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Sleep deprivation affects gait
control

Guilherme S. Umemura?, Jodo Pedro Pinho?, Jacques Duysens*, Hermano Igo Krebs®?%3 &
Arturo Forner-Cordero™

Different levels of sleep restriction affect human performance in multiple aspects. However, it is
unclear how sleep deprivation affects gait control. We applied a paced gait paradigm that included
subliminal rhythm changes to analyze the effects of different sleep restriction levels (acute,

chronic and control) on performance. Acute sleep deprivation (one night) group exhibited impaired
performance in the sensorimotor synchronization gait protocol, such as a decrease in the Period Error
between the footfalls and the auditory stimulus as well as missing more frequently the auditory cues.
The group with chronic sleep restriction also underperformed when compared to the control group
with a tendency to a late footfall with respect to the RAC sound. Our results suggest that partial or
total sleep deprivation leads to a decrease in the performance in the sensorimotor control of gait. The
superior performance of the chronic sleep group when compared to the acute group suggests that
there is a compensatory mechanism that helps to improve motor performance.

Sleep disturbances affect cognition and lead to a decreased performance in learning, attentional and motor tasks!.
There are many factors that can affect sleep. For instance, shift-workers are an extreme case of these socially
imposed sleep impairment® and they present a higher risk of suffering metabolic or cardiovascular problems, as
well as attention and learning deficits®*.

A common situation is shorter amount of sleep during workdays and compensation in free days, also known
as social-jetlag®. This phenomenon may characterize a chronic sleep restriction and may cause a reduction in
neurocognitive function’.

More than 85% of university students sleep less than 8 h per night and, among them, about 40% of the students
sleep less than 6 h®. Therefore, most university students suffer from chronic sleep deprivation. Sleep deprivation
affects negatively the learning process, attention and reaction time”®. These impairments are associated with
neural and cognitive diminished capacity related to lower metabolic rate in different regions of the central nerv-
ous system. Sleep deprivation is related to lower activity in the prefrontal cortex, thalamus, basal ganglia, and
cerebellum areas associated with learning, cognition, motor control and sensory information processing”*1°.

Human postural control has also been shown to be negatively affected by both acute sleep deprivation and
chronic sleep restriction'"**. In contrast, the interaction between sleep disturbances and tasks such as gait has
been less explored. Agmon et al.' found that elderly people with impaired sleep quality performed worse under
dual task condition. They reported an association between gait variability and speed with lower sleep quality,
suggesting a compromised gait. Another study showed that college athletes with reduced sleep had greater
difficulties in walking in tandem (toe-to-heel along a straight line) when executed together with a cognitive
task. This was attributed to the deterioration of the executive functions caused by shorter sleep that resulted in
a lack of attention".

Gait is a rhythmic movement influenced by multifactorial components that are the result of the interaction
of self-organized processes of neural and mechanical systems®'®!”. Several authors investigated the effects of an
imposed external cueing via a metronome on human rhythmic motion, such as finger tapping or gait'®-*'. The
sensorimotor synchronization with an exogenous pacing stimulus appears to be based on the prediction of the
stimulus and anticipation of the motor outflow along with an error correction based on sensory information*-?’.

In this respect, auditory motor synchronization involves several supraspinal structures such as the thalamus
and prefrontal cortex, that can be affected by sleep deprivation?®?. The subliminal perturbations of the rhyth-
mic auditory cueing—RAC"**! represent changes that are below the threshold for explicit detection'®?*%2, thus
avoiding the changes in the level of alertness due to a perceived stimuli*’, which is related to the sleep deprivation
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Figure 1. Experimental design used in this work. The sleep monitoring by actigraphy was conducted prior the
motor control test.

state of the subject. Therefore, the subliminal RAC changes could be used to “probe” the gait control system
under sleep deprivation. We employed this unique paradigm that we previously developed® to provide a basic
RAC at a given frequency and then applied the changes of increasing and decreasing frequencies at very small
increments (1 ms). The rhythm is maintained for a time interval before returning to the original RAC frequency.
In this way, it is possible to test for potential after-effects.

Our goal is to identify changes in gait performance associated to sleep disturbances. We investigated the influ-
ence of different sleep schedules (control group with compensated sleep, chronic sleep restriction and acute sleep
deprivation) on sensorimotor responses in a gait-auditory cueing synchronization paradigm with subliminal
changes. We hypothesized that sleep disturbances affect the entrainment between gait and the RAC; therefore,
we expected that the footfall and RAC would show larger divergences between the sleep deprived and the other
groups, leading to larger errors and variability. Moreover, we expected to find that larger differences resulted in
worse gait-auditory entrainment™.

Methods

Participants. A sample of young adults (35% female), college students, with no diagnosed motor, cognitive,
sensory impairment or sleep disorders nor previous experience with our protocol, volunteered to participate in
the experiment and signed an informed consent. The study was carried out in accordance with guidelines and
regulations for experiments with humans and it was approved by the Ethics Committee of the University Hospital
of the University of Sao Paulo and registered in the National database (Protocol number: 32626014.5.0000.0076).

The volunteers were instructed to follow their daily routines for two weeks while their rhythm and sleep were
monitored by means of actigraphy. Two planned groups were allocated randomly, one group with n=10 had one
night of sleep deprivation before performing the gait tests (Sleep Acute Deprivation- SAD). When analyzing the
sleep and rhythm parameters from the other group we found that there was a consistent mild sleep restriction
and bad sleep quality for most participants, in agreement with previous literature about college students and
sleep®. Within this sample, two different behaviors emerged: one sub-group compensated for loss sleep during
the weekends and was considered as the reference Control Group (CG) and another that did not compensate
over the weekend was named the Sleep Chronic Restriction group (SCR).

The number of participants in GC and SCR groups were set to be equal to the number of SAD participants
(Fig. 1): Control Group—CG (n=10, 22+ 2 years, 176 £ 7 cm, 72 10 kg, 23.0 £ 1.9 kg/m?); Sleep Chronic Restric-
tion—SCR (n=10, 22+ 2 years, 177 +8 cm, 73+ 10 kg, 23.4 + 1.8 kg/m?); and Sleep Acute Deprivation—SAD
(n=10, 22 £3 years, 166+ 12 cm, 59+ 16 kg, 21.0 + 3.4 kg/m?). The control group is characterized by the sleep
recovery on the weekends when compared with the weekdays. In the SCR group, there was no sleep recovery
during the weekend (Table 1). The SAD group was composed of subjects that were subjected to one night of
complete sleep deprivation.

StUdy design. The volunteers wore an actimeter (ActTrust, Condor Instruments, Ltda, SP, Brazil) for
14 days before the gait experimental procedure. All gait tests were conducted on a Friday, starting after 8:30.

The participants in the SAD group came to the laboratory on a Thursday evening and stayed awake overnight.
These subjects were instructed to stay awake until the next morning performing the same routine they would if
they had to stay awake at their home. They could study, watch TV, play video games or read books. The consump-
tion of caffeine or stimulants was not allowed.

Sleep assessment. To control for individual sleep patterns, we assessed sleep and circadian rhythm with
actimetry (ActiTrust, Condor Instruments Ltda, SP, Brazil). The actimeter collected movement data via a three-
axis accelerometer at a sampling rate of 25 Hz, and recorded with a 60 s interval using a specific activity mode
currently used in circadian and sleep monitoring research®**’. The ActStudio software (Condor Instruments
Ltda, SP, Brazil) was used to interpret the actigraphy data. The following parameters were obtained: Sleep Effi-
ciency (ratio between resting and sleeping time); Total Sleep Time; Time of Sleep Onset; Mid-Sleep Phase MSP
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Sleep and rhythm variables CG SCR SAD F p-value
MEQ-HO (score) 43.30(13.00) 49.4410.74) 46.30(9 79 0.660 %25
PSQI (score) 5.00(45) €8.20(3 05 7.50(.72) 4.656 018
ESS (score) 9.50(,2) 9.90(3.31) CG.SCR 20,004 5) 18.092 <0001
TST Workdays (hh:mm) 05:59 00,53 06:21 943, 06:43 9130 1.084 034
TST Free days (hh:mm) SCR 08:16(01.12) 06:26,9.50) 07:1901.47) 4.592 0020
Sleep Efficiency (%) 0.899.04) 0.87 9,04 0.899,03) 0.570 073
IS (a.u.) 0.26(0.07) 0.21 9,67 0.26(0,05) 1.350 0278
IV (a.u.) 0.75(0.13) 0.73(0.17) 0.719.10) 0.196 0823

Table 1. Mean and standard deviation of the sleep and circadian rhythm variables in the three groups prior to
the experiment (CG, SCR and SAD). MEQ-HO Morningness and Eveningness Questionnaire, PSQI Pittsburgh
Sleep Quality Index, ESS Epworth Sleepiness Scale, TST Total Sleep Time, IS Inter-daily Stability, IV Intra-daily
Variability. F value and p value of the one-way ANOVA test are presented in the last column. Holm-Sidak
post-hoc results are expressed before the group means that yield statistically significant higher values.

(calculated using the actimeter variables total sleep time (TST) and sleep onset (SON), MSP=0.5*TST + SON
for work and free days); Inter daily Stability (circadian stability across multiple days); Intra daily Variability (the
circadian variability along each day). The sleep parameters were calculated based on Cole-Kripke algorithm*.

Chronotype was assessed by the Morningness and Eveningness Questionnaire (MEQ-HO)¥. This question-
naire provided information about the subjects’ routine preferences and it is associated with the time preferred
for daily tasks, which can be associated with a performance peak in cognitive and motor tasks*®*!. Higher values
indicate evening chronotypes and lower values morning chronotype.

The Pittsburgh Sleep Quality Index (PSQI) was used to assess sleep disturbances and sleep quality. It has 19
items that provides information about sleep quality within the last 30 days. The sum of the components is used
to indicate for possible sleep problems*2. Higher PSQI values, i.e. bad sleep quality, are associated with actigraphy
parameters, such as the L5, that is the amount of movement during the five hours of less motion®.

The Epworth Sleepiness Scale (ESS) was used to measure daytime sleepiness*. It is comprised of questions in
which the participants self-report the chance of dozing off or fall asleep during day. Higher ESS indicate higher
daytime sleepiness.

Instruments. The gait experiments were performed on a motorized treadmill (Movement LX-160, Brudden,
Brazil) and movement was captured by 6 infrared cameras with a sample frequency set at 120 Hz (Flex 13, Opti-
track, Natural Point Inc., USA). These cameras captured 2 reflective markers placed on the participants’ heels.
Motive software (Natural Point Inc., USA) was used to reconstruct those markers trajectories. A costume-made
programmable RAC employing an Arduino Uno microcontroller (Arduino, Spa, Italy) was used to generate the
beep sound through speakers along with digital LED pulses to synchronize the RAC and kinematic data.

Familiarization trial. A familiarization period (5 min) with the treadmill at a fixed speed (set at 1.1 m/s)
was given prior to the experimental protocol. The last minute of that period was recorded to assess the subjects’
self-selected gait period and step length without the RAC.

Experimental gait paradigm. The experimental conditions consisted of three different RAC sequences:
one constant (isochronous phase A) and two variable (non-isochronous: phases B-F and G-K) RAC conditions
as shown in Fig. 2.

When the RAC frequency increases, the asynchrony between the stimulus and response decreases because
the response is usually “advanced” with respect to the stimulus. On the other hand, when the RAC frequency
decreases, the asynchrony increases®.

Before starting the tests, a verbal instruction was given for the participants to synchronize every footfall with
the RAC sound, but they were not alerted to any modulation of the RAC beating. Participants were asked to
perform each of the three experimental conditions presented in a random fashion until obtaining three trials
for each condition. Period increments or decrements were of 1 ms (~ 0.6° relative phase), thus guaranteeing
a subliminal stimuli variation as previously reported®***. Since the treadmill velocity is constant, changes in
the RAC frequency would change the step frequency, thus forcing a change in the step length to maintain the
treadmill speed*®.

In the first condition (A) the participants were asked to entrain to an isochronous stimulus (566 ms) for 215
steps®. In the second/third condition, they started with an isochronous stimulus (B/G), increase/decrease the
stimulus period (C/H) until 596 ms/536 ms, assume new isochronous stimulus (D/I), to then decrease/increase
the stimulus period (E/J) until 566 ms. The last phase was a new isochronous stimulus (F/K).

Data processing. Custom-made algorithms were written in MATLAB (2015a, MathWorks, USA) to pro-
cess the kinematic data. The reflective markers coordinates, after residual analysis, were filtered digitally by a low
pass fourth order Butterworth filter with a cutoff of 12 Hz*". The heel strikes were determined by the shape of the
foot markers trajectory using a cross-correlation function, as described in more detail elsewhere***.
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Figure 2. Eleven subphases of the three experimental conditions. The Relative Phase (¢) can assume zero if the
footfall (x) coincides with the RAC sound (|), negative if it anticipates the sound and positive if it is delayed in
respect to the sound. The numbers presented in the graph indicate the number of auditory cues in each phase (
Adapted from Forner-Cordero et al. 2019).
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Figure 3. (a) Missed RAC sounds count per participant in the three experimental conditions. *Statistically
different from the other groups yield by the Kruskal-Wallis test with post-hoc Tukey; (b) Missed beats (1 or — 1)
of the RAC during more than 200 steps for the SAD group, where each color line represents one subject.

To investigate whether subjects followed the rhythmic auditory cues, the synchronization error was calculated
as a discrete Relative Phase angle (RP—Eq. 1):
(i) —s()
T

RP = 360; (1)
where s(i) and r(i) are the stimulus (auditory cue) and response (heel strike) moment; and T is the RAC period.
There are three possible outcomes: a negative Relative Phase (anticipation to the auditory cue), a positive Relative
Phase (a delay) or zero (an accurate synchronization between footfall and cue). The absolute Relative Phase was
used to compare the synchronization error between different phases because the sleep deprived group showed
large positive and negative relative phases with a high variability and average values close to zero. For the analy-
sis of the frequency of the accurate footfalls, a footfall was considered a hit when it occurred within a — 30 ms
and 10 ms time-window from the beep, which are related to the values of the accuracy found in musicians and
non-musicians in sensorimotor synchronization tests®. The footfalls taking place over 30 ms earlier than the
beep were classified as early footfalls and the ones that occurred later than 10 ms were classified as late footfalls.

During the experiments, we noticed that several participants missed a few beeps. Those were recorded and
shown in Fig. 3. We compared the between-group-differences of the missed RAC cues. To avoid introducing a
systematic bias in the phase analysis, the missed cue was removed, and the Relative Phase was calculated with
the closest footfall.

Secondly, we defined a parameter to measure the relation between RAC and step periods, the period error®.
It was defined as the difference between step period and RAC period, in milliseconds, as shown in Eq. (2):
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Figure 4. Number of accurate footfalls with respect to beep in the three possible situations early, late or hit for
the CG and SCR groups in the isochronous condition (Phase A). *Indicates cross tabulation differences between
groups in the Chi-Square Test.

PE() = [r(i) —r(i — D] — [s() — s(i — DI; (2)

where r(i) represents the ith response (foot contact) to the ith stimulus (sound cue) s(i).
Step length was obtained by calculating the difference between the anterior—posterior forward heel coordinate
and the rear one.

Statistical procedures. All statistical procedures were conducted on SigmaPlot 11.0 (Systat Software Inc,
Germany). The significance level for all tests was set at 5%. After visual inspection, Shapiro-Wilk, Levene and
Mauchly tests were conducted to check for normality, homoscedasticity, and sphericity of the data, respectively.
A two-tailed paired t test was used to compare ESS data in the SAD group between the day of the experiment
and the day before. A one-way analysis of variance with pairwise multiple comparison procedures following
Holm-Sidak method was used to compare the differences in sleep parameters between groups. Kruskal-Wallis
test with Tukey post-hoc analysis was conducted to compare period-shift counts between groups. To compare
the differences between groups and phases in step length, Relative Phase, and Period Error, we employed a two-
way analysis of variance with Tukey post-hoc analysis. A Chi-Squared Test was conducted to compare differ-
ences between CG and SCR in the footfall accuracy. The Hedge’s g effect size was calculated for the comparison
between CG and SCR or SAD groups at each phase of the test.

Ethics approval and consent to participate. The experimental procedures were registered in the
national database (Plataforma Brasil) and approved by the Ethical Committee of the Hospital Universitdrio
da Universidade de Sao Paulo (CAAE: 32629414.9.0000.0076; CAAE: 32626014.5.0000.0076). All the subjects
signed an informed consent.

Consent for publication.  All the authors agree with the contents of the manuscript and this submission.

Results
Sleep and circadian parameters. Table 1 presents the differences between groups in all sleep and circa-
dian rhythm variables. Statistical test results are also presented. The TST compensation was observed only in
control group.

The comparison between ESS scores of SAD group the day of the experiment (M =20.00, SD =4.28, see
Table 1) and the day before the experiment (M =12.50, SD = 3.30, not shown in Table 1) indicates higher daytime
sleepiness after the laboratory overnight, t(9) =-7.339, p<0.001.

Accuracy of footfall in the gait task. As described previously, it was observed that subjects neglected
some RAC sounds. Figure 3 presents the number of times the participants (per group) missed at least one audi-
tory cue per trial for conditions with constant stimuli (phase A) or variable stimuli (phases B-F and phases G-K
as explained in Fig. 2); along with the statistical differences between them.

The number of accurate footfalls is represented in Fig. 4 for phase A. For this variable, the Chi-Squared test
showed a statistically significant differences (p <0.05) between the CG and SCR groups in the frequency early
(RP <-30 ms) and late footfalls (RP > 10 ms). Accuracy was less for SCR in early but better in late. No differences
were observed between these groups for the hit interval (— 30 ms <RP > 10 ms).

Gait synchronization with RAC.  The step period data for the three groups in the three experimental con-
ditions is presented in Fig. 5. The mean and standard deviation for all gait variables are presented in Table 2 and
the effects sizes between groups are shown in Table 3. Regarding Step Length, the ANOVA showed no statisti-
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Figure 5. Overall step period data in one trial of all participants in the three groups in the three experimental
conditions (first row: A; second row: B-F; and third row, G-K). First column expresses the RAC period. Dashed
vertical lines represent the moment the RAC period changed.

Phase
Variable Group o A B C D E F G H I J K
CG 620 63 630 [ 6601) 651 630, 63 620 6001y 610 630
Step length (cm) SCR 62 63 630 650 6601, 65 63 63 61 59 61 630
SAD 604 623 624 62 64 644 6203 62 61 595 603, 62
CG 55301 566, 567 580, 596, 582, 566, 566 552, 536, 550, 5670
Step period (ms) SCR 5635 5661 566, 580 5962 583 565, 566 551 535, 550 5654
SAD 541 5620 5610, 571013, 581 57614 562 56210, 5504 5365 548, 5621
CG - Lo 20 ) 20 20 20 20 Ly 20 ) 26
Period error (ms) SCR - 1) 20 Lo 1q) 1) 20 24 1y 20 Lo 1y
SAD - 56) 60) 105 150 8a2) 56) 50 4 3w 4o 66)
CG - 285 3206 3817, 5501 3703 2702 2903 415, 5205 440y, 396
Relative phase (°) SCR - 3001 330 3503 435 291 23(10) 24 285 35014 24, 26017,
SAD - 5237) 4829) 6200 6004 543) 497) RED) 432 42(33) 48:6) 50(g)
Table 2. Mean and standard deviation of step length, step period, period error and the Relative Phase in the
3 experimental conditions (phases A to K) and in the no-cue condition (@ - without RAC interference) in the
three groups.
cally significant interaction between factors (F,, ,9,=1.552, p=0.057). A statistically significant main effect was
found for Phase (F1, 54,=61.240, p<0.001) and no significant main effect was found for Group (F,,s,=1.060,
p=0.360).

Footfall-RAC Relative Phase did not show a statistically significant interaction between factors (Fy,,,,=1.444,
p=0.102). Main effect Phase was found to be statistically significant (F,,,,=4.439, p<0.001)—Fig. 6—and main
effect Group was found to be non-significant (F, ,,,=2.787, p=0.079).

Regarding the Period Error (Fig. 7), a statistically significant interaction between factors (Fy 5, =2.663,
p<0.001) was found. Main effect Phase was found to be statistically significant (F 7, =2.681, p=0.004) as well
as main effect Group (F, ,,,=3.373, p=0.049).
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Phase
Variable | Group | @ A B C D E F G H I J K
scr | 02( —023(- |-018(- |-025( |-027(- | -02(- |-022(- |-005(- | 0.05(-083] 0.16(- 0.23 (- 0.15 (-
Step 0.68-1.08) | 1.11-0.65) | 1.06-0.7) | 1.12-0.63)| 1.16-0.61) | 1.08—0.67) | 1.1-0.66) | 0.93-0.83) | —0.92) 0.72-1.04) | 0.65-1.11) | 0.72-1.03)
length -0.76 (-
(em) GAD | 042(= [-049(= | -047(- |-023(- | -01(- | —06(- |-04l(- |-059(- | = —076 (- |-038(- |-026(-
131-046) | 1.38-04) | 136-042) [ 11-0.65) | 0.98-0.77)| 149-03) | 1.29-048) | 149-031)| * ', 1.66—0.15) | 1.26-0.51) | 1.14—0.62)
SCR _ -0.23 (- 0.31 (- 006(- | -075(- | -074(— |-001(— |-035(- 0.34 (- 0.54| —0.02 (- 0.03(- |-024(—
Period 1.11-0.64) | 0.57-1.19) | 0.81-0.94) | 1.66—0.16) | 1.65—0.16) | 0.88-0.87) | 1.23-0.54) | —1.23) 0.9-0.85) | 0.85-0.9) | 1.12-0.64)
error (ms) sAD |- 0.62 (- 0.58 (- 0.92 0.83 (- 0.68 (- 0.55 (- 0.45 (- 0.97 0.35 (- 0.77 (- 0.54 (-
0.28-1.52)| 0.32-1.47) | (0-1.84) | 0.08—1.74)| 0.22—1.58) | 0.34—1.44) | 0.44—1.34) | (0.04—1.89) | 0.53—1.23) | 0.14—1.68) | 0.35—1.43)
scr |- 0.15 (- 005(— |-021(- | -067(- | -063(- |-038(- |-043(~ |=-069(- (: ;gg . (: ;112 | -o048(-
Relative 073-1.03) | 0.83-0.93) | 1.09-0.67)| 1.57-0.23) | 1.53-0.27) | 1.26-0.51)| 1.32-045) | 1.59-022) | ;" 023) 1.37-0.41)
hase (°)
P SAD ~ 0.82 (- 0.68 (— 0.79 (- 0.16 (- 0.57 (- 0.75 (- 0.51 (- 0.09 (- 038 (- 0.15 (- 0.32 (-
0.09-1.74)| 0.23-1.58)| 0.12-1.7) | 0.72—1.03) | 0.32-1.46) | 0.15-1.66) | 0.38—1.4) | 0.78-0.97) | 1.26-0.51) | 0.73-1.03) | 0.56—1.2)

Table 3. Hedge's g effect size between CG and SCR or SAD groups for step length, period error and relative
phase, in each phase of the test.
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Figure 6. Footfall-RAC Relative Phase means and standard deviation in the three groups in the three
experimental conditions defined by phase (A-K). The letters indicate the significant differences between phases.
Note the higher relative phase and the higher variability in SAD group for Footfall-RAC Relative Phase in
almost all experimental conditions. It is also possible to identify a trend for a synchronization error/RAC Period
dependency.
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Figure 7. Means and standard deviation for Period Error in the three groups in the three experimental
conditions for the various phases (A-K). Letters on top indicate main effect Phase differences and Greek
symbols indicate main effect Group (8: higher than SCR; gamma: higher than CG) in the two-way ANOVA.
Note that low values mean better Period Error.

Discussion

We aimed to determine the effects of different sleep conditions on sensorimotor synchronization function to
implicit subliminal changes in the rhythm of a RAC during gait. In a previous study, we reported that individu-
als did follow these subliminal RAC changes. Here, we showed deleterious effects on gait control adjustments
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following rhythm changes in the group with acute sleep deprivation when compared to the control and chronic
sleep restriction groups. Moreover, we also found that chronic sleep restriction, when not compensated during
the free days, also impacted negatively on the Period Error.

Relative phase and Period Error variations. Differences in Relative Phase between groups were stable
across the eleven phases with the SAD group consistently showing the most important deviation, albeit not
significantly different.

All groups were able to show a variation of the Relative Phase following the changes in the RAC rhythm. The
Relative Phase is related to the feedback information to adjust gait. Phase angle between the auditory stimulus
and the footfall generates information about accuracy, i.e., the ability to synchronize stimulus information and
motor behavior. Larger variability in the Relative Phase values in the SAD group might explain the lack of inter-
action between groups in the analyses.

We found that control (CG) and chronic sleep restriction (SCR) groups had almost no Period Error through
all the phases, while for the acute sleep deprived (SAD) group, the Period Error fluctuated across phases with
values larger than zero and statistically significant different from the other two groups (see Fig. 7). This behavior
suggests that the participants from the SAD group more frequently lost the synchronization with RAC. Note
that if the Period Error presents values close to zero, it means that gait and RAC periods are similar, even if the
footfall does not coincide precisely with the RAC, as assessed by the relative phase.

It has been proposed that the synchronization of gait with a rhythmic auditory stimulus occurs through
two simultaneous processes: a prediction process (feedforward) of the sound cues—anticipatory adjustments
to the next sound stimulus; and a feedback process—adjustments of the foot contact to match with the sound
cue. These two processes interact to control the gait rhythm and are in agreement with synchronization models
proposed for the finger tapping tasks?.

The same model can explain present results. The Relative Phase accuracy seems to be related to a gait con-
trol process based on a feedback sensory loop driven by the difference between the sounds of the RAC and the
footfall and leading to an automatic adjustment. Since no differences in Relative Phase were detected between
groups, we can assume that the gait feedback control, driven by peripheral sensory inputs, was not significantly
affected by sleep deprivation. In contrast, the period error of the gait pace to the RAC is the result of the match-
ing of two cyclic events (RAC versus gait). This matching requires continuous attention, thereby relying more
on cognitive resources.

The Period Error (difference between RAC and step periods) showed lower values in the CG and SCR groups.
This good performance suggests a slow adaptation process based on a supraspinal oscillator that predicts foot
contact concomitantly with the stimulus****. Even in this slower adaptation process, synchronization can be
accomplished®?. Higher Period Error in the SAD group suggests gait adjustments based on supraspinal processes
likely affected by sleep deprivation.

The stimulus-response adjustments in sensorimotor synchronization have been traditionally studied in finger
tapping experiments®. In these, a negative relative phase, indicating a prediction of the stimulus, the tap occurs
before the sound cue?. This prediction could be based on a supraspinal internal oscillator that is used to predict
the sound cue and elicit the motor action earlier to compensate for delays and reduce timing errors®. The RAC
rhythm variations in finger tapping has been explained by two separate adaptive processes: phase and period
corrections. The phase correction is sensory-based, does not require supraspinal adjustments, and is capable of
keeping the movement in synchrony with the RAC with small timing perturbations®**. However, with higher
fluctuations in the rhythmic stimuli, this process is not able to keep synchronization®. The correction process
adjusts the supraspinal oscillator period that controls the motor activity®>**. Some studies indicated that this
correction in the period of the movement is under conscious and cognitive control, which requires attention
and perception of the rhythm changes; thus, involving more cortical areas related to higher cognitive tasks?**">°.

The processes of sensorimotor synchronization in finger tapping and rhythmic gait share similar neurobe-
havioral characteristics?>**. The prefrontal cortex, parietal lobe, basal ganglia, cerebellum and thalamus, are
some of the brain areas responsible for finger tapping®***” and are also activated while controlling gait’. Sleep
disturbances are related to lower levels of metabolic activity in the thalamus, basal ganglia and cerebellum®,
which have an important role in attention and real-time implicit adjustments of motor tasks!®*** and gait’. In
addition, sleep deprivation strongly affects prefrontal cortex, a brain area associated with the ability to maintain
attention, working memory and real-time movement control®.

Therefore, it was hypothesized that sleep deprived individuals would show a decreased performance in the
period correction during our experiments. In this context, SAD participants used predominantly the feedback
process (phase correction) for paced gait control. Moreover, most of the SAD group participants experienced a
complete loss of synchronization with the RAC or one period shift in all trials of the three experimental condi-
tions. In this case, there is a continuous delay/anticipation to the auditory cue, generating an increasing/decreas-
ing positive/negative phase that accumulates through the test until it reaches the next/previous stimulus. In some
subjects of the SAD group the phase errors were large. It seemed that they never fully synchronize with the RAC
and with the implicit subliminal changes.

Footfall accuracy was characterized by the temporal difference between the auditory cue and footfall instants
and a footfall was labelled as accurate when this difference was within a certain time window (- 30 to 10 ms). This
time window was chosen based on experimental data on tapping experiments with different subject groups™.
It was found that the SCR group showed a lower number of early footfalls in the isochronous rhythm condition
(Phase A), when compared to the Control Group (Fig. 4). Moreover, the SCR showed a significantly higher
number of late footfalls than the CG, but no differences was observed in the accurate hits. It is well known that,
in sensorimotor synchronization tests, the subjects tend to anticipate the response. Therefore, it is possible to
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hypothesize that the feedforward gait control processes could be compromised in the SCR group, thus explain-
ing the larger number of late footfalls®>**¢!. The comparison with the SAD group was not made because the
observation of the period shifting through the test (Fig. 3), which compromises the synchronization with the
RAC during all the trial. The synchronization errors generate an excessive variation of the Relative Phase which
compromise the validity of the analysis. However, the synchronization errors, represented by the phase shifts
in Fig. 3 found in the SAD group provide sufficient evidence that the acute sleep deprivation affects the senso-
rimotor synchronization of the gait. Performance decrease in synchronization tasks is commonly observed in
individuals with sleep deprivation®*% and the inability to synchronize with the rhythm may be related to the
lack of attention caused by sleep deprivation.

Effects of sleep deprivation on sensorimotor-synchronization. Higher values of the Period Error
in the SAD group can be explained by a decrease in alertness due to sleep deprivation® or decreased activation
in the basal ganglia and motor execution brain circuitry'. The SAD group individuals showed severe daytime
sleepiness assessed by the ESS questionnaire. This condition is known to directly affect the cognitive functions®.
The decrease in cognitive performance may result from attentional lapses, which are characterized by brief
moments without behavioral response’. In general, these lapses are very brief, and it is not possible to detect
them without a specific test. The Psychomotor Vigilance Test (PVT) successfully detects those attentional lapses
based on delays in reaction time®. PVT lapses after 24 h of sleep deprivation are higher than in subjects without
sleep deprivation, with the PVT lapses ranging from 4 to 10 in a 10 min test®>%. We were able to detect different
levels of synchronization success with the RAC. We speculate that our experimental paradigm could be used to
assess sleep disturbances, complementary to the PVT.

Decreased sleep efficiency and sleep quality are also aspects that can characterize chronic sleep restriction®.
The SCR group had worse quality of sleep, as shown by the PSQI scores. Moreover, they did not compensate their
sleep debt in the free days. Therefore, it is a group of individuals that are chronically sleep-restricted. Hence, we
suggest that the difference in footfall accuracy found between CG, a group that compensated sleep debt during
the free days, and SCR groups could be attributed to the uncompensated sleep debt.

In a previous study, we found that the sleep restriction in the workdays due to social jetlag impaired the
balance control''. In the present study we found a decrease in the performance of a RAC paced gait task that
depends on the sleep conditions of the participants. We have chosen to fix the step speed as well as the step
period (with the metronome). However, there is a potential limitation in the use of a common speed for all
the subjects. An alternative would weigh up a combination of preferred speed with preferred RAC period and
set the frequency changes around this base frequency. Also, the leg dominance was not verified and should be
recorded in future studies.

Nevertheless, despite of the limitations, in the acute sleep deprivation group, when the subjects did not sleep
overnight, it was possible to detect gait control impairments when compared to the groups that were either
chronically restricted or with a sleep restriction compensated during the free days. Therefore, it is possible to
infer that higher sleep pressure leads to a performance decrease in a sensorimotor adaptation gait task. Although
the best scenario is to avoid accumulating sleep deficit during the workdays, the compensation in the free days
might be a suitable contingency strategy. Taking together, these results in gait control and implicit/procedural
motor learning and adaptation might inform us on approaches to mitigate falls, particularly in the elderly.

Conclusions

We analyzed a gait task of subjects with different sleep routines. The participants that had a one-night (acute)
sleep deprivation had a worse performance in a gait sensorimotor task. Moreover, a control group (CG) of
participants that compensated in their free days a sleep deficit accumulated in the workdays also showed better
motor performance than the acute group. The results showed: (1) subliminal rhythmic compensation in gait is
affected by sleep restriction and (2) sleep compensation results in a better motor performance.
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Received: 4 August 2021; Accepted: 14 October 2021
Published online: 26 October 2021

References

1. McCoy, J. G. & Strecker, R. E. The cognitive cost of sleep lost. Neurobiol. Learn. Mem. 96, 564-582 (2011).

2. Narciso, E. V. et al. Effects of shift work on the postural and psychomotor performance of night workers. PLoS One 11, 4 (2016).

3. Rivera, A. S., Akanbi, M., O’'Dwyer, L. C. & McHugh, M. Shift work and long work hours and their association with chronic health
conditions: A systematic review of systematic reviews with meta-analyses. PLoS One 15(4), €0231037. https://doi.org/10.1371/
journal.pone.0231037 (2020).

4. Brown, J. P. et al. Mental health consequences of shift work: An updated review. Curr. Psychiatry Rep. 2, 1-7 (2020).

5. Wittmann, M., Dinich, J., Merrow, M. & Roenneberg, T. Social Jetlag: Misalignment of biological and social time. Chronobiol. Int.
23(1-2), 497-509 (2006).

6. Peltzer, K. & Pengpid, S. Sleep duration and health correlates among university students in 26 countries. Psychol. Health Med.
21(2), 208-220. https://doi.org/10.1080/13548506.2014.998687 (2016).

7. Goel, N, Rao, H., Durmer, J. S. & Dinges, D. F. Neurocognitive consequences of sleep deprivation. Semin. Neurol. 29(4), 320-339
(2009).

8. Walker, M. P, Stickgold, R., Alsop, D., Gaab, N. & Schlaug, G. Sleep-dependent motor memory plasticity in the human brain.
Neuroscience 133(4), 911-917 (2005).

9. Takakusaki, K. Functional neuroanatomy for posture and gait control. J. Mov. Disord. 10(1), 1-17 (2017).

Scientific Reports |

(2021) 11:21104 | https://doi.org/10.1038/s41598-021-00705-9 nature portfolio


https://doi.org/10.1371/journal.pone.0231037
https://doi.org/10.1371/journal.pone.0231037
https://doi.org/10.1080/13548506.2014.998687

www.nature.com/scientificreports/

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.

48.

49.

50.

51.

52.

Krebs, H. I et al. Robot-aided functional imaging: Application to a motor learning study. Hum. Brain Mapp. 6(1), 59-72 (1998).
Umemura, G. S., Pinho, J. P,, Da Silva Brandao Gongalves, B., Furtado, F. & Forner-Cordero, A. Social jetlag impairs balance control.
Sci. Rep. 8,1 (2018).

Aguiar, S. A. & Barela, J. A. Sleep deprivation affects sensorimotor coupling in postural control of young adults. Neurosci. Lett.
574, 47-52 (2014).

Furtado, E, Gongalves, B. D. S. B., Abranches, I. L. L., Abrantes, A. F. & Forner-Cordero, A. Chronic low quality sleep impairs
postural control in healthy adults. PLoS One 11(10), 0163310 (2016).

Agmon, M., Shochat, T. & Kizony, R. Sleep quality is associated with walking under dual-task, but not single-task performance.
Gait Posture 1(49), 127-131 (2016).

Howell, D. R. et al. Self-reported sleep duration affects tandem gait, but not steady-state gait outcomes among healthy collegiate
athletes. Gait Posture 1(62), 291-296 (2018).

Duysens, ]. & Forner-Cordero, A. Walking with perturbations: A guide for biped humans and robots. Bioinspir. Biomimetics 13(6),
061001 (2018).

Bizzi, E. & Ajemian, R. From motor planning to execution: A sensorimotor loop perspective. J. Neurophysiol. 124(6), 1815-1823.
https://doi.org/10.1152/jn.00715.2019 (2020).

Hary, D. & Moore, G. P. Synchronizing human movement with an external clock source. Biol. Cybern. 56(5-6), 305-311 (1987).
Schaffert, N., Janzen, T. B., Mattes, K. & Thaut, M. H. A review on the relationship between sound and movement in sports and
rehabilitation. Front. Psychol. 10, 25 (2019).

Chen, H. Y., Wing, A. M. & Pratt, D. The synchronisation of lower limb responses with a variable metronome: The effect of bio-
mechanical constraints on timing. Gait Posture 23(3), 307-314 (2006).

Ghai, S., Ghai, I. & Effenberg, A. O. Effect of rhythmic auditory cueing on aging gait: A systematic review and meta-analysis. Aging
Dis. 9(5):901-23 (2018). http://www.aginganddisease.org/EN/abstract/abstract147691.shtml.

Qi, W. et al. Walking and finger tapping can be done with independent rhythms. Sci. Rep. 9(1), 1-10 (2019).

Repp, B. H. & Su, Y. H. Sensorimotor synchronization: A review of recent research (2006-2012). Psychon. Bull. Rev. 20(3), 403-452
(2013).

Thaut, M. H,, Tian, B. & Azimi-Sadjadi, M. R. Rhythmic finger tapping to cosine-wave modulated metronome sequences: Evidence
of subliminal entrainment. Hum. Mov. Sci. 17(6), 839-863 (1998).

Wessel, K., Zeffiro, T., Toro, C. & Hallett, M. Self-paced versus metronome-paced 7 finger movements. J. Neuroimaging 7(3),
145-151. https://doi.org/10.1111/jon199773145 (1997).

Thaut, M. H,, Miller, R. A. & Schauer, L. M. Multiple synchronization strategies in rhythmic sensorimotor tasks: Phase vs period
correction. Biol. Cybern. 79(3), 241-250 (1998).

Repp, B. H. & Moseley, G. P. Anticipatory phase correction in sensorimotor synchronization. Hum. Mov. Sci. 31(5), 1118-1136
(2012).

Damm, L., Varoqui, D., De Cock, V. C,, Dalla Bella, S. & Bardy, B. Why do we move to the beat? A multi-scale approach, from
physical principles to brain dynamics. Neurosci. Biobehav. Rev. 112, 553-584 (2020).

Thaut, M. H., McIntosh, G. C. & Hoemberg, V. Neurobiological foundations of neurologic music therapy: Rhythmic entrainment
and the motor system. Front. Psychol. 18, 5 (2015).

Wagner, . et al. High-density EEG mobile brain/body imaging data recorded during a challenging auditory gait pacing task. Sci.
Data 6,1 (2019).

Hudson, A. N., Van Dongen, H. P. A. & Honn, K. A. Sleep deprivation, vigilant attention, and brain function: A review. Neuropsy-
chopharmacology 45, 21-30 (2020).

Molinari, M., Leggio, M. G., De Martin, M., Cerasa, A. & Thaut, M. Neurobiology of rhythmic motor entrainment. Ann. N'Y Acad.
Sci. 999, 313-321 (2003).

DeGutis, J. M. & van Vleet, T. M. Tonic and phasic alertness training: A novel behavioral therapy to improve spatial and non-spatial
attention in patients with hemispatial neglect. Front. Hum. Neurosci. 4, 25 (2010).

Forner-Cordero, A. et al. Effects of supraspinal feedback on human gait: Rhythmic auditory distortion. J. Neuroeng. Rehabil. 16,
1(2019).

Drake, C. L. et al. Effects of rapid versus slow accumulation of eight hours of sleep loss. Psychophysiology 38(6), 979-987 (2001).
Albu, S., Umemura, G. & Forner-Cordero, A. Actigraphy-based evaluation of sleep quality and physical activity in individuals
with spinal cord injury. Spinal Cord Ser. Cases 5(1), 7 (2019).

Forner-Cordero, A., Silva Umemura, G., Furtado, F. & Gongalves, B. D. S. B. Comparison of sleep quality assessed by actigraphy
and questionnaires to healthy subjects. Sleep Sci. 11(3), 141-145 (2018).

Cole, R. ], Kripke, D. E, Gruen, W., Mullaney, D. J. & Gillin, J. C. Automatic sleep/wake identification from wrist activity. Sleep
15(5), 461-469 (1992).

Horne, J. A. & Ostberg, O. A self-assessment questionnaire to determine morningness-eveningness in human circadian rhythms.
Int. J. Chronobiol. 4(2), 97-110 (1976).

Benedito-Silva, A. A., Menna-Barreto, L., Marques, N. & Tenreiro, S. A self-assessment questionnaire for the determination of
morningness-eveningness types in Brazil. Prog. Clin. Biol. Res. 341B, 89-98 (1990).

Baehr, E. K., Revelle, W. & Eastman, C. I. Individual differences in the phase and amplitude of the human circadian temperature
rhythm: With an emphasis on morningness-eveningness. J. Sleep Res. 9(2), 117-127 (2000).

Buysse, D. J., Reynolds, C. E 3rd., Monk, T. H., Berman, S. R. & Kupfer, D. ]. The Pittsburgh Sleep Quality Index: A new instrument
for psychiatric practice and research. Psychiatry Res. 28(2), 193-213 (1989).

Forner-Cordero, A., Umemura, G. S., Furtado, F. & da Gongalves, B. S. B. Comparison of sleep quality assessed by actigraphy and
questionnaires to healthy subjects. Sleep Sci. (Sao Paulo Brazil) 11(3), 141-145 (2018).

Johns, M. W. A new method for measuring daytime sleepiness: The Epworth sleepiness scale. Sleep 14(6), 540-545 (1991).
Stephan, K. M. et al. Conscious and subconscious sensorimotor synchronization-Prefrontal cortex and the influence of awareness.
Neuroimage 15(2), 345-352 (2002).

Dingwell, J. B. & Cusumano, J. P. Identifying stride-to-stride control strategies in human treadmill walking. PLoS One 10, 4 (2015).
Payton, C. & Burden, A. Biomechanical Evaluation of Movement in Sport and Exercise 2nd edn, 1-278 (The British Association of
Sport and Exercise Sciences Guide, 2018).

FornerCordero, A., Koopman, H. E. J. M. E. & Van der Helm, E C. T. C. T. Multiple-step strategies to recover from stumbling
perturbations. Gait Posture 18(1), 47-59 (2003).

Forner-Cordero, A., Koopman, H. J. E M. & Van Der Helm, E. C. T. Describing gait as a sequence of states. J. Biomech. 39(5),
948-957 (2006).

van Vugt, E T. & Tillmann, B. Thresholds of auditory-motor coupling measured with a simple task in musicians and non-musicians:
Was the sound simultaneous to the key press?. PLoS One 9(2), e87176. https://doi.org/10.1371/journal.pone.0087176 (2014).
Thaut, M. H. & Kenyon, G. P. Rapid motor adaptations to subliminal frequency shifts during syncopated rhythmic sensorimotor
synchronization. Hum. Mov. Sci. 22(3), 321-338 (2003).

Van Der Steen, M. C., Jacoby, N., Fairhurst, M. T. & Keller, P. E. Sensorimotor synchronization with tempo-changing auditory
sequences: Modeling temporal adaptation and anticipation. Brain Res. 1626, 66-87 (2015).

Scientific Reports |

(2021) 11:21104 | https://doi.org/10.1038/s41598-021-00705-9 nature portfolio


https://doi.org/10.1152/jn.00715.2019
http://www.aginganddisease.org/EN/abstract/abstract147691.shtml
https://doi.org/10.1111/jon199773145
https://doi.org/10.1371/journal.pone.0087176

www.nature.com/scientificreports/

53. Van der MariekeSteen, M. C. & Keller, P. E. The adaptation and anticipation model (ADAM) of sensorimotor synchronization.
Front. Hum. Neurosci. 20, 20 (2013).

54. Comstock, D. C., Hove, M. J. & Balasubramaniam, R. Sensorimotor synchronization with auditory and visual modalities: Behavioral
and neural differences. Front. Comput. Neurosci. 12, 2 (2018).

55. Wright, R. L., Spurgeon, L. C. & Elliott, M. T. Stepping to phase-perturbed metronome cues: Multisensory advantage in movement
synchrony but not correction. Front. Hum. Neurosci. 8, 724. https://doi.org/10.3389/fnhum.2014.00724/abstract (2014).

56. Rauch, S. L. et al. A PET investigation of implicit and explicit sequence learning. Hum. Brain Mapp. 3(4), 271-286 (1995).

57. Rauch, S. L. et al. Striatal recruitment during an implicit sequence learning task as measured by functional magnetic resonance
imaging. Hum. Brain Mapp. 5(2), 124-132 (1997).

58. Wu, J. C. et al. Effect of sleep deprivation on brain metabolism of depressed patients. Am. J. Psychiatry 149(4), 538-543 (1992).

59. Krebs, H. I, Hogan, N., Hening, W., Adamovich, S. V. & Poizner, H. Procedural motor learning in parkinson’s disease. Exp. Brain
Res. 141(4), 425-437 (2001).

60. Durmer, J. S. & Dinges, D. E. Neurocognitive Consequences of Sleep Deprivation [Internet]. Seminars in Neurology, Vol 25 117-129
(Thieme Medical Publishers Inc, 2005). https://doi.org/10.1055/s-2005-867080.

61. Rabin, E., Shi, P. & Werner, W. Gait parameter control timing with dynamic manual contact or visual cues. J. Neurophysiol. 115(6),
2880-2892. https://doi.org/10.1152/jn.00670.2015 (2016).

62. Killgore, W. D. S. Effects of sleep deprivation on cognition. In Progress in Brain Research 105-129 (Elsevier B.V, 2010).

63. Jones, K. & Harrison, Y. Frontal lobe function, sleep loss and fragmented sleep. Sleep Med. Rev. 5(6), 463-475 (2001).

64. Lim, J. & Dinges, D. E. Sleep deprivation and vigilant attention. Ann. N'Y Acad. Sci. 1129, 305-322 (2008).

65. Whitney, P, Hinson, J. M., Jackson, M. L. & Van Dongen, H. P. A. Feedback blunting: Total sleep deprivation impairs decision
making that requires updating based on feedback. Sleep 38(5), 745-754 (2015).

66. Louca, M. & Short, M. A. The effect of one night’s sleepdeprivation on adolescent neurobehavioral performance. Sleep 37(11),
1799-1807 (2014).

67. Zhao, Z., Zhao, X. & Veasey, S. C. Neural consequences of chronic short sleep: Reversible or lasting?. Front. Neurol. 8, 25 (2017).

Acknowledgements

This work was partially supported by the Office of Naval Research Global (ONR-G Grant N62909-13-1-N278 and
62909141246). AFC acknowledges CNPq Grant 312236/2019-0. HIK acknowledges MIT International Science
and Technology Initiatives (MISTI Brazil—TVML), under Grant number 2160714.

Author contributions

AF.C. and HIK. proposed the experimental gait protocol. A.E.C., G.S.U. and J.P.P. carried out the experiments
and performed the data analysis. G.S.U. and J.P.P. wrote the introduction, methods and results. A.E.C., ].D.
and H.LK. proposed the data analyses procedures and discussed the main results. All authors reviewed the
manuscript.

Funding
This research was partially funded by the Office of Naval Research Global (Grant numbers: ONR-G 62909131278
and 62909141246).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.E-C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:21104 | https://doi.org/10.1038/s41598-021-00705-9 nature portfolio


https://doi.org/10.3389/fnhum.2014.00724/abstract
https://doi.org/10.1055/s-2005-867080
https://doi.org/10.1152/jn.00670.2015
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sleep deprivation affects gait control
	Methods
	Participants. 
	Study design. 
	Sleep assessment. 
	Instruments. 
	Familiarization trial. 
	Experimental gait paradigm. 
	Data processing. 
	Statistical procedures. 
	Ethics approval and consent to participate. 
	Consent for publication. 

	Results
	Sleep and circadian parameters. 
	Accuracy of footfall in the gait task. 
	Gait synchronization with RAC​. 

	Discussion
	Relative phase and Period Error variations. 
	Effects of sleep deprivation on sensorimotor-synchronization. 

	Conclusions
	References
	Acknowledgements


