candidate EEG sources inside the 
brain. The electrodes were co-registered with the MRI anatomical scan 
by using three reference points: nasion, right and left periauricular 
points. The anatomical scan was segmented into 5 layers: grey matter, 
white matter, cerebrospinal fluid, skull bones, and scalp. The dis-
cretisation grid of EEG sources was based on MNI normalised space 
(Montreal Neurological Institute) and projected back into the single 
subject anatomical template. The EEG data were firstly filtered ac-
cording to the standard EEG frequency bands: delta (1–4Hz), theta 
(4–8Hz), alpha (8–12 Hz), and beta (12–20 Hz). Within each band data 
were consequently projected onto the EEG sources area by using 
ELORETA (Exact Low Resolution Brain Electromagnetic Tomography) 
inverse algorithm [36] implemented in the Fiedltrip toolbox in MATLAB 
[37]. The Fieldtrip default values of parameters for the inverse projec-
tion were used. Hence, specific activation value corresponding with the 
data measured from scalp was allocated to each source from the dis-
cretisation grid. Moreover, based on its MNI space coordinates each 
source was given its specific functional area index from the AAL 
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(Automated Anatomical Labelling) atlas [38]. In the regions of interest 
(see section 2.7), we also calculated the average source activation across 
time samples during the A condition. Hence, each subject was assigned 
its specific numeric value of activation for each functional area of in-
terest and one EEG frequency band. 

2.5. Neuroimaging methods and data analyses 

In this section we define specific neuroimaging methods and hy-
potheses to evaluate the possibilities stated above. We consider 2 types 
of methods to achieve this: a) EEG source activation b) EEG power seed- 
based functional connectivity c) fMRI functional connectivity d) EEG- 
fMRI data integration. 

2.5.1. EEG source activation 
The EEG source activation is meant by the authors the EEG activity 

reconstructed by the EEG Source Localization method under specified 
conditions within a specific frequency band. Regarding the EEG source 
activation, we hypothesised increased delta band (1–4Hz) absolute 
power observed in specific brain areas listed below in patients compared 
to controls in A condition. Further, we expected differences between 
patients and controls also in other spectral bands: theta (4–8Hz), alpha 
(8–12 Hz), and beta (12–20 Hz) EEG bands. Based on the evidence in 
literature we aimed at the following regions of interest: superior parietal 
cortex, postcentral gyrus, cuneus, precuneus, and superior occipital 
cortex. Corresponding methods are described in detail in the following 
sections. 

Statistical hypotheses were tested by using the nonparametric 
equivalent of t-test, Wilcoxon Rank Sum test separately for each area of 
interest (Parietal_Sup, Postcentral, Cuneus, Precuneus, and Occipi-
tal_Sup) and each specific frequency band (delta, theta, alpha, and beta). 
Our statistical analysis was also extended by testing of relative spectra, 
in which the power in each frequency band was divided by the sum of 
power values across all frequency bands. These calculations were done 
in the FieldTrip toolbox [37] in MATLAB. 

2.5.2. EEG power seed-based connectivity 
Based on the results from the literature, we assume that there is a 

difference in the EEG power seed-based functional connectivity between 
patients and controls during arousal. For that purpose, we defined three 
regions of interest (ROIs): motor cortex, anterior cingulate cortex, and 
posterior cingulate cortex, as well as two frequencies of interest (FOIs): 
alpha and beta. 

On the subject level, we calculated ROI-to-ROI functional connec-
tivity between selected regions based on AAL atlas: anterior cingulate 
cortex (AAL 31, 32), posterior cingulate cortex (AAL 35, 36), motor 
cortex (AAL 1, 2, 19, 20, 69, 70); hypothalamic atlas – anterior hypo-
thalamic area, lateral hypothalamus, medial preoptic nucleus, posterior 
hypothalamic nucleus; Harvard-Oxford subcortical atlas – thalamus, and 
seed-to-voxel functional connectivity with seeds placed in the thalamus 
(Harvard-Oxford subcortical atlas) and postcentral gyrus (AAL 57, 58). 
The subject-level results were then used for the group-level statistical 
analysis. 

To test the hypotheses regarding the difference in the seed-based 
functional connectivity in EEG defined in the paragraph in section 2, 
we performed the following analysis. Based on the co-registered AAL 
atlas with the source model, we defined seed regions for three previously 
defined ROIs as AAL areas: motor cortex (AAL 1, 2, 19, 20, 69, 70), 
anterior cingulate cortex (AAL 31, 32), and posterior cingulate cortex 
(AAL 35, 36). For each source of three orthogonal time series, we 
computed the first principal component, which was then used as a time 
series for functional connectivity calculation. As introduced in Hipp 
et al., 2012 the time series of each dipole was at first orthogonalised to 
the time series of the selected source in ROI and subsequently, the 
Pearson’s correlation coefficient between each dipole signal envelope of 
ROI and all other sources signal envelopes obtained by Hilbert 

transformation was calculated. In order to obtain one functional con-
nectivity map for every subject, the frequency band and ROI, we aver-
aged connectivity maps of each source in ROI; those maps were then 
utilised for further group-level statistical analysis. To test the difference 
in functional connectivity between healthy controls and NREM para-
somnia patients we applied in each dipole position a nonparametric 
equivalent of the t-test, Wilcoxon Rank Sum test, separately for each 
frequency band and ROI, resulting in 6 statistical maps (2 FOIs x 3 ROIs). 
In the results section, we report masks of significant voxels with a p- 
value <0.05 two-tailed test, uncorrected for multiple comparisons 
(across voxels) because of the small sample and exploratory character of 
the analysis. The observed significant changes didn’t survive correction 
for multiple comparisons across voxels. The visualisation was performed 
in BrainNet Viewer [39]. 

2.5.3. fMRI functional connectivity 
Averaged BOLD time series across each region of interest were cross- 

correlated between regions to form the functional connectivity matrices. 
The Pearson’s correlation coefficient was used here to quantify the 
functional connectivity [40]. The Fisher’s r-to-z transformation was 
applied to each correlation coefficient in order to increase the normality 
of the distribution of correlation values. The detailed description of the 
fMRI functional connectivity analysis is out of the scope of this paper 
and can be found elsewhere [40]. 

2.5.4. EEG-fMRI data integration 
To further investigate relations between observed EEG and fRMI 

difference the EEG informed fMRI analysis was performed in EEG delta 
band. EEG power fluctuation in the delta band was extracted from the 
EEG recordings (entire measurement process) using dimension reduc-
tion methods. Subsequently, convolution was performed with a signal 
corresponding to the course of the hemodynamic response. In addition 
to spectral properties, regressors of the awakening period and transition 
from wake to sleep conditions were also included in the analysis. The 
delta band power fluctuation was treated as an EEG correlate of bold. 
Significant correlations between EEG and BOLD fluctuations were found 
using the general linear model implemented in the SPM toolbox [35]. 
More detailed description of the EEG informed fMRI analysis can be 
found in our previous methodological paper [30]. 

Ethical statement 

This study was approved by the research ethic committee of the 
National Institute of Mental Health (Approval No. 185/17). Written 
informed consent was obtained from the participants. NREM para-
somnia patients did not receive any financial compensation for their 
participation in our study. Healthy volunteers received 1000 CZK 
(approx. 41 EUR) in compensation for the time they spent in our labo-
ratory while participating in our experiment. 

3. Results 

All the enrolled participants completed the study. 

3.1. Polysomnographic data 

As mentioned above, vPSG was done in all the subjects in order to 
objectively exclude any possible comorbidities in sleep. We did not find 
any statistically significant difference between DOA patients and 
healthy individuals in macrostructural sleep parameters, such as per-
centage of particular sleep stages, sleep onset latency, REM sleep la-
tency, sleep effectivity and number of periodic leg movements in sleep 
and apnoe/hypopnoea index. 
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3.2. EEG source activations 

The Electrical Source Imaging (ESI) method was capable of testing 
differences between patients and controls in their EEG source activa-
tions in brain during A condition. We found a significant yet not cor-
rected for multiple comparison across five regions of interest. There was 
an increase in delta and beta activity in postcentral gyrus and cuneus 
during awakening periods in patients (Table 1) quantified by the abso-
lute power. These areas were awakened slower in patients compared to 
controls. Along with the absolute power in all four frequency bands we 
also analysed relative differences in spectral power, which did not 
provide any statistically significant differences between NREM para-
somnia patients and controls. 

In Table 1, p-values of the one tailed (patientscontrols) non*para-
metric t-test are listed. Each p-value denotes probability that patients do 
not have increased EEG power compared to healthy controls. 

The chart depicts p values of 1 tailed nonparametric t-test (patients 
> controls). The frequency bands and functional areas in which we 
found statistically significant changes of power in patients relative to 
controls are displayed in bold. P-values were not corrected for multiple 
testing across the five ROIs. Along with the absolute power in all four 
frequency bands we also analysed relative difference in spectral power, 
which did not provide any statistically significant differences between 
NREM parasomnia patients and controls. 

3.3. EEG power seed-based connectivity 

With respect to the above-mentioned stereo-EEG studies we tried to 
answer the question if there is a difference in a seed-based functional 
connectivity of selected areas (motor cortex and cingulum) outside of 
parasomnic events. We found the increased connectivity in parasomnia 
patients compared to healthy controls between the motor cortex and 
anterior and posterior cingulate during arousals not related to NREM 
parasomnia events in the beta frequency band, see Fig. 1. 

We analysed functional connectivity in patients compared to healthy 
controls using both ROI-to-ROI and Seed-to-voxel approaches. 

3.4. fMRI functional connectivity 

We analysed functional connectivity in patients compared to healthy 
controls using both ROI-to-ROI and Seed-to-voxel approach. 

3.4.1. ROI-to-ROI functional connectivity 
We found lower connectivity in patients compared to healthy con-

trols between right anterior cingulum and right posterior cingulum, left 
anterior cingulum and right posterior cingulum, left posterior cingulum 
and right posterior cingulum, and left posterior cingulum and right 
anterior cingulum (Fig. 2) (see Fig. 3). 

We found statistically significant differences in connectivity between 
several regions. See Table 2. 

3.5. EEG-fMRI data integration 

During FA condition we found significant activation of thalamus 
compared to resting state activity in patients, which was not found in 

healthy controls. Thalamic activation was also observed in both patients 
and controls during arousals. The condition of FA and delta fluctuation 
greatly reduced the activations, due to the large number of voxels, we 
limited the display of activations only to the size of the cluster of acti-
vated voxels (n > 5), not by standard statistical correction. The reported 
results are not statistically significant, but show an interesting trend. 

We investigated the thalamic activation during the power fluctuation 
in the delta frequency band. We found increased activity in thalamic 
structures in controls but not in NREM parasomnia patients during 
detection of delta waves on EEG. The amount of delta waves detected in 
the recording however did not meet the criteria of NREM 3 stage of 
sleep, yet these waves were captured as a part of mainly NREM 2 stage. 

These results were already published by Ref. [30] (Fig. 4). Power 
fluctuations in delta frequency band in EEG were also accompanied with 
the BOLD activations of other cortical areas in patients, such as frontal 
eye field, dorsolateral prefrontal cortex, secondary visual cortex and 
associated visual cortex, supramarginal gyrus and parahippocampus. 
Control subjects presented with the activation of secondary visual cor-
tex, retrosplenial cortex and dorsal anterior cingulate cortex. 

In the case of covariates based analysis, we found significant activity 
in Brodman area 7 and precuneus for the theta average covariate after 
correction in the control group. In the group of patients, there was sig-
nificant activity in the lingual gyrus and Brodmann’s area 39. These 
results survived correction for multiple comparison. 

No significant activity was identified for the delta band covariates in 
the control group. In patients, there was significant change in the area of 
the fusiform gyrus. Hence a large number of voxels we applied FDR and 
FWE correction. 

4. Discussion 

Our findings show a large-scale alteration of sleep initiation in NREM 
parasomnias at both cortical and subcortical levels. 

4.1. Dissociative state outside the NREM parasomnia episodes 

Several lines of focused research have confirmed the presence of 
dissociation state during NREM parasomnia episodes [4,41]. The 
dissociation state which is known to be a pathophysiological basis of 
NREM parasomnia episodes was convincingly defined based on 
stereo-EEG studies in patients with epilepsy before the epileptosurgery 
in which parasomnic episodes were accidently recorded [10,42,43]. The 
authors found an ongoing delta activity over frontoparietal association 
network and current occurrence of alpha activity over motor cortex and 
limbic structures, such as cingulate and temporopolar cortex, insula and 
amygdala. Our results show increased connectivity of motor cortex and 
cingulum and thus are in line with these findings. The frequently 
observed affective response and amnesia on the event are probably the 
results of limbic structures activation, which are disconnected from the 
prefrontal cortex. Moreover, parallel deactivation of frontal association 
areas and hippocampal cortex during the episodes further strengthens 
this process. Along with these findings, changes of the activity of 
ventromedial thalamus were observed during these episodes by mild 
decrease in delta activity and profound increase of beta activity which is 
similar to the one observed in wakefulness in terms of frequency and 
amplitude [43]. Although this general topographic pattern is similar in 
all NREM parasomnic episodes, it could be inferred that each episode 
presents its specific activity in relevant brain areas which could partly 
explain the variable clinical presentation. Terzaghi et al. [42] found this 
dissociative pattern also outside the NREM parasomnic event (outside 
the behaviour presentation of the episodes). These findings together 
with described structural changes in NREM parasomnias [17] lead us to 
the possibility that such dissociative state could be found also outside of 
these episodes or even outside slow wave sleep. We therefore focused on 
the possibility to find corresponding changes already during sleep-wake 
transition, namely falling asleep (FA) and waking up (A) by using 

Table 1 
Resulting p-Values of the patients > controls difference in EEG absolute power t- 
Test for each ROI and frequency band.  

ROI/BAND Delta Theta Alpha Beta 

Parietal_Sup 0.115929 0.167832 0.231702 0.140482 
Postcentral 0.036053 0.060295 0.060295 0.02704 
Cuneus 0.046931 0.094639 0.347164 0.231702 
Precuneus 0.167832 0.140482 0.198446 0.060295 
Occipital_Sup 0.094639 0.167832 0.477545 0.389433  
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simultaneous hd-EEG and fMRI methods which allowed us great 
spatio-temporal discrimination as well as metabolic functions of both 
cortical and subcortical brain structures. The measurement was pur-
posefully done after sleep deprivation which itself predisposes to 
occurrence of parasomnic episodes [44]. 

During the sleep-wake transition, we found significantly increased 
delta activity over postcentral gyrus and cuneus as part of the arousals in 
patients compared to healthy controls. We interpret these findings as 
slower awakening process in NREM parasomnia patients compared to 
healthy individuals. It is well known that the sleep-wake transition is not 

Fig. 1. Functional connectivity masks of statistical maps interpolated on the cortical surface for the beta frequency band. (A) ROIs defined according to the AAL 
atlas: motor cortex, anterior cingulate cortex, posterior cingulate cortex. (B) Statistical mask of difference in „seed-based“ connectivity from motor areas 
for parasomnias > healthy controls (p<0.05, no multiple testing corrections). (C) Statistical mask of difference in „seed-based“ connectivity from anterior 
cingulate cortex for parasomnias > healthy controls (p<0.05, no multiple testing correction). (D) Statistical mask of difference in „seed-based“ con-
nectivity from posterior cingulate cortex for parasomnias > healthy controls (p<0.05, no multiple testing corrections). The tested functional connectivity 
in source space was measured by the Pearson’s correlation coefficient between envelopes of two orthogonalised dipole moment time series (see sec-
tion 2.5b). 

Fig. 2. Comparison of ROI-to-ROI functional connectivity (FC) in patients vs. healthy controls. We used a two sample t-test to compare functional connectivity in 
patients vs. healthy controls (on the left), on the right is the corresponding matrix of p-values thresholded at p < 0.05 (uncorrected for multiple comparisons). b) 
Seed-to-voxel Functional Connectivity. 
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an immediate binary change, but a process of gradual activation of 
different brain regions; our results suggest that this process is signifi-
cantly impaired in patients with NREM parasomnias. We cannot rule out 
an abnormal neuronal excitability of various cortical areas in this group 
of patients. Postcentral gyrus is functionally related to multisensoric 
integration and spatial map construction which is then used for spatial 
orientation and planning of motor activity; it also plays a role in medi-
ation and processing of sensoric inputs with directed motor response 
[45]. Some of SPECT studies also report decreased regional perfusion in 
these areas in NREM parasomnic patients [5,15]. 

Although the time sequence could be debated, many recent studies 
have confirmed the increase in slow wave activity (SWA) preceding the 
parasomnic event compared to awakening from NREM 3 without the 
parasomnic episode and behavioural presentation [13,46–48]. Another 
spectral analysis study found the coexistence of arousal and deep sleep 
during 20 s immediately preceding the NREM parasomnia event 
compared to the same length period 2 min prior to the event [12]. 
Furthermore, the authors found decreased local functional connectivity 

for delta frequency band in parieto-occipital regions along with 
increased connectivity in alpha and beta frequency band over 
fronto-parietal regions [12]. Our results further confirm the increased 
connectivity in beta frequency band in motor cortex and cingulum, 
therefore they are in line with these findings. 

To our knowledge only a very limited number of studies have focused 
on sleep of NREM parasomnia patients outside of parasomnic event or 
even outside of NREM 3 stage of sleep. Although the decrease of SWA 
was observed over central regions in these patients also in superficial 
NREM sleep stages, the authors only focused on the analysis of one or 
only few channels data [46,49]. Until now there is only one hd-EEG 
study which was done over the whole night [4]. This study found the 
exponential decrease of slow wave activity that was slower in patients 
than in control subjects [4]. The data showed decrease in SWA which 
was not global but was localised mainly in centro-parietal regions 
(motor area, premotor area and cingulate areas). According to that 
study, the changes in SWA topography are present both in NREM and 
REM sleep and also in wakefulness. Although we did not see the degree 

Fig. 3. Comparison of Seed-to-voxel functional connectivity (FC) in patients vs. healthy controls - greater FC in patients vs. healthy controls (red), lower FC in 
patients vs. healthy controls (blue). (A) seed in left thalamus, (B) seed in right thalamus, (C) seed in left postcentral gyrus, (D) seed in right postcentral gyrus. Voxel 
threshold p < 0.05 cluster threshold p < 0.05 (uncorrected for multiple comparisons). The brain networks were visualised with the BrainNet Viewer (http://www. 
nitrc.org/projects/bnv/) [39]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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of connectivity in delta frequency range, we could argue that our data 
contribute to the importance of these regions for the NREM para-
somnias’ clinical presentation. 

To our knowledge only a very few studies used MRI techniques in 
NREM parasomnia research. In the morphometric study by Heidbreder 
et al. [17] it was found that there is a significant decrease in the grey 
matter volume in left dorsal cingulum and intermediate cingulate cortex 
in NREM parasomnia patients [17]. Although we did not analyse specific 
morphological parameters in our study sample, we did not detect any 
clinically significant differences between NREM parasomnia patients 
and controls in terms of morphological changes or even pathological 
findings on MRI scans. 

As mentioned above, we measured our data under the sleep depri-
vation protocol which is the one of the most important factors to pro-
mote parasomnic events [50]. Somnambulic patients were found to 
exhibit increased hypersynchronous delta activity in their sleep after 
sleep deprivation [9], which lead us to the possibility to further 
strengthened the suspected disturbance in homeostatic regulation of 
sleep and wake in NREM parasomnia patients by exposing them to 
prolonged sleep deprivation. 

4.2. Potential contribution of different connectivity of thalamus and other 
structures to the DOA pathology 

The central role of thalamus in sleep has been well known. Since the 
early stages of sleep research it was suggested that stimulation of specific 
thalamic regions might have initiated sleep in experimental animals 
[51] ad it is now clear that this happens under the high degree of spatial 
and temporal organisation [21]. The authors stated that the cortical 
slow waves observed in EEG in sleep originate in both cortex and thal-
amus [21]. They are synchronised in the wide brain scale and termi-
nated based on the activity of thalamus relay and local cortical 
inhibition. Thalamus also receives inputs from hypothalamus and brain 
stem nuclei and summation of these inputs might play a role in con-
trolling cortical tone and arousal state [52]. 

NREM sleep is characterised by synchronised electric activity 
amongst thalamo-cortical network which leads to increased slow wave 
activity. These oscillations than reflects the recurrent cortical neurons 
oscillations [53]. Sherman et al. [54] suggested that thalamus plays a 
role in wide-scale synchronisation of the cortex by providing trans--
thalamic link and hence the control mechanism for this synchronisation 
[54]. The integrative model has also been proposed by Gent et al. (2018) 
who suggests that cortical active state could be triggered by midline 
thalamus which receives ascending arousal inputs and the wide-scale 
cortical synchronisation regulated by higher order thalamus [21]. Evi-
dence also suggests that some thalamic parts, such as midline thalamus 
or pulvinar might be advanced to the cortex and sensory thalamus in 
slow waves and sleep onset [19,20,22]. Thalamus might also regulate 
local sleep by phase-locking of somatosensory thalamus to somatosen-
sory but not frontal cortex, as was found in mouse model [19,20,22]. 
Motor thalamus might drive a local sleep states in sensory thalamus and 
thus contribute to attention deficits in sleep deprivation [23]. 

Considering the physiological background and current knowledge 
about the role of thalamus in sleep and wake regulation [21], one of 
these causes could be impaired phase lock between thalamic activity and 
transition from one stage to another in NREM parasomnia patients that 
leads to impairment in coordination of sleep and wake transition. 
Another explanation might be an increased role of local sleep and its 
effect on various thalamic regions along with the impairment of inputs 
from arousing areas such as brainstem and/or hypothalamus in NREM 
parasomnia patients. It has already been suggested that sleep depriva-
tion might lead to increased activation of motor thalamus allowing the 
sensory thalamus to remain in local sleep leading to commonly seen loss 
of concentration in sleep deprived individuals [21]. The previously re-
ported deactivation of thalamus while arousals NREM parasomnia pa-
tients [14] was not found in our participants. However, the reason for 

Table 2 
Comparison of Seed-to-voxel functional connectivity (FC) in patients vs. healthy 
controls.   

Greater connectivity in patients Lower connectivity in patients 

Left thalamus Precuneous Cortex, Middle 
Frontal Gyrus Left, Superior 
Frontal Gyrus Left, Inferior 
Frontal Gyrus, pars opercularis 
Left, Precentral Gyrus Left, 
Inferior Frontal Gyrus, pars 
triangularis Left, Lateral 
Occipital Cortex, superior 
division Left  

Right 
thalamus 

Middle Frontal Gyrus Left, 
Middle Frontal Gyrus Right, 
Brain-Stem, Frontal Orbital 
Cortex Left, Subcallosal Cortex, 
Superior Frontal Gyrus Left, 
Inferior Frontal Gyrus, pars 
opercularis Left, Precentral 
Gyrus Right, Frontal Pole 
Right, Frontal Orbital Cortex 
Right, Parahippocampal Gyrus, 
anterior division Left, 
Precentral Gyrus Left, Inferior 
Frontal Gyrus, pars triangularis 
Left, Parahippocampal Gyrus, 
anterior division Right, 
Accumbens Left, Frontal 
Medial Cortex, Accumbens 
Right, Frontal Pole Left, 
Temporal Pole Left, Putamen 
Left.  

Left posterior 
gyrus 

Cingulate Gyrus, posterior 
division, Precentral Gyrus 
Right, and Postcentral Gyrus 
Right, Frontal Pole Left, Middle 
Frontal Gyrus Left, 
Paracingulate Gyrus Left, 
Cingulate Gyrus, anterior 
division, Frontal Orbital Cortex 
Left, and Insular Cortex Left 

Temporal Pole Left, Middle 
Temporal Gyrus, posterior 
division Left, Middle Temporal 
Gyrus, anterior division Left, 
Superior Temporal Gyrus, 
anterior division Left, Superior 
Temporal Gyrus, posterior 
division Left, Planum 
Temporale Left, Middle 
Temporal Gyrus, 
temporooccipital part Left, 
Inferior Temporal Gyrus, 
posterior division Left, Planum 
Polare Left, Frontal Orbital 
Cortex Left, Inferior Temporal 
Gyrus, anterior division Left, 
Precentral Gyrus Left, 
Temporal Pole Right, Middle 
Temporal Gyrus, anterior 
division Right, Superior 
Temporal Gyrus, anterior 
division Right, Middle 
Temporal Gyrus, posterior 
division Right, Superior 
Temporal Gyrus, posterior 
division Right, Inferior 
Temporal Gyrus, posterior 
division Right, Planum Polare 
Right, and Inferior Temporal 
Gyrus, anterior division Right. 

Right 
postcentral 
gyrus 

Cingulate Gyrus, posterior 
division 

Temporal Pole Left, Middle 
Temporal Gyrus, anterior 
division Left, Frontal Orbital 
Cortex Left, Superior Temporal 
Gyrus, anterior division Left, 
Insular Cortex Left, Middle 
Temporal Gyrus, posterior 
division Left, Planum Polare 
Left.  
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this could be preceding sleep deprivation and also the fact, that our 
subjects were not awaken from deep sleep stages during parasomnic 
episode as it was in the study of Bassetti et al. [14]. 

It is therefore possible that our results indicate an altered homeo-
static regulation of sleep and wake with increased role of cortical delta 
waves generators after sleep deprivations in NREM parasomnia patients. 

This is further proven by our results that show increased thalamo- 
cortical connectivity. 

Cingulate cortex is a major structure connecting the two brain 
hemispheres [55]. Anterior cingulate cortex is activated in REM sleep 
and along with amygdala this could contribute to memory processing 
during REM sleep [56]. Cerebral blood flow is even more decreased in 

Fig. 4. Statistically significant clusters identified by one-sample t-test for: (A) difference of delta covariate versus spontaneous BOLD fluctuation in the control group; 
glassbrain view (left), orthogonal slices view (right). (B) difference of delta covariate versus spontaneous BOLD fluctuation in patients. (C) Statistically significant 
clusters identified separately by a single-sample t-test in patients and controls that were common to both groups. Significant activations correspond to voxels 
correlated with the covariate representing the average change (selected electrodes) of power in the delta band. The figure shows all detected common locations. 
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this area during slow wave sleep [16]. Modern neuroimaging methods 
based on fMRI showed that sleep deprivation reduces functional con-
nectivity between anterior cingulate cortex and posterior cingulate 
cortex in healthy individuals [57]. We found different level of connec-
tivity to various brain structures in this area in controls compared to 
NREM parasomnia patients. It is possible that NREM parasomnia pa-
tients react differently to sleep deprivation compared to healthy in-
dividuals. Furthermore, some degree of disturbed interhemispheric 
connectivity could also be suspected. 

Parahippocampal activity has been related to REM-like activity that 
emerges during sleep onset and might be responsible for vivid hypna-
gogic images [58]. REM-like parahippocampal slow activity occurs as a 
response to hypothalamic switch off effect during falling asleep and thus 
seems to further inhibit hippocampal activity during transition from 
wake to sleep. We found increased connectivity between thalamus and 
parahippocampal gyrus in DOA patients compared to controls. This 
could suggest increased tendency of NREM parasomnia patients to 
generate vivid visual imagery during sleep. It is well known that vivid 
dreams with very complex content are one of the symptoms of NREM 
parasomnias [59]. The fact that we did not see this activation in healthy 
controls who did not report vivid dreams in their medical history could 
be an explanation of this phenomenon. 

4.3. Conclusion 

Our results suggest an alteration of the sleep-wake transition in pa-
tients with NREM parasomnias in response to sleep deprivation. This 
alteration results from changes in neuronal activation and connectivity 
at both subcortical and cortical levels. Although we did not measure 
morphological parameters of the regions of interest, we suggest that the 
underlying causes of this alteration of sleep initiation lie in the disrup-
tion of the homeostatic regulation of sleep and wakefulness controlled 
by the thalamus and the thalamic response to certain stimuli, such as 
sleep deprivation, which may be altered in patients with NREM 
parasomnias. 

It could be debated whether the dissociation that we observed during 
falling asleep is a characteristic symptom of this sleep disorder as this 
might also be an increased tendency of local motor network to reduce 
the arousal threshold as an adaptive mechanism. We know that such a 
mechanism is found in nature, for example dolphins can perform a 
complex motor tasks such as swimming even while sleeping [60]. Thus, 
similar mechanism in humans might have been an evolutionary 
advantage allowing immediate motor response in life threatening 
situations. 

4.4. Implications for further research 

The role of thalamus and other structures that we saw to be specif-
ically activated in patients and controls during production of delta 
waves needs further examination by using the combination of EEG and 
fMRI methods in order to confirm their role in this mechanism and 
possibly by increasing the sample size also show the degree of this dif-
ference by more precise statistical analysis. Further research should 
therefore focus on these analyses in both transitional sleep stages and 
slow wave sleep. In relation to NREM parasomnias, these observations 
should be done also during and along the parasomnic events. 

4.5. Limitations 

The chosen combination of modern neuroimaging methods, hd-EEG 
and fMRI recording, present a number of technical limitations, taken 
both separately and combined. The detailed description of these issues 
was published by our previous methodological paper (Piorecky et al. , 
2020). 

From a clinical point of view, some limitations were brought up by 
extended sleep deprivation. Although we did not experience any major 

side effects of the procedure, this might have been challenging for our 
participants. This was also one of the reasons to complete the pilot study 
with a limited sample size. As a result, we were not able to always 
achieve adequate statistical power to provide further statistical com-
parisons. Confirmation of our findings with increased sample size would 
certainly be helpful in greater understanding of NREM parasomnias. 

Finally, the main limitations can be found in combination of the 
above-mentioned issues. Due to the extremely noisy environment for 
EEG registration within an active MRI scanner and the limited number of 
patients involved in the pilot study we observed only a negligible 
number of significant differences which survived the correction for 
multiple comparison in the EEG-fMRI data integration approach. All 
other results turned out to be insignificant after correction. 
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E. Miletínová: Conceptualization, Methodology, Formal analysis, 
Data curation, Writing – original draft, Writing – review & editing, 
Project administration. M. Piorecký: Conceptualization, Methodology, 
Software, Validation, Formal analysis, Writing – review & editing, 
Visualization. V. Koudelka: Conceptualization, Validation, Software, 
Resources, Writing – original draft, Writing – review & editing. S. 
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