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Abstract

Background: Subtle gait deficits can be seen in people with idiopathic rapid eye movement
(REM) sleep behavior disorder (RBD), a prodromal stage of Parkinson’s disease (PD) and related
alpha-synucleinopathies. It is unknown if the presence and level of REM sleep without atonia
(RSWA, the electromyographic hallmark of RBD) is related to the severity of gait disturbances in
people with PD.

Objective: We hypothesized that gait disturbances in people with mild-to-moderate PD would be
greater in participants with RSWA compared to those without RSWA and matched controls, and
that gait impairment would correlate with measures of RSWA.

Methods: Spatiotemporal characteristics of gait were obtained from 41 people with PD and 21
age-matched controls. Overnight sleep studies were used to quantify muscle activity during REM
sleep and group participants with PD into those with RSWA (PD-RSWA+, n=22) and normal
REM sleep muscle tone (PD-RSWA-, n=19). Gait characteristics were compared between groups
and correlated to RSWA.

Results: The PD-RSWA+ group demonstrated significantly reduced gait speed and step lengths
and increased stance and double support times compared to controls, and decreased speed and
cadence and increased stride velocity variability compared to PD-RSWA- group. Larger RSWA
scores were correlated with worse gait impairment in the PD group.

Conclusion: The presence and level of muscle tone during REM sleep is associated with the
severity of gait disturbances in PD. Pathophysiological processes contributing to disordered gait
may occur earlier and/or progress more rapidly in people with PD and RBD.
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INTRODUCTION

An estimated seventy percent of people with Parkinson’s disease (PD) develop debilitating
balance and gait deficits, including freezing of gait (FOG) [1]. People with PD and rapid eye
movement (REM) sleep behavior disorder (RBD) are more likely to have a phenotype with
postural instability, gait disturbances, FOG, and falls [2]. RBD is a parasomnia characterized
by abnormally elevated muscle tone during REM sleep (REM sleep without atonia, RSWA)
and dream enactment [2—4]. Isolated/idiopathic RBD (iRBD) is recognized as a prodromal
stage of synucleinopathy, with up to 74% of RBD developing PD, dementia with Lewy
bodies, or multiple system atrophy over 13 years [5]. The prevalence of RBD in the general
population is low (<1%), but is common in people with PD (16-47%) [6-8]. The increased
severity and prevalence of postural and gait disturbances in people with PD and RBD
suggests that pathophysiological processes affecting the regulation of muscle tone during
REM sleep may also impact structures and pathways contributing to the control of posture
and locomotion.

Gait and postural deficits can be seen in people with iRBD three to five years prior to a
diagnosis of PD [9]. Quantitative measures of gait and gait initiation show subtle
parkinsonian-like impairments in people with iRBD [10, 11]. RBD [12] and the
pathogenesis of postural and gait impairment (via influences on the function of
pontomedullary reticular formation and central pattern generating circuits in the spinal cord
and spinal motoneurons). Accordingly, the presence and level of abnormal muscle activity
during REM sleep may serve as a proxy for neurodegenerative changes in brainstem nuclei
that control gait.

Previous studies have shown that spatiotemporal measures of gait in people with early stage
PD are significantly different from matched controls [16-19]. We hypothesized that, after
separating a cohort with mild-to-moderate severity of PD into those with and without RSWA
(the electrophysiological hallmark of RBD), the PD group with RSWA would show
significantly more impairment in gait compared to PD subjects without RSWA and controls.
We further hypothesized that measures of muscle activity during REM sleep in the PD group
would correlate with gait deficits.

METHODS
Study participants

Forty-two individuals diagnosed with idiopathic PD [20] by a movement disorders
neurologist and 21 age- and sex-matched controls were recruited and tested; one participant
was later excluded due to a change in diagnosis. Individuals were recruited who were
considered by the referring neurologist to have mild-to-moderate motor severity (based on
Movement Disorders Society Unified Parkinson’s Disease Rating Scale part I11 score [21]).
Referring neurologists were unaware of the study hypotheses. Inclusion criteria were age
21-79 and the ability to ambulate 50 m without an assistive device (so that participants
could complete the gait task). Participants were excluded if they had another neurological
disorder, a Montreal Cognitive Assessment (MoCA) score less than 22/30 (a cognitive
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screen for individuals with reduced capacity to consent [22]), musculoskeletal disorders
significantly affecting movement, implanted deep brain stimulators or other surgeries to treat
PD, pregnant women, or untreated sleep apnea. The University of Minnesota Institutional
Review Board approved procedures and participants gave written informed consent in
accordance with the Declaration of Helsinki.

Group classification via RSWA

Overnight video-based PSGs [23] were performed ON the participant’s usual Parkinson’s
medications. When relevant, melatonin was withdrawn for 7 days prior to the sleep study.
Electroencephalography (EEG) data were collected from 10 scalp surface electrodes using a
10-20 montage. Electromyographic (EMG) data were collected from the chin, and bilateral
flexor digitorum superficialis and tibialis anterior muscles. The arm EMG data set was
incomplete and therefore is not reported. Electrooculography (EOG), EEG, and EMG data
were sampled at 500 Hz. PSGs were scored by a single rater (AV), blinded to disease state,
using standard AASM criteria [23]. Study personnel were blinded to the PSG results until
the initial data analysis was completed.

The level of tonic or phasic RSWA was used to separate the PD participants into normal
(PD-RSWA-) or RSWA positive (PD-RSWA+) groups (for more detail see Linn-Evans et al.
[24]). Subjects were included in the PD+RSWA+ group if: tonic chin EMG >7.5%, phasic
chin EMG >4%, phasic arm EMG >11%, or phasic leg EMG >4% of REM sleep.
Thresholds were defined based on the distribution and level of RSWA scores across all
participants. An RBD diagnosis (7= 1) or evidence of dream enactment during the PSG also
resulted in designation to the PD-RSWA+ group. Fifteen of 22 participants categorized as
PD-RSWA+ met more than one threshold/criteria. While some control subjects had low
levels of RSWA, as expected [25], all control subjects had scores below the threshold values.
Average RSWA scores for each group are presented in Table 1.

Clinical and gait assessments

Motor testing and exams were performed the morning after overnight (12 + h) withdrawal
from PD medications. Motor assessment and overnight polysomnography (PSG) tests were
conducted an average of 28 + 24 days apart (range 1-97 days; in some subjects, motor
testing was conducted in the morning and the PSG in the following evening). The MDS-
UPDRS part 11 motor exam, new freezing of gait questionnaire (NFOG-Q) [26], MoCA,
and a standardized steady-state gait task were performed. Participants walked clock-wise
continuously in an oval-shaped course [27] containing a section with a 10 m pressure-
sensitive gait mat (GAITRIite, Franklin, NJ, USA) and 2 m of straight-line walking on either
side of the mat. Thirty-five or more steps were collected on the mat to ensure reliability [27].
Trials took approximately 5 min to complete. Breaks were provided if requested. Spatial and
temporal gait characteristics were exported (Table 2), with primary outcome gait measures
of speed, step length, width, and time and their variability, and normalized double support.
Coefficients of variability (CV) were calculated as the standard deviation divided by the
mean and multiplied by 100.
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Statistics

RESULTS

Statistical analyses were performed in SPSS (version 25, IBM, New York). Group
demographics were tested with a Fisher Exact Chi-Square Test (sex), One-Way ANOVA
(age, Tukey’s HSD forpost-hoc comparisons), Mann-Whitney U test (time since diagnosis,
MDS-UPDRS |1, Hoehn & Yahr, and Levodopa Eq. [28]) or a Kruskal-Wallis test (MoCA
score and PSG scores, post-hoc comparisons with the Mann-Whitney U test and Bonferroni
corrections). For general gait characteristics (e.g., cadence), an ANCOVA was performed to
test for group differences (significance threshold set to p < 0.05). Covariates tested included
age, sex, and MoCA score.

A rank analysis of covariance was used for measures that were not normally distributed [29].
Post-hoc comparisons used Tukey’s Honestly Significant Difference (HSD) test.

For bilateral measures (e.g., step length), two-way repeated measures ANCOVAS were
performed to test for effects of group and side (more or less affected side) and group x side
interactions (significance set to p< 0.05). The more (MA) and less (LA) affected sides were
determined by summing the right and left scores in the MDS-UPDRS 111 (items 3.3-3.8 and
3.15-3.17), with the higher score determining the more affected side. MA and LA were
randomly assigned in control participants such that the ratio of right sides assigned to more
affected (and vice versa) was similar to the PD group. Post-Aoc comparisons were conducted
using Sidak’s adjustments.

The relationships between RSWA scores (tonic chin, phasic chin, or phasic leg) and gait
characteristics within the PD group were investigated using Spearman’s correlations, to
account for non-normal distributions. Control subjects were not included as their RSWA
scores were at or near zero. To minimize the potential for a Type | error, correlations were
constrained to primary outcome gait measures. Phasic arm RSWA scores were omitted to
limit the correlations, deal with incomplete arm data, and because tonic and phasic chin
scores may be better at distinguishing synucleinopathy without the presence of dream
enactment [25].

Demographics

The final three groups were composed of 22 participants with PD with RSWA, 19 with PD
without RSWA, and 21 controls (Table 1). Between the three groups, there were no
significant differences in age or MoCA score. Between the PD groups, there were no
significant differences in time since diagnosis or MDS-UDRS Il motor score. The PD-
RSWA+ group had significantly higher average levodopa equivalent dose [28] and EMG
activity during REM sleep (p< 0.01.) All six PD participants with freezing of gait symptoms
and 9 out of 15 PD participants with abnormal postural stability (item 3.12 on the MDS-
UPDRS) were in the PD-RSWA+ group.
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Group differences in gait

Gait metrics are summarized in Table 2 and Fig. 1. There was a main effect of group for gait
speed (m/s) and normalized gait speed (leg length/s) (all p < 0.05, unless otherwise noted).
Gait speed in the PD-RSWA+ group was significantly slower than the control and PD-
RSWA- groups and was predominantly driven by significantly reduced step lengths
compared to controls and reduced cadence compared to the PD-RSWA- group. A main
effect of group was also observed for mean stride velocity variability. Stride velocity was
significantly more variable in the PD-RSWA+ compared with the PD-RSWA- group. MoCA
was a significant covariate for (non-normalized) gait speed, while sex was significant for
cadence.

Main effects of group (all p< 0.05, unless noted) were seen in the percentage of the gait
cycle spent in stance and double support, with PD-RSWA+ having increased durations
compared to controls. Stance percentage also had an interaction effect, with post-hoc tests
showing the PD groups had spent a higher percentage of the gait cycle on the less affected
side compared to the more affected side and higher percentages compared to controls for the
less affected side only. Step and stance times had significant interaction effects (v < 0.001
and p < 0.05, respectively) such that only the PD-RSWA- group had longer step times on
the more affected leg (o < 0.001) and a longer time spent in stance on the less affected leg (o
< 0.001), however, the differences between sides were small (mean of 0.04 s) and thus
unlikely to be clinically relevant. MoCA score was a significant covariate for stance time
and stance and double support percent of gait cycle (o < 0.07). The timing variables (step,
stance, and double support), along with cadence and mean step length CV, did not pass the
Shapiro-Wilk test of normality, due to a single PD-RSWA+ participant with very slow gait.
Significance was re-tested without that subject, which did not appreciably change the mean
values, and so this data was included in the tables. However, removal of this participant
resulted in the loss of the significant group effect for cadence, but added sex as a
significance covariate to the analysis of step time and stance time, and the percentage of the
gait cycle spent in stance and double support.

Gait measures correlated to RSWA scores

Correlations between primary outcome gait variables and RSWA measures are summarized
in Fig. 2 and Table 3. Phasic chin EMG activity was significantly (all p< 0.05) inversely
correlated with gait speed, normalized gait speed, and cadence, and positively correlated
with step times and mean coefficients of variability (averaged across the two legs) for step
time and step length. Tonic chin EMG activity was significantly inversely correlated to
cadence and positively correlated to step time CV. Phasic leg EMG activity was significantly
positively correlated to normalized gait speed and mean step time variability, and inversely
correlated to normalized step lengths on the more and less affected sides. RSWA scores were
not significantly correlated with step widths or mean step width CV.

DISCUSSION

We found, by separating a cohort of individuals with mild-to-moderately severe PD into
groups based on RSWA, the presence of elevated muscle activity during REM sleep (PD-
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RSWA+) was associated with significantly greater impairment in gait than controls and
people with PD without elevated muscle activity (PD-RSWA-). In contrast, few significant
differences were observed between controls and the PD-RSWA- group. Gait impairment in
the PD-RSWA+ group was characterized by significantly reduced gait speed, step lengths
and double support as a percentage of gait cycle, compared to controls, and decreased speed
and cadence and increased stride velocity variability and step and stance times, compared to
the PD-RSWA- group. Moreover, the level of muscle activity during REM sleep correlated
with measures of gait such that increased tonic or phasic EMG was associated with
worsening of gait metrics. These findings demonstrate that the presence and level of
disordered muscle tone during REM sleep is associated with the severity of gait
disturbances.

RSWA and gait impairment in PD

Gait impairment is a common symptom of PD and becomes a major contributor to morbidity
and decreased quality of life [19]. Gait deficits in PD are characterized by reduced speed,
predominantly due to reductions in step/stride length [30-32], and increased step-to-step
variability [16-19]. Even in the earliest stages of PD, statistically significant deficits in gait
pace, rhythm, variability and asymmetry can be seen when compared with age- and sex-
matched healthy adults [16-19]. Our findings in mild-to-moderate PD are consistent with
these studies except that the differences from controls were predominantly found in the PD
group with RSWA. Gait speed and step lengths were reduced by an average of 11% (12.3
cm/s) and 9% (14.7 cm/s) respectively in the PD-RSWA+ group compared to controls, but
only 2% and 4% respectively in the PD-RSWA- group. The decrease in gait speed in the
PD-RSWA+ group reflects a clinically meaningful impairment in gait [33]. The percentage
decrease in gait speed between the PD-RSWA+ group and controls was comparable to the
decrease of 11% reported by Galna et al. [17] between a large cohort with early stage PD (n
=121) and controls (= 184). In general, the PD cohort in the Galna et al. study walked
slower (mean =1.12 cm/s) than in the present study. Differences in findings between studies
might be explained by the gait course, task duration and instructions, medication status, and
participant demographics. Nonetheless, it can be assumed that the PD cohort in the Galna et
al. study and other previous studies of gait in early PD [16-19] was comprised of both
RSWA phenotypes (RSWA- and RSWA+). It would be interesting to test if subgroups with
more and less gait impairment could be discerned when these cohorts were separated based
on the presence/absence of RSWA and/or RBD.

RSWA, postural instability and freezing of gait in PD

Gait abnormalities in PD are often linked to additional deficits in postural stability and
freezing of gait. Increases in stance time, asymmetry, step width, and variability, may reflect
disturbances in dynamic postural control during gait and be related to falls [16, 17, 34-36].
People with PD who are fallers tend to have slower gait speed, and increased stance time
variability and swing time asymmetry [37]. Slower gait speed and increased stance time are
predictive of first falls in people with PD [37]. In early stage PD, step width and double
support time are typically not different from controls [37], but increase with advancing
disease [18]. In the current study, the PD with RSWA group showed significant changes in
gait speed, step length, stance and double support time, which could be a harbinger of
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postural instability. However, studies using factor analyses have shown that gait and balance
(e.g., postural sway) measures are largely independent [38], and impairments reflect
dysfunction in different neural control domains [39].

The co-expression of PD and RBD (which includes both RSWA and dream enactment) is
associated with a predominantly akinetic-rigid phenotype, with increased severity of
postural instability and gait impairments, fall frequency, and FOG incidence [2, 4]. The
presence of FOG is also associated with significantly higher RSWA compared to those with
PD without FOG [40]. Our findings further demonstrate that the presence and level of
RSWA expression is correlated with gait deficits during wakefulness. In addition, all
participants in the PD cohort with FOG (n= 6) and 63% of the participants with an
abnormal postural stability response (item 3.12 of the MDS-UPDRS I11) were in the PD-
RSWA+ group. Thus, the presence of RSWA in PD was associated with increased
dysfunction of systems controlling gait and possibly balance.

Gait, cognition, and RBD

Cogpnitive decline may also parallel early alterations in specific domains of gait, such as
declines in speed, rhythm, and pace variables, and increases in variability [41-44]. In PD,
gait factors of pace, variability and postural control predict a decline in attention and
memory, even when baseline neuropsychological measures do not [18]. The co-expression
of PD with RBD may be a marker of a more complex and aggressive subtype of
synucleinopathy that includes motor decline with mild cognitive impairment or dementia
[45]. In our study, the PD-RSWA+ group had a more variable stride velocity, a factor
associated with cognitive decline [46], but MoCA score was not a significant covariate for
this measure. While there were no significant group differences in MoCA scores, MoCA
was a significant covariate for speed and timing measures. Thus, changes in gait speed and
stance and double support timing may reflect, or be harbingers of, cognitive decline in the
group with PD elevated RSWA.. Future studies employing neuropsychological assessments
may add to this line of investigation.

Do RSWA and gait share a common region of degeneration?

The gait measures that correlated with the phasic chin or leg RSWA scores included
variables that are related to pace (speed, cadence, and step length), rhythm (step time) and
variability (step time variability). Elevated submentalis (chin) RSWA has recently been
shown to be a potential biomarker that distinguishes synucleinopathy (probable PD or
multiple system atrophy) from tauopathy (probable progressive supranuclear palsy or
corticobasal degeneration) in people with parkinsonism with high sensitivity and specificity
[47]. Our findings suggest that synuclein-related neurodegeneration that affects systems
controlling muscle tone during REM sleep may parallel degenerative changes leading to gait
deficits in people with PD.

Degeneration of the brainstem neurons that contribute to both the regulation of muscle tone
during REM sleep and the control of locomotion may explain the correlations between sleep
and gait measures. In particular, cholinergic neurons of the pedunculopontine nucleus (PPN)
have been implicated in the control of both REM atonia [12] and the generation and
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Limitations

regulation of locomotor patterns [48]. Stimulation in caudal PPN, an area with a relatively
higher proportion of cholinergic neurons, is associated with suppression of muscle tone via
projections to the ventromedial medullary reticular formation [49]. Conversely, stimulation
in rostral regions of the PPN evokes a pattern of flexor-extensor muscle activity in the legs
via inputs to reticulospinal neurons in the medullary reticular formation that control posture
and locomotion [50]. Cholinergic neurons of the PPN degenerate in both RBD and PD [12,
51]. Loss of ascending and descending cholinergic projections from the PPN has been
implicated in the pathogenesis of gait deficits in PD. Thalamic cholinergic denervation
resulting from degeneration of the PPN is associated with decreased gait speed and an
increased risk of falls in people with PD [52, 53]. Together, this evidence links abnormal
RSWA to potential gait disorders. In keeping with this idea, several studies have shown that
people with RBD (but without a PD diagnosis) demonstrate significant changes in gait and
gait initiation compared to matched controls and these deficits resemble the impairments
seen in PD [10, 11, 54].

While the majority of the participants with PD could be considered as having relative early
stage disease (overall median time from diagnosis = 1.5 years, interquartile range of 1-3.7
years; mean MDS-UPDRS = 37, interquartile range of 27-50) there was considerable skew
in the distribution of disease durations and severity. As such, the PD cohort can be generally
described as having mild-to-moderate disease severity [21]. The PD-RSWA+ group did not
have significantly higher MDS-UDRS |11 scores or disease durations than the RSWA-
group, but the levodopa daily equivalent dosage was significantly higher in the PD-RSWA+
group, which is consistent with other studies comparing PD with and without RBD [2].
Participants who were exercising regularly and/or receiving physical therapy may have
performed better on the gait task, but these data were not collected. The correlational
analyses included many variables without correcting for Type | errors, and should be
interpreted cautiously.

All PD with FOG were classified as PD-RSWA+, which is not surprising given that FOG is
more common in people with PD and RBD [40]. Since PD and FOG have greater gait
disturbances than those without FOG [1], this may have contributed to differences in gait
between the PD groups. As discussed above, the increased prevalence of FOG in the PD-
RSWA+ group could be attributed to earlier and more extensive pathology in brainstem
circuits that contribute to the control of both REM sleep muscle tone and locomotion, which
have been implicated in the pathogenesis of FOG [55, 56]. Indeed, RSWA was significantly
higher in people with PD and FOG compared to those without FOG [40]. Frontal executive
function deficits are also more common in people with PD and RBD [57] and may
contribute to gait disturbances and FOG [58]. Our cognitive assessment was limited to the
MoCA and future studies should include more a more comprehensive neuropsychological
battery in conjunction with measures of dual-task gait [59-61].
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CONCLUSION

The study findings support our hypothesis that the presence and extent of changes in REM
sleep motor tone correlate to daytime changes in steady-state gait measures among people
with PD. Specifically, the expression of gait impairment manifests differently between those
with and without RSWA. Importantly, clinically relevant [33] deficits in gait were seen in the
PD-RSWA+ group compared to controls and PD-RSWA- participants. We suggest that the
co-expression of abnormal REM sleep muscle tone and changes in daytime gait measures
may reflect progressive involvement of related brainstem structures. Our current findings are
critical for the development of therapies for PD, and support utilizing clinical PSGs to
identify people with PD and RSWA who could benefit from more intense and customized
physical therapy focused on gait and postural stability. Prospective studies that include
longitudinal tracking of populations will also be critical for developing predictive models of
disease progression. In these future models, measures of REM sleep and daytime gait may
be used as biophysiological markers of disease progression and employed to evaluate
symptomatic and possibly disease modifying therapies [62].
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Fig. 2.

Phasic RSWA - chin

Phasic RSWA - leg

Correlations of gait measures to PSG RSWA scores within the participants with Parkinson’s
disease (7= 41). The relationship of gait measures including (A) speed and (B) step length,
both normalized to leg length, and (C) average step time coefficient of variation are plotted
relating to tonic and phasic chin EMG activity and phasic leg EMG activity during REM
sleep. Black squares represent the mean value for each participant on figures (A) and (C).
On figure (B), black squares represent the mean of each participant’s more affected leg,
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while red circles represent the mean of each participant’s less affected leg. Lines are the
lines of best fit for the data of matching color. *p < 0.05, **p < 0.01, ***p < 0.001.
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