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Study Objectives: To examine scalp and source power topography in sleep arousals disorders (SADs) using high-density EEG (hdEEG).
Methods: Fifteen adult subjects with sleep arousal disorders (SADs) and 15 age- and gender-matched good sleeping healthy controls were recorded in a

sleep laboratory setting using a 256 channel EEG system.

Results: Scalp EEG analysis of all night NREM sleep revealed a localized decrease in slow wave activity (SWA) power (1-4 Hz) over centro-parietal regions
relative to the rest of the brain in SADs compared to good sleeping healthy controls. Source modelling analysis of 5-minute segments taken from N3 during
the first half of the night revealed that the local decrease in SWA power was prominent at the level of the cingulate, motor, and sensori-motor associative
cortices. Similar patterns were also evident during REM sleep and wake. These differences in local sleep were present in the absence of any detectable

clinical or electrophysiological sign of arousal.

Conclusions: Overall, results suggest the presence of local sleep differences in the brain of SADs patients during nights without clinical episodes. The
persistence of similar topographical changes in local EEG power during REM sleep and wakefulness points to trait-like functional changes that cross

the boundaries of NREM sleep. The regions identified by source imaging are consistent with the current neurophysiological understanding of SADs as a
disorder caused by local arousals in motor and cingulate cortices. Persistent localized changes in neuronal excitability may predispose affected subjects to

clinical episodes.
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Significance

and sensori-motor associative cortices.

The current study shows the existence of local sleep differences in patients affected by sleep arousals disorders, a group of NREM sleep parasomnias
including sleepwalking and night terrors. Differences consisted of a relative reduction in slow wave activity across the sleep/wake cycle in motor, limbic,

INTRODUCTION
It is now clear that sleep and waking states are not always
whole-brain phenomena regulated strictly at the global level.
In fact, along a continuum of brain states, features of NREM
sleep, REM sleep and wake can coexist. Marine mammals and
birds for instance, can sleep with one brain hemisphere while
the other one is awake, and in rodents and humans sleep and
wakefulness can co-occur even within the same cortical area in
different cortical columns or layers, often after extended wake
or during the transition from one behavioral state to another." '
In some more extreme cases, however, the abnormal ad-
mixture of sleep and wakefulness results in pathological con-
ditions known as parasomnias." Specifically, the disruption
of the mechanisms underlying the transition between NREM
sleep and wake has been proposed to account for the so-called
“disorders of arousal.” Sleep arousal disorders (SADs), which
mainly include sleepwalking and night terrors, are the most
striking forms of NREM sleep parasomnias and dissociative
states in humans.” Affected patients may exhibit waking be-
haviors arising abruptly out of NREM sleep, such as sitting
up in bed, screaming, crying, or ambulating. While they re-
main unresponsive to the external environment, their EEG
shows typical sleep features, and they may occasionally report
dreaming.'®’” SADs are common and potentially dangerous
sleep disorders. They have a prevalence of up to 20% during
childhood and up to 4% during adulthood."®2° Patients can
cause severe injuries to themselves and others*?> and suffer
from daytime adverse consequences such as excessive daytime
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sleepiness (EDS) and increased sensitivity to the cognitive im-
pairment caused by sleep deprivation.*°

The mechanisms underlying SADs are poorly understood.
Behavioral episodes are associated with the emergence of
wake-like activation in motor and limbic regions, and with a
paradoxical increase in measures of sleep intensity including
slow waves over a fronto-parietal network.?**3* It remains
unclear, however, whether abnormal local patterns of brain
activity persist outside of clinical episodes. Scalp sleep EEG
studies have described increased sleep fragmentation and
several slow wave abnormalities, including decreased slow
wave activity during the first sleep cycle and abnormal slow
waves build up over the course of the night.'>*-* However,
these studies were limited to the analysis of only one central
lead or a small number of electrodes, and thus could not de-
termine whether sleep alterations were local or global. Here
we addressed this question by performing high-density EEG
(hdEEG) recordings with 256 channels in a group of adult pa-
tients with sleepwalking and/or night terrors.

METHODS

Fifteen adult subjects with a diagnosis of SADs and an equal
number of sex- and age-matched healthy controls were included
for analysis. Patients were identified retrospectively by exam-
ining all subjects meeting the diagnostic criteria for SADs
according to ICSD-3%* who had undergone overnight polysom-
nography (PSG) testing with combined hdEEG (hdPSG) at the
Wisconsin Sleep Laboratory between December 2008 and May
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Table 1—Demographics and clinical features for the patient population.

ID Age Sex Subtype Onset

1 21 F SW, NT Adolescence
2 26 F SW Adolescence
3 27 F NT, SW Childhood
4 28 F SW Adolescence
5 28 F SW, NT Adulthood
6 32 F SW Childhood
7 36 F SW Childhood
8 37 F SW Childhood
9 40 F SW, NT Childhood
10 24 M NT Childhood
1" 33 M SW Childhood
12 37 M SW Childhood
13 39 M SW, NT Childhood
14 43 M NT Childhood
15 49 M SW Childhood

The table lists the demographics (age and sex) and the clinical features (subtype of NREM parasomnia, onset and frequency of clinical episodes, and drug
status at the time of the recording) of the patient group used for analyses. Drugs were not taken the day of the recording except for citalopram (¥). F, female;
M, male; SW, sleep walking; NT, night terrors; PD, panic disorder; GAD, generalized anxiety disorder; PTSD, posttraumatic stress disorder (not active);
MDD, major depressive disorder (one episode several years before, currently remitted).

Frequency Drugs Psychiatric Comorbidities
1/week None None
2/months Cetirizine None
1-2/week None None

Clusters Loratadine PD

1/month Citalopram* GAD
5lweek Loratadine None
1/month Diphenhydramine PTSD
Clusters None None
1/day Loratadine None
2/week Melatonin None
1/month None None
2/month Venlafaxine MDD
4/week Diphenhydramine None
1-3/day None None
1-2/months None None

2015. Data were extracted from electronic medical records
with a waiver of informed consent and authorization. Matched
control participants were drawn from two other studies con-
ducted at the University of Wisconsin-Madison sleep labora-
tory, both with similar procedures for recording sleep hdPSG
as the patient group. All controls participants provided written
consent before the study. All study procedures were reviewed
and approved by the University of Wisconsin Health Sciences
Institutional Review Board.

NREM Parasomnia Patients

Each patient was evaluated by a physician board-certified in
Sleep Medicine and referred to the sleep laboratory for poly-
somnographic evaluation with extended EEG monitoring be-
cause of a clinical history of parasomnia behavior. Good quality
recordings were available for 15 patients not currently taking
sedative-hypnotic medications. Table 1 presents a summary of
the clinical characteristics and the drug status at the time of
the recording for all the patients included in the analyses. The
group included 2 subjects with final diagnoses of night terrors
only, 5 with both night terrors and sleepwalking, and 8 with
sleepwalking only. Four of the patients had at least one partial
event (e.g. sitting upright and yelling) during the time of the
recording. All patients reported relatively frequent clinical epi-
sodes (at least one episode per month). SAD onset ranged from
early childhood to adulthood. Patients were screened for the
presence of apneas and periodic leg movements during sleep.
None of the selected patients had an apnea-hypopnea index
(AHI) > 5 events/h or a periodic limb movement arousal index
during sleep (PLMSAI) > 10/h of sleep. Four patients had a
psychiatric diagnosis: one with panic disorder not pharmaco-
logically treated, one with major depressive disorder (single
episode, remitted) in treatment with venlafaxine 75 mg per day,
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one with generalized anxiety disorder treated with citalopram
20 mg per day, and one with posttraumatic stress disorder (cur-
rently remitted, and not under treatment). All patients com-
pleted the Epworth Sleepiness Scale (ESS)* on the day of the
recording.

Healthy Controls

Age and sex-matched control participants were drawn from a
pool of subjects selected for being good sleepers, who partici-
pated as controls in a study on sleep homeostasis in depression
(n = 3),°° or in a study on the effects of meditation (n = 14).”’
Both studies were also performed at the Wisconsin Labora-
tory. Exclusion criteria were (1) any current or past neuropsy-
chiatric condition; (2) use of any psychotropic medication or
medication that could affect sleep; and (3) evidence of any
sleep disorder. All subjects had an initial phone screening and
a thorough in person screening visit to determine eligibility.
They were asked to complete a sleep diary for at least one week
and refrain from hypnotics or drugs that would affect sleep for
at least two weeks. Subjects were screened for the presence of
psychiatric disorders using a non-patient Structured Clinical
Interview for DSM-5 SCID, the Profile of Mood States,*® the
Montgomery Asberg Depression Rating Scale (MADRS)®
(for the sleep homeostasis study only), or with a medical and
psychiatric screening interview and several questionnaires
including the Quick Inventory of Depressive Symptoms® and
the Symptom Checklist-90-Revised® (for the meditation study
only). Additionally, each participant completed validated sleep
rating scales, including the Stanford Sleepiness Scale® (both
studies), and the ESS (meditation study only). Controls were
screened for the presence of apneas and periodic leg move-
ments during sleep. As was the case with the SADs group,
none of the selected controls had an AHI > 5 events per hour
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or a PLMSAI > 10. None of the controls suffered from any
psychiatric or sleep disorder or was taking any psychotropic
medication at the time of the recording.

General Protocol

Sleep Recordings

All participants underwent an overnight in-laboratory hdEEG
recording collected with vertex referencing (256 channels;
Electrical Geodesics Inc., Eugene, OR). Lights out was within
one hour of the participants most consistently reported bedtime.
Three of the parasomnia patients were allowed to sleep ad li-
bitum in the sleep laboratory because they also reported day-
time sleepiness and had multiple sleep latency testing (MSLT)
the following day; MSLT results were normal for all subjects
(mean sleep latencies 11.4 min, 16.2 min, and no sleep, respec-
tively), and no REM sleep periods were observed at sleep onset
in any of the three patients. The rest of the patients and all con-
trols were awakened at approximately 06:00—-07:00 according
to clinical procedures for the laboratory. Sleep staging was per-
formed by registered polysomnographic technicians according
to standard criteria using Alice Sleepware (Philips Respi-
ronics, Murrysville, PA) based on 30-s epochs for 6 EEG chan-
nels at approximate 10—20 locations derived from the hdEEG
array with bipolar re-referencing (F3/M2, F4/M1, C3/M2, C4/
M1, O1/M2, 02/M1), EOG, and submental EMG.** Sleep-dis-
ordered breathing and periodic limb movement disorder were
ruled out with concurrent PSG. All staging and scoring was
reviewed by a board-certified sleep physician (RB).

EEG Scalp Analysis

SADs clinical manifestations occur during stage 3 (N3) in
around 80% of cases, and during stage 2 (N2) in the remaining
20% of cases.®> A first analysis was therefore conducted on
combined N2N3. A follow-up analysis focused on N2 and N3
separately, as well as on transitional stage N1, REM sleep, and
wakefulness, in order to verify potential differences in local
power extending outside NREM sleep.

All EEG signals were collected at 500 Hz and high-pass
filtered at 0.1 Hz. Prior to spectral analysis, each signal was
down-sampled to 200 Hz, band-pass filtered (2-way least-
squares FIR, 1-40 Hz) in MATLAB (The MathWorks Inc.,
Natick, MA), re-referenced to the average of the scalp voltage
for all 256 channels, and divided into consecutive 6-s epochs.
Semiautomatic artifact rejection procedures were utilized to
remove channels and epochs with high frequency noise or
interrupted contact with the scalp, as done in other recent
studies.®®-%® Specifically, thresholds were automatically cal-
culated for low (1-4 Hz) and high (20-40 Hz) frequency
ranges at the 99" percentile for each channel. Spectral power
in these ranges across all 6-s NREM epochs for each channel
was plotted and visually inspected. Channels with artifacts
affecting a majority of the recording at the visual inspection
were removed. Additional spectral-based and topographic
procedures were used to remove individual channels with
distinctly greater power relative to neighboring channels.
The removed channels were interpolated using spherical in-
terpolation. Overall, > 70% of the data recordings and > 200
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of the channels for each participant were retained after the
cleaning procedure.

Spectral analysis was performed using all clean 6-s epochs
within NREM sleep (Welch averaged modified periodogram
with a Hamming window). To increase the signal-to-noise ratio,
scalp analyses were restricted to inside channels, yielding 173
channels overlaying the scalp, excluding channels from the
face and the neck. For topographic analysis, average spectral
density was computed for 6 frequency ranges (slow wave ac-
tivity or delta: 1-4 Hz; theta: 4—8 Hz; alpha: 8—12 Hz; sigma:
12-16 Hz; beta: 15-25 Hz; and low gamma: 25-40 Hz), con-
sistent with previous studies.®*¢77*7! Topographic maps of both
absolute average referenced data and subject-normalized data
(z-score across channels) were examined.

Wake and REM sleep were analyzed using a similar proce-
dure. As one subject did not have enough wake before sleep
onset, only 14 patients and 14 matched controls were retained
for analyses. Bad channels and bad epochs were visually identi-
fied, rejected, and replaced with data interpolated from nearby
channels using spherical interpolation in MATLAB. Addi-
tional bad channels and epochs were identified using the same
spectral and threshold methods described before. Independent
Component Analysis (ICA) was performed to remove ocular,
electrocardiograph, and remaining muscular artifacts using
EEGLAB routines.®” Principal component analysis (PCA) was
performed before ICA to reduce the number of components
to 128. Only ICA components with specific activity patterns
and component maps characteristic of artifactual activity were
removed.”” After excluding electrodes located on the neck/face
region, the signal was re-referenced to the average of the re-
maining 173 channels.

EEG Source Modeling
Data for source modeling estimates were obtained by visually
selecting 5-min of continuous sleep for each subject, using the
same procedure as a recent study on insomnia.®® There were
several reasons for the use of short, continuous segments: (1)
source imaging was computationally practical; (2) it was pos-
sible to visually inspect the entire segment, in order to rule
out the inclusion of arousal, muscle or eye movement artifacts;
(3) segments were comparable for duration and (4) data could
be collected at a similar circadian time for all subjects. Be-
cause SWA power abnormalities in SADs have been mostly
described within N3 from the first 2-3 hours of sleep,! seg-
ments were selected from the first part of the night, and pri-
marily from N3 sleep during the first sleep cycle. However, if
insufficient continuous N3 sleep was scored, or when there
was no deep sleep during the first sleep cycle, segments with
some N2 and/or during the second cycle were selected, with a
preference for taking the most continuous N3 epochs. Almost
all segments were taken from N3 occurring in the first sleep
cycle (except for one patient and 3 controls, for which the seg-
ments were taken from the second cycle). For all participants,
selected segments were within 3 hours of sleep onset and were
at least one minute away from any noticeable arousal.
Distributed source imaging is significantly improved by
using as many electrodes covering the head surface as pos-
sible.”® Thus, each individual segment was reexamined to
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Table 2—Demographics and sleep parameters.

SADs Control P
Age 333179 333177 0.993
Sex (F/M) 9/6 9/6 1.000
TST (min)* 448.4 +87.7 390.9 £50.0 0.038
WASO (min)* 67.2£50.5 55.0 £43.2 0.483
SOL (min)* 144 +14.0 128+ 7.1 0.709
REML (min)* 150.8 £ 75.9 111.7+£50.5 0.110
SE (%) 85.1+10.0 85.5+10.3 0.926
N1 (%) 89+58 7635 0.438
N2 (%) 62.8+5.9 62.3 £16.0 0.912
N3 (%) 10.0+74 9.3+83 0.809
REM (%) 18.3+6.4 16.8 £4.6 0.479
Al (#/h) 12+£23 0913 0.676
AWI N2N3 (#/h) 1.7+09 1.7+08 0.972
AWI N2 (#/h) 1609 16038 0.877
AWI N3 (#/h) 0704 03+0.2 0.001

Patients (SADs) and healthy controls were strictly age- and sex-
matched. General sleep architecture was preserved in patients, with
no significant differences in the percent of total sleep time spent in the
different stages between the 2 groups. The arousal index (Al) also did
not differ between groups. However, when awakenings (AWI)—i.e. low-
voltage high-frequency EEG activity longer than 15 seconds—were
considered, a significant difference between groups was found for
N3 (P = 0.001), but not for N2 and N3 taken together, nor for N2 only.
Due to technical difficulties during the start of 2 studies (in the control
group), statistics for total sleep time (TST), waking after sleep onset
(WASO), sleep efficiency (SE), sleep onset latency (SOL), and REM
latency (REML) were calculated on the remaining matched subjects.
*Parameters for which statistics were limited to 12 SADs and matched
controls. F, female; M, male.

identify bad channels, which were subsequently replaced by
spherical interpolation to ensure that all 256 channels could be
used in the source estimation. Source imaging was performed
using GeoSource 2.0 (Electrical Geodesics Inc., Eugene, OR)
on the 5-min continuous segments of EEG data described
above, as in previous studies.®®”"™ In order to examine the
source of power for SWA, the segments described above were
further band-pass filtered (2-way least-squares FIR, 1-4 Hz) in
MATLAB, before source localization.

Statistical Analysis

Between-group differences in demographic and polysomno-
graphic variables, as well as global EEG power spectra, were
evaluated with unpaired, 2-tailed t-tests. Scalp topography
and source images were analyzed using statistical nonpara-
metric mapping with supra-threshold cluster tests to correct
for multiple comparisons,”® as done before using an appro-
priate threshold t-value (t = 2 with 50,000 permutations).’”¢¢68
Although this test faithfully addresses the problem of multiple
comparisons across an image, it should also be noted that we
did not attempt to strictly correct for the issue of multiple
testing across different comparisons (for example across
stage) given the exploratory nature of this study. A mixed
model analysis of variance (ANOVA) was used to determine
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the interaction effect between groups and stages, and between
groups and cycles, in the region of interest (ROI) identified by
the cluster test analysis. Correlations were assessed using the
nonparametric Spearman rank-order correlation. All statistical
analyses were performed using MATLAB.

RESULTS

Although the assessment of sleep architecture was not the main
focus of this study, we first analyzed group differences in sleep
structure. SADs patients had an increased number of awaken-
ings out of N3 (P = 0.0002), in the absence of any significant
disruption in general sleep architecture (Table 2). The total
sleep time (TST) was greater in the SADs group (P = 0.038),
however this difference was primarily driven by 2 outliers in
the patient group who were allowed to sleep ad libitum, and
was no longer observed when a second analysis was carried
removing these 2 subjects (P = 0.142).

SADs participants demonstrated borderline levels
of daytime sleepiness according to ESS scores
(mean + standard deviation = 8.7 + 4.61), with 6 subjects
scoring > 10, whereas all controls for which the scale was
available (n = 12) scored within the range of normality
(mean =+ standard deviation = 4.3 + 2.63), resulting in a signifi-
cant difference between groups (P = 0.005) (Figure S1 in the
supplemental material). Considering only twelve controls and
twelve age-matched matched SADs yielded a similar result
(P =0.004). The difference was even larger when only the sub-
group of 8§ patients with sleepwalking not associated with night
terrors and 8 matched controls were selected (SADs =10.4 3.3
vs. 3.8 £ 2.7, P =0.0022). No correlations were found between
ESS and the frequency of awakenings out of N3 (r = —0.24,
P =0.35), between the frequency of awakenings out of N3 and
the frequency of episodes (r =—0.09, P = 0.74), or between ESS
and the frequency of episodes (r = —0.20, P = 0.42).

Global EEG power spectra (power spectral density averaged
across all scalp channels) did not differ between SADs patients
and controls (Figure S2 in the supplemental material). This
was the case for all sleep stages (N2N3, N1, REM sleep, Wake),
and persisted when exploratory analyses were conducted in N2
and N3 separately, and in early sleep relative to late sleep (first
vs. fourth sleep cycle; data not shown).

Next, we focused on local EEG changes. While there were
no differences between the 2 groups when absolute values
were compared (Figure 1), significant changes were apparent
in normalized SWA topography across channels. Specifically,
during N2N3 SADs patients showed a significant decrease in
SWA power in a cluster of electrodes that spanned centro-pari-
etal areas (25 channels, P = 0.0038). A cluster of fronto-central
channels showed higher SWA in SAD patients, but this cluster
did not survive multi-comparison analyses. Moreover, no other
frequency band showed differences between the 2 groups that
survived SNPM correction.

Similar results were found when N2N3 in the first and the
second halves of the night were considered separately (first, 23
channels, P = 0.015; last, 17 channels, P = 0.0366). In order
assess whether the effect was stronger during the first cycle
as suggested by previous literature,*3*# we ran a mixed
model ANOVA over a region of interest. The region of interest
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Figure 1—Topographical analysis of N2N3 sleep EEG. Topoplots showing the regional decrease in normalized SWA power in patients (SADs) versus
healthy controls. Rows represent frequency bands of interest as indicated: SWA (1-4 Hz), Theta (4-8 Hz), Alpha (8-12 Hz), Sigma (12-15 Hz), Beta
(15-25 Hz), Low Gamma (25-40 Hz). First column: average NREM sleep EEG topographies across frequency bands for SADs subjects. Second column:
topographical averages for healthy control matches during NREM sleep, scaled the same as SADs subjects. Third column: Map showing the individual
electrode t-value (two-tailed, unpaired) maps for the comparison between SADs and control subjects in terms of absolute power. Blue values represent
a decrease in absolute EEG power in SADs subjects relative to controls (SADs < control) and red values represent an increase (SADs > control). Fourth
column: Same as third column except that each subject was spatially normalized using the z-score across electrodes before creating the t-value comparison.
White dots indicate channels that belong to a statistically significant cluster of electrodes (P < 0.05) using statistical nonparametric mapping suprathreshold
cluster testing. Black dots indicate individual channels with P < 0.05 (uncorrected).
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(ROI) was defined as the cluster of 25 electrodes significantly
reduced in SWA power density for SADs relative to controls
in N2N3. The effect was equally strong during the first cycle
compared to the fourth cycle (¥4 = 0.01, P = 0.91). The de-
crease in SWA power also persisted when N2 and N3 were ana-
lyzed separately (N2, 30 channels, P = 0.0033; N3, 24 channels,
P =0.0176), with no statistical difference between the 2 stages
(F1.14=0.96, P =0.75).

A separate analysis found that a relative decrease in SWA
power in a similar centro-parietal area was also evident in N1
(19 channels, 100% of which belong also to the cluster in N2N3,
P = 0.0241) (Figure 2). There was an additional decrease in
alpha power over the same regions (30 channels, P = 0.0065)
(data not shown). A trend for a decline in SWA power in centro-
parietal areas was also present in SADs patients during REM
sleep, although the change did not reach statistical significance
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(12 channels, 91% of which of which belong also to the cluster
in N2N3, P = 0.075, 50000 permutations). Artifact-free wake
epochs that occurred while subjects were in bed before sleep
onset were also analyzed, and showed again a strong trend
toward a decrease in EEG SWA power over the same cen-
tral areas in SADs patients relative to controls (13 channels,
100% of which belong also to the cluster in N2N3, P = 0.054)
(Figure 2).

No interaction effect between groups and stages was found
in a mixed-model ANOVA (Fi 4 = 0.17, P = 0.92), suggesting
that the effect persisted across the entire sleep/wake cycle. No
correlations were found between the average normalized SWA
power decrease in N2N3 over the centro-parietal cluster of 25
electrodes (see Figure 1), and clinical measures such as fre-
quency of episodes (number of episodes per month; r = —0.35,
P = 0.17), daytime sleepiness (measured by ESS; r = 0.20,
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Figure 2—SWA topography across the sleep/wake cycle. Same as Figure 1 except only SWA band is shown (1-4 Hz), this time across different phases of
the sleep/wake cycle (wake, N1, N2, N3, and REM). Note similarity between sleep/wake phases (fourth column) and consistent differences between groups
(clusters of white and gray dots) regardless of the sleep/wake phase. White dots belong to significant clusters (P < 0.05) using SnPM for multi-comparison
correction. Gray dots belong to clusters with a trend for significance (P < 0.08). Black dots indicate individual channels with P < 0.05 (uncorrected). Note,
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P = 0.45) or sleep fragmentation (the number of awakening
from N3 per hour — N3 AWI; r =-0.23, P =0.37).

In order to estimate the cortical areas which might be re-
sponsible for these local differences in scalp topography, we
selected 5 minutes of the deepest continuous NREM sleep
available (stage N3) for all subjects (see Methods). A local de-
crease in scalp SWA power in centro-parietal regions was still
evident in patients compared to controls for these segments
(31 channels, P = 0.007). There was an 87% of the channels
in the NREM sleep all-night cluster overlapping with the seg-
ment data cluster.

Source localization confirmed the presence of a signifi-
cant reduction in normalized SWA power, which survived
the SNPM cluster test (318 voxels, P = 0.0277). The areas
that showed the most consistent decrease in power in patients
versus controls were the cingulate cortex, the motor and pre-
motor/supplementary motor cortices, the associative somato-
sensory cortices, the visual associative cortex, and associative
parietal areas like the superior parietal lobule and the precu-
neus (Table 3 and Figure 3). As was the case for the N2 and
N3 scalp SWA topography (see Figure 2), there were local
areas of apparent increased SWA; however, these areas did not
survive multiple comparison correction tests. Voxels with in-
creased SWA in parasomnia patients relative to controls that
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were significance only at the level of individual t-test appeared
in the orbitofrontal cortex (OFC), the ventro-medial prefrontal
cortex (VMPFC), the angular cortex (AC), and the primary
sensory cortex (SI).

All scalp analyses were repeated for a subgroup of 11 patients
with no psychiatric comorbidities and matched controls and
for a subgroup consisting of the 8 patients who only reported
sleepwalking. Overall, results for these subgroups were con-
sistent with the described findings for the main group analysis
showing a decrease in SWA power during N2N3 (Figure S3 in
the supplemental material).

DISCUSSION

This is the first study investigating SADs using hdEEG record-
ings, which allowed for the analysis of local sleep changes in
EEG power topography with high spatial resolution. We exam-
ined a group of fifteen subjects diagnosed with sleepwalking
and/or night terrors compared to fifteen age- and sex-matched
healthy controls. SADs patients showed a reduction of nor-
malized SWA power that was localized to centro-parietal re-
gions, in contrast with preserved global EEG power. While
a decrease in SWA power in SADs has been repeatedly re-
ported in the literature, the topography of this decrease had
not yet been characterized, due to the low spatial resolution
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Table 3—Significant dipoles ranked by averaged t-value.
SWA Power (1-4 Hz)

BA BA % sum T aveT
vPCC 23 38 -19.82 -3.30
dPCC 31 61 -130.65 -2.90
vACC 24 68 -96.55 -2.68
V3/V4IV5 19 15 -45.28 -2.52
SPL/P 7 51 -176.04 -2.45
PMC/SMC 6 52 -226.60 -2.44
SPL/P 5 58 -26.59 -2.42
M1 4 39 -35.59 -2.37
AG 40 7 -23.12 -2.31
S1 2 16 -6.84 -2.28
V2 18 1 -2.21 -2.21
S2 3 16 -8.72 -2.18
rCC 29 13 -4.36 -2.18
DLPC 9 1 -2.12 -2.12
SMG 39 1 -2.02 -2.02

The table lists the significant dipoles found using SNPM cluster
test between SADs and controls for SWA power source imaging.
BA, Brodmann area assigned to dipoles; BA %, % of significant dipoles
relative to the entire BA; sum T, cumulative t-value over all the significant
dipoles; ave T, average t-value over significant dipoles for those areas;
VvPCC, ventral posterior cingulate cortex; dPCC, dorsal posterior
cingulate cortex; vACC, ventral anterior cingulate cortex; V2/V3/V4/
V5, visual associative cortex; SLP/P, superior parietal lobule/precuneus;
PMC/SMC, premotor cortex/supplementary motor cortex; M1, primary
motor cortex; AG angular gyrus; S1/S2, primary somatosensory cortex;
rCC, retrosplenial cingulate cortex; DLPC, dorsolateral prefrontal cortex;
SMG, supramarginal gyrus.

of standard low-density EEG techniques and the focus on a
single lead. Specifically, Gaudreau et al. studied SWA power in
a group of fifteen sleepwalkers using two leads (C3/A2, O2/A1)
and only kept the central lead for analysis.*® Similarly, Guil-
leminault et al. studied SWA power in a group of twelve sleep-
walkers, using four leads (Fz/A1-A2, C2/A2, C4/Al, Ol/Al),
and restricted the analysis to C4; they found a reduction in
SWA power over central leads, which reached significance
only during the first cycle.* They subsequently confirmed this
result for a group of ten sleepwalkers, but again limited the
analysis to C4.*° Another study in a mixed sample of patients
with sleepwalking (three), night terrors (six), or both (two) re-
corded over two central leads (C3/A2 and C4/A1), did not find
any significant differences in any frequency bins for the all
night absolute SWA power between patients and controls.*
However, when the distribution of SWA power was considered
over time, they again found an abnormal slow wave build-up,
with a significant decrease in SWA power during the first cycle
in patients versus controls. Of note, our main result was ob-
tained after data normalization across channels to reduce the
inter-subject variability, a procedure not applicable in studies
using a small number of channels. Moreover, the significant
centro-parietal cluster of reduced SWA power observed in
SADs in the present study did not overlap with C3/C4, which
had been chosen for analysis in previous studies.
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Figure 3—Regional decrease in normalized SWA power. Inflated
cortical map showing the results for SWA power source analysis using
artifact- and arousal-free 5 minute segments selected from N3. On
the top left: lateral surface of the left hemisphere. On the bottom left:
lateral surface of the right hemisphere on the bottom left, on the top
right: medial surface of the left hemisphere, on the bottom right: medial
surface of the right hemisphere. In blue the T-values of the areas that
were significantly different (P < 0.05) between SADs and healthy controls
using SNPM cluster test. Functional areas that are most significantly
different include the cingulate cortex (Brodmann areas: 23, 24, 29, 31),
motor and premotor/supplementary motor cortices (Broadmann areas:
4 and 6), primary and associative somatosensory cortices (Broadmann
areas: 2, 3 and 5), visual associative cortex (Brodmann areas: 18 and 19)
and parietal multi-modal associative cortex (Brodmann area: 7). In red
the areas where the increase in SWA power was significantly different
(P < 0.05) between SADs and healthy controls at the uncorrected
voxel-level.

T-value

Given the increased number of arousals between the two
groups in N3, it cannot be excluded that the observed effects
are the consequence of sleep disruption. However, power to-
pography examination (Figure 1) revealed noticeable differ-
ences compared to previous findings in other sleep disorders,
like OSA (obstructive sleep apneas),’® insomnia,*® and depres-
sion.”” A study on seven MDD patients with hypersomnia
(HYS), seven MDD without HYS and seven healthy controls
revealed a decrease in absolute SWA activity over a parieto-
occipital cluster in depressed patients with hypersomnia.””
A similar parieto-occipital decrease in power was found for
a group of nine asymptomatic OSA.® These clusters were
located more posteriorly than the one described for SAD in
normalized SWA power. In OSA patients, the reduction in
normalized SWA power was evident across several frequency
bands; in contrast to our present findings in SADs, it was also
not associated with any observable frontal increase in SWA
power. A more recent study on eight chronic insomnia subjects
revealed an increase in absolute power in high frequencies (>
16 Hz) during NREM sleep, and a localized absolute increase
in alpha power over primary sensory areas during N3 sleep.*®

We did not find any correlations between the regional change
in SWA power and the clinical features considered (ESS, N3-
AWI, frequency of episodes). This negative finding should be
treated with caution, since the frequency of parasomnia epi-
sodes was based on the patients’ clinical report, without the
aid of standardized scales, which could be biased by significant
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amnestic factors. Moreover, since sub-threshold local activa-
tions can occur in the absence of any clinical manifestation,
overt behavioral events might not be a relevant feature to cor-
relate with topographical changes in sleep EEG power. On the
other hand, our results are in line with Lopez et al.,”” who, in a
study of 30 SADs patients with a diagnosis of sleepwalking or
night terrors, did not find any correlation between subjective or
objective measures of excessive daytime sleepiness and clinical
or polysomnographic parameters. Given the group difference
we observed in sleepiness between SADs and controls in our
study and that local changes in power were evident throughout
the sleep/wake cycle, it is interesting to speculate whether
EDS may represent a waking manifestation of blurred state
boundaries. A recent neuropsychological investigation of ex-
ecutive functions in SADs showed that daytime consequences
of sleepwalking are not limited to EDS, as it includes cogni-
tive impairments in the form of disrupted inhibitory control
following sleep deprivation.’® Fatigue during wake could be
related to increased frontal lobe susceptibility to sleep-depri-
vation. Regardless, these results provide further evidence for a
possible dissociation between local EEG changes and clinical
SADs episodes, which occur exclusively during N2N3 sleep,
and especially during N3 and the first 1-3 hours of sleep."
Source localization analysis suggested that the main areas
showing the local decrease in SWA were the cingulate cortex,
motor cortex, and to a lesser extent sensory, sensory-motor
associative areas and the precuneus. This latter cortical area
probably plays a central role in a wide spectrum of highly
integrated tasks, including visuo-spatial imagery, episodic
memory retrieval and self-processing operations, namely first-
person perspective taking and an experience of agency,”® in
line with conscious experiences sometimes reported by adult
patients with SADs.? Furthermore, the areas highlighted by
source localization largely overlap with the ones found to be
activated during sleepwalking episodes.?**'** Bassetti et al., in
a SPECT case study found that the highest increases of regional
cerebral blood flow during sleepwalking, compared with quiet
stage N3 sleep, were located in the anterior cerebellum and
in the posterior cingulate cortex.” By contrast, large areas of
frontal and parietal association cortices remained deactivated,
compared to data obtained from 24 normal volunteers during
wakefulness. Subsequently, three stereo-EEG case studies
showed the simultaneous coexistence of sleep-like patterns
over fronto-parietal associative networks, and wake-like pat-
terns characterized by low-voltage fast activity over the motor
and the cingulate cortex.*’** Janusko et al., in a low resolu-
tion (23 channels) source imaging EEG study using eLORETA
found an increase in brain activation during the 4-second pe-
riod preceding the onset of sleepwalking, with greater current
density within the beta 3 frequency range (24-30 Hz) in Brod-
mann areas 33 and 24 (pregenual and ventral anterior cingu-
late cortex),** although they did not compare patients with age
matched controls. It has been hypothesized that local arousal
in the motor and cingulate cortices is at the root of the motor
behaviors peculiar to SADs.* This might represent an exag-
geration of the normal tendency of these local networks to ex-
hibit a lower arousal threshold, which may have evolved by
natural selection to increase the chance of survival by favoring
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a prompt motor response in case of dangers.® Of note, a TMS
study performed on eight sleepwalkers during waking revealed
increased excitability of the motor cortex compared to healthy
controls,” again consistent with the hypothesis that, in SADs,
specific motor-limbic thalamocortical circuits may show an in-
creased propensity for local activation.

Although the finding of a local increase in SWA power did
not survive multiple comparison correction, and thus should
be considered extremely cautiously, its specific localization
makes it worthy of notice. The OFC, VMPFC, and AG are
cross-modal hubs where converging multisensory informa-
tion is combined and integrated. Specifically, the OFC and the
VMPFC have been proposed as critical structures in a neural
systems representation of the affective value of reinforcers
and in decision making,**®" while the AG has been implicated
in reorienting attention to relevant information, integrating
multi-sensory information to comprehend and give sense to
events, and manipulating mental representations.® During be-
havioral episodes, patients are largely unresponsive to their ex-
ternal environment and act inappropriately to circumstances,
suggesting that these higher order regions may be sleeping
deeper than other brain regions, and thus, do not fully awake
during episodes. Moreover, during sleepwalking episodes,
patients are not awakened by nociceptive stimulation. An in-
crease in sleep at the level of the primary sensory cortex and
in the prefrontal cortex, two regions considered central in pain
processing, could potentially explain this phenomenon,®* al-
though this hypothesis remains highly speculative.

Overall, the observed changes in SWA power suggest a
local dysregulation of sleep/wake processes in SADs even out-
side full-blown clinical episodes.

Limitations and Future Directions

While the total number of subjects considered had adequate
statistical power for patient/control comparisons, the hetero-
geneity of SADs subtypes and their frequent overlap" limited
the possibility of several interesting intra-group comparisons
and stratification analyses. Furthermore, while groups were
age- and sex-matched, the sample size here did not allow for
appropriate evaluation of sex differences. On the other hand,
sleepwalking and night terrors are thought to share a similar
etiopathogenetic background,"” supporting our choice to group
both patient populations in our analyses.

We restricted the analysis of local sleep EEG power in SADs
to a sample of adult subjects. This was done to reduce poten-
tial biases due to differences in brain maturation and EEG
net sizes. Larger studies are required to confirm the presence
of local changes in sleep EEG power in children with SADs.
These studies would be of particular interest considering the
higher presence of these disorders prior to teenage.

Patients with parasomnias often show increased anxiety
levels, susceptibility to stress and coexistent sleep disor-
ders,'®8485 although our study was not intended to address these
relationships. We minimized comorbidities by not including
data from patients taking sedative-hypnotic medications or
with above threshold apnea-hypopnea or periodic limb move-
ment indices. Still, as our sample included four patients with
psychiatric disorders, in contrast with none among controls, a
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separate analysis was conducted without these patients to con-
trol for the bias related to psychiatric disorders and medication,
with similar results. Although this approach can help deter-
mine what is specific to SAD, it could also be argued that our
patient group was not representative of the SAD community.
A larger sample size study would therefore be needed to fully
assess the sensitivity and specificity of local sleep dysregula-
tion in SAD. Moreover, given the interest in using parasomnia
diagnoses in criminal cases,* it is important to point out that
evidence of local sleep dysregulation as yet could not estab-
lish causality of a remote event and is therefore unlikely to be
useful in forensic cases.

Another potential caveat includes the fact that we did not
have controlled experimental conditions during the acquisition
of waking EEG. This was due to the fact that the present study
retrospectively analyzed EEG datasets acquired for clinical
purposes. Wakefulness data were extracted from quiet periods
in between the end of electrode net setup and the start of the
overnight recording. The time required for technical settings
and calibrations, however, provided sufficient stable periods of
quiet waking (more than 5 minutes per subject).

Unfortunately, the Paris Arousal Disorders scale®” was not
assessed in our subjects, as it was only recently published and
was therefore not a part of routine clinical practice during data
collection. Moreover, as we did not use identical question-
naires or assessments, SADs and control subjects could not
be directly compared on relevant measures such as depression,
anxiety, sleepiness, pain, executive functions, or reward-re-
lated questionnaires. Recent work has also pointed to a specific
link between SAD and pain conditions, in particular migraine
and headache.®® In our sample only two patients had a clini-
cally relevant pain (migraine and neck pain), but we did not
perform group profiling on acute and chronic pain. We also
did not rate subjects using the Frontal Lobe Epilepsy and Para-
somnias Scale,® although we did not include patients who had
suspicion of epilepsy. Given the potential for overlap between
parasomnias and epilepsy, a future comparison between such
patients would be warranted.

While this study allowed for investigating stable features of
SAD sleep EEG relative to normal controls, future studies ex-
amining clinical episodes, surrounding periods of wakefulness
and sleep, and critical sleep-wake transitions are essential to
further understand the mechanisms of SADs. hdEEG has clear
potential in these regard, because of its advantages in the tem-
poral domain, both in terms of resolution and ability to sample
uninterrupted for long periods of time, and its improved spatial
resolution compared to low-density EEG.

CONCLUSIONS

Using hdEEG we found that patients with sleepwalking and/or
night terrors showed a decrease in normalized EEG power that
was especially prominent in the SWA range (1-4 Hz) and was
source localized mainly to cingulate and motor regions. These
results are consistent with the current neurophysiological un-
derstanding of NREM sleep parasomnias as disorders charac-
terized by episodic local arousals in motor and limbic cortices.
Notably, this local decrease in SWA in centro-parietal regions
was present in SADs across sleep cycles and across different
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NREM sleep stages. A strong trend in the same direction was
also present in REM sleep and wake, suggesting that persistent
local changes in neuronal excitability may predispose affected
subjects to clinical episodes.
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