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Circadian motor activity
of non-dominant hand reaches
acrophase later than dominant

hand

Vincenzo Natale!™, Marco FabbriZ, Monica Martoni® & Lorenzo Tonetti'

Motor activity during the first half of nocturnal sleep is lateralized to the non-dominant hand. What
remains is to determine which account could explain this phenomenon: the more pronounced
homeostatic deactivation of the dominant hemisphere or the circadian asymmetry in the hemispheric
activation. To better understand the nature of these motor asymmetries, we performed an ecological
study assessing the circadian motor activity in 34 evening, 52 intermediate, and 27 morning types.
We observed a significant circadian phase delay of the 24-h motor activity pattern of the left hand

in comparison to the right hand, regardless of chronotype. Moreover, we replicated higher motor
activity in the left hand in comparison to the right hand in late evening that reached statistical
significance only in evening and intermediate types. Analysing motor activity around bedtime and
wake-up time, we observed a reverse pattern between circadian typologies: evening types showed
higher activity in the left hand in comparison to the right hand before bedtime, while morning types
showed significantly higher motor activity in the right hand in comparison to the left after wake-up
time. Results support the hypothesis of a different circadian phase relationship between the two
hemispheres.

Since the seventies, it has been documented that during the first half of nocturnal sleep the non-dominant hand
is more active in comparison to the dominant one'. This phenomenon has been consistently replicated and
appears relatively independent of the NREM/REM (Non-Rapid Eye Movement/Rapid Eye Movement) sleep
cycle’™. However, to date there are no shared explanations for such a phenomenon. We currently know that
this particular motor asymmetry can be also documented before sleep onset™®, suggesting that sleep is not a
condition sine qua non.

According to the two-process model of sleep regulation, biological and behavioural circadian variations are
driven by two interacting processes: the homeostatic process (S), which increases sleep debt with time spent
awake and the circadian process (C), which drives a near 24-h endogenous rhythm’.

Within this theoretical framework, referring to the S process, it has been suggested that the relative superiority
of the non-dominant hand during sleep could derive from a more pronounced homeostatic deactivation of the
dominant hemisphere®. In other words, being more active during wakefulness, the dominant hemisphere could
present a greater increase in the sleep debt compared to the non-dominant hemisphere and, therefore, would fall
asleep more deeply than the non-dominant one. This hypothesis has been tested with the use-dependent recovery
function paradigm. Kattler, Dijk and Borbély’ induced an additional passive movement by vibratory stimuli to
the hand for six hours before bedtime and found greater Slow Wave Activity (SWA—a physiological marker of
sleep homeostasis'®) in the contralateral hemisphere during the first hours of sleep in comparison to the baseline.
In the same way, Huber and collaborators'! were able to show that arm immobilization during wakefulness for
twelve hours caused a local decrease in SWA in subsequent sleep episodes. In a prospective study, actigraphic
data were collected before, during, and after a night without sleep'>. However, the greater motor activity of the
non-dominant hand late in the evening did not increase after sleep deprivation, as predicted by the use-dependent
recovery function model, but, in fact, disappeared. Circadian motor activity of the right and left hand was also
studied in a sample of right- and left-handed participants'®. According to the use-dependent recovery function
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model, a reversed pattern of motor activity asymmetries between right- and left-handed participants was sup-
posed, however, once again, the results did not support this.

To explain the shift in dominant and non-dominant hand motor activity in the early hours of nocturnal sleep,
an alternative hypothesis focussing on the C process has been advanced: the shift could derive from a different
circadian phase relationship between the two hemispheres®. This hypothesis was backed up by results obtained
analysing diurnal performance oscillation: cognitive performances in verbal tasks (involving predominantly
the left hemisphere) are better during the morning, while cognitive performances in spatial tasks (involving
predominantly the right hemisphere) are better in the evening'#'*. Such a hypothesis agrees also with an under-
rated result of the experiment conducted by Kattler and co-authors’: after left-hand somatosensory stimulation,
the interhemispheric asymmetry index during the first sleep cycle still shifted to the left hemisphere. Moreover,
although both right- and left-hemisphere light stimulations attenuated subjective alertness, only the stimula-
tion of the right visual cortex was able to trigger a significant reduction in EEG (electroencephalogram) delta
activity'®. Much research®'>!* has shown that the mean motor activity in the left hand is higher in comparison
to the right between 10:00 p.m. and 11:00 p.m., as if there was some sort of a key time window. Moreover, in
right-handed participants, the right hand reached its acrophase slightly but significantly earlier than the left hand
(around 12 min)®. Indeed, such data agree with the hypothesis of the existence of a dual circadian pacemaker
in the nervous system, which has been proposed several times over the years based on results deriving from
biological experiments performed both in animals!” and humans!'®.

To separate the role of S and C processes, different experimental paradigms, such as forced desynchrony
or constant routine, are possible'®. However, these paradigms pose certain problems in evaluating behavioural
variables. For this reason, alternative ecological paradigms have been put forward, such as a chronotype-based
paradigm that considers the chronotype as an independent variable?. It has also been suggested that chronotype
could constitute a unique tool to access the interplay between the S and C processes under normally entrained
day-night conditions?'. To further investigate ecologically the role of S and C processes on circadian motor
activity asymmetry, we decided to analyse the circadian motor activity of evening, intermediate, and morning
types. It is well known that sleep quantity and sleep quality do not distinguish chronotypes, while they differ in
the phase of sleep**: morning types go to bed earlier then intermediate types, and intermediate types go to bed
earlier than evening types, while for the wake-up time, the reverse pattern is recognised. Therefore, if circadian
motor asymmetries are prevalently driven by a S process, we may expect a similar pattern between chronotypes
in the late evening, i.e., a higher level of motor activity in the non-dominant hand in comparison to the dominant
hand, regardless of bedtime. By contrast, if circadian motor asymmetries are prevalently driven by a C process, we
may expect a different pattern between chronotypes, regardless of sleep condition. In other words, motor asym-
metries would always be present around 10 p.m., but they would be less evident in morning types because around
that time they are already asleep (masking effect). Conversely, motor asymmetries late in the evening should be
more evident in evening types because they usually go to bed later than 10 p.m. In order to better understand
the role of sleep condition, we examined motor activity near the phases of wake/sleep and sleep/wake transition,
regardless of the specific time of day they occurred. Once again, if circadian motor asymmetries are prevalently
driven by the S process, we may expect a similar motor asymmetry late in the evening between the chronotypes.
By contrast, if circadian motor asymmetries are prevalently driven by the C process, we may expect a different
pattern between the chronotypes with a clearer higher mean motor activity in the left hand in evening types.

Methods

Participants. A sample of 113 healthy university students (41 males, 72 females), mean age=23.9+4.2,
were enrolled as volunteers in the study. After a brief description of the study, participants read and signed a
written informed consent form. All participants were all right-handed, as assessed by the Italian version* of
the Edinburgh Handedness Inventory*!. Participants were classified as evening, intermediate, or morning types
according to the cut-off scores of the Italian version® of the reduced Morningness-Eveningness Questionnaire
(MEQr)%, i.e., 4-10, 11-18, and 19-25, respectively. The MEQr is composed of 5 items taken from the 19-item
version of the MEQ¥. Since MEQr proved to have good external validity and good discriminant ability between
extreme chronotypes, its use has been proposed within the research field*. The MEQr was given at the end of
the study so that participants’ behaviour would not be influenced in any way.

Actigraphy and procedure. Actigraphic recordings were obtained using the Micro MotionloggerWatch
actigraph (Ambulatory Monitoring Inc., Ardsley, NY). Devices were initialized for zero crossing mode to col-
lect data in 1-min epochs. Participants wore an actigraph on each wrist for three consecutive nights (excluding
Saturday and Sunday) to obtain at least 48 consecutive hours of reliable data. Participants were free to spend
their daytime hours and sleep time out of the laboratory. They were also instructed to push the actigraph event
marker to signal when they went to bed and woke up in the morning. Each participant provided the written
informed consent before being enrolled in this study, carried out during the autumn 2021, that was approved by
the Bioethics Committee of the University of Bologna (prot. n. 284786) and carried out in accordance with the
Declaration of Helsinki.

Actigraphic sleep parameters. To evaluate sleep features, actigraphic data were analysed using Action
W-2 (version 2.7) software (Ambulatory Monitoring, Inc., Ardsley, NY). This software identified each epoch
as sleep or wakefulness using the mathematical model validated by Cole and co-authors®. According to such
model, sleep onset was defined as the first epoch of the first block of 20 min of persistent sleep, while sleep offset
as the end of the last sleep episode within the interval of the time spent in bed. In order to examine the acti-
graphic sleep profile, we considered the following measures: the time the participants went to bed and switched
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off the light (bedtime) and the time the participants last woke up in the morning (wake-up time); total sleep
time (TST) (sum, in minutes, of all sleep epochs between sleep onset and sleep end); sleep efficiency percentage
(SE%) (the ratio of total sleep time to time in bed multiplied by 100). For each participant, the mean values were
calculated over the three nights.

Actigraphic motor activity. To evaluate motor activity, actigraphic data were extracted using the version
1.16 of Action 4 software (Ambulatory Monitoring, Inc., Ardsley, NY). The actigraphic recording was divided
into 60-min intervals starting from 16:00 h and the hourly mean activity levels over the 24 h were calculated
for each participant. Moreover, the MESOR and acrophase were computed using cosinor analyses, which are
implemented within the Action 4 software. Cosinor analysis is a statistical technique specifically developed for
the study of cyclic functions®. For each participant, the mean values were computed based on 48-h recordings.
We also extracted hourly motor activity data considering the hours close to bedtime (i.e., four hours before
and four hours after bedtime) and wake-up time (i.e., four hours before and four hours after wake-up time).

Statistical analyses. Gender and age differences in chronotype were explored with a chi-squared test and
an analysis of variance, respectively.

The chronotype differences in actigraphic sleep parameters were analysed through a set of analysis of variance
with chronotype as independent variable and each actigraphic sleep parameter as dependent variable.

To analyse the motor activity pattern during the 24 h, a mixed three-way analysis of variance (ANOVA) was
performed: hand (two levels: right and left) (within-subjects factor); time of day (24 levels) (within-subjects
factor); chronotype (three levels: morning, intermediate, evening type) (between-subjects factor).

As regards the acrophase and MESOR, we performed a mixed two-way ANOVA: hand (two levels: right and
left) (within-subjects factor); chronotype (three levels: morning, intermediate, evening types) (between-subjects
factor).

To analyse the motor activity pattern during the wake-sleep transition (bedtime), a mixed three-way ANOVA
was performed: hand (two levels: right and left) (within-subjects factor); time (8 levels: four hours before and
four hours after bedtime) (within-subjects factor); chronotype (three levels: morning, intermediate, evening
types) (between-subjects factor).

To analyse the motor activity pattern during the sleep-wake transition (wake up time), a mixed three-way
ANOVA was performed: hand (two levels: right and left) (within-subjects factor); time (8 levels: four hours before
and four hours after wake-up time) (within-subjects factor); chronotype (three levels: morning, intermediate,
evening types) (between-subjects factor).

Results

Participants were assigned to one of the three groups: morning types (n=27, 7 males and 20 females, 23.89%),
intermediate types (n =52, 20 males and 32 females, 46.02%) and evening types (n =34, 14 males and 20 females,
30.09%). Setting the significance level to p <0.05, the frequency distribution of circadian typology between
males and females was not significantly different (% =1.71, p=0.42). Moreover, chronotype did not differ by
age (F,,0=1.56—p=0.21).

As expected, morning-types (00:11 a.m. +0:56) go to bed significantly earlier than intermediate types (01:04
a.m. + 1:20), and the latter significantly earlier than evening types (01:49 a.m. +1:02) (F,,,,=14.62—p =0.00001).
Likewise, morning types (08:01 a.m.+1:03) wake up in the morning significantly earlier than interme-
diate types (08:48 a.m.*1:18), and the latter significantly earlier than evening types (10:04 a.m.+ 1:31)
(F5110=15.44—p=0.00001). Actigraphic sleep quantity (TST) and sleep quality (SE%) did not significantly
differ by chronotype (respectively: 457 £ 55 min. morning, 432+ 63 min. intermediate, 450 £ 57 min. even-
ing types, F,,,9=1.74—p=0.18; 95.0+6.0% morning, 95.5+4.4% intermediate, 95.3 £ 5.3% evening types,
F,,10=0.08—p=0.92).

Results of the analyses on the motor activity pattern during the 24 h are summarized in Table 1a and shown
in Fig. 1. Overall, results confirm a small but significant shift over 24 h. In particular, the mean motor activity of
the non-dominant hand is higher at around 10:00 p.m. However, such an effect reaches statistical significance
only in evening (t;;=— 2.33—p=0.03) and intermediate types (ts, = — 3.27—p=0.002). On the contrary, morn-
ing types show a significantly higher mean motor activity in the dominant hand at 10 a.m. (t,;=2.33—p=0.03)
and 11 am. (t,o=—2.49—p=0.02).

As regards the acrophase, the first factor (hand) was significant (F, ;;,=129.22—p=0.00001). In particular,
the right hand reaches the acrophase significantly earlier (04:42 p.m. +0:49) than the left hand (05:02 p.m. £ 0:48).
As expected, morning types reach their acrophase (04:01 p.m. +2:20) significantly earlier than intermediate types
(04:44 p.m. £1:24), and the latter earlier than evening types (05:51 p.m.+1:24) (F,,,,=9.64—p=0.0001). The
interaction between the two factors was not significant. No significant effects were observed on the MESOR.

As regards the motor activity pattern during the wake-sleep transition (sleep onset), results are summarized
in Table 1b and shown in Fig. 2. Overall, the results confirmed a higher mean motor activity level in the left
hand in comparison to the right hand before sleep. Performing the Tuckey post-hoc test, such a difference is
significant only in evening (- 4 h, p=0.005; — 2 h, p=0.002; — 1 h, p=0.01) and intermediate types (- 3 h,
p=0.00006; — 2 h, p=0.0001).

Results about the motor activity pattern during the sleep-wake transition (awakening) are summarized in
Table 1c and shown in Fig. 3. Post hoc analyses (Tuckey test) only showed a significant difference in morning
types with higher mean motor activity in the right hand in comparison to the left (+ 3 h, p=0.00005).
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mean motor activity

‘ F value Significance
(a) Circadian
1 chronotype F,110=0.51 p=0.60
2right-lefthand | F,;,,=0.34 p=0.56
3 time of day Fyy50=227.84 | p=0.00001
1x2 Fy10=1.57 p=021
1x3 Fi520=6.83 | p=0.00001
2x3 Frps=301 | p=0.00001
1x2x3 Fue530=1.34 p=0.06
(b) Sleep onset
1 chronotype Fy110=2.8 p=0.06
2 right-lefthand | F;,,,=7.0 p=0.009
3 time F,70=1349 p=0.00001
1x2 Fp110=20 p=0.13
1x3 Fiopo=17 p=0.06
2x3 F,,70=3.5 p=0.001
1x2x3 Fiy70=32 p=0.0001
(c) Wake up
1 chronotype Fy110=0.3 p=0.72
2right-lefthand | F,;,,=0.9 p=0.33
3 time F,,70=1930.0 | p=0.00001
1x2 Fyi10=2.4 p=0.09
1x3 Fi4770=0.9 p=0.51
2x3 F,,0=46 p=0.0001
1x2x3 Fioy=18 p=0.03

Table 1. Statistics of the mixed three-way analysis of variance on motor activity pattern during the 24 h
(circadian, a), wake-sleep transition (sleep onset, b), and sleep-wake transition (wake-up, c).
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Figure 1. Hourly mean motor activity over the 24 h of the right and left hand in evening, intermediate, and
morning types. The white horizontal bar represents the time spent in bed by each chronotype, with the extremes
pointing to the bedtime and get-up time.
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Figure 2. Hourly mean motor activity, over the time interval from four hours prior to bedtime (- 4, - 3, - 2,
— 1) to four hours after bedtime (+1,+2,+ 3, +4), of right and left hand in evening, intermediate, and morning

types.
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Figure 3. Hourly mean motor activity, over the time interval defined by the four hours before (- 4, - 3, - 2,
— 1) and four hours after (+ 1, +2,+ 3, +4) the get-up time, of the right and left hand in evening, intermediate,
and morning types.
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Discussion
The results of actigraphic sleep quality and quantity, and the influence of chronotype on sleep phase agree with
the literature®.

As regards mean motor activity, we confirmed a slight but significant shift (ranging between 15 and 20 min)
in the acrophase between the dominant and non-dominant hand late in the evening regardless of chronotype.
Looking at mean motor activity over the 24 h, such a phenomenon reaches statistical significance only in evening
and intermediate types. It is as if sleep, which occurs much earlier in morning types than the other two circadian
types, masks the phenomenon. This interpretation is strengthened by the observation that when we synchronize
mean motor activity with wake-sleep transition (sleep onset) such a difference between circadian typologies
becomes even more evident. When we synchronize mean motor activity with sleep-wake transition (wake-up)
such a difference between circadian typologies becomes specular, i.e., we can see a clearly higher mean motor
activity in the dominant hand in morning types but not in evening types.

In conclusion, our results seem to indicate that the relative superiority of the non-dominant hand movements
late in the evening could derive from a different circadian phase relationship between the two hemispheres, and
that sleep differently masks such a phenomenon depending on the sleep phase (chronotype). Within the theoreti-
cal framework of the two-process model of sleep regulation, we could speculate that the left hemisphere is more
sensitive to the S process, and for this reason “turns off” before the right hemisphere. On the other hand, the
right hemisphere could be more sensitive to C processes and continues its activity late in the evening unaffected
by the sleep debt accumulated during the day. Furthermore, we could hypothesize that the left hemisphere is
in charge of governing S processes, while the right hemisphere is designated to drive the C process. If this is so,
we could conclude that chronotype derives from a different hemispheric balance. Morning types could be more
sensitive to the left hemisphere (i.e., S process) and for this reason go to bed early. Evening types could be more
sensitive to the right hemisphere (i.e., C process) and for this reason do not go to bed when sleep debt reaches a
high level. Such a conclusion partially agrees with previous research that documented morning-types as having
more SWA during the first cycle*! and a steeper slope of Slow Waves when homeostatic sleep pressure is high®! in
comparison to evening types. Moreover, such a conclusion also agrees with the observation that morning types
show a more marked left-thinking style while evening types are more right-thinkers®.

Our conclusions are prevalently speculative and further studies are needed to understand the origin and
significance of circadian motor activity asymmetry. The idea that chronotype may arise from a different com-
bination of C and § influences is not new**-*. According to Monk®, the interaction between the two processes
contributes to the generation of the wake-sleep behavior pattern based on the needs of the circadian system and
environmental demands. The greater role of process C in evening types is compatible with their higher adapt-
ability to phase change of sleep in comparison to morning-types, while a lesser role of process C in morning
types might explain why they are more affected by changes in the sleep-wake cycle??.

The strength of this study is certainly its ecology: we studied the participants while they continued to carry
out their daily activities outside of the laboratory. At the same time, this is also its principal limitation because
the ecological approach should always suggest caution in separating the role of S and C processes®. Furthermore,
among the limitations the lack of the assessment of potential gender differences, due to the relatively small size
of the sample, can be quoted. Such limitation could be overcome by future studies on samples larger in size.

Data availability
The data underlying this article cannot be shared publicly for the privacy of individuals that participated in the
study. The data will be shared on reasonable request to the corresponding author.

Received: 26 December 2021; Accepted: 21 March 2022
Published online: 06 April 2022

References
1. Jovanovic, H. J. Normal Sleep in Man (Hippokrates Verlag, 1971).
2. Lauerma, H. et al. Laterality of motor activity during normal and disturbed sleep. Biol. Psychiat. 32, 191-194 (1992).
3. Casagrande, M. & Bertini, M. Night-time right hemisphere superiority and daytime left hemispheres superiority: A repatterning
of laterality across wake-sleep-wake states. Biol. Psychol. 77, 337-342 (2008).
4. Joen, H.J., Ha, J. H,, Ryu, S. H., Yu, J. & Park, D. H. Reversed hand movement during sleep in patients with obstructive sleep apnea.
Psychiat. Invest. 15, 884-890 (2018).
. Casagrande, M., Violani, C., De Gennaro, L., Braibanti, P. & Bertini, M. Which hemisphere falls asleep first?. Neuropsychologia 33,
815-822 (1995).
. Natale, V. Circadian motor asymmetries in humans. Neurosci. Lett. 320, 102-104 (2002).
. Borbély, A. A. A two process model of sleep regulation. Hum. Neurobiol. 1, 195-204 (1982).
. Violani, C., Testa, P. & Casagrande, M. Actigraphic motor asymmetries during sleep. Sleep 21, 472-476 (1998).
. Kattler, H., Dijk, D. J. & Borbély, A. A. Effect of unilateral somatosensory stimulation prior to sleep on the sleep EEG in humans.
J. Sleep Res. 3,159-164 (1994).
10. Beersma, D. G. M. Models of human sleep regulation. Sleep Med. Rev. 2, 31-43 (1998).
11. Huber, R. et al. Arm immobilization causes cortical plastic changes and locally decrease sleep slow wave activity. Nat. Neurosci. 9,
1169-1176 (2006).
12. Natale, V., Martoni, M., Esposito, M. J., Fabbri, M. & Tonetti, L. Circadian motor asymmetries before and after prolonged wakeful-
ness in humans. Neurosci. Lett. 423, 216-218 (2007).
13. Natale, V., Lehnkering, H. & Siegmund, R. Handedness and circadian motor asymmetries in humans: preliminary findings. Physiol.
Behav. 100, 322-326 (2010).
14. Corbera, X., Grau, C. & Vendrell, P. Diurnal oscillation in hemispheric performance. J. Clin. Exp. Neuropsychol. 15, 300-310 (1993).
15. Natale, V., Alzani, A. & Cicogna, P. C. Cognitive efficiency and circadian typologies: A diurnal study. Personal. Individ. Diff. 35,
1089-1105 (2003).

w

NeJe RN o)

Scientific Reports |

(2022) 12:5748 | https://doi.org/10.1038/s41598-022-09717-5 nature portfolio



www.nature.com/scientificreports/

16. Cajochen, C., Di Biase, R. & Imai, M. Interhemispheric EEG asymmetries during unilateral bright-light exposure and subsequent
sleep in humans. Am. J. Physiol. Regul. Integr. Comp. Psysiol. 294, R1053-R1060 (2008).

17. delalIglesia, H. O., Meyer, J. & Carpino, A. Antiphase oscillation of the left and right suprachiasmatic nuclei. Science 290, 799-801
(2000).

18. Pickard, G. E. & Turek, E. W. The suprachiasmatic nuclei: two circadian clocks?. Brain Res. 268, 201-210 (1983).

19. Blatter, K. & Cajochen, C. Circadian rhythms in cognitive performance: Methodological constrains, protocols, theoretical under-
pinnings. Physiol. Behav. 90, 196-208 (2007).

20. Schmidt, C., Collette, E, Cajochen, C. & Peigneux, P. A time to think: circadian rhythms in human cognition. Cogn. Neuropsy. 24,
755-789 (2007).

21. Schmidt, C. et al. Circadian preference modulates the neural substrate of conflict processing across the day. PLoS ONE 7, 1-9
(2012).

22. Adan, A. et al. Circadian typology: A comprehensive review. Chronobiol. Int. 29, 11531175 (2012).

23. Salmaso, D. & Longoni, A. M. Problems in the assessment of hand performance. Cortex 21, 533-549 (1985).

24. Oldfield, R. C. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia 9, 97-113 (1971).

25. Natale, V., Esposito, M. J., Martoni, M. & Fabbri, M. Validity of the reduced version of the Morningness—eveningness questionnaire.
Sleep Biol. Rhythms. 4, 72-74 (2006).

26. Adan, A. & Almirall, H. Horne and Ostberg morningness—eveningness questionnaire: A reduced version. Personal. Individ. Diff.
12,241-253 (1991).

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

28. DiMilia, L., Adan, A., Natale, V. & Randler, C. Reviewing the psychometric properties of contemporary circadian typology meas-
ures. Chronobiol. Int. 30, 1261-1271 (2013).

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

30. Monk, T. H. Research methods of chronobiology. In Biological Rhythms, Sleep and Performance (ed. Webb, W. B.) 27-57 (Wiley,
1982).

31. Mongrain, V., Carrier, J., Paquet, J., Bélanger-Nelson, E. & Dumont, M. Morning and evening-type differences in slow waves during
NREM sleep reveal both trait and state-dependent phenotypes. PLoS ONE 6, 1-7 (2011).

32. Fabbri, M., Antonietti, A., Giorgetti, M., Tonetti, L. & Natale, V. Circadian typology and style of thinking differences. Learn. Individ.
Diff. 17, 175-180 (2007).

33. Monk, T. H. Circadian aspects of subjective sleepiness: A behavioural messenger? In Sleep, Sleepiness and Performance (ed. Monk,
T. H.) 39-64 (Wiley, 1991).

34. Dijk, D.J., Dufty, J. E & Czeisler, C. A. Circadian and sleep/wake dependent aspects of subjective alertness and cognitive perfor-
mances. J. Sleep Res. 1, 112-117 (1992).

35. Natale, V. & Cicogna, P. C. Circadian regulation of subjective alertness in morning and evening types. Person. Individ. Diff. 20,
491-497 (1996).

Acknowledgements
This study was not supported by any funders.

Author contributions

V.N. designed the study, collected the data, performed the statistical analyses, and wrote a first draft of the
manuscript. M.E, M.M,, and L.T. collected the data, reviewed and edited the manuscript. All authors have read
and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to V.N.

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

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) 2022

Scientific Reports |

(2022) 12:5748 | https://doi.org/10.1038/s41598-022-09717-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Circadian motor activity of non-dominant hand reaches acrophase later than dominant hand
	Methods
	Participants. 
	Actigraphy and procedure. 
	Actigraphic sleep parameters. 
	Actigraphic motor activity. 
	Statistical analyses. 

	Results
	Discussion
	References
	Acknowledgements


