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Abstract: While previous studies have described the time course of the dissipation of motor sleep
inertia (around 70 min after wake-up time) and motor wake inertia (around 20 min after bedtime)
in healthy controls (HCs), the corresponding knowledge for persons with early relapsing–remitting
multiple sclerosis (RRMS) is lacking. To fill in this knowledge gap, we carried out a secondary
analysis of previously collected data in 35 persons (24 females; mean age = 31.51 ± 7.74 years) with
early relapsing–remitting multiple sclerosis (RRMS) and 35 (24 females; mean age = 31.29 ± 8.02)
healthy controls (HCs). Each participant wore an actigraphic Micro Motionlogger Watch (Ambulatory
Monitoring, Ardlsey, NY, USA) for seven consecutive days. The Functional Linear Modeling statistical
framework was adopted to compare the dissipation of motor sleep inertia as well as motor wake
inertia between RRMS and HC. As regards motor sleep inertia, no significant differences in motor
activity were observed in the first 70 min after the wake-up time; however, with reference to motor
wake inertia, the motor activity of RRMS persons was significantly higher than HCs in approximately
the first 30 min after bedtime. Despite the small sample size, this pattern of results suggests that the
dissipation of motor wake inertia is only slower in persons with RRMS as opposed to HCs.
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1. Introduction

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS),
both chronic and autoimmune, with high heterogeneity in symptomatology according
to the damaged area of the CNS as well as an unpredictable course at onset. The most
common form of MS at onset is the relapsing remitting (RRMS) type.

In recent years, the motor activity profile over 24 h of early (less than 24 months from
diagnosis) RRMS has been described [1], with higher motor activity in patients than healthy
controls (HCs) at 05:00 a.m. This datum has been interpreted on the basis of hyperactivity
of the hypothalamus–pituitary–adrenal (HPA) axis and the subsequent higher cortisol
awakening response previously observed in RRMS [2].

Even more recently, the first studies on the time course of motor sleep inertia [3]
and motor wake inertia [4] dissipation in healthy controls have been published. Sleep
inertia can be defined as a “transitional state between sleep and wake, marked by impaired
performance, reduced vigilance, and a desire to return to sleep” [5] (p. 76). It was shown [3]
that motor sleep inertia dissipation, ecologically assessed through the recording of motor
activity with actigraphy, is completed in 70 min. Later [4], the dissipation of motor wake
inertia was also examined, namely, the motor activity pattern in the transition between
wakefulness and sleep that is completed around 20 min after bedtime.
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To the best of our knowledge, the time course of motor sleep inertia and motor wake
inertia dissipation, ecologically assessed through actigraphy, has not yet been investigated
in persons with MS. Since sleep seems to be altered in MS [6], although data reported
in the literature are not completely homogeneous, with the aim to better understand the
relationship between sleep and MS it could be interesting to examine the times of transitions
between sleep and wakefulness, as well as vice versa, that, until now, have not yet been
explored. Therefore, the aim of this secondary analysis of previously collected data [1]
is to fill in this knowledge gap by re-examining the data of persons with early RRMS in
comparison with HCs matched by gender and age. Considering the disease condition, we
could expect that RRMS patients might show higher difficulty in the transition between
sleeping and waking, as well as vice versa, compared to HCs.

2. Materials and Methods
2.1. Participants

An overall number of 35 persons with early RRMS (24 females) and 35 HCs (24 females)
were enrolled in the original study [1]. The gender was perfectly balanced between groups
(χ2

1 = 0; p = 1) and age was far from significance, with the mean age of the RRMS persons
equal to 31.51 years (standard deviation = 7.74) while that of the HCs was 31.29 years
(standard deviation = 8.02) (t68 = 0.12; p = 0.90).

The inclusion criteria of both early RRMS persons and HCs were fully reported in the
original study [1]. Among those criteria, we can recall here for the early RRMS persons
the following: no more than 24 months from the diagnosis, no relapse or steroid treatment
in the last month and absence of disability interfering with motor activity. As regards the
HCs, we can quote the absence of sleep disorders and disability interfering with motor
activity as well as no use of psychoactive drugs.

2.2. Actigraphy

The actigraph Micro Motionlogger Watch, commercialized by Ambulatory Monitoring
Inc. (Ardlsey, NY, USA), was used for the present study. Ambulatory Monitoring Inc.
(Ardsley, NY, USA) was among the first companies to introduce commercially available
actigraphs more than 35 years ago [7,8]. The actigraph is a widely used device for prolonged
monitoring of the sleep/wake pattern in a person’s natural environment [9,10], which
achieves resounding success [11,12].

The device used in this study is equipped with a triaxial accelerometer, presenting a
sensitivity equal to 0.01 g, and a sampling frequency of 32 Hz, while filters are set at 2–3 Hz.
The Motionlogger Watchware software (version 1.99.34.1; Ambulatory Monitoring, Inc.,
Ardlsey, NY, USA) was used to initialize the actigraphs in zero crossing mode to collect
motor activity counts in 1 min epochs.

2.3. Motor Sleep Inertia and Motor Wake Inertia

To explore the time course of motor sleep inertia, Action 4 software (version 1.16;
Ambulatory Monitoring, Inc., Ardlsey, NY, USA) was used to extract the motor activity
counts, minute-by-minute, between 120 min before and 120 min after the wake-up time
(i.e., the time of day that participants got out of bed).

In the same way, to analyze the time course of motor wake inertia, we extracted
the motor activity counts, minute-by-minute, between 120 min before and 120 min after
bedtime (i.e., the time of day that participants went to bed trying to fall asleep).

2.4. Procedure

Participants wore the actigraph around the non-dominant wrist 24 h per day for an
overall number of seven consecutive days [13] and filled in a sleep diary [14]. Moreover,
they were requested to push the event-marker button of the actigraph to indicate the
bedtime and wake-up time. If participants forgot to push the event-marker button, the
scorer referred to the sleep diary to check the bedtime and wake-up time.
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This study was conducted in accordance with the Declaration of Helsinki, and approved
by the Bologna-Imola Ethics Committee (protocol number 0122151 of 18 October 2017).

2.5. Statistical Analyses

Functional Linear Modeling (FLM) [15] was adopted in the present study and per-
formed through the “actigraphy” package in the statistical software R (R Foundation for Sta-
tistical Computing, Vienna, Austria. https://www.R-project.org/ accessed on 19 December
2023). We used FLM because it was specifically developed to analyze the actigraphy data
with advanced statistical techniques as well as to facilitate the comparison between the
current data with those previously reported/examined in the literature with the same
statistical framework. More specifically, the time course of motor sleep inertia and motor
wake inertia between RRMS persons and HCs was compared through a between-subjects
FLM comparison. As shown in Figures 1 and 2, the upper part of the FLM plot shows
the functional forms of the motor activity profile at the transition between sleeping and
waking (Figure 1) and vice versa (Figure 2), while the lower part shows the results of the
non-parametric permutation F-test. Significant differences are detected when the red solid
line (i.e., the observed statistics) is higher than both the blue dashed (i.e., the global test of
significance with alpha set at p < 0.05) and dotted (i.e., the pointwise test of significance
with alpha set at p < 0.05) lines.

Sclerosis 2024, 2, FOR PEER REVIEW 3 
 

 

they were requested to push the event-marker bu on of the actigraph to indicate the 
bedtime and wake-up time. If participants forgot to push the event-marker bu on, the 
scorer referred to the sleep diary to check the bedtime and wake-up time. 

This study was conducted in accordance with the Declaration of Helsinki, and 
approved by the Bologna-Imola Ethics Commi ee (protocol number 0122151 of 18 
October 2017). 

2.5. Statistical Analyses 
Functional Linear Modeling (FLM) [15] was adopted in the present study and 

performed through the “actigraphy” package in the statistical software R. We used FLM 
because it was specifically developed to analyze the actigraphy data with advanced 
statistical techniques as well as to facilitate the comparison between the current data with 
those previously reported/examined in the literature with the same statistical framework. 
More specifically, the time course of motor sleep inertia and motor wake inertia between 
RRMS persons and HCs was compared through a between-subjects FLM comparison. As 
shown in Figures 1 and 2, the upper part of the FLM plot shows the functional forms of 
the motor activity profile at the transition between sleeping and waking (Figure 1) and 
vice versa (Figure 2), while the lower part shows the results of the non-parametric 
permutation F-test. Significant differences are detected when the red solid line (i.e., the 
observed statistics) is higher than both the blue dashed (i.e., the global test of significance 
with alpha set at p < 0.05) and do ed (i.e., the pointwise test of significance with alpha set 
at p < 0.05) lines. 

 
Figure 1. FLM plot related to the profile of the sleep–wake transition in RRMS persons and HCs. 

Figure 1. FLM plot related to the profile of the sleep–wake transition in RRMS persons and HCs.

https://www.R-project.org/


Sclerosis 2024, 2 4
Sclerosis 2024, 2, FOR PEER REVIEW 4 
 

 

 
Figure 2. Results of the FLM analysis applied to the breakdown of the wake–sleep transition in 
RRMS persons and HCs. 

3. Results 
3.1. Time Course of Motor Sleep Inertia 

The FLM highlighted a single time interval with significant differences between the 
motor activity of the groups. Specifically, between 80 and 90 min after the wake-up time, 
the motor activity of RRMS persons was significantly higher than the motor activity of 
HCs (Figure 1). 

3.2. Time Course of Motor Wake Inertia 
The between-subjects FLM pointed out two time intervals, both after bedtime, with 

significant differences between groups, i.e., between a few minutes after bedtime up to 
almost 30 min after it, as well as around 85 min after bedtime, with higher motor activity 
in the RRMS persons (Figure 2). 

4. Discussion 
The aim of this secondary analysis of previously collected data [1] was to shed light, 

for the first time, on the time course of motor sleep inertia and motor wake inertia dissi-
pation in persons with early RRMS compared with HCs. 

As regards the time course of motor sleep inertia dissipation, the unique time interval 
with significant differences in motor activity between groups has been observed around 
80–90 min after the wake-up time, with higher motor activity in early RRMS persons. Since 
this difference occurs later than the time taken by motor sleep inertia to dissipate in 
healthy controls, i.e., within 70 min from the wake-up time [3], we can conclude that motor 
sleep inertia dissipation is not different in patients compared to controls. A potential ex-
planation of this result, which is not in line with our expectations, might be related to the 

Figure 2. Results of the FLM analysis applied to the breakdown of the wake–sleep transition in RRMS
persons and HCs.

3. Results
3.1. Time Course of Motor Sleep Inertia

The FLM highlighted a single time interval with significant differences between the
motor activity of the groups. Specifically, between 80 and 90 min after the wake-up time,
the motor activity of RRMS persons was significantly higher than the motor activity of HCs
(Figure 1).

3.2. Time Course of Motor Wake Inertia

The between-subjects FLM pointed out two time intervals, both after bedtime, with
significant differences between groups, i.e., between a few minutes after bedtime up to
almost 30 min after it, as well as around 85 min after bedtime, with higher motor activity in
the RRMS persons (Figure 2).

4. Discussion

The aim of this secondary analysis of previously collected data [1] was to shed light, for
the first time, on the time course of motor sleep inertia and motor wake inertia dissipation
in persons with early RRMS compared with HCs.

As regards the time course of motor sleep inertia dissipation, the unique time interval
with significant differences in motor activity between groups has been observed around
80–90 min after the wake-up time, with higher motor activity in early RRMS persons. Since
this difference occurs later than the time taken by motor sleep inertia to dissipate in healthy
controls, i.e., within 70 min from the wake-up time [3], we can conclude that motor sleep
inertia dissipation is not different in patients compared to controls. A potential explanation
of this result, which is not in line with our expectations, might be related to the hyperactive
HPA axis in RRMS persons [2], which may mask the supposed higher difficulty of patients
in the transition between sleeping and waking.
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With reference to the time course of motor wake inertia dissipation, we observed
higher motor activity in persons with RRMS compared to HCs between a few minutes
after bedtime up to about 30 min after it. Since it has been reported that motor wake
inertia dissipates in healthy controls in 20 min [4], we can infer that motor wake inertia is
more marked in persons with RRMS than HCs, in line with our expectations. This pattern
of results is confirmed by the longer sleep onset latency in RRMS persons than HCs [1].
Moreover, if we use the two-process model of sleep regulation [16,17] as a theoretical
framework, the observed slower dissipation of motor wake inertia in RRMS persons could
involve the homeostatic process more than the circadian, as previously suggested [4],
potentially pointing out a lower homeostatic sleep pressure in early RRMS. A further
explanation of this result might be related to the hyperactive HPA axis in RRMS persons [2],
which may increase difficulty patientsin the transition between wake and sleep. This
secondary explanation is not necessarily alternative to the first one.

With reference to potential implications of the present study, if the lower homeo-
static sleep pressure in early RRMS is confirmed, some potential interventions could be
specifically designed, for example involving early RRMS persons with low disability in
physical exercise programs [18,19], which has been proven to boost the homeostatic sleep
process [20].

Among the limitations of the current study, we must acknowledge the relatively small
sample size. To overcome this limitation, future studies on larger samples are required.
More specifically, further studies should verify the suitability of the working hypothesis
on the role played by the homeostatic process in the regulation of motor wake inertia by
plotting motor activity at the transition between waking and sleeping against the total
amount of wakefulness. Moreover, future longitudinal studies are needed to assess whether
the sleep onset issue is associated or not with the severity of the disorder in order to improve
the wellbeing of these persons [21].

5. Conclusions

The aim of this secondary analysis of previously collected data was to explore the
time course of motor sleep inertia and motor wake inertia dissipation in persons with
early RRMS. While the dissipation of motor sleep inertia was not different between early
RRMS persons and HCs, a more marked motor wake inertia was observed in early RRMS
persons that, using the two-process model of sleep regulation as a theoretical framework,
was interpreted as the consequence of a lower homeostatic sleep pressure. Such a pattern
of results is also compatible with the hyperactive HPA axis in RRMS persons.
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