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Abstract

Despite advancement in neuroimaging, the link between motor and cognitive 
processes, and the role of oscillations in motor behaviour remain unclear. Current 
research in neurodegenerative disorders (e.g., Parkinson’s and Alzheimer’s 
disease) indicates that changes in oscillatory brain rhythms (OBRs) observed from 
electroencephalographic (EEG) studies could be utilized to quantify and understand 
the neural network changes in the presence of pathology. Research suggests, that 
rhythmicity is a common feature amongst biological entities, and cyclic fluctuations 
in neurological systems in response to incoming stimuli from the environment, 
grant a great degree of flexibility to such systems in order to interact with their 
surroundings at an optimal level. This reciprocity between exogenous stimuli and 
endogenous mechanisms in the brain creates a two-way pathway that awards a 
bi-directional relationship between the environment, and the brain. Here, in 
this mini review we explore the role of OBRs, and review the current literature 
supporting the putative role of frequency-specific OBRs as potential biomarkers 
in neurodegenerative disorders, mainly Parkinson’s disease (PD), which in turn, 
may allow clinicians to identify effective therapies based on these biomarkers, 
expanding the armamentarium for delaying the rate of disease progression and 
symptom management.

Introduction
Oscillatory brain rhythms (OBRs) have served as a window into the 

electrophysiological activities of the central nervous system since the 
invention of EEG16, 17. Oscillations are not unique to the brain, they are 
seen in the physical and biological world from the planetary motion to 
the sleep-wake cycle, and these oscillations like many other perpetual 
rhythmic physiological markers follow a cyclic pattern which makes 
them predictable25. Electrophysiologists have long been taking advantage 
of the predictability of oscillations in humans. Electrocardiogram for 
example, measures the polarization and depolarization patterns in 
cardiac muscles allowing clinicians to indirectly determine and predict 
structural, and electrical abnormalities of the heart, or could be used to 
measure behavioural changes in response to stress or pleasure through 
the rhythms of the heart13. Another characteristic of oscillations is their 
ability to be entrained19. OBRs change in response to the incoming 
information from the environment. In fact, human sensation and 
perception function based on this principle, this is why we are good 
at interacting with our environment and respond effectively to the 
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changes around us16. We see the flickering light coming 
from a halogen bulb, or movies shot at 24-48 frames per 
second as smooth and continuous light or image on the 
screen (sensory entrainment), or we attempt to phase 
shift our sleep-wake cycle by taking melatonin (chemical 
entrainment)13,19. These changes have been measured 
in EEG studies using frequency-specific OBRs. Before 
delving deeper into understanding the role of oscillations 
in quantifying behaviour, it is important to note, that the 
rhythmic electrical potentials recorded from the scalp 
electrodes are the summation of excitatory and inhibitory 
current changes called the local field potentials (LFPs) 
from clusters of millions of cortical neurons16. Although 
the application of EEG has been proven to be helpful in 
diagnostics (e.g., most common way to diagnose epilepsy)6 
and biotechnology (using EEG signals in brain-computer 
interface)19, lack of accurate spatial resolution poses a 
risk in attributing the results to a specific location in 
comparison with highly localized and accurate direct 
intra and extracellular LFP recordings of neurons17. 
Though with the advent of sophisticated preprocessing 
and signal analysis techniques, when EEG, fMRI and 
behavioural studies paired together we begin to see a 
pattern of correlation between cognitive processes, motor 
behaviour, and EEG recordings. In this mini review we are 
not suggesting that OBRs captured on the EEG can yield to 
an accurate conclusion on modulatory mechanisms and 
underlying structures involved in motor behaviour but 
as an indirect measure (biomarker) of motor behaviour. 
Researchers have been able to identify 5 main frequency 
bands: delta ( 1-4 Hz), theta ( 4-12 Hz), alpha ( 8-12 
Hz), beta ( 13-30 Hz), and gamma ( 30-50 Hz)13,44. Using 
various signal processing techniques, these oscillations 
are separated from artifacts and signals picked up from 
the depolarization of muscles cells19, ready to be used 
for diagnostic and research purposes. Current literature 
suggests that power changes in alpha and beta frequency 
bands (as well as gamma frequencies) could be indicative of 
network-specific deterioration in aging, neurodegenerative 
diseases, and some neuropsychiatric disorders (e.g., 
Schizophrenia and major depression disorders)2,6,16,17,45. 
In task dependent EEG or event-related potential (ERP) 
studies, these frequencies are often measured based on 
event-related synchronization (ERS), where the spectral 
power increases, and event-related desynchronization 
(ERD) as the spectral power decreases4,44. Alpha frequency 
band is thought to be involved in top-down attentional 
control, and the proponents of the gating by inhibition 
hypothesis believe that alpha is a neural signature for 
inhibition of attention to incoming stimuli2,6. ERP studies 
have shown, that increase in alpha power (ERS) is 
associated with regular neural activity in the absence of 
heightened levels of arousal and cognitive load, whereas 
deliberate shifts in attentional resources, and engagement 

in tasks demanding high cognitive load leads to a decrease 
in alpha power (ERD)30, 44. Beta frequency band follows 
similar patterns, and current literature proposes that beta 
ERS and ERD are correlated with motor mastery, or the 
effortless execution of a motor task23,40,44. Experimental 
evidence suggests that diminished global alpha, and 
beta powers in neurodegenerative disorders such as 
Parkinson’s disease (PD), could be restored to optimal 
levels following multisensory neurorehabilitation20, 
or after dopamine replacement therapy, presenting 
the possibility that these OBRs could serve as putative 
biomarkers4,6,11,27,32,38,39. Although current EEG literature 
is somewhat heterogeneous in the measurement and the 
role of OBRs in neural communication17, a coherent body 
of evidence is emerging that suggests these oscillations are 
not just the byproduct of action potentials, but also play a 
role in inter-network communication and time-dependent 
processes in the brain16,34. The purpose of this mini review 
is to provide evidence for the potential use of frequency-
specific OBRs as biomarkers that may have applications 
for the delivery of targeted therapies in neurodegenerative 
disorders, primarily in PD. 

EEG Changes in Motor Learning, Task Mastery, and 
Skill Retention

At baseline, during consciousness and in the absence 
of external stimulation also referred to as a resting state, 
alpha frequencies remain relatively low or synchronized; 
this is associated with a relatively higher power compared 
to that which occurs while attending to a stimulus or 
performing a task, where a sudden allocation of cognitive 
demand or neural resources causes higher alpha 
oscillations or desynchronization (decreased power)22,26,44. 
Beta oscillations follow the same pattern at rest, and 
change abruptly before and after motor performance, 
but are highly location specific during voluntary 
movements43. Literature in motor learning and imagery 
has confirmed a higher alpha synchronization at baseline 
before observation or execution of a motor task, and 
desynchronization during action observation or execution 
of a motor task30,34. Beta synchronization usually occurs 
abruptly after a motor action, while desynchronization 
is the dominant pattern during a motor action14,30,35. Di 
Nota and colleagues (2017), from our group, showed that 
young ballet-dancers have higher alpha and beta powers 
while engaged in action observation including 8-second 
video clips of choreographed ballet dance, and more 
detailed visual imagery (as measured by the visualized 
movements included in the vividness of movement 
imagery questionnaire) in comparison with non-ballet 
dancers and non-dancers respectively22. These results 
could be interpreted in light of the truism “practice makes 
perfect”; practice-related motor mastery lowers the neural 
demand required for future observation, visualization, and 
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execution of the same task in the real-world studio, which 
may reflect a cortical to subcortical consolidation, as the 
task becomes a motor habit1,7,14,22. These findings are also 
further expanded by an fMRI study by Li et al. (2015), which 
included 28 dancers and 33 non-dancers and confirmed 
a marked enhancement of functional connectivity in 
cortico-basal ganglia loops using fMRI36,  which could be 
the underlying circuit the OBRs use during learning of real 
world movements through space.

Interestingly, decreased modulation of alpha and beta 
power, and changes in connectivity between the basal 
ganglia and the motor cortex are common epiphenomena 
in aging, and neurodegenerative disorders, and are directly 
linked to motor performance2,49. Neurorehabilitation 
outcomes are drastically poor in these patient populations, 
and the carryover is mainly limited to hours or few days1,45. 
Given the underlying physiological changes prior to, or 
during the onset of symptoms, frequency-specific OBRs 
have been widely studied as both potential culprits and 
markers of faulty networks, and a closer look at these 
oscillations could aid in identifying mechanisms involved 
in the pathogenesis of such disorders11, 32, 39.

Oscillatory Brain Rhythms, Mirror Neurons, and the 
Default Mode Network

A prime example of the role of OBRs in motor 
performance is the Rolandic alpha (8-13 Hz), which is a 
unique frequency band that is mainly recorded over the 
sensorimotor regions in humans (as opposed to frontal, 
occipital, or global alpha)39, 44. ERD in this frequency band 
is thought to be correlated with action observation, and 
motor preparation, and is considered by many to play a role 
in the proposed human mirror neuron system (MNS)13,14, 

23,31. Braadbaart and colleagues (2013) tested 16 male 
participants using a manual imitation paradigm during 
an ongoing EEG-fMRI study, and their results confirmed 
the role of alpha desynchronization in motor imagery, and 
action preparation, corresponding to the putative MNS 
regions13. In addition, Brihmat et al. (2017) tested the 
possibility of involvement of both the MNS, and the default 
mode network (DMN) using virtual reality for action 
observation, and imitation of virtual hand movements 
while subjects were in an fMRI scanner. They found that 
the imitation of a motor task could modulate the activation 
of specific areas including those belonging to the MNS and 
the DMN14. These findings suggest that frequency-specific 
oscillations could provide information on network-specific 
changes during motor learning and performance.

The supporting evidence from developmental studies 
also suggests that complex tasks such as walking and fine 
motor movements are encoded in the DMN during the first 
few years of development, solidifying motor networks 
for effortless locomotion through the environment and 

allowing vital sensory and perceptual tasks such as 
vigilance and scanning to be processed by regions further 
up in the hierarchy of cognitive resources18, 25. However, 
deterioration in these networks due to pathology and 
aging may result in diminished ability of older adults, 
people with neurodegenerative disorders, and stroke 
patients to perform sub-optimally on reaction time studies, 
indicating a lower processing speed48. It seems as though 
in the presence of neuropathology, basic functions such 
as gait, posture, memory recall, selective attention and 
dual-task performance that were once effortless, now 
require increased neural resources and cognitive load49. 
As Santiago Ramón Cajal wrote in 1885 “all of the various 
conformations of the neuron and its various components 
are simply morphological adaptations governed by the laws 
of conservation for time, space and material” and as the 
fundamental physiological behaviour of the brain implies, 
the brain is on a constant endeavor to find the most cost-
effective ways to process information, and tasks associated 
with higher cognitive demand could slow the rate of 
processing3. This view is in line with the contemporary 
explanations for efficient resource allocation in motor task 
mastery such as the neural efficiency hypothesis22, 43.

The neural efficiency hypothesis model and 
neurodegenerative disorders

Optimal levels of alpha and beta frequency bands 
observed in the absence of pathology, and the role of alpha 
and beta ERS and ERD in motor learning and competency 
suggests that the neural efficiency hypothesis could explain 
changes in motor behaviour in both health and disease6,15,44. 
In neurodegenerative disorders, an impediment in an 
optimal shift in neural resources is thought to be one 
of the main factors associated with changes in sensory, 
motor, and cognitive performance24, 26. In humans, the 
task of walking occurs with minimal shifts in attentional 
resources, in fact, we can walk, carry an object, and watch 
for environmental hazards while talking to a friend5. Gait 
analysis studies have demonstrated the intricate step-wise 
mechanism of ambulation, where agonist and antagonist 
muscles are contracted and relaxed harmoniously in a 
matter of milliseconds, and changes in the center of mass 
would occur in a rhythmic manner after each step, while 
vestibular and proprioceptive feedbacks act as modulators 
between the muscular, peripheral and the central nervous 
systems5,12,23. In movement disorders or stroke, patients 
are required to make deliberate shifts of attention, when 
performing previously learned motor tasks (e.g. walking 
or movement in affected extremity) which in turn tax the 
available resources, causing an effortful and inaccurate 
production of movement as well as interference in other 
cognitive processes (e.g., inability to multitask while 
standing or walking)48. Motor dysfunction is not just limited 
to movement disorders, but has been observed in other 
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neurodegenerative processes, particularly in preclinical 
stages of Alzheimer’s disease (AD)2, 26. As mentioned 
earlier, the role of the DMN in task mastery, and decoupling 
of this network from regions involved in high cognitive 
load during motor performance of previously learned 
tasks resembles alpha and beta ERS/ERD associated with 
the network-specific allocation of neural resources in 
learned vs. novel tasks (Figure 1). This model could explain 
complications that arise from motor and cognitive changes 
in neurodegenerative disorders.

Amelioration of Motor and Cognitive Symptoms, 
and Bottom-Up Modulation of the Oscillatory Brain 
Rhythms

As discussed in the previous section, learning and 
practice promote efficient resource allocation in healthy 
individuals, while the presence of pathology disrupts 
this efficiency; rhythmic exogenous stimuli appear to 
influence endogenous processes in neurodegenerative 
disorders, specifically in PD 42, 47. In 1871 the Parisian 
neurologist, Jean-Martin Charcot observed, that the motor 
symptoms of patients with PD (PwPD) improved after a 
train or horseback ride; this observation led him to build 
his “fauteuil trépidant” or shaking chair to replicate the 
results of his observations29. Although amelioration of 

symptoms was achieved after using the shaking chair, 
results were not long lasting and eventually, he abandoned 
it. Almost a century later, the use of auditory cues (music) 
and metronome therapy became popular as rehabilitation 
interventions, and these have since shown to be effective 
sensory entrainment methods in gait retraining for PwPD 
(Figure 2)9,10,28,42,46,47. 

PwPD who were gait re-trained with rhythmic musichad 
symmetrical and longer strides as well as higher cadence41.

Later, visual cues (straight lines) were added on the floor 
while the metronome beats played, and improvements in 
quality and speed of gait were superior in comparison 
with the auditory-cue only condition5,42. Although these 
observational studies clearly showed that external cues 
could change the quality of gait and movement, the 
mechanism of these changes was neither explored nor 
explained. In our lab, Levkov et al (2014) explored the 
impact of multisensory motor training in PwPD attending 
the dance with PD (DwP) classes where the amalgamation 
of audio, visual, tactile, and motor cues provide an enriched 
exogenous tuning mechanism. Based on resting state EEG 
results, a dance-induced frontal alpha synchronization 
was observed35. Earlier, in the same cohort, during the first 
year of our research program on DwP, Bearss et al (2017) 

 

Figure 1: A model based on similarities and overlap of alpha and beta oscillatory behaviour and the DMN: ERS/ERD in alpha and beta 
frequency bands indicating network changes in competent vs. novice studies. Increased involvement of the DMN, sparing resource-
intensive regions in the frontal area during effortless execution of a motor task, resembles ERS and ERD patterns. These results have also 
been observed in neurodegenerative disorders, where previously effortless tasks require a higher neural demand leaving limited resources 
for other demanding cognitive tasks. The gold box indicates an optimal goal in targeted therapies. 
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showed a marked improvement on the Berg Balance Scale, 
and gait speed after 12 weeks of participation in DwP 
classes8. These results support the notion that exogenous 
cues (stimuli) could potentially change frequency-specific 
OBRs linked with affected networks in neurodegenerative 
disorders1, 10.

Another clear example of such bi-directionality is 
provided by Li-Huei Tsai’s lab at MIT, where the properties 
of gamma frequency bands (20-50 HZ) are used to design 
a non-invasive 40 Hz flickering light regime, that reduced 
plaque formation in a mouse model of Alzheimer’s. These 
results are significant, as bottom-up approaches such as 
flickering lights were shown to change not only the OBRs, 
but also the biochemistry of the mouse brain33. Moving 
from multisensory training to a pharmacological approach 
or chemical entrainment, Melgari et al. (2014) investigated 
the effects of acute administration of L-dopa one alpha 
and beta powers in 24 PwPD 60 minutes after oral intake. 
Their results showed amelioration of motor symptoms 
measured on the motor component of the Unified PD 
Rating Scale (UPDRS III), followed by a significant increase 
in alpha power spectrum over the central temporo-parietal 
regions, and beta power in the central parietal regions38. 
These results are complimentary with an fMRI study done 
by Gao et al (2017) where they compared the functional 
connectivity of basal ganglia of 30 PwPD before and after 
L-dopa administration where the results confirmed the 
normalization of the motor pathways of the basal ganglia, 
supporting the specificity of the OBRs in quantifying 
changes in putative neural networks27. The above 
results show a clear correlation between amelioration of 
symptoms, and the recorded cortical frequency-specific 
oscillations as well as inter/intra-network connectivity. 
Whether OBRs and functional connectivity changes are 

due to multisensory training or pharmacological agents, 
these results support the hypothesis that these oscillations 
accurately quantify the cortical mechanisms of symptom 
deterioration or amelioration at the neurophysiological 
level.

Discussion
Oscillatory brain rhythms have been shown to be 

promising biomarkers for neurodegenerative disorders. If 
we accept the bidirectional properties of these oscillations 
and consider the role of bottom-up tuning or entrainment, 
therapies and neurorehabilitation models utilizing 
rhythmic frequency-specific audio, visual, vestibular and 
tactile stimuli such as dance could potentially change 
underlying neural networks leading to an enhanced quality 
of life and a slower rate of disease progression. The current 
evidence discussed in this paper suggests that casting 
a broad net, as in the case of multisensory approaches, 
may be the most successful rehabilitation model to date, 
which updates previous models by taking OBRs into 
consideration21. In medicine, broad-spectrum antibiotics 
normally treat infections caused by persistent or unknown 
bacterial pathogens; here, multisensory motor training 
provides a bottom-up action/perception approach, 
targeting a wide array of frequency-specific oscillations 
affected by neurodegenerative processes. Based on current 
literature and anecdotal evidence, we argue that the 
potential use of the OBRs as biomarkers in the context 
of neurofeedback and in the delivery of network-specific 
therapies could increase specificity and effectiveness of 
neurorehabilitation interventions. 
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