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This article addresses contemporary concepts of the neurophysiological mechanisms of awakening from 
sleep and the results of our own electroencephalographic (EEG) studies of the temporospatial dynamics of 
activity in the cortical hemispheres using an experimental model developed by ourselves for investigation 
of consciousness in the sleep–waking paradigm. This model is based on continuous performance of a mo-
notonous psychomotor test carried out lying down with the eyes closed, which in a 1-h experiment allows 
observation of several brief episodes of sleep with subsequent spontaneous awakening and recovery of 
psychomotor test performance. A necessary condition for recovery of activity after spontaneous awakening 
is the appearance of the EEG α rhythm, and the parameters of this rhythm determine the effectiveness of 
recovery of the psychomotor test and, thus, achievement of a particular level of consciousness, so this can 
be regarded as a neurophysiological correlate of the activation of consciousness on awakening. This experi-
mental model for studies of consciousness may be useful for analysis of the neurophysiological mechanisms 
of its activation in patients with chronic impairments of consciousness and for seeking effective methods for 
the rehabilitation of such patients.

Keywords: spontaneous awakening, continuous discrete psychomotor test, neural correlates of activation of consciousness, 
EEG, α rhythm.

 Studies of consciousness are a major and very diffi cult 
problem in current neuroscience and operate at the junction 
of various disciplines including medicine, neurobiology, 
psychology, and others. Recent studies in Russia have led 
to compilation of a list of terms for describing chronic im-
pairments to consciousness (CIC) and the corresponding di-
agnostic criteria have been defi ned [1, 2]. The fundamental 
bases for medical-biological studies of consciousness were 
also laid down and methods for diagnosis of impairments of 
consciousness and searches for effective methods of restor-
ing it were systematized.
 One direction in current contemporary medicine con-
sists of developing the methods required for detecting signs 
of conscious activity in patients and evaluating the retention 
of cognitive functions in CIC of different severities and or-
igins [3–7]. Some authors have related impairments diag-
nosed in CIC to changes in cerebral activity similar to those 

seen during sleep in healthy subjects [8–10]. Preservation 
of the sleep–waking cycle depends on the severity of CIC 
[11–13], such that it can be used as a natural model for med-
ical-clinical studies of consciousness [14].
 The current approach to analysis of consciousness is 
based on the concept that each episode of consciousness has 
a corresponding event in the brain, i.e., its neural correlate 
[15, 16]. The following task arose in the framework of this 
concept: to identify which neurophysiological indicators 
correlate with different brain states and contents of con-
sciousness. The concept of a “neural correlate” was defi ned 
by Crick and Koch [15] as “the minimal set of neuronal 
events and mechanisms suffi cient for a specifi c conscious 
percept.” It should be noted that this “minimum set” does 
not include all the conditions required for wakefulness or 
conscious experience in humans.
 Most investigators hold the view that consciousness 
is not a complete whole and address various of its aspects. 
Generally, the level and content of consciousness are dis-
tinguished [17]. The level of consciousness is sometimes 
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 Arousal is not a uniform process. Voss [41] took the 
view that there are two stages in awakening, i.e., cognitive 
and behavioral. People initially have the opportunity to react 
to external stimuli but no opportunity to mount a conscious 
behavioral response, this appearing later [41]. Another point 
of view is that waking leads to rapid restoration of con-
sciousness with a subsequent relatively slow recovery of 
alertness [42]. The onset of consciousness on awakening is 
linked with processes of hyperpolarization, i.e., depolariza-
tion of neuron membranes. It can be suggested that a partic-
ular level of neuron depolarization is a prerequisite for the 
function of consciousness on awakening. The alternation of 
hyperpolarization and depolarization (the so-called bistable 
state of neurons) seen in the slow-wave sleep stage may be 
a sign that it is absent [23, 25, 26]. This bistability is seen as 
impairing the synchronous interaction of cortical areas of the 
brain required for the functioning of consciousness.
 On the basis of qualitative analysis of the EEG in 
studies of spontaneous awakening after daytime sleep and 
subsequent recovery of the performance of a continuous dis-
crete psychomotor test, Dorokhov [43] identifi ed two types 
of phasic activatory EEG patterns preceding awakening: 
α-spindles accompanied by high-frequency EEG compo-
nents and K complexes. The type of pattern depended on the 
sleep stage from which awakening occurred [43]. Later stud-
ies in this model using functional MRI brain scans showed 
that activation of various areas of the brain occurs at the mo-
ment of awakening: the right thalamus, the left cuneus, the 
cerebellar areas, and the stem structures of the brain [32].
 Investigations of spectral EEG characteristics before 
awakening, determined in terms of recovery of performance 
of the psychomotor test after short-term episodes of sleep 
(microsleeps), found increases in spectral power character-
istics in the δ and α ranges [44]. We link this result with 
pre-awakening K complexes of different extents with super-
imposition of low-frequency α oscillations [44]. This EEG 
pattern (K complexes with subsequent α activity) may be 
linked with the actions of a universal thalamocortical acti-
vatory mechanism, which can be regarded as a neural cor-
relate of the activation of sequential levels of consciousness 
needed for performance of the psychomotor task.
 We regard this continuous-discrete psychomotor test 
[32, 43] as an effective experimental model for studies of 
the activation of consciousness on awakening. The test per-
formance procedure was as follows. During a period of 1 h, 
the subject, lying in bed with the eyes closed, carries out 
two sequential alternating tasks: the fi rst is to count from 1 
to 10 sotto voce, with accompanying synchronous pressing 
of a button with the right hand (“count and press”) and the 
second is to count sotto voce alone, without pressing. The 
monotonous nature of the test promotes rapid decreases in 
the level of arousal with subsequent alternation of episodes 
of microsleep and spontaneous awakening. The subject is 
given the instruction: “start doing the test again when you 
wake up, starting with the fi rst task – button-pressing.”

used as a synonym for the level of wakefulness, while con-
tent is identifi ed with consciousness or subjective experi-
ence [17]. There are several directions in studies of levels of 
consciousness: investigation of patients with CIC [18–20], 
during anesthesia of different depths [21, 22], and in the 
sleep–waking cycle [23–26].
 These are based on the concept of a continuum of lev-
els of consciousness, at one pole of which it is absent (coma, 
deep anesthesia, stage III sleep) and at the other it is present 
in healthy subjects in the state of active waking. In the same 
way, in our research strategy we have considered the whole 
of the sleep–waking cycle from the point of view of contin-
uous changes in the level of consciousness. Contemporary 
reports discuss the existence of the signs of consciousness 
both at the REM sleep stage [27, 28] and at the second stage 
of slow sleep [24, 29–30]. This raises the challenge of cre-
ating a theory in which a diversity of conscious experience 
would extend to the largest possible number of brain states 
on falling asleep, awakening, and during dreams [31].
 The subject of our research was the process of awak-
ening and its associated activation of consciousness [32]. 
Neurophysiological investigation of awakening started in 
the 1970s, when it was described as a transient phenome-
non interrupting the continuity of sleep [33, 34]. According 
to the criteria of the American Sleep Disorder Association 
(ASDA), they are defi ned as sharp shifts in the electroen-
cephalogram (EEG) frequency, usually towards increases, of 
duration 3–15 sec, arising after sleep lasting at least 10 sec 
[35]. One view is that this phenomenon is not a pathological 
process but a normal component of sleep structure [36, 37].
 EEG studies in two types of awakening, natural and 
induced by external stimulation, have shown that its power 
characteristics differ from the states of waking and sleep 
[38]. Independently of type, the bioelectrical activity of the 
thalamus is identical in nature and its spectral composition 
corresponds to an intermediate state between waking and 
sleep. Changes in the EEG depend on the stage of sleep, 
the area being recorded, and the type of awakening [38]. 
Schwabedal et al. [39] showed that in healthy study partic-
ipants, these short-term episodes of activation interrupting 
nocturnal sleep, so-called wake after sleep onset periods 
(WASOs), are accompanied by decreases in the frequency 
characteristics of the α rhythm and depend on the durations 
of periods of waking. No such changes in frequency were 
seen in patients with insomnia.
 Analysis of functional connections between neural net-
works showed that on arousal, the default-mode network 
and the hippocampal network retained identical levels of 
connectivity and spectral power as compared with the wak-
ing state prior to a period of sleep. The sensorimotor net-
work showed a decrease in connectivity; at the same time, 
the connection of the thalamus with the neocortex improved. 
Decreases in spectral power were seen in both cases. The 
deeper the sleep, the greater these changes were on awaken-
ing [40].
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 Thus, different temporospatial, amplitude, and frequen-
cy characteristics of the α rhythm are regarded as neural cor-
relates of the activation of sequential neural levels of con-
sciousness on awakening from sleep.
 It is interesting to note that from the experimental point 
of view, the unconscious state is often defi ned as loss of the 
ability to respond to external stimuli [47]. The authors took 
the view that conscious experience before and after the un-
conscious state may be radically different. Although a per-
son may be in the state to press the button or clench the fi st 
in response to a command both before and after a period of 
general anesthesia, the level of content of consciousness im-
mediately after recovery from anesthesia is probably weak-
ened as compared with the baseline preconscious state. 
A number of subjects in our studies self-reporting use of 
the psychomotor test mentioned awakenings in which they 
were unable to press the button (unpublished data).
 The use of transitional states in the sleep–waking cycle 
in medical-biological practice deepens our understanding of 
changes in the functional activity of the cerebral cortex; 
studies of neurophysiological events correlating with the 
appearance and disappearance of consciousness bring us to-
wards an understanding of its natural bases, this expanding 
the scope of the search for effective methods of rehabilitat-
ing patients with chronic impairments of consciousness.
 This study was funded by the state budget and partially 
by the Russian Foundation for Basic Research (Project No. 
20-013-00683a).
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ton-pressing is triggered by cerebral processes linked with 
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activation of consciousness. The occurrence of several epi-
sodes of microsleep and awakenings during a single experi-
ment allows infl uences of differences in the power levels of 
different rhythms on the results to be avoided and provides 
for assessment of episodes of waking with different levels 
of recovery of psychomotor activity.
 In analyzing the data, we considered complete and par-
tial recovery of performance of the psychomotor test on spon-
taneous awakening from sleep stage II [45]. Recovery was 
regarded as full when the subject correctly performed the fi rst 
task, i.e., pressed the button 10 times and, after a time interval 
commensurate with the duration of the second task (10 sec 
count without pressing), pressed the button at least once (rep-
etition of the fi rst task). Episodes in which the wait for the next 
press was >1 min were taken as cases of partial recovery of the 
instruction “count and press” (incomplete or complete).
 Previous studies based on visual observations demon-
strated the need for recovery of the α rhythm for renewal of 
activity on awakening [43]. Quantitative analysis of EEG 
data in subsequent investigations confi rmed these results 
[44–46]. The existence of a link between the characteris-
tics of α oscillations and the effectiveness of psychomo-
tor test performance during spontaneous awakenings was 
demonstrated. On partial recovery in situations with small 
(2–5) and relatively large (6–10) numbers of button presses, 
α-rhythm spectral power was greater in the situation with 
longer periods of observed behavioral activity. Termination 
of pressing returned measures of α activity to those ob-
tained before awakening [46]. On full recovery of test per-
formance, this EEG characteristic was signifi cantly greater 
than in cases of partial recovery [45].
 It should be noted that in the time segment preceding 
the moment of recovery of psychomotor activity, α-rhythm 
spectral power was greater when there were more button 
presses. This was seen in the anterior areas of the brain 
5–6 sec before the start of pressing in the low-frequency α 
range (8–10.5 Hz) and 3–4 sec before in the high-frequency 
range (11–13.5 Hz). Activation of the α rhythm in the an-
terotemporal and ventrolateral prefrontal cortex on awaken-
ing, anticipating the onset of activity, may refl ect processes 
linked with extraction from working memory of the instruc-
tion on which basis further actions are planned [44, 46].
 We suggest that the effectiveness of recovery of the 
psychomotor test after awakening is determined by the level 
of activation of consciousness controlling the functioning 
of cognitive processes supporting verbal counting and syn-
chronous button-pressing effector activity. Working from 
this suggestion, the situations considered above, with in-
complete and complete numbers of presses, are associated 
with different levels of activation of consciousness in the 
transition from sleep to waking.



216 Cheremushkin, Petrenko, and Dorokhov

and pathological human sleep cycle,” Neuroimage, 15, No. 160, 55–72 
(2017), https://doi.org/10.1016/j.neuroimage.2017.06.026.

26. J. M. Windt, T. Nielsen, and E. Thompson, “Does consciousness dis-
appear in dreamless sleep?” Trends Cogn. Sci., 20, No. 12, 871–882 
(2016), https://doi.org/10.1016/j.tics.2016.09.006.

27. P. Fazekas and G. Nemeth, “Dream experiences and the neural cor-
relates of perceptual consciousness and cognitive access,” Philos. 
Trans. R. Soc. Lond. B Biol. Sci., 373, No. 1755, 20170356 (2018), 
https://doi.org/10.1098/rstb.2017.0356.

28. M. Pantani, A. Tagini, and A. Raffone, “Phenomenal consciousness, 
access consciousness and self across waking and dreaming: bridging 
phenomenology and neuroscience,” Phenom. Cogn. Sci., 17, No. 4, 
175–197 (2018), https://doi.org/10.1007/s11097-016-9491-x.

29. L. Perogamvros, B. Baird, M. Seibold, et al., “The phenomenal con-
tents and neural correlates of spontaneous thoughts across wakeful-
ness, NREM sleep and REM sleep,” J. Cogn. Neurosci., 29, No. 10, 
1766–1777 (2017), https://doi.org/10.1162/jocn_a_01155.

30. U. Olcese, J. J. Bos, M. Vinck, and C. M. Pennartz, “Functional de-
terminants of enhanced and depressed interareal information fl ow in 
nonrapid eye movement Sleep between neuronal ensembles in rat 
cortex and hippocampus,” Sleep, 41, No. 11, 1–18 (2018), https://
doi.org/10.1093/sleep/zsy167.

31. J. Windt, “Consciousness in sleep: How fi ndings from sleep and 
dream research challenge our understanding of sleep, waking, and 
consciousness,” Philos. Compass, 15, No. 4, e12661 (2020), https://
doi.org/10.1111/phc3.12661.

32. V. B. Dorokhov, D. G. Malakhov, V. A. Orlov, and V. L. Ushakov, 
“experimental model of study of consciousness at the awakening: 
fMRI, EEG and behavioral methods,” Biologically Inspired Cogni-
tive Architectures, S. Samsonovich (ed.), Springer, Champaign 
(2019), https://doi.org/10.1007/978-3-319-99316-4_11.

33. P. Halasz, O. Kundra, P. Rajna, et al., “Micro-arousals during noctur-
nal sleep,” Acta. Physiol. Acad. Sci. Hung., 54, No. 1, 1–12 (1979).

34. J. P. Schieber, A. Muzet, and P. J. Ferriere, “Phases of spontaneous 
transitory activation during normal sleep in humans,” Arch. Sci. 
Physiol. (Paris), 25, No. 4, 443–465 (1971).

35. “EEG arousals: scoring rules and examples: a preliminary report 
from the Sleep Disorders Atlas Task Force of the American Sleep 
Disorders Association,” Sleep, 15, No. 2, 173–184 (1992).

36. M. Boselli, L. Parrino, A. Smerieri, and M. G. Terzan, “Effect of age 
on EEG arousals in normal Sleep,” Sleep, 21, No. 4, 351–357 (1998).

37. P. Halász, M. Terzano, L. Parrino, and R. Bodizs, “The nature of 
arousal in sleep,” J. Sleep Res., 13, No. 1, 1–23 (2004), https://doi.
org/10.1111/j.1365-2869.2004.00388.x.

38. L. Peter-Derex, M. Magnin, and H. Bastuji, “Heterogeneity of arous-
als in human sleep: A stereo-electroencephalographic study,” Neuro-
image, 123, 229–244 (2015), https://doi.org/10.1016/j.neuroimage. 
2015.07.057.

39. J. Schwabedal, M. Riedl, Th. Penzel, and N. Wessel, “Alpha-wave 
frequency characteristics in health and insomnia during sleep,” 
J. Sleep Res., 25, No. 3, 278–286 (2016), https://doi.org/10.1111/jsr. 
12372.

40. P. J. Tsai, S. C. Chen, C. Y. Hsu, et al., “Local awakening: regional reor-
ganizations of brain oscillations after sleep,” Neuroimage, 102, No. 2, 
894–903 (2014), https://doi.org/10.1016/j.neuroimage.2014.07.032.

41. U. Voss, “Changes in EEG pre and post awakening,” Int. Rev. Neurobiol., 
93, 23–56 (2010), https://doi.org/10.1016/S0074-7742(10)93002-X.

42. T. J. Balkin, A. R. Braun, N. J. Wesensten, et al., “The process of 
awakening: a PET study of regional brain activity patterns mediating 
the re-establishment of alertness and consciousness,” Brain, 125, 
No. 10, 2308–2319 (2002), https://doi.org/10.1093/brain/awf228.

43. V. B. Dorokhov, “Alpha-spindles and K-complexes – phasic activa-
tion patterns during spontaneous recovery of psychomotor activity 
disorders at different stages of drowsiness,” Zh. Vyssh. Nerv. Deyat., 
53, No. 4, 502–511 (2003).

coma,” Crit. Care Med., 48, No. 8, 639–647 (2020), https://doi.org/ 
10.1097/CCM.0000000000004406.

  8. Q. Noirhomme, S. Laureys, and M. Boly, “Sleep vs coma,” Front. 
Neurosci., 3, No. 3, 406–407 (2009).

  9. C. Di Perri, C. Cavaliere, O. Bodart, et al., “Sleep, coma, vegetative 
and minimally conscious states,” in: Sleep Disorders Medicine, 
S. Chokroverty (ed.), Springer, New York 2017), https://doi.org/10. 
1007/(978-1-4939-6578-6_43.

10. M. Rosanova, M. Fecchio, S. Casarotto, et al., “Sleep-like cortical 
OFF-periods disrupt causality and complexity in the brain of unre-
sponsive wakefulness syndrome patients,” Nat. Commun., 9, No. 1, 
4427 (2018), https://doi.org/10.1038/s41467-018-06871-1.

11. E. Landsness, M. A. Bruno, Q. Noirhomme, et al., “Electrophysio-
logical correlates of behavioural changes in vigilance in vegetative 
state and minimally conscious state,” Brain, 134, No. 8, 2222–2232 
(2011), https://doi.org/10.1093/brain/awr152.

12. B. Kotchoubey and Y. Pavlov, “Sleep patterns open the window into 
disorders of consciousness,” Clin. Neurophysiol., 129, No. 3, 668–
669 (2018), https://doi.org/10.1016/j.clinph.2018.01.006.

13. T. Wielek, J. Lechinger, M. Wislowska, et al., “Sleep in patients with 
disorders of consciousness characterized by means of machine learn-
ing,” PLoS One, 13, No. 1, e0190458 (2018), https://doi.org/10.1371/
journal.pone.0190458.

14. I. Mertel, Y. G. Pavlov, C. Barner, et al., “Sleep in disorders of con-
sciousness: behavioral and polysomnographic recording,” BMC Med., 
18, No. 1, 350 (2020), https://doi.org/10.1186/s12916-020-01812-6.

15. F. Crick and C. Koch, “Towards a neurobiological theory of con-
sciousness,” Semin. Neurosci., 2, 263–275 (1990).

16. C. Koch, M. Massimini, M. Boly, and G. Tononi, “Neural correlates 
of consciousness: progress and problems,” Nat. Rev. Neurosci., 17, 
No. 5, 307–321 (2016), https://doi.org/10.1038/nrn.2016.22.

17. G. A. Mashour and A. G. Hudetz, “Bottom-up and top-down mecha-
nisms of general anesthetics modulate different dimensions of con-
sciousness,” Front. Neural Circuits, 11, No. 44, 1–6 (2017), https://
doi.org/10.3389/fncir.2017.00044.

18. A. A. Fingelkurts, S. Bagnato, C. Boccagni, et al., “EEG oscillatory 
states as neuro-phenomenology of consciousness as revealed from pa-
tients in vegetative and minimally conscious states,” Conscious. Cogn., 
21, 149–169 (2012), https://doi.org/10.1016/j.concog.2011.10.004.

19. U. Malinowska, C. Chatelle, M. A. Bruno, et al., “Electroencephalo-
graphic profi les for differentiation of disorders of consciousness,” 
Biomed. Eng. Online, 12, No. 109, 1–9 (2013), https://doi.org/10. 
1186/1475-925X-12-109.

20. J. Rizkallah, J. Annen, J. Modolo, et al., “Decreased integration of EEG 
source-space networks in disorders of consciousness,” NeuroImage 
Clin, 23, 101841 (2019), https://doi.org/10.1016/j.nicl.2019.101841.

21. M. Lee, B. Baird, O. Gosseries, et al., “Diversity of functional con-
nectivity patterns is reduced in propofol-induced unconsciousness,” 
Hum. Brain Mapp., 38, No. 10, 4980–4995 (2017), https://doi.org/ 
10.1002/hbm.23708.

22. S. K. Yeom, D. O. Won, S. I. Chi, et al., “Spatio-temporal dynamics 
of multimodal EEG-fNIRS signals in the loss and recovery of con-
sciousness under sedation using midazolam and propofol,” PLoS 
One, 12, No. 11, e0187743 (2017), https://doi.org/10.1371/journal.
pone.0187743.

23. A. Gemignani, D. Menicucci, M. Laurino, et al., “Linking sleep slow 
oscillations with consciousness theories: New vistas on slow wave 
sleep unconsciousness,” Arch. Ital. Biol., 153, No. 2–3, 135–143 
(2015).

24. M. Lee, B. Baird, O. Gosseries, et al., “Connectivity differences be-
tween consciousness and unconsciousness in non-rapid eye move-
ment sleep: a TMS-EEG study,” Sci. Rep., 9, No. 1, 5175 (2019), 
https://doi.org/10.1038/s41598-019-41274-2.

25. E. Tagliazucchi and E. J. van Someren, “The large-scale functional 
connectivity correlates of consciousness and arousal during the healthy 



217Sleep and Neurophysiological Correlates

46. E. A. Cheremushkin, N. E. Petrenko, M. S. Gendzhalieva, et al., 
“EEG characteristics in the process of short-term spontaneous awak-
enings of various durations with changes in psychomotor activity 
caused by falling asleep,” Ros. Fiziol. Zh., 106, No. 3, 342–355 
(2020), https://doi.org/10.31857/S0869813920030036.

47. G. A. Mashour and A. G. Hudetz, “Neural correlates of unconscious-
ness in large-scale brain networks,” Trends Neurosci., 41, No. 3, 
150–160 (2018), https://doi.org/10.1016/j.tins.2018.01.003.

44. E. A. Cheremushkin, N. E. Petrenko, M. S. Gendzhalieva, et al., “EEG 
brain activity preceding the spontaneous recovery of psychomotor 
activity after episodes of microsleep,” Ros. Fiziol. Zh., 105, No. 8, 
1002–1012 (2019), https://doi.org/10.1134/S086981391908003X.

45. E. A. Cheremushkin, N. E. Petrenko, M. S. Gendzhalieva, and 
V. B. Dorokhov, “Changes in the low-frequency alpha rhythm of the 
electroencephalogram as an indicator of the degree of recovery of 
psychomotor activity during spontaneous awakening from daytime 
sleep,” Effektiv. Farmakoter., 15, No. 44, 26–31 (2019).


	ABSTRACT
	REFERENCES

