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HIGHLIGHTS
• Neural oscillation is rhythmic or repetitive neural activity in the central nervous system.
• With brain oscillation, we diagnose, prognosticate and treat the neurological disease.
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ABSTRACT

Neural oscillation is rhythmic or repetitive neural activities, which can be observed at 
all levels of the central nervous system (CNS). The large-scale oscillations measured by 
electroencephalography have long been used in clinical practice and may have a potential 
for the usage in neurorehabilitation for people with various CNS disorders. The recent 
advancement of computational neuroscience has opened up new opportunities to explore 
clinical application of the results of neural oscillatory activity analysis to evaluation and 
diagnosis; monitoring the rehab progress; prognostication; and personalized rehabilitation 
planning in neurorehabilitation. In addition, neural oscillation is catching more attention to 
its role as a target of noninvasive neuromodulation in neurological disorders.

Keywords: Neurological Disorders; Brain Waves; Brain-computer Interface;  
Event Related Potential; Transcranial Magnetic Stimulation

WHAT ARE NEURAL OSCILLATIONS?

Neural oscillations, which are also known as brainwaves, are rhythmic or repetitive neural 
activity in the central nervous system (CNS). Oscillatory activity originates either from 
individual neurons or from inter-neural interactions. At the individual neuronal level, 
oscillations can appear either as fluctuations in resting potential or as a rhythm of action 
potentials, which can induce post-synaptic neuronal oscillations [1-3]. At the level of neural 
ensembles, the synchronized activity of multiple neurons evokes macroscopic oscillations, 
which can be observed on an electroencephalogram. Macroscopic neural oscillations 
generally arise from inter-neuronal connections that can affect multiple neuronal firing 
patterns. These inter-neuronal interactions can cause oscillations at various frequency bands.

The intrinsic neuronal properties of neural oscillations have been explored by many 
researchers. The well-known Hodgkin-Huxley model shows how ion channel dynamics 
contribute to the initiation and propagation of action potentials or periodic spiking [4]. 
In addition to their role in periodic spikes, subthreshold membrane potentials may also 
contribute to oscillatory activity by facilitating the synchronous activity of neighboring 
neurons [5]. Lastly, some subtypes of cortical cells fire bursts (i.e., brief clusters) of spikes 
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rhythmically at preferred frequencies. These cells are also known as bursting neurons, and 
these rhythmic spikes are candidates for triggering synchronous network oscillations [6,7].

Neural oscillatory activity can also be affected by neurotransmitters [7]. Specifically, the 
concentrations of certain neurotransmitters can regulate the amount of neural oscillations. 
For example, gamma-aminobutyric acid (GABA) levels have been shown to be positively 
correlated with oscillation frequencies in response to induced stimuli [8]. In addition, a 
number of nuclei in the brainstem have various projections throughout the brain and can 
influence the concentrations of neurotransmitters such as norepinephrine, acetylcholine, and 
serotonin. These projection systems can affect the activity of brainwaves (e.g., alpha, beta, 
and delta waves) [9]. Therefore, brain oscillations can be a useful tool for determining brain 
status and can be used to assess the prognosis of patients with brain disorders [9].

In contrast to neuronal-level neural oscillations, large-scale neural oscillations have 
been studied only using electrocorticography, electroencephalography (EEG), or 
magnetoencephalography (MEG). The electric potentials generated by single neurons are 
too small to be recorded outside the scalp, and EEG or MEG activity always mirrors the 
summations of the synchronous activity of thousands or millions of neurons with similar 
spatial orientations [10]. Neurons in a neural ensemble do not fire at exactly the same 
time (i.e., full synchronization). Neuronal firing is rhythmically modulated through local 
interactions between excitatory and inhibitory interneurons. In particular, inhibitory 
interneurons play an important role in producing neural ensemble synchrony by generating 
a narrow window for effective excitation and rhythmically modulating the firing rate of 
excitatory neurons. If the probability of a large group of neurons is modulated at a common 
frequency, they will fire and generate oscillations at the same frequency, providing insights 
into brain entrainment [11,12].

Neural oscillations have been one of the most widely studied areas in research on the 
mechanism of human behavioral activity using neural activity generated by large groups of 
neurons and measured by techniques such as EEG or MEG; that is, the raw data of EEG or 
MEG are the result of continuous composite signals in each electrode or sensor from large 
groups of neurons. Oscillatory activity in groups of neurons involves feedback or feedforward 
connections between neurons that result in the synchronization of their firing activity. 
Associations between various neurons can cause oscillations among different frequencies 
in different situations [13-16]. Both EEG and MEG have been used as neurophysiological 
techniques to collect data on brain activity. However, there are some important differences 
between these 2 techniques. MEG can lead to a better understanding of the functioning 
of the brain due to its enhanced potential to determine the spatial source of the recorded 
activity. With this technology, signal detection is practically unaffected by the conductivity 
and structure of the skull and scalp tissue. In addition, compared to EEG systems, MEG 
systems allow higher spatial sampling resolution. Under favorable conditions, the spatial 
localization of current sources with whole-head MEG is on the order of 2–3 mm at a temporal 
resolution better than 1 ms [17]. From the perspective of source measurements, scalp EEG 
is sensitive to both the tangential and radial components of a current source in a spherical 
volume conductor. MEG detects only its tangential components, and is therefore most 
sensitive to activity from sulci. In contrast to MEG, EEG can detect signals both in the sulci 
and at the top of the cortical gyri. Therefore, MEG is sensitive to activity in more brain areas, 
but activity that is visible using MEG can also be localized with greater accuracy [18,19]. Scalp 
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EEG methods also have restrictions in terms of measuring the neural source with high spatial 
precision, as the scalp form a barrier between electrodes and the neural cortex that distorts 
the neural signal from the neural generator to the electrode. Modern EEG systems have many 
more sensors than earlier systems (i.e., up to 512) and can use more robust and accurate 
source modeling techniques with an emphasis on time-domain signal processing. By contrast 
to MEG, advances in EEG recording technology (e.g., dry electrodes and high-density EEG) 
made it a feasible tool for detecting subjects' intentions and for neurorehabilitation in the 
clinical field, as exemplified by brain-computer interface (BCI) systems and closed loop 
neuromodulation systems.

After preprocessing, the EEG or MEG signal looks like a continuous line, resembling pink 
noise, that has broad spectral content and also reveals oscillatory activity. After time-
frequency analysis, this noise is decomposed into various frequency band components, 
such as alpha (7.5–12.5 Hz), delta (1–4 Hz), theta (4–8 Hz), beta (13–30 Hz), low gamma 
(30–70 Hz), and high gamma (70–150 Hz) frequency bands [13-16]. The most well-known 
frequency band is alpha activity, which can be acquired from the occipital montage during 
relaxed wakefulness and increases when the eyes are closed. During sleep, the EEG signal 
shows a transition from faster frequencies to increasingly slower frequencies such as alpha 
waves. Using the spectral alpha content of EEG signals, various stages during sleep can be 
classified [13]. Lasaponara et al. [20] suggested that alpha-band EEG activity in the affected 
hemisphere during orienting of attention in patients with reduced awareness of the left side 
of space showed pathological enhancement compared to healthy subjects. They concluded 
that right-hemispheric lesions or lesions of the white matter pathway could interfere with 
the frontal modulation of alpha activity in posterior brain areas. Another deeply studied 
frequency band is the changing patterns of beta activity, which can be acquired from the 
sensorimotor cortex area before and during motor performance. In studies of beta-band 
activity, researchers have tried to detect subjects' motor intentions and motor performance 
time, motor learning, and motor memory consolidation [19]. Several studies focused 
on biological mechanisms beyond gamma oscillations within the cerebral cortex and 
hippocampus [7,21-26], associated with cognitive processes, including attention, sensory 
perception, and memory formation [2,7,16,27,28], and various pathological conditions 
[29-31]. Some researchers have also suggested that gamma oscillations are closely related 
to several biophysical properties of neurons, including the time constant of GABAA and 
a-amino-3-hydroxy-5-methyl-4-sioxazolepropionic acid receptors [32], the membrane time 
constant of cortical pyramidal cells [33], and the critical time window of spike-timing-
dependent plasticity [34]. Kujala et al. [35] recently investigated potential correlations 
between gamma oscillations in the primary visual cortex (V1) and GABAA receptor density 
using multi-modal MEG. Their findings suggested that the gamma-band response of V1 
was shaped by GABA-receptor mediated inhibitory neurotransmission. Despite numerous 
contributions to our understanding of gamma oscillations, there remains a large gap 
between bench research and clinical rehabilitation in neurological disorders.

Neural oscillations are a cornerstone for identifying several neurological disorders; for 
example, excessive synchronization is observed during seizure activity in epilepsy and 
tremors in Parkinson's disease [36,37]. Neural oscillatory activity can also be used to 
modulate the external devices of BCIs, in which subjects can control an external device by 
changing the amplitude of a particular brain rhythm [38,39].

3/11https://doi.org/10.12786/bn.2021.14.e7

Brain Oscillations and Neurorehabilitation Brain & NeuroRehabilitation

02

https://e-bnr.org

https://e-bnr.org


HOW CAN THE EFFICACY OF NEUROREHABILITATION 
USING BRAIN OSCILLATIONS BE IMPROVED? THE 
ASSOCIATION BETWEEN BRAIN OSCILLATIONS AND 
NEUROREHABILITATION

Brain oscillations have been categorized into spontaneous oscillations at rest and event-
related oscillations during a task according to the circumstances of recording. When 
recording a spontaneous signal at rest, subjects are seated on a chair with their eyes open or 
closed. They are generally asked not to think about any specific ideas. Brain oscillations can 
also be measured during tasks such as body movement and specific cognitive activity.

Evoked signals are another type of brain oscillation that has a relatively long latency from the 
signal-evoking event. Unlike spontaneous neural oscillations, evoked signals are recorded in 
response to any stimulus, including light and auditory or cognitive activity. The underlying 
mechanism and clinical usefulness of the data depend strongly on the recording method.

Spontaneous neural oscillations
Using brain oscillations for predicting recovery and prognostication
During analyses of spontaneous neural oscillation data by EEG, computational techniques 
such as Fourier transformation could be useful to determine the brain asymmetry and 
neuronal imbalance after the diagnosis of a neuronal disorder such as stroke or Parkinson's 
disease. Several reports have shown that certain values calculated from time-frequency 
analyses with resting-state neural oscillation data are associated with stroke patients' 
recovery process and can reflect their recovery. Furthermore, post-stroke measurements 
of initial brain wave patterns (known as the resting state brain network), such as the brain 
symmetry index and delta/alpha ratio, have been shown to have prognostic value for patient 
recovery [40,41].

Association between brain oscillations and post-stroke seizure
Epilepsy is a common chronic neurological disorder characterized by seizures. EEG has been 
a very important tool for diagnosing and managing epilepsy. Psychiatrists often encounter 
this neurological condition in patients with various underlying neurological diseases such 
as stroke, traumatic brain injury, hypoxic brain injury, and Parkinson's disease. These 
neurological disorders can be a primary origin of epileptic events. In particular, ischemic 
stroke is undoubtedly one of the most frequent causes of epilepsy in adults. Galovic et al. 
[42] recently developed a multivariate model named “SeLECT,” which uses 5 risk factors (i.e., 
severity of stroke, large-artery atherosclerotic etiology, early seizures, cortical involvement, 
and territory of middle cerebral artery involvement) to predict the risk of late seizures within 
the first year after stroke. However, the uncertainty of that model has been pointed out [43]. 
The prediction of poststroke seizure could draw upon EEG findings such as asymmetry. A 
recent study attempted to show that the first EEG asymmetry could independently presume 
unprovoked seizures or epilepsy in the year following anterior circulation ischemic stroke 
[44]. Seizures are transient signs and/or symptoms of hypersynchronous neuronal activity in 
the brain. If psychiatrists were able to meet patients with these types of disorders and then to 
characterize the patient's brain oscillatory activities, they could determine whether epilepsy 
is a barrier to a patient's neurorehabilitation journey and whether patients need antiepileptic 
drug treatment [37].
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Event-related brain activities
Event-related desynchronization (ERD) and event-related synchronization (ERS)
The activity change in the beta-band frequency associated with movement is one of the most 
impressive changes among the characteristics of brain oscillations. In the motor cortex 
immediately prior to the start of movement, the beta-band amplitude is temporarily reduced 
and then shows a rebounding pattern after movement is terminated. Changes in the brain 
oscillatory characteristics associated with this movement are referred to as ERD or event- 
ERS. It is also important to note that similar brain oscillation characteristics have been 
reported even if subjects only imagine moving a joint. BCI techniques using this concept are 
being actively developed [45-51].

Analytic approach to brain oscillatory activity (decoding)
Researchers have attempted to understand how brain oscillatory properties can be 
simultaneously changed by the subject's movement or intention to move. EEG has a 
very small temporal resolution (approximately 1 ms), which can enhance researchers' 
understanding of temporal changes during each step of motor skill learning. Bönstrup et 
al. [52] reported a new form of motor consolidation during sequential motor skill learning. 
In their study, researchers examined EEG activity and performance change during the rest 
period between 2 trials. The change in performance during the rest period suggested a novel 
rapid form of motor skill learning during the training session. They also reported that the 
beta-band frequency activity in some specific parcellated cortical areas was associated with 
performance improvement during the rapid form of motor skill learning. These findings 
suggest several future research directions. In particular, it may be possible to modulate brain 
activity during a specific period of behavioral or cognitive performance, such as storage, 
consolidation, or retrieval. In addition, brain oscillation decoding could reflect a patient's 
brain state in real time, which may determine the best time to apply neuromodulation. 
Alternatively, decoding could contribute to determining the optimal treatment parameters.

Evoked potential
Evoked potentials have frequently been reported as measures of recovery status and 
prognosis after stroke. Motor evoked potentials (MEPs) are a representative evoked 
brain oscillation that is used to predict the integrity of a patient's corticospinal pathway. 
For example, an absent lower-extremity MEP response following transcranial magnetic 
stimulation was reported to predict a poor prognosis for independent walking after stroke 
[53]. We have also reported that the somatosensory evoked potential (SSEP) from the lower 
extremities could be a prognostic candidate for independent walking after stroke [54]. 
However, MEP and SSEP have not yet been compared. Furthermore, the most important 
parameter using evoked potentials from brain oscillations could be the transcranial magnetic 
stimulation evoked potential (TEP), which has been reported in recent studies using high-
resolution EEG and transcranial magnetic stimulation [55,56]. TEPs showed a larger P30 
amplitude in stroke patients than in healthy controls. There was a negative correlation 
between the N45 peak amplitude and functional performance in stroke patients [55].

Event-related potentials
Several studies have investigated the role of event-related potentials (ERPs) such as P300, 
N100, and P200, in working memory [57-59], attention in healthy patients [60], stroke [61], 
Parkinson's disease [62-64], and dementia [65,66]. The properties of ERPs are similar to 
those of brain oscillations (e.g., amplitude and latency). It is possible to collect amplitude 
and latency data, which are known to be highly correlated with cognitive performance. 
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For example, changes in the P300 amplitude have been used to report the underlying 
mechanisms of improvement in walking memory after transcranial direct stimulation of the 
dorsolateral prefrontal cortex in healthy people [59,67]. ERPs can also be used to monitor 
improvement after cognitive training or rehabilitation [68,69].

Neuromodulation
Neuromodulation increases or decreases brain cortical activity using electrical or magnetic 
stimulation. These stimuli can be delivered transcranially or intracortically and can affect 
either neuronal activity or interneuronal transmission.

Although these techniques have been approved by the Food and Drug Administration to 
treat depression, they have not yet been approved for other indications. There are many 
controversies regarding the efficacy of noninvasive neuromodulation, and one suggested 
reason is the doubtful efficacy of neuromodulation. With our improved understanding of 
neuroscience, we now know that cortical activities have oscillatory properties that could 
affect the efficacy of neuromodulation. However, to date, there is no sophisticated protocol 
or technique that adapts to an individual's brain oscillatory status. Existing protocols are 
relatively fixed, depending on the purpose of stimulation. Studies using these stimulatory 
techniques have reported that the phase of beta oscillatory activity in the motor cortex 
consistently affects the MEP amplitude. Therefore, researchers have suggested that brain 
oscillatory activity should be used to determine aspects of the stimulation protocol, such as 
the stimulation start point or stimulation frequency. To this end, the concept of closed-loop 
neuromodulation may be capable of detecting an individual's oscillatory activity and thereby 
determining the optimal stimulation time point.

A closed-loop system can already detect the frequency of individual brain oscillatory 
activities in specific situations, such as finger tapping. By using this parameter, we can 
select the stimulation frequency with repetitive transcranial magnetic stimulation (TMS) or 
transcranial alternative current stimulation. Recently, some studies have reported that TMS 
could be a representative tool for evoking brain activity with EEG recordings, in so-called 
TMS-EEG studies. With this technology, we can explore the connectivity between several 
brain regions and obtains new insights into brain oscillatory activity from TMS-EEG studies 
[70]. Research on this topic has suggested that there are links between brain oscillatory 
activity at specific frequencies and cognitive performance. Researchers could use a specific 
stimulation frequency for repetitive TMS based on these linkages between brain oscillations 
and cognitive function [70].

BCI (neuroprosthetics)
A BCI is a type of closed-loop system, as this technique can monitor brain activity, determine 
the subject's intention using a decision algorithm based on artificial intelligence, and control 
external devices to perform various activities depending on the direction. A BCI platform 
consists of 1) a monitoring device that assesses the subject's intentions; 2) a process that 
analyzes multiple signals from various sensors including brain activity, which then decides 
whether or not to conduct the pre-programmed activity; and 3) an external device. Brain 
oscillations are the best-known signal type to detect a subject's intention. Although BCI 
systems can also use other human signals such as electromyography, pressure sensors, and 
audio signals, brain signals have very high temporal resolution, which can be useful in the 
real-time detection of the subject's intention. In particular, P300 signals and ERD/ERS at 
the beta-band frequency have been reported to be closely associated with movement and 
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attention. A BCI detects a change in P300 to determine the subject's intention to control 
the external device or cursor [71-74]. The BCI accepts and delivers brain oscillatory signals 
combined with EMG to the processor. The decision algorithm in the processor determines 
the subject's intention by using recent advances in machine learning.

CONCLUSION

The results of neural oscillatory activity analysis can help improve the evaluation and 
diagnosis; monitoring the rehab progress; prognostication; and personalized rehabilitation 
planning in neurorehabilitation. In addition, therapeutic usage of neural oscillation signals 
is drawing more attention due to the recent advancement of noninvasive neuromodulation 
technologies. Additional studies are warranted to confirm whether the clinical use of neural 
oscillation signals is associated with functional improvement in patients with various 
neurological disorders.

REFERENCES

 1. Fell J, Axmacher N. The role of phase synchronization in memory processes. Nat Rev Neurosci 
2011;12:105-118. 
PUBMED | CROSSREF

 2. Fries P. A mechanism for cognitive dynamics: neuronal communication through neuronal coherence. 
Trends Cogn Sci 2005;9:474-480. 
PUBMED | CROSSREF

 3. Schnitzler A, Gross J. Normal and pathological oscillatory communication in the brain. Nat Rev Neurosci 
2005;6:285-296. 
PUBMED | CROSSREF

 4. Hansel D, Mato G, Meunier C. Synchrony in excitatory neural networks. Neural Comput 1995;7:307-337. 
PUBMED | CROSSREF

 5. Richardson MJ, Brunel N, Hakim V. From subthreshold to firing-rate resonance. J Neurophysiol 
2003;89:2538-2554. 
PUBMED | CROSSREF

 6. Cardin JA, Carlén M, Meletis K, Knoblich U, Zhang F, Deisseroth K, Tsai LH, Moore CI. Driving fast-
spiking cells induces gamma rhythm and controls sensory responses. Nature 2009;459:663-667. 
PUBMED | CROSSREF

 7. Wang XJ. Neurophysiological and computational principles of cortical rhythms in cognition. Physiol Rev 
2010;90:1195-1268. 
PUBMED | CROSSREF

 8. Muthukumaraswamy SD, Edden RA, Jones DK, Swettenham JB, Singh KD. Resting GABA concentration 
predicts peak gamma frequency and fMRI amplitude in response to visual stimulation in humans. Proc 
Natl Acad Sci U S A 2009;106:8356-8361. 
PUBMED | CROSSREF

 9. Moruzzi G, Magoun HW. Brain stem reticular formation and activation of the EEG. Electroencephalogr 
Clin Neurophysiol 1949;1:455-473. 
PUBMED | CROSSREF

 10. Nunez PL. Electric fields of the brain: the neurophysics of EEG. New York, NY: Oxford University Press; 1981.

 11. Rahnev D. Entrainment of neural activity using transcranial magnetic stimulation. J Neurosci 
2013;33:11325-11326. 
PUBMED | CROSSREF

 12. Vosskuhl J, Strüber D, Herrmann CS. Transcranial alternating current stimulation. Entrainment and 
function control of neuronal networks. Nervenarzt 2015;86:1516-1522. 
PUBMED | CROSSREF

 13. Dement W, Kleitman N. Cyclic variations in EEG during sleep and their relation to eye movements, body 
motility, and dreaming. Electroencephalogr Clin Neurophysiol 1957;9:673-690. 
PUBMED | CROSSREF

7/11https://doi.org/10.12786/bn.2021.14.e7

Brain Oscillations and Neurorehabilitation Brain & NeuroRehabilitation

02

https://e-bnr.org

http://www.ncbi.nlm.nih.gov/pubmed/21248789
https://doi.org/10.1038/nrn2979
http://www.ncbi.nlm.nih.gov/pubmed/16150631
https://doi.org/10.1016/j.tics.2005.08.011
http://www.ncbi.nlm.nih.gov/pubmed/15803160
https://doi.org/10.1038/nrn1650
http://www.ncbi.nlm.nih.gov/pubmed/8974733
https://doi.org/10.1162/neco.1995.7.2.307
http://www.ncbi.nlm.nih.gov/pubmed/12611957
https://doi.org/10.1152/jn.00955.2002
http://www.ncbi.nlm.nih.gov/pubmed/19396156
https://doi.org/10.1038/nature08002
http://www.ncbi.nlm.nih.gov/pubmed/20664082
https://doi.org/10.1152/physrev.00035.2008
http://www.ncbi.nlm.nih.gov/pubmed/19416820
https://doi.org/10.1073/pnas.0900728106
http://www.ncbi.nlm.nih.gov/pubmed/18421835
https://doi.org/10.1016/0013-4694(49)90219-9
http://www.ncbi.nlm.nih.gov/pubmed/23843505
https://doi.org/10.1523/JNEUROSCI.2012-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/26440521
https://doi.org/10.1007/s00115-015-4317-6
http://www.ncbi.nlm.nih.gov/pubmed/13480240
https://doi.org/10.1016/0013-4694(57)90088-3
https://e-bnr.org


 14. Engel AK, Singer W. Temporal binding and the neural correlates of sensory awareness. Trends Cogn Sci 
2001;5:16-25. 
PUBMED | CROSSREF

 15. Gerrard P, Malcolm R. Mechanisms of modafinil: a review of current research. Neuropsychiatr Dis Treat 
2007;3:349-364.
PUBMED

 16. Varela F, Lachaux JP, Rodriguez E, Martinerie J. The brainweb: phase synchronization and large-scale 
integration. Nat Rev Neurosci 2001;2:229-239. 
PUBMED | CROSSREF

 17. Hari R, Puce A. MEG-EEG primer. New York, NY: Oxford University Press; 2017.

 18. Cohen D, Cuffin BN. Demonstration of useful differences between magnetoencephalogram and 
electroencephalogram. Electroencephalogr Clin Neurophysiol 1983;56:38-51. 
PUBMED | CROSSREF

 19. Cheyne DO. MEG studies of sensorimotor rhythms: a review. Exp Neurol 2013;245:27-39. 
PUBMED | CROSSREF

 20. Lasaponara S, Pinto M, Aiello M, Tomaiuolo F, Doricchi F. The hemispheric distribution of α-band EEG 
activity during orienting of attention in patients with reduced awareness of the left side of space (spatial 
neglect). J Neurosci 2019;39:4332-4343. 
PUBMED | CROSSREF

 21. Gray CM. Synchronous oscillations in neuronal systems: mechanisms and functions. J Comput Neurosci 
1994;1:11-38. 
PUBMED | CROSSREF

 22. Whittington MA, Traub RD, Kopell N, Ermentrout B, Buhl EH. Inhibition-based rhythms: experimental 
and mathematical observations on network dynamics. Int J Psychophysiol 2000;38:315-336. 
PUBMED | CROSSREF

 23. Laurent G. Olfactory network dynamics and the coding of multidimensional signals. Nat Rev Neurosci 
2002;3:884-895. 
PUBMED | CROSSREF

 24. Traub RD, Draguhn A, Whittington MA, Baldeweg T, Bibbig A, Buhl EH, Schmitz D. Axonal gap junctions 
between principal neurons: a novel source of network oscillations, and perhaps epileptogenesis. Rev 
Neurosci 2002;13:1-30. 
PUBMED | CROSSREF

 25. Bartos M, Vida I, Jonas P. Synaptic mechanisms of synchronized gamma oscillations in inhibitory 
interneuron networks. Nat Rev Neurosci 2007;8:45-56. 
PUBMED | CROSSREF

 26. Tiesinga P, Sejnowski TJ. Cortical enlightenment: are attentional gamma oscillations driven by ING or 
PING? Neuron 2009;63:727-732. 
PUBMED | CROSSREF

 27. Singer W, Gray CM. Visual feature integration and the temporal correlation hypothesis. Annu Rev 
Neurosci 1995;18:555-586. 
PUBMED | CROSSREF

 28. Engel AK, Fries P, Singer W. Dynamic predictions: oscillations and synchrony in top-down processing. 
Nat Rev Neurosci 2001;2:704-716. 
PUBMED | CROSSREF

 29. Llinás RR, Ribary U, Jeanmonod D, Kronberg E, Mitra PP. Thalamocortical dysrhythmia: a neurological 
and neuropsychiatric syndrome characterized by magnetoencephalography. Proc Natl Acad Sci U S A 
1999;96:15222-15227. 
PUBMED | CROSSREF

 30. Lewis DA, Hashimoto T, Volk DW. Cortical inhibitory neurons and schizophrenia. Nat Rev Neurosci 
2005;6:312-324. 
PUBMED | CROSSREF

 31. Uhlhaas PJ, Singer W. Neural synchrony in brain disorders: relevance for cognitive dysfunctions and 
pathophysiology. Neuron 2006;52:155-168. 
PUBMED | CROSSREF

 32. Johnston D, Wu SM. Foundations of cellular neurophysiology. Cambridge, MA: MIT Press; 1995.

 33. Destexhe A, Paré D. Impact of network activity on the integrative properties of neocortical pyramidal 
neurons in vivo. J Neurophysiol 1999;81:1531-1547. 
PUBMED | CROSSREF

8/11https://doi.org/10.12786/bn.2021.14.e7

Brain Oscillations and Neurorehabilitation Brain & NeuroRehabilitation

02

https://e-bnr.org

http://www.ncbi.nlm.nih.gov/pubmed/11164732
https://doi.org/10.1016/S1364-6613(00)01568-0
http://www.ncbi.nlm.nih.gov/pubmed/19300566
http://www.ncbi.nlm.nih.gov/pubmed/11283746
https://doi.org/10.1038/35067550
http://www.ncbi.nlm.nih.gov/pubmed/6190632
https://doi.org/10.1016/0013-4694(83)90005-6
http://www.ncbi.nlm.nih.gov/pubmed/22981841
https://doi.org/10.1016/j.expneurol.2012.08.030
http://www.ncbi.nlm.nih.gov/pubmed/30902872
https://doi.org/10.1523/JNEUROSCI.2206-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/8792223
https://doi.org/10.1007/BF00962716
http://www.ncbi.nlm.nih.gov/pubmed/11102670
https://doi.org/10.1016/S0167-8760(00)00173-2
http://www.ncbi.nlm.nih.gov/pubmed/12415296
https://doi.org/10.1038/nrn964
http://www.ncbi.nlm.nih.gov/pubmed/12013024
https://doi.org/10.1515/REVNEURO.2002.13.1.1
http://www.ncbi.nlm.nih.gov/pubmed/17180162
https://doi.org/10.1038/nrn2044
http://www.ncbi.nlm.nih.gov/pubmed/19778503
https://doi.org/10.1016/j.neuron.2009.09.009
http://www.ncbi.nlm.nih.gov/pubmed/7605074
https://doi.org/10.1146/annurev.ne.18.030195.003011
http://www.ncbi.nlm.nih.gov/pubmed/11584308
https://doi.org/10.1038/35094565
http://www.ncbi.nlm.nih.gov/pubmed/10611366
https://doi.org/10.1073/pnas.96.26.15222
http://www.ncbi.nlm.nih.gov/pubmed/15803162
https://doi.org/10.1038/nrn1648
http://www.ncbi.nlm.nih.gov/pubmed/17015233
https://doi.org/10.1016/j.neuron.2006.09.020
http://www.ncbi.nlm.nih.gov/pubmed/10200189
https://doi.org/10.1152/jn.1999.81.4.1531
https://e-bnr.org


 34. Magee JC, Johnston D. A synaptically controlled, associative signal for Hebbian plasticity in hippocampal 
neurons. Science 1997;275:209-213. 
PUBMED | CROSSREF

 35. Kujala J, Jung J, Bouvard S, Lecaignard F, Lothe A, Bouet R, Ciumas C, Ryvlin P, Jerbi K. Gamma 
oscillations in V1 are correlated with GABA(A) receptor density: a multi-modal MEG and Flumazenil-PET 
study. Sci Rep 2015;5:16347. 
PUBMED | CROSSREF

 36. McAuley JH, Marsden CD. Physiological and pathological tremors and rhythmic central motor control. 
Brain 2000;123:1545-1567. 
PUBMED | CROSSREF

 37. Shusterman V, Troy WC. From baseline to epileptiform activity: a path to synchronized rhythmicity in 
large-scale neural networks. Phys Rev E Stat Nonlin Soft Matter Phys 2008;77:061911. 
PUBMED | CROSSREF

 38. Birbaumer N. Brain-computer-interface research: coming of age. Clin Neurophysiol 2006;117:479-483. 
PUBMED | CROSSREF

 39. Birbaumer N. Breaking the silence: brain-computer interfaces (BCI) for communication and motor 
control. Psychophysiology 2006;43:517-532. 
PUBMED | CROSSREF

 40. Ogrim G, Kropotov JD. Event related potentials (ERPs) and other EEG based methods for extracting 
biomarkers of brain dysfunction: examples from pediatric attention deficit/hyperactivity disorder 
(ADHD). J Vis Exp 2020. 
PUBMED | CROSSREF

 41. Sebastián-Romagosa M, Udina E, Ortner R, Dinarès-Ferran J, Cho W, Murovec N, Matencio-Peralba 
C, Sieghartsleitner S, Allison BZ, Guger C. EEG biomarkers related with the functional state of stroke 
patients. Front Neurosci 2020;14:582. 
PUBMED | CROSSREF

 42. Galovic M, Döhler N, Erdélyi-Canavese B, Felbecker A, Siebel P, Conrad J, Evers S, Winklehner M, von 
Oertzen TJ, Haring HP, Serafini A, Gregoraci G, Valente M, Janes F, Gigli GL, Keezer MR, Duncan JS, 
Sander JW, Koepp MJ, Tettenborn B. Prediction of late seizures after ischaemic stroke with a novel 
prognostic model (the SeLECT score): a multivariable prediction model development and validation 
study. Lancet Neurol 2018;17:143-152. 
PUBMED | CROSSREF

 43. Finsterer J. The SeLECT score is inappropriate to predict post-stroke epilepsy. Lancet Neurol 2018;17:106-107. 
PUBMED | CROSSREF

 44. Bentes C, Martins H, Peralta AR, Morgado C, Casimiro C, Franco AC, Fonseca AC, Geraldes R, Canhão P, 
Pinho E Melo T, Paiva T, Ferro JM. Early EEG predicts poststroke epilepsy. Epilepsia Open 2018;3:203-212. 
PUBMED | CROSSREF

 45. Wairagkar M, Hayashi Y, Nasuto SJ. Exploration of neural correlates of movement intention based on 
characterisation of temporal dependencies in electroencephalography. PLoS One 2018;13:e0193722. 
PUBMED | CROSSREF

 46. Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchronization and desynchronization: 
basic principles. Clin Neurophysiol 1999;110:1842-1857. 
PUBMED | CROSSREF

 47. Pfurtscheller G, Neuper C. Future prospects of ERD/ERS in the context of brain-computer interface (BCI) 
developments. Prog Brain Res 2006;159:433-437. 
PUBMED | CROSSREF

 48. Bai O, Rathi V, Lin P, Huang D, Battapady H, Fei DY, Schneider L, Houdayer E, Chen X, Hallett M. 
Prediction of human voluntary movement before it occurs. Clin Neurophysiol 2011;122:364-372. 
PUBMED | CROSSREF

 49. Ibáñez J, Serrano JI, del Castillo MD, Monge-Pereira E, Molina-Rueda F, Alguacil-Diego I, Pons JL. 
Detection of the onset of upper-limb movements based on the combined analysis of changes in the 
sensorimotor rhythms and slow cortical potentials. J Neural Eng 2014;11:056009. 
PUBMED | CROSSREF

 50. Blankertz B, Losch F, Krauledat M, Dornhege G, Curio G, Müller KR. The Berlin Brain--Computer 
Interface: accurate performance from first-session in BCI-naïve subjects. IEEE Trans Biomed Eng 
2008;55:2452-2462. 
PUBMED | CROSSREF

 51. Liao K, Xiao R, Gonzalez J, Ding L. Decoding individual finger movements from one hand using human 
EEG signals. PLoS One 2014;9:e85192. 
PUBMED | CROSSREF

9/11https://doi.org/10.12786/bn.2021.14.e7

Brain Oscillations and Neurorehabilitation Brain & NeuroRehabilitation

02

https://e-bnr.org

http://www.ncbi.nlm.nih.gov/pubmed/8985013
https://doi.org/10.1126/science.275.5297.209
http://www.ncbi.nlm.nih.gov/pubmed/26572733
https://doi.org/10.1038/srep16347
http://www.ncbi.nlm.nih.gov/pubmed/10908186
https://doi.org/10.1093/brain/123.8.1545
http://www.ncbi.nlm.nih.gov/pubmed/18643304
https://doi.org/10.1103/PhysRevE.77.061911
http://www.ncbi.nlm.nih.gov/pubmed/16458595
https://doi.org/10.1016/j.clinph.2005.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17076808
https://doi.org/10.1111/j.1469-8986.2006.00456.x
http://www.ncbi.nlm.nih.gov/pubmed/32225146
https://doi.org/10.3791/60710
http://www.ncbi.nlm.nih.gov/pubmed/32733182
https://doi.org/10.3389/fnins.2020.00582
http://www.ncbi.nlm.nih.gov/pubmed/29413315
https://doi.org/10.1016/S1474-4422(17)30404-0
http://www.ncbi.nlm.nih.gov/pubmed/29413306
https://doi.org/10.1016/S1474-4422(17)30460-X
http://www.ncbi.nlm.nih.gov/pubmed/29881799
https://doi.org/10.1002/epi4.12103
http://www.ncbi.nlm.nih.gov/pubmed/29509785
https://doi.org/10.1371/journal.pone.0193722
http://www.ncbi.nlm.nih.gov/pubmed/10576479
https://doi.org/10.1016/S1388-2457(99)00141-8
http://www.ncbi.nlm.nih.gov/pubmed/17071247
https://doi.org/10.1016/S0079-6123(06)59028-4
http://www.ncbi.nlm.nih.gov/pubmed/20675187
https://doi.org/10.1016/j.clinph.2010.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25082789
https://doi.org/10.1088/1741-2560/11/5/056009
http://www.ncbi.nlm.nih.gov/pubmed/18838371
https://doi.org/10.1109/TBME.2008.923152
http://www.ncbi.nlm.nih.gov/pubmed/24416360
https://doi.org/10.1371/journal.pone.0085192
https://e-bnr.org


 52. Bönstrup M, Iturrate I, Thompson R, Cruciani G, Censor N, Cohen LG. A rapid form of offline 
consolidation in skill learning. Curr Biol 2019;29:1346-1351.e4. 
PUBMED | CROSSREF

 53. Hwang P, Sohn MK, Jee S, Lee H. Transcranial motor evoked potentials of lower limbs can prognosticate 
ambulation in hemiplegic stroke patients. Ann Rehabil Med 2016;40:383-391. 
PUBMED | CROSSREF

 54. Hwang P, Sohn MK, Kim CS, Jee S. Tibial somatosensory evoked potential can prognosticate for 
ambulatory function in subacute hemiplegic stroke. J Clin Neurosci 2016;26:122-125. 
PUBMED | CROSSREF

 55. Hordacre B, Ghosh R, Goldsworthy MR, Ridding MC. Transcranial magnetic stimulation-EEG 
biomarkers of poststroke upper-limb motor function. J Stroke Cerebrovasc Dis 2019;28:104452. 
PUBMED | CROSSREF

 56. Kerwin LJ, Keller CJ, Wu W, Narayan M, Etkin A. Test-retest reliability of transcranial magnetic 
stimulation EEG evoked potentials. Brain Stimulat 2018;11:536-544. 
PUBMED | CROSSREF

 57. Owens MM, Duda B, Sweet LH, MacKillop J. Distinct functional and structural neural underpinnings of 
working memory. Neuroimage 2018;174:463-471. 
PUBMED | CROSSREF

 58. Saunders N, Downham R, Turman B, Kropotov J, Clark R, Yumash R, Szatmary A. Working memory 
training with tDCS improves behavioral and neurophysiological symptoms in pilot group with post-
traumatic stress disorder (PTSD) and with poor working memory. Neurocase 2015;21:271-278. 
PUBMED | CROSSREF

 59. Zaehle T, Sandmann P, Thorne JD, Jäncke L, Herrmann CS. Transcranial direct current stimulation 
of the prefrontal cortex modulates working memory performance: combined behavioural and 
electrophysiological evidence. BMC Neurosci 2011;12:2. 
PUBMED | CROSSREF

 60. Baumert A, Buchholz N, Zinkernagel A, Clarke P, MacLeod C, Osinsky R, Schmitt M. Causal 
underpinnings of working memory and Stroop interference control: testing the effects of anodal and 
cathodal tDCS over the left DLPFC. Cogn Affect Behav Neurosci 2020;20:34-48. 
PUBMED | CROSSREF

 61. Adamaszek M, Olbrich S, Kirkby KC, Woldag H, Willert C, Heinrich A. Event-related potentials indicating 
impaired emotional attention in cerebellar stroke--a case study. Neurosci Lett 2013;548:206-211. 
PUBMED | CROSSREF

 62. Kamei S. Electroencephalogram and event-related potential analyses in Parkinson disease. Brain Nerve 
2012;64:433-443.
PUBMED

 63. Defebvre L, Derambure P, Bourriez JL, Destée A, Guieu JD. Event-related desynchronization and 
Parkinson disease. Importance in the analysis of the phase of preparation for movement. Neurophysiol 
Clin 1999;29:71-89. 
PUBMED | CROSSREF

 64. Hansch EC, Syndulko K, Cohen SN, Goldberg ZI, Potvin AR, Tourtellotte WW. Cognition in Parkinson 
disease: an event-related potential perspective. Ann Neurol 1982;11:599-607. 
PUBMED | CROSSREF

 65. Tanaka H, Koenig T, Pascual-Marqui RD, Hirata K, Kochi K, Lehmann D. Event-related potential and EEG 
measures in Parkinson's disease without and with dementia. Dement Geriatr Cogn Disord 2000;11:39-45. 
PUBMED | CROSSREF

 66. Jiménez-Escrig A, Fernandez-Lorente J, Herrero A, Baron M, Lousa M, de Blas G, Gobernado J. Event-
related evoked potential P300 in frontotemporal dementia. Dement Geriatr Cogn Disord 2002;13:27-32. 
PUBMED | CROSSREF

 67. Dong L, Ke Y, Liu S, Song X, Ming D. Effects of HD-tDCS combined with working memory training on 
event-related potentials. Annu Int Conf IEEE Eng Med Biol Soc 2020;2020:3553-3556. 
PUBMED | CROSSREF

 68. Cui J, Kim CS, Kim Y, Sohn MK, Jee S. Effects of repetitive transcranial magnetic stimulation (rTMS) 
combined with aerobic exercise on the recovery of motor function in ischemic stroke rat model. Brain Sci 
2020;10:186. 
PUBMED | CROSSREF

 69. Kim J, Park H, Yu SL, Jee S, Cheon KA, Song DH, Kim SJ, Im WY, Kang J. Effects of high-frequency 
repetitive transcranial magnetic stimulation (rTMS) on spontaneously hypertensive rats, an animal model 
of attention-deficit/hyperactivity disorder. Int J Dev Neurosci 2016;53:83-89. 
PUBMED | CROSSREF

10/11https://doi.org/10.12786/bn.2021.14.e7

Brain Oscillations and Neurorehabilitation Brain & NeuroRehabilitation

02

https://e-bnr.org

http://www.ncbi.nlm.nih.gov/pubmed/30930043
https://doi.org/10.1016/j.cub.2019.02.049
http://www.ncbi.nlm.nih.gov/pubmed/27446774
https://doi.org/10.5535/arm.2016.40.3.383
http://www.ncbi.nlm.nih.gov/pubmed/26778357
https://doi.org/10.1016/j.jocn.2015.05.070
http://www.ncbi.nlm.nih.gov/pubmed/31635964
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104452
http://www.ncbi.nlm.nih.gov/pubmed/29342443
https://doi.org/10.1016/j.brs.2017.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29551458
https://doi.org/10.1016/j.neuroimage.2018.03.022
http://www.ncbi.nlm.nih.gov/pubmed/24579831
https://doi.org/10.1080/13554794.2014.890727
http://www.ncbi.nlm.nih.gov/pubmed/21211016
https://doi.org/10.1186/1471-2202-12-2
http://www.ncbi.nlm.nih.gov/pubmed/31183619
https://doi.org/10.3758/s13415-019-00726-y
http://www.ncbi.nlm.nih.gov/pubmed/23643987
https://doi.org/10.1016/j.neulet.2013.04.018
http://www.ncbi.nlm.nih.gov/pubmed/22481516
http://www.ncbi.nlm.nih.gov/pubmed/10093819
https://doi.org/10.1016/S0987-7053(99)80042-2
http://www.ncbi.nlm.nih.gov/pubmed/7114809
https://doi.org/10.1002/ana.410110608
http://www.ncbi.nlm.nih.gov/pubmed/10629361
https://doi.org/10.1159/000017212
http://www.ncbi.nlm.nih.gov/pubmed/11731712
https://doi.org/10.1159/000048630
http://www.ncbi.nlm.nih.gov/pubmed/33018770
https://doi.org/10.1109/EMBC44109.2020.9176063
http://www.ncbi.nlm.nih.gov/pubmed/32210177
https://doi.org/10.3390/brainsci10030186
http://www.ncbi.nlm.nih.gov/pubmed/27469434
https://doi.org/10.1016/j.ijdevneu.2016.07.006
https://e-bnr.org


 70. Thut G, Miniussi C. New insights into rhythmic brain activity from TMS-EEG studies. Trends Cogn Sci 
2009;13:182-189. 
PUBMED | CROSSREF

 71. Curtin A, Ayaz H, Liu Y, Shewokis PA, Onaral B. A P300-based EEG-BCI for spatial navigation control. 
Annu Int Conf IEEE Eng Med Biol Soc 2012;2012:3841-3844. 
PUBMED | CROSSREF

 72. Long J, Gu Z, Li Y, Yu T, Li F, Fu M. Semi-supervised joint spatio-temporal feature selection for P300-
based BCI speller. Cogn Neurodyn 2011;5:387-398. 
PUBMED | CROSSREF

 73. McFarland DJ, Sarnacki WA, Townsend G, Vaughan T, Wolpaw JR. The P300-based brain-computer 
interface (BCI): effects of stimulus rate. Clin Neurophysiol 2011;122:731-737. 
PUBMED | CROSSREF

 74. Li Y, Long J, Yu T, Yu Z, Wang C, Zhang H, Guan C. An EEG-based BCI system for 2-D cursor control by 
combining Mu/Beta rhythm and P300 potential. IEEE Trans Biomed Eng 2010;57:2495-2505. 
PUBMED | CROSSREF

11/11https://doi.org/10.12786/bn.2021.14.e7

Brain Oscillations and Neurorehabilitation Brain & NeuroRehabilitation

02

https://e-bnr.org

http://www.ncbi.nlm.nih.gov/pubmed/19286414
https://doi.org/10.1016/j.tics.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23366766
https://doi.org/10.1109/EMBC.2012.6346805
http://www.ncbi.nlm.nih.gov/pubmed/23115595
https://doi.org/10.1007/s11571-011-9167-8
http://www.ncbi.nlm.nih.gov/pubmed/21067970
https://doi.org/10.1016/j.clinph.2010.10.029
http://www.ncbi.nlm.nih.gov/pubmed/20615806
https://doi.org/10.1109/TBME.2010.2055564
https://e-bnr.org

	Brain Oscillations and Their Implications for Neurorehabilitation
	WHAT ARE NEURAL OSCILLATIONS?
	HOW CAN THE EFFICACY OF NEUROREHABILITATION USING BRAIN OSCILLATIONS BE IMPROVED? THE ASSOCIATION BETWEEN BRAIN OSCILLATIONS AND NEUROREHABILITATION
	Spontaneous neural oscillations
	Event-related brain activities

	CONCLUSION
	REFERENCES


