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Summary

Important brainstem regions are involved in the regulation of rapid eye movement

sleep. We hypothesized that brainstem stroke is associated with dysregulated rapid

eye movement sleep and related muscle activity. We compared quantitative/

qualitative polysomnography features of rapid eye movement sleep and muscle activ-

ity (any, phasic, tonic) between 15 patients with brainstem stroke (N = 46 rapid eye

movement periods), 16 patients with lacunar/non-brainstem stroke (N = 40 rapid

eye movement periods), 15 healthy controls (N = 62 rapid eye movement periods),

and patients with Parkinson's disease and polysomnography-confirmed rapid eye

movement sleep behaviour disorder. Further, in the brainstem group, we performed

a magnetic resonance imaging-based lesion overlap analysis. The mean ratio of mus-

cle activity to rapid eye movement sleep epoch in the brainstem group (“any” muscle

activity 0.09 ± 0.15; phasic muscle activity 0.08 ± 0.14) was significantly lower than

in the lacunar group (“any” muscle activity 0.17 ± 0.2, p < 0.05; phasic muscle activity

0.16 ± 0.19, p < 0.05), and also lower than in the control group (“any” muscle activity

0.15 ± 0.17, p < 0.05). Magnetic resonance imaging-based lesion analysis indicated

an area of maximum overlap in the medioventral pontine region for patients with

reduced phasic muscle activity index. For all groups, mean values of muscle activity

were significantly lower than in the patients with Parkinson's disease and

polysomnography-confirmed REM sleep behaviour disorder group (“any” activity

0.51 ± 0.26, p < 0.0001 for all groups; phasic muscle activity 0.42 ± 0.21, p < 0.0001

for all groups). For the tonic muscle activity in the mentalis muscle, no significant dif-

ferences were found between the groups.

In the brainstem group, contrary to the lacunar and the control groups, “any” muscle

activity index during rapid eye movement sleep was significantly reduced after the

third rapid eye movement sleep phase.

This study reports on the impact of brainstem stroke on rapid eye movement atonia

features in a human cohort. Our findings highlight the important role of the human
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brainstem, in particular the medioventral pontine regions, in the regulation of phasic

muscle activity during rapid eye movement sleep and the ultradian distribution of

rapid eye movement-related muscle activity.

K E YWORD S

pons, pontine stroke, rapid eye movement sleep behaviour disorder, rapid eye movement
sleep without atonia (RSWA), tonic muscle activity, phasic muscle activity

1 | INTRODUCTION

Rapid eye movement (REM) sleep is a sleep state characterized by

autonomic activation, rapid eye movements and fast desynchronized

cortical activations in the electroencephalogram, which resemble the

cortical waves during wakefulness (Arrigoni et al., 2016). In addition,

the REM sleep state is characterized by REM atonia, a condition of

suppressed muscle activity (ma) in most of the peripheral somatic

muscles except those of the inner ear, eye and diaphragm (Saper

et al., 2001). The background of atonia during REM sleep can be inter-

rupted by phasic motor activity, including muscle twitches and move-

ments mainly in the cranial muscles (Berry et al., 2017).

In recent years, numerous imaging studies, clinico-electrophysiological

and experimental models have highlighted the crucial role of the

brainstem in the regulation of REM sleep, REM atonia and REM

sleep phasic motor activity (Fuller et al., 2007; Krenzer et al., 2011). In

agreement with these experimental data, there are few case reports on

dysregulated muscle tone during REM sleep in patients with

brainstem lesions (Krenzer et al., 2011; Mathis et al., 2007; Reynolds &

Roy, 2011) that further highlight the regulatory role of this brain region on

REM sleep and locomotor drive (Boeve et al., 2007). However, the

neuroanatomical circuitry for the generation of REM atonia in humans is

still not fully understood, and the impact of brainstem stroke on the

muscle tone during REM sleep has never been systematically studied

before.

In addition, pontine regions contribute not only in the production

of REMs but also in the ultradian distribution of REMs within the

REM sleep periods, mainly via activation of the pontine tegmentum

before the occurrence of REMs (Miyauchi et al., 2009; Weber

et al., 2018).

In this study, our aim was to assess quantitative and qualitative

features of REM sleep and ma during REM sleep and REM-related ma

(any, phasic, tonic) in patients with brainstem stroke and subjects with

lacunar/non-brainstem stroke. Two additional groups of subjects have

been used as reference cohorts for REM atonia features: one group of

healthy controls (CTRL group); and another group of subjects with

Parkinson's disease (PD) and REM sleep behaviour disorder (PDRBD

group) with polysomnography (PSG)-confirmed REM sleep without

atonia (RSWA). Further, we used a magnetic resonance imaging (MRI)-

based lesion mapping approach to explore the association between

localization of brainstem stroke with the type and severity of muscle

tone dysregulation during REM sleep. We hypothesized that

brainstem stroke is associated with dysregulation of muscle tone

during REM sleep, possibly with RSWA, and might also have impact

on the ultradian rhythmicity of REM sleep.

2 | PATIENTS AND METHODS

The protocol for this study was approved by the local ethics commit-

tee (KEK Bern 2020–01237).

2.1 | Patients

Demographic, clinical, PSG and MRI data from 15 patients with

brainstem stroke (without persisting disorder of consciousness) and

16 patients with lacunar non-brainstem stroke, who underwent PSG

in the post-stroke period as part of the standard clinical post-stroke

routine, and a group of healthy controls (CTRL group, N = 15) were

collected from the Bern Sleep–Wake Database (Bargiotas

et al., 2019). For the brainstem group, male and female patients with

MRI-confirmed stroke in the brainstem region (medulla oblongata,

pons, midbrain) were included. For the lacunar non-brainstem group,

patients with MRI-confirmed lacunar stroke (outside the brainstem

area) were included. Lacunar stroke was defined as small infarcts of

2–15 mm in diameter that lie in the deeper non-cortical parts of the

cerebrum (Fisher, 1982). We excluded from both stroke groups

patients with PD, multiple system atrophy or Lewy body dementia

and other neurodegenerative or neurological disorders associated

with alterations in REM-related ma (Boeve, 2010).

No patient reported an add-on or withdrawal of a REM-

suppressing or REM-increasing medication, shortly before the perfor-

mance of the PSG.

Subjects with less than 1 hr of total sleep or without REM

sleep in the PSG were also excluded from the analysis. The data of

the PDRBD group with PSG-confirmed RSWA were collected as part

of another, previously published, case series in our centre (Cavalloni

et al., 2021). The subjects of the CTRL group were healthy partici-

pants recruited as part of another clinical study at the Bern Univer-

sity Hospital (Ethics Commission of the Canton of Bern 2021–

00723), and had no history of neurodegenerative disorder or stroke

and showed a normal PSG without signs of a sleep-related move-

ment or breathing disorder (e.g. apnea–hypopnea index < 5 per hr,

periodic limb movement index < 10 per hr), parasomnias or circadian

disturbance.
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2.2 | Polysomnography

Standard video PSG was performed during the subacute post-stroke

phase as part of the standard clinical post-stroke routine. We used

Embla RemLogicTM Software for all recordings. Sleep stages and

sleep-associated events were manually scored according to the AASM

criteria (Berry et al., 2017), and visual electromyogram (EMG) scoring

was performed based on previously described methodology

(Frauscher et al., 2012; Lapierre & Montplaisir, 1992).

2.3 | Visual EMG scoring

During PSG, ma was measured with EMG using surface electrodes at

the chin (submentalis muscle) and bilaterally at the upper (m. flexor

digitorum superficialis) and lower (m. tibialis anterior, TA) extremities;

phasic activity scoring was based on the chin and upper extremities

signals, while tonic activity only on chin signals.

Sleep stages were scored in 30-s intervals according to the AASM

criteria (Berry et al., 2017). Because the presence of RSWA might limit

the application of the AASM rules, the onset of the REM sleep period

was related to the occurrence of the first REM in the

electrooculographic channel, and its end on the presence of an awak-

ening, K complexes and spindles or when no REMs were detected in

3 consecutive minutes. A very short or too fragmented REM sleep

(< 2 continuous epochs of REM and/or scattered single REM epochs

with total amount < 5 min) were excluded (Frauscher et al., 2012;

McCarter et al., 2014).

For the PSG recording and RSWA manual scoring methods, the

scorer (PB) was blinded to the final diagnosis. We used two previously

published EMG-scoring methods to quantify ma only in REM sleep,

one using 3-s and another using 30-s epochs.

For the analysis of 3-s epochs, we used EMG scoring criteria as

previously suggested (Frauscher et al., 2012). In the upper extremity

muscles, missing atonia was defined only if phasic EMG activity was

present. The phasic activity was defined as a burst with an amplitude

of at least double the background EMG voltage and a duration

between 0.1 and 5 s. The end of such a burst is defined as soon as the

potential returns to the baseline or there is an identifiable interval

between two bursts of at least 250 ms.

In the mentalis muscle, missing atonia was defined as any EMG

activity occurring in a defined 3-s epoch during REM sleep; EMG

activity was considered as any potential lasting longer than 0.1 s,

and with an amplitude of at least double the EMG background

activity or higher than 10 μV, consisting of the following

morphologies.

• Tonic activity, if > 50% of the epoch showed continuous ma

greater than double the background EMG voltage.

• Phasic activity as defined above.

Any ma was defined as any 3-s epoch containing either phasic or tonic

activity according to the criteria described above. For the analysis of

30-s epochs, we examined only the tonic activity of the mentalis mus-

cle, as previously suggested (Frauscher et al., 2012). An epoch was

considered positive for tonic activity if > 50% of the epoch had ma

continuously greater than double the background EMG voltage

or ≥ 10 μV.

The proportion of all types of ma was calculated as a percentage

of the total duration of REM sleep and as a percentage of the duration

of each REM sleep period.

All increases in EMG tone due to arousals from respiratory events

(i.e. hypopnea, apnea) or constantly and simultaneously recurring with

electrocardiogram-activity were considered as artefacts, and were

excluded from the quantitative scoring of REM-sleep-related EMG

activity.

The presence of RSWA was confirmed when the total of epochs

in which the respective EMG activity occurs in at least one of the

examined muscles exceeded 32% of total REM sleep time (Frauscher

et al., 2012).

2.4 | MRI-based lesion analysis

All imaging data were analysed at the time of the original exploration

and then reviewed for the purpose of this study by two of the

authors (LH and FA) in order to determine the lesion location. For

lesion overlap we used MRIcron, which is part of the MRIcron soft-

ware package (Rorden et al., 2007). Anatomical structures were

labelled according to the AAL atlas implemented in MRIcron (http://

www.mccauslandcenter.sc.edu/mricro/mricron). In order to illus-

trate the maximal overlap of lesions in the group of brainstem stroke

using a simple voxel-based lesion overlap analysis, structural lesions

were identified by MRI (diffusion-weighted imaging, T1, fluid-

attenuated inversion recovery imaging) and were traced manually

slice by slice on the T1 template using MRIcron (left-sided lesions

were flipped on the right side; Heydrich & Blanke, 2013). The later

manual tracing on the template brain was only done when confi-

dence could be achieved for matching corresponding slices between

the lesioned brain and the template brain. No patients with unclear

lesion boundaries were included in the analysis. Lesion volumes (vol-

ume of interest) were determined as the sum of all voxels

compromising the traced lesion in all slices, and were spatially

smoothed using a 3-mm full-width at half-maximum Gaussian Kernel

and a threshold of 0.5.

2.5 | Statistical analysis

Comparisons were performed by using the Student's t-test for

unpaired datasets. The effect size between groups was measured

using Cohen's d. Correlations of clinical independent variables and

dependent types of ma (tonic, phasic and “any”) were analysed using

a multivariable regression model. Comparisons between independent

groups were performed using the Mann–Whitney–Wilcoxon non-

parametric test. For all comparisons, a value of p ≤ 0.05 was
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considered statistically significant. The Mann–Whitney test was per-

formed to analyse the differences in ma types between groups. Analy-

sis of variance (ANOVA) was carried out on different ma variables for

each REM stage with a group as independent variables.

All statistical operations were conducted using SPSS® and Gra-

phPad Prism® software.

3 | RESULTS

The two stroke groups and the CTRL group were comparable with

respect to mean age and gender (Table 1). In the brainstem stroke

group, nine patients had a lesion in the pons, four in the medulla

oblongata, one in the mesencephalon, and two patients had lesions in

multiple brainstem localizations. In the lacunar stroke group, lesions

were located in the centrum semiovale, thalamus, internal capsule,

striatum and other subcortical areas. Baseline characteristics in both

stroke and the CTRL groups are shown in Table 1.

3.1 | REM sleep

In the lacunar stroke group, we identified 40 REM periods, namely 2.5

REM periods per night. The mean duration of REM sleep periods was

19.05 ± 11.5 min and the total REM sleep duration in the group was

762 min. In the brainstem stroke group, we identified 46 REM

periods, namely 3.1 REM periods per night. The mean duration of

each REM sleep period was 12.8 ± 7.7 min, significantly lower than in

the lacunar stroke group, and the total REM sleep duration in the

group was 577.5 min. In the CTRL group, we identified 62 REM

periods, namely 4,1 REM periods per night. The mean duration of

REM sleep periods was 17.9 ± 6.8 min and the total REM sleep dura-

tion in the group was 987 min.

3.2 | Muscle activity during REM sleep

The ratio of “any” ma to REM sleep epoch in the lacunar stroke group

(0.17 ± 0.20) was significantly higher than in the brainstem group

(0.09 ± 0.15, p < 0.05; Figure 1a).

There was a non-significant trend towards increased ratio of “any”
ma to REM sleep epoch in the CTRL group (0.15 ± 0.17) compared with

the brainstem group (0.09 ± 0.15, p = 0.06) as well (Figure 1a). The

effect sizes of the differences were medium (Supplementary Table S1).

For both stroke groups and the CTRL group, mean values of

“any” ma were significantly lower than in the PDRBD group (0.51

± 0.26, p < 0.0001 for all groups; Figure 1a). In the subgroup of pons

brainstem stroke, the ratio of “any” ma to REM sleep epoch was even

lower than in the subgroup of non-pons brainstem stroke (0.05 ± 0.07

versus 0.17 ± 0.21, p < 0.01).

The ratio of phasic ma to REM sleep epoch in the lacunar stroke

group (0.16 ± 0.19) and in the CTRL group (0.14 ± 0.17) was signifi-

cantly higher than in the brainstem group (0.08 ± 0.14, p < 0.05 for

both groups; Figure 1b). The effect sizes of the differences were

medium (Table S2).

For both stroke groups and the CTRL group, mean values of pha-

sic ma in TA were significantly lower than in the PDRBD group (0.42

± 0.21, p < 0.0001; Figure 1b). In the subgroup of pons brainstem

stroke, the ratio of phasic ma to REM sleep epoch was even lower

than in the subgroup of non-pons brainstem stroke (0.04 ± 0.06 ver-

sus 0.17 ± 0.20, p < 0.01).

The ratio of tonic ma to REM sleep epoch, calculated per REM

sleep phase, did not differ between the groups (in the brainstem

stroke group 0.009 ± 0.033, in the lacunar stroke group 0.007

± 0.025, in the CTRL group 0.011 ± 0.027, and in the PDRBD group

0.007 ± 0.014, p > 0.05; Figure 1c) and between the brainstem

subgroups.

In one patient in the lacunar stroke group (7%) and in two

patients in the brainstem stroke group (13%), “any” ma represented

more than 32% of REM sleep duration (69.07% versus 45.75% and

57.19%, respectively), suggesting the presence of RSWA. None of the

patients with stroke (either brainstem or lacunar) showed dream

enactment or RBD suspicious behaviour.

3.3 | Ultradian distribution of REM-related muscle
activity

We assessed time dynamics and ultradian distribution of REM-related

“any” ma over REM sleep phases between the two stroke and the

TABLE 1 Demographic and clinical
characteristics of the cohort

CTRL group Brainstem group Lacunar group p

Mean age (years) 58,4 56.0 61.2 n.s.

Gender (number and percentage)

Female 33% 27% 31% n.s.

Male 67% 73% 69% n.s.

Mean NIHSS at admission 2.69 3.79 n.s.

Mean NIHSS at discharge 2.08 1.33 n.s.

No. of patients with NIHSS 0–6 13 12

No. of patients with NIHSS 7 or higher 2 4

Abbreviations: CTRL, control; NIHSS, National Institutes of Health Stroke Scale; n.s., non-significant.
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F IGURE 1 Rapid eye movement (REM) atonia index for “any” activity (a), phasic activity (b) and tonic activity in mentalis muscle (c) in patients
with LACUNAR non-brainstem stroke (LACUNAR), in patients with BRAINSTEM stroke (BRAINSTEM), in the control group (CTRL), and in
patients with Parkinson's disease (PD) and polysomnography (PSG)-confirmed REM sleep behaviour disorder (PDRBD). The horizontal line
indicates the mean of each group. Each circle represents a patient. *p < 0.05, **p < 0.01, ***p < 0.001

F IGURE 2 Ultradian distribution of rapid eye movement (REM) atonia index for “any” activity over REM periods in patients with lacunar non-
brainstem stroke (a), in control (CTRL) group (b), in patients with brainstem stroke (c), and in patients with Parkinson's disease (PD) and
polysomnography (PSG)-confirmed REM sleep behaviour disorder (PDRBD) (d). In the lacunar group (a), the CTRL group (b) and the PDRBD group
(d), no significant differences were found between REM phases (ANOVA, p > 0.05) in respect to “any” activity. In the brainstem group (c), “any”
activity is significantly reduced after the third REM phase. ANOVA p-values are presented for REM phases (ANOVA). The mean REM duration did
not differ significantly between the phases. In the lacunar group (a), sleep phase mean duration (in min), REM 1: 15.4; REM 2: 23.5; REM 3: 16.2;
REM > 4: 17.6. In the brainstem group (b), sleep phase mean duration (in min), REM 1: 10.6; REM 2: 9.5; REM 3: 13.6; REM > 4: 9.1. In the CTRL
group (c), sleep phase mean duration (in min), REM 1: 21; REM 2: 15.3; REM 3: 16.9; REM > 4: 10.5. In the PDRBD group (d), sleep phase mean
duration (in min), REM 1: 14.4; REM 2: 10.2; REM 3: 17.6; REM > 4: 7.8, *p < 0.05
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control groups. In the lacunar stroke group, the mean muscle atonia

index did not differ between REM phases (for REM 1 phase, 0.16

± 0.19; for REM 2 phase, 0.16 ± 0.21; for REM 3 phase, 0.22 ± 0.21;

for REM > 4 phases, 0.14 ± 0.07; Figure 2a). Similarly, in the CTRL

group, the mean muscle atonia index did not differ between REM

phases (for REM 1 phase, 0.13 ± 0.15; for REM 2 phase, 0.07 ± 0.05;

for REM 3 phase, 0.12 ± 0.13; for REM > 4 phases, 0.23 ± 0.23;

Figure 2b). In the brainstem stroke group, the mean muscle atonia

index was significantly reduced towards the second half of the night

(for REM 1 phase, 0.17 ± 0.19; for REM 2 phase, 0.13 ± 0.19; for

REM 3 phase, 0.04 ± 0.05; for REM > 4 phases, 0.03 ± 0.06;

Figure 2c). In the PDRBD group, the mean muscle atonia index did

not differ between REM phases (for REM 1 phase, 0.53 ± 0.20; for

REM 2 phase, 0.52 ± 0.25; for REM 3 phase, 0.61 ± 0.34; for REM > 4

phases, 0.46 ± 0.27; Figure 2d). In all groups, the ultradian distribution

of REM-related “any” activity was independent of the REM phase

duration (Figure 2).

3.4 | Lesion overlap

Lesion overlap analysis highlighted two main clusters in the pons,

involving nine out of 15 patients with brainstem stroke; one in the

ventromedial pontine area (one centred on MNI coordinates x = 4,

y = �20, z = �27, and another one in the base of pons more ven-

tral and lateral compared with the first one, centred on MNI coordi-

nates x = 8, y = �16, z = �26; Figure 3a–c). One patient had a

lesion in the corticospinal tract but lower than the overlap. Another

cluster was found in the ventrolateral medulla oblongata (centred

on MNI coordinates x = 7, y = �34, z = �48), involving five out of

15 patients with brainstem stroke (Figure 3b). The MRI-based

lesion analysis indicated that for the subgroup of pons brainstem

stroke with the lowest phasic ma index, the area of maximum

stroke overlap was in the medioventral pontine region (red region

in Figure 3a–c).

4 | DISCUSSION

Current evidence implicates the brainstem in the regulation of REM

sleep and REM atonia. Therefore, we hypothesized that brainstem

stroke is associated with dysregulation of muscle tone during REM

sleep and possibly with RSWA. We assessed quantitative and qualita-

tive features of REM sleep and ma (any, phasic, tonic) during REM

sleep in patients with brainstem and non-brainstem (lacunar) stroke,

and compared them with data from healthy controls and from patients

with PD with RBD. In addition, we explored the association between

localization of brainstem stroke with the type and severity of muscle

tone dysregulation during REM sleep. In contrast to our hypothesis,

brainstem stroke was associated with preserved REM atonia and, in

addition, the levels of phasic ma in the brainstem group, particularly in

those with stroke in the ventromedial pons, was significantly lower

than in the lacunar stroke group and the control group. In particular,

an area in the ventromedial pons was involved in all patients with low

levels of phasic ma. We found no difference between the groups in

respect to tonic ma; however, tonic activity was generally very low,

thereby differences might have been missed. In addition, there are

several reports that only tonic activity might not be such a reliable

marker for RSWA as phasic or “any” ma (Khalil et al., 2013). REM

sleep was significantly reduced in the brainstem stroke group. Finally,

we found differences in the overnight distribution of REM atonia

between the groups.

In recent years, numerous imaging and clinico-electrophysiological

studies in animal models have highlighted the crucial role of the

brainstem in the regulation of REM atonia and locomotor drive

(Fuller et al., 2007; Krenzer et al., 2011). Several brainstem regions

including the red nucleus, the lateral dorsal tegmental nucleus and

the pedunculopontine nucleus may be involved in the regulation of

REM atonia (Fuller et al., 2007). In particular, the sublaterodorsal

tegmental nucleus (SLD), located in the dorsal part of the pons, has

been identified as the critical region for the control of REM atonia. In

agreement with these experimental data, a few human reports

F IGURE 3 Lesion overlap in brainstem stroke in coronal (a), sagittal (b) and axial (c) view. The lesion overlap map highlighted one region in
medioventral pons (centred on MNI coordinates x = 4, y = �21, z = �27) and another region in the base of pons more ventral and lateral
compared with the first one (centred on MNI coordinates x = 8, y = �16, z = �26). The number of overlapping lesions is illustrated by colour,
from violet (n = 2), dark blue (n = 3), light blue (n = 4), turquoise (n = 5), green (n = 6), yellow (n = 7) to red (n = 8; maximal lesion overlap).
Another cluster was found in the ventrolateral medulla oblongata (centred on MNI coordinates x = 7, y = �34, z = �48), involving five out of
15 patients with brainstem stroke

6 of 9 TELLENBACH ET AL.



suggested a strong correlation between structural damage at the dorsal

pons, in particular those affecting the SLD region, and the development

of RSWA and subsequently RBD (Mathis et al., 2007; St. Louis

et al., 2014; Xi & Luning, 2009). However, in our study, we did not con-

firm the increased ma during REM and the development of RSWA in

patients with brainstem stroke. In contrast, ischaemic lesions in the

pons, particularly in the ventromedial pons, were associated with more

profound REM atonia and reduced phasic EMG activity during REM

sleep, without affecting the EMG signal of tonic atonia. This could be

suggestive of a pontine REM sleep network in the human mesopontine

areas, outside the region expected to represent the SLD, that contains

REM-off populations and is suppressed as a result of the ischaemic

lesion. Indeed, REM periods per patient were slightly higher in the

brainstem group; however, the significant decrease in the mean and

total duration of REM sleep in the brainstem group, compared with the

lacunar and control groups, do not support this hypothesis. On the

other hand, across REM sleep, tonic muscle atonia is periodically inter-

rupted by phasic activity in the form of muscle twitches and jerks. This

myoclonic activity is mediated by a glutamatergic input, and by the acti-

vation of glutamate receptors in spinal postural and cranial motor neu-

rons (Burgess et al., 2008). Cortical mechanisms have been implicated in

the generation of this activity; however, recent evidence suggests that

additional sources of muscle jerks and twitches during REM are

brainstem motor structures, mainly ventromedial pontine and medullar

regions (Blumberg & Plumeau, 2016). Therefore, it could be hypothe-

sized that the ischaemic lesion in the ventromedial brainstem in combi-

nation with the lesion in the pontine area where descending

corticospinal projection fibres are located (both regions typically

affected in the brainstem group in our study), leads to reduced phasic

ma during REM and more consolidated REM atonia via direct impact on

the sources of REM sleep muscle twitches.

Moreover, we assessed REM characteristics in the study cohorts.

In our study, all patients in both stroke groups exhibited REM periods.

Although the mean number of REM periods per recording was slightly

higher in the brainstem group, the mean and total REM duration were

significantly lower than in the lacunar stroke group, confirming previ-

ous reports (Carroll & Landau, 2014). The available literature of

humans with brainstem lesions and alterations in REM sleep is rela-

tively scarce and consists only of a limited number of case series

reports of contradictory results (Carroll & Landau, 2014). Differences

in the type and the exact localization of the lesions within the

brainstem may explain apparent discrepancies in the results. To the

best of our knowledge, this is the first study that assessed the ultra-

dian distribution of REM atonia and provided evidence for time-of-

night effects for REM-related ma in humans with brainstem lesions.

We found that in the brainstem group, the degree of REM atonia did

depend on the time of night and was not equally distributed in periods

of REM sleep over the night. EMG activity during later REM sleep

periods is expected to increase, and according to some authors this

can be attributed to increasing REM duration (Sasai-Sakuma

et al., 2014). Indeed, in both the lacunar and the control groups, there

was a trend of increased EMG activity. On the contrary, in the

brainstem group, EMG activity is significantly reduced towards the

second half of the night, and this reduction was unrelated to the duration

of REM sleep. It remains unclear how brainstem pathology affects the

distribution of REM atonia across REM phases. From a theoretical per-

spective, evidence suggests REMs and twitching in REM sleep: (a) are

associated with the ponto-geniculo-occipital (PGO) spikes, distinctive

wave forms that are typically identified as propagating activity between

the pons, thalamus and cortex; and (b) follow a well-defined temporal

trajectory across REM sleep that is coordinated by a variable

γ-aminobutyric acid (GABA) and glycine drive (Brooks & Peever, 2016),

and increase towards the end of the night (Miyauchi et al., 2009). Thus, a

brainstem/pons lesion could impact the generation of PGO spikes lead-

ing to reduced twitching and more profound REM atonia at the second

half of the night, thus altering the ultradian distribution of phasic REM

microstate. However, this hypothesis needs further investigation.

In the stroke groups, two subjects (65- and 53-year-old males) in

the brainstem group (both mesencephalic strokes) and one subject

(75-year-old male) in the lacunar group (thalamic stroke) exhibited

increased muscle tone during REM, suggestive of RSWA. In our study,

all subjects with RSWA were males, aged > 40 years, and it remains

open if the increased muscle tone was associated with stroke itself or

even stroke localization. There are previous reports for the presence of

elevated isolated RSWA in adults, in particular men aged > 40 years,

without clinical features of RBD (Feemster et al., 2019). Intriguingly,

there is increasing evidence about the role of isolated RSWA as a pre-

cursor of RBD or even as an early biomarker of synuclein-mediated

neurodegeneration (Stefani et al., 2015). Whether stroke in specific

brain regions poses similar risks remains to be investigated.

This study has some limitations. It is a pilot retrospective study,

and we assessed an unselected and relatively small group of patients

with brainstem stroke. Therefore, only a few brainstem areas are

affected. We cannot exclude that in a larger set of subjects with

brainstem stroke, where a wider range of brainstem loci would be

affected, the impact of brainstem on REM atonia might differ. There-

fore, the results of this pilot study should be interpreted with caution,

and must be confirmed and validated in larger samples.

Our findings add further to our understanding of the role of the

human brainstem – particularly of the mesopontine areas – in the regu-

lation of muscle tone during REM sleep and in the ultradian distribution

of REM-related ma. This provides further support to the animal-to-human

translation of the functional significance of the brainstem for the regula-

tion of REM sleep. Larger, prospective clinical and experimental studies

are needed to fully understand the complex pathways in different brain

regions involved in muscle tone regulation during REM sleep.
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