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1. ABSTRACT 2. INTRODUCTION

Parkinson Disease (PD), characterized by tremor, Coordinated oscillatory activity can occur within
rigidity, and bradykinesia, is one of the most prevalent and between populations of neurons. These neuronal
neurodegenerative disorders in the world. The pathological oscillations are categorized by frequency into multiple
hallmark of PD is the loss of dopaminergic cells in the bands ranging from low to high, known as the delta (~1-4
substantia nigra and other brain regions. The Hz), theta (~4-8 Hz), alpha (~8-13 Hz), beta (~13-30 Hz)
pathophysiological mechanisms by which dopaminergic and gamma (~30-100 Hz) bands, respectively.
cell loss leads to the motor manifestations of PD are yet to Abnormalities in neuronal oscillatory patterns have been
be fully elucidated. A growing body of evidence has identified in the pathophysiology of Parkinson disease (PD)
revealed abnormal neuronal oscillations within and (Figure 1) (1-4). The alteration of this pathological
between multiple brain regions in PD. Unique oscillatory oscillatory activity is now increasingly recognized as an
patterns are associated with specific motor abnormalities in important therapeutic determinant relating to the
PD. Therapies, such as dopaminergic medication and deep effectiveness of dopamine and deep brain stimulation for
brain stimulation that disrupt these abnormal neuronal the treatment of PD.
oscillatory patterns produce symptomatic improvement in
PD patients. These findings emphasize the importance of PD is a degenerative disease characterized by the
abnormal neuronal oscillations in the pathophysiology of loss of dopaminergic neurons within the substantia nigra
PD, making the disruption of these oscillatory patterns a pars compacta. Neuronal loss also occurs in the ventral
promising target in the development of effective PD tegmental area, the dorsal motor nucleus of the vagus, and
treatments. other brain regions (5). Each of these neuronal populations
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Figure 1. Cortico-basal ganglia-thalamo-cortical connections through which synchrony emerges in PD. Prominent oscillatory
activity at beta frequencies is observed at rest in PD patients undergoing DBS surgery and in recordings from animal models of
PD. Light gray arrows represent inhibitory projections; black arrows represent excitatory projections. PSD = power spectral

density.

has widespread connections throughout the brain. As a
result, changes in neuronal oscillations within multiple
brain regions are found in PD. The fundamental change
seen in the oscillatory activity of these widespread
interconnected brain regions is excessive synchrony in
multiple frequency bands at multiple anatomic scales (6, 7,
8). The degree of synchrony appears to be dynamic and
related to the amount of degeneration, as patients in
different stages of the disease from mild to severe show
different levels of ensemble couplings (9). Abnormalities in
different frequencies are related to specific nuclei and
specific symptoms.

3. ABNORMAL OSCILLATIONS IN SUBCORTICAL
NUCLEI AND RELATED CIRCUITS IN PD

3.1. Abnormal oscillations in the subthalamic nucleus,
substantia nigra pars reticulata, and globus pallidus
Abnormal synchrony within the basal ganglia is
associated with dysfunction of multiple circuits in PD.
Coherent oscillatory frequencies result from interconnected
neuronal ensembles in the subthalamic nucleus (STN),
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cortex and striatum. Under normal physiologic conditions,
movement preparation is accompanied by an increase in
synchrony in the beta frequency range, which disappears
during actual movement (2, 7, 9), where gamma-range
activity becomes evident (10-12), and recurs again after
movement as a ‘beta-rebound’, lasting for up to hundreds
of milliseconds (13). This coordination, however, is
disrupted in PD. In PD, neuronal frequencies within the
STN are dominated by the alpha and beta range while at
rest in the ‘off” medication state (11, 12, 14). Increased beta
oscillations are often correlated with the clinical state of
patients (15), and are modulated by the presence of
dopamine (16). In particular, for bradykinesia and rigidity,
the predominant oscillatory abnormality is in the beta
frequency band (6, 17).

The power of beta local field potentials is highest
in the dorsal STN, and decreases ventrally (18-23).
Simultaneous recordings from bilateral STN during deep
brain stimulation (DBS) surgery for PD show highly
coherent beta-frequency oscillations (24). In animal PD
models, synchronization at beta frequencies has also been
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observed between local field and unit recordings (25).
Simultaneous micro-recordings from the STN and
substantia nigra pars reticulata (SNr) of PD patients also
show interesting correlation in the beta band, with 86%
coherence between local field potentials in these two nuclei
(18). The typical background firing rate for SNr neurons is
a regular firing pattern in the 60-90 Hz range (26). SNr
coherence in the beta band suggests the influence of the
beta-dominated STN.

Differences in the oscillatory frequency of the
bilateral STN have also been found between tremor and
non-tremor sides of STN nuclei. On the non-tremor side,
STN neurons oscillate in a beta frequency (27). In contrast,
dorsal STN neurons on the tremor side oscillate in a
characteristic theta frequency corresponding to the patient’s
resting tremor (28). Multiple studies indicate that tremor-
frequency oscillatory cells are common in the STN (15, 26,
29, 30), suggesting that tremor frequency STN neurons
may be directly related to the tremor symptoms common in
PD.

Evidence also exists for very high frequency
oscillations within the STN that are activity and dopamine
dependent. In a series of 9 PD patients, local field potential
(LFP) recordings through DBS electrodes revealed the
presence of oscillations at 300 Hz prevalent at rest with the
administration of levodopa which was modulated by
voluntary movement (31).

Neuronal oscillatory activity in the globus pallidus
(GP) is seen in both the <30 Hz and 60-90 Hz ranges (26,
32). Synchrony between the internal segment of the globus
pallidus (GPi) and STN is increased in PD patients in a
dopamine-modulated fashion (10). Oscillatory coupling
between the STN and GPi in the lower range is increased in
PD patients in the absence of dopamine. In contrast,
oscillatory coupling between the STN and GPi at
approximately 70 Hz is seen only in dopamine-treated
patients (32).

3.2. Abnormalities in basal ganglia-cortical connections

Coordinated neuronal activity is required for
coordinated movement. For example, coordinated beta-
frequency activity is necessary in the normal physiologic
state between cortical regions including the motor cortex
(33). This cortical rhythmicity is likely modulated at least
in part by subcortical inputs, and disruption of these inputs has
been linked to the motor symptoms of PD. In a recent study
which combined cortical magnetoencephalography (MEG) and
STN recordings in the resting state of PD patients, oscillations
were identified in the alpha range within the temporoparietal
cortex and the beta range within the frontal cortex which were
coherent with the STN (34). Interestingly, beta coherence
between the STN and prefrontal cortex was modified by
administration of dopamine (34). Combined
electroencephalography (EEG) and DBS studies further
indicate that this coherence between cortical and subcortical
structures is bidirectional and dynamic.

Subthalamic-cortical coherence is particularly
prevalent at 20 Hz in patients with PD. STN stimulation in
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PD patients at 20 Hz shows increased amplitude of the
cortical response, consistent with resonance within this
circuit. This response is dampened by the administration of
dopamine (35). STN activity is also coherent with activity
in specific areas of the cerebral cortex around 45 Hz, with
the cortical activity found to lead the STN by
approximately 20 ms (36). In levodopa-treated patients,
neuronal oscillatory coherence between the STN, GPi, and
the neocortex is seen in the 70-85Hz band, but in this
range, the STN phase leads the cortex by approximately 20
ms (11). Coupling between the STN and motor cortex has
also been shown over a higher frequency range (50-200
Hz), though the amplitude in this range is modulated by
lower-frequency phase-synchronized gamma activity (37).
Taken together, these studies indicate a levodopa dependent
functional connectivity between the cortex and the basal
ganglia which may be altered or disrupted in the low
dopamine state of PD.

3.3. Abnormalities in cortico-cortical connections

In addition to basal ganglia-cortical associations,
cortico-cortical relationships in PD are also abnormal. Beta
frequency oscillations are normally present in motor cortex
(33, 38), though excessive synchronization is present in PD
and likely contributes to its motor manifestations. PD
patients show increased cortical power in the beta
frequency (13-30 Hz) during rest and steady-state muscle
contraction when compared to healthy controls who show
suppression of this activity during the same movement
(39), suggesting the inability of the cortex to release from
beta oscillation in PD. Surface EEG studies of Parkinson’s
patients at rest show coherence in distributed cortical areas
in the beta frequency (10-35Hz) which decrease with
dopamine administration and STN stimulation, and both of
which correlate with reduction in contralateral hemibody
UPDRS motor scores (40).

Oscillatory connectivity between the premotor
cortex, supplemental motor area, and primary motor cortex
is also altered in PD. Relative to control patients, PD
patients in the off-medication state show loss of gamma-
frequency coupling between the premotor and supplemental
motor cortices. Coherence in this frequency range, as well
as feedback between the premotor and motor cortices at
beta frequency, and associated improvement in motor
function, is seen with the administration of dopamine (41).
Similarly, task-induced oscillatory coupling between
prefrontal and premotor cortices is absent in PD patients
performing a motor task in the off-medication state, and
present in healthy controls. Task-induced coherence is re-
established with the administration of levodopa in the PD
subjects (42). Given the preponderance of beta oscillations
in cortical circuits implementing top-down control
generally, it may be that coordinated beta coupling plays a
common role throughout brain circuits, signaling the
‘status-quo’ or maintaining the current cognitive state and
rendering pathologically synchronous circuits less flexible
(43).

These pathologic cortico-cortical couplings vary
with the severity of disease, as patients in the earliest stages
of PD show abnormalities isolated to the alpha band,



Neuronal oscillations in Parkinson’s disease

whereas disease progression has been positively correlated
with progression into other frequencies including the beta
range, among others (44). Lower frequency oscillations in
the range of tremor frequency (approx. 3-7 Hz) have also
been reported in the cortex of the hemisphere contralateral
to tremor (45-47). Recently, it was also shown that there is
increased amplitude of low frequency oscillations in the
primary and secondary motor areas in PD patients off
medication which are reduced by the administration of
dopamine (48). Together, these findings indicate that
abnormal, levodopa-responsive oscillatory patterns exist in
cortico-cortical networks in PD.

4. ABNORMAL NEURONAL OSCILLATIONS
ASSOCIATED WITH BRADYKINESIA AND
RIGIDITY DIFFER FROM TREMOR

Multiple cortical and subcortical domains are
involved in the initiation, coordination, and completion of
motor tasks. These areas include premotor and
supplemental motor cortices, the primary motor cortex, the
thalamus and the basal ganglia. Coordinated movement
requires complex integration between these areas, the basis
of which relies on dynamic neuronal coupling through
synchronous discharges. For execution of movements in
both the physiologic and pathologic states, these couplings
can have both linear, same frequency couplings, as well as
nonlinear relationships (49, 50). As reviewed above, many
of these areas show abnormal intrinsic and circuit-level
oscillatory patterns in PD which exist in multiple frequency
bands and are dynamic relative to both dopamine
availability and motor activity. These abnormalities
contribute significantly to the motor features of
bradykinesia, rigidity, and tremor characteristic of PD.

Evidence supports the correlation between pathologic
neuronal oscillations, particularly oscillatory activity in the
beta frequency range, with the symptoms of bradykinesia and
rigidity, (21, 51-54). For example, STN phase coherence in the
beta frequency band has been correlated in PD patients with
the severity of limb and axial bradykinesia and rigidity (55). It
has also been shown that stability within beta frequency LFP in
the STN also positively correlates with both bradykinesia and
rigidity, indicating that loss of reactivity in the beta frequency
might contribute to the motor symptoms of PD (56). These
findings align with the observation that desynchronization of
beta activity in the STN has been shown to be necessary for
movement preparation (57).

Treatment with levodopa, which reduces these
clinical symptoms, also decreases these abnormal
oscillations. ~ Multiple  studies indicate that the
administration of dopamine results in a reduction of both
persistent STN beta synchrony as well as motor impairment
(21, 54, 58-60). The reduction of beta frequency activity in
the STN associated with the administration of dopamine
correlates with improved UPDRS motor scores (52).
Furthermore, the degree of beta synchronization within the
STN correlates with the clinical response patients obtain
from dopamine (21). The amount of suppression of STN
LFP beta activity is predictive of the reduction of motor
symptoms (60). While the presented evidence highlights
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studies of the STN, it must be noted that measured LFPs
likely reflect oscillation of the entire cortical-subcortical
network, as the basal ganglia are largely coherent with the
cortex and this activity likely reflects large-scale circuit
abnormalities (32, 36, 61). For example, recent studies of
network interactions that have attempted to delineate causal
pathways from multi-region local field potential recordings
have emphasized the importance of STN afferents from
cortex and striatum in beta genesis (62, 63).

Several studies also report induced bradykinesia
after stimulating the STN at beta frequencies. Direct
stimulation applied to the STN at approximately 20 Hz in
PD patients with preserved baseline function caused a
significant frequency-selective decrease in finger tapping
rate (64). These findings were expanded in a follow-up
study which demonstrated slowed finger tapping in
multiple low frequency bands ranging from 5 to 20 Hz,
again in PD patients that had relatively preserved baseline
function (65). In a similar study, bilateral stimulation of the
STN in the beta frequency range of 20 Hz induced
frequency-specific slowing of the development of grip
force (66). Again, these findings were significant only in
PD patients who retained the best baseline activity (66).

In contrast to these associations between beta
oscillations and the symptoms of bradykinesia and rigidity,
correlation with tremor symptoms is less clear (67). While
evidence does exist for beta oscillations in PD patients with
tremor symptoms (68, 69), multiple studies have identified
tremor-coherent cells in the STN oscillating in the tremor
frequency (15, 69, 70) as well as frequencies which
approximate a double-tremor range (71). Also in contrast to
other stereotypical motor symptoms of PD, tremor activity is
not reduced when beta LFP is reduced in the STN (52). While
DBS treatment reduces clinical tremor symptoms in PD, and
has been shown to suppress tremor frequency (72), treatment-
induced suppression of beta synchrony shows less correlation
with improvement of the resting tremor (9). These findings
again implicate the poor correlation between beta oscillation
and tremor symptoms (67). Similarly, administration of
dopaminergic medication, which improves the symptoms of
bradykinesia and rigidity in correlation with changes in beta
LFP and single unit oscillations, does not have the same effect
on tremor frequencies (21, 73). Furthermore, neurons
oscillating in the tremor frequency show a high degree of
interneuronal coherence, suggesting the presence of a
significant STN tremor network (30). Interestingly, Reck et al.
(2009) demonstrated in a series of 8 tremor-dominant PD
patients that tremor-related activity in the STN can be
synchronized or desynchronized to the electromyography
(EMG) depending on the spatial distribution within the STN.
These muscle-specific tremor-associated LFPs in the STN
were found predominately in the tremor and double-tremor
frequencies (72). Finally, coherence between neuronal STN
activity and muscular activity measured by EMG appears to
instead occur predominantly at the tremor frequency, and only
to a lesser extent in the beta frequency range (69).

Also in contrast to the correlations between STN
beta oscillations and the symptoms of bradykinesia and
rigidity, evidence implicates tremor-frequency thalamic
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oscillations, generated by “tremor cells”, as contributing to
tremor in PD (74). Single unit analysis of ventral thalamic
cells in PD patients demonstrate that thalamic cells
exhibiting high amplitude signal at tremor frequency were
correlated significantly with EMG activity during tremor,
suggesting that these cells or at least a subpopulation are
involved in the generation of tremor (75). Movement-
related cells in the human thalamus can be classified into
those which are activated in response to somatosensory
stimulation and those which are not (combined cells and
voluntary cells, respectively) (76). Many of the combined
and voluntary thalamic cells were not only correlated with
EMG at the tremor frequency, but also led the EMG during
tremor (77). Tremor-locked cells (i.e. those which appeared
only with rest tremor and were synchronized with the
tremor) have been identified in the centromedian-
parafascicular complex (78). A second population of cells
has been identified which demonstrate rhythmic spike
bursts which oscillate periodically at tremor frequency,
though these are not phase-locked with the tremor and are
present independent of tremor (78). In PD patients, neurons
with tremor activity are concentrated in the ventral
intermediate nucleus of the thalamus (VIM), and that
tremor-related cells are more prevalent in PD patients
compared to patients with other tremor-related disorders
(79).

In summary, these findings suggest that the
cardinal motor symptoms of PD are associated with
abnormal neuronal oscillations. Abnormal oscillations
associated with bradykinesia and rigidity differ from tremor
in multiple ways. First, bradykinesia and rigidity are
correlated with beta frequency oscillations, whereas tremor
is associated with tremor-frequency oscillations. Second,
the cell populations associated with these symptoms appear
to have unique anatomic distributions within the basal
ganglia and the thalamus. Finally dopamine-related
reductions in beta oscillations have been directly linked
with the reduction of bradykinesia and rigidity, but not
tremor. These findings suggest that oscillations in multiple
frequency ranges in distinct but functionally connected
brain regions underlie the various motor features of PD.

5. DISRUPTION OF ABNORMAL OSCILLATIONS
RELATES TO THE THERAPEUTIC
EFFECTIVENESS OF DBS

Over the past two decades, DBS has emerged as an
effective treatment for the motor manifestations of PD
(80),(81). Standard DBS targets for PD are the STN and the
GPi, with effectiveness reported for both unilateral and
bilateral stimulation (82). The effects of DBS on neural
tissue are complex and multifactorial (83). As with
dopaminergic treatment, DBS can suppress beta band
coherence in the STN and GP, correlating with
improvements in bradykinesia and rigidity (7). In addition
to decreasing beta oscillations, STN DBS can decrease
gamma and tremor frequency oscillations in the motor
thalamus, leading to symptomatic improvements in resting
tremor. Recent findings of a prodromic disruption of
synchronized output from motor cortex under STN
stimulation suggest that further refinements in our
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understanding of DBS beta disruption in patients will be
forthcoming (84).

6. CONCLUSIONS

The cardinal motor features of PD are associated
with abnormal oscillations within and between multiple
neuronal populations and their associated networks.
Abnormal oscillations associated with bradykinesia and
rigidity differ from tremor in multiple ways, including
different oscillation frequencies and different initiating
neuronal populations. Whereas bradykinesia and rigidity
are associated with beta oscillatory patterns in the STN and
GP, tremor is associated with tremor frequency oscillatory
patterns in the STN and thalamus. These neuronal
populations are functionally connected in cortico-basal
ganglia-thalamic networks. The therapeutic effectiveness of
dopaminergic medication and DBS relates, at least in part,
to their ability to disrupt the abnormal oscillatory patterns
within these networks. The identification of dysfunctional
neuronal oscillations is a significant advance in our
understanding PD pathophysiology, and represents an
important target in PD therapeutics.
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