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Definition

Hypokinetic motor symptoms of Parkinson’s dis-
ease are associated with elevated synchronization
of neural oscillations in the beta frequency band.
This synchronization is intermittent and exhibits
specific temporal patterning. The properties of the
fine temporal structure of this synchrony may help
to understand the mechanisms behind pathologi-
cal neurophysiology of Parkinson’s disease and
assist in the development of adaptive brain stim-
ulation techniques to suppress pathological neural
activity.

Detailed Description

Neural oscillations and synchrony are believed to
be important for various physiological and patho-
logical phenomena in the brain (Buzsáki and
Draguhn 2004; Colgin 2011; Fell and Axmacher
2011; Buzsáki and Schomburg 2015; Fries 2015;
Harris and Gordon 2015) and have been exten-
sively studied by using approaches and methods
of computational neuroscience. Excessively
strong or weak synchrony and oscillations of
neuronal activities are presumably related to
several motor and cognitive disorders (e.g.,
Schnitzler and Gross 2005; Uhlhaas and Singer
2006; Hammond et al. 2007; Oswal et al. 2013;
Pittman-Polletta et al. 2015; Spellman and
Gordon 2015), one of the prominent examples
being Parkinson’s disease.

Synchrony of Neural Oscillations in
Parkinson’s Disease
Parkinson’s disease is a major neurological disor-
der characterized by degeneration of midbrain
dopaminergic neurons resulting in a set of
movement-related symptoms as well as other
symptoms. The hallmark of Parkinson’s disease
is overall slowness of movement. This slow,
hypokinetic behavior involves bradykinesia,
akinesia, and rigidity (slowness of ongoing move-
ment, slowness of movement initiation, and stiff-
ness of joints). The etiology of Parkinson’s
disease is still a challenging question and perhaps
involves different mechanisms outside of the
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basal ganglia. Nevertheless, the midbrain dopa-
mine deficiency and accompanying slowness of
movement are associated with excessive syn-
chrony of neural oscillations in the basal ganglia
(as well as the cortex, a major input to the basal
ganglia) in the beta frequency band, usually
defined as 13–30 Hz (Brown 2003; Hammond
et al. 2007; Bogacz 2014).

There are different views regarding the origin
of the basal ganglia beta oscillations (local, corti-
cal, striatal, or a mixture of all of them), the way
how they mediate the movement, and whether
they are in a direct causal connection with motor
symptoms of Parkinson’s disease. However,
excessive beta oscillations and synchrony within
the basal ganglia and between the basal ganglia
and the cortex are observed in Parkinson’s
disease patients (Marsden et al. 2001; Cassidy
et al. 2002; Fogelson et al. 2005; Hirschmann
et al. 2011; Litvak et al. 2011; Ahn et al. 2015)
and animal models of Parkinson’s disease (Sharott
et al. 2005; Mallet et al. 2008; Stein and Bar-Gad
2013). The level of synchrony and the power of
beta oscillations are changed during movement
and movement-related tasks (Cassidy et al. 2002;
Levy et al. 2002; Brown 2003; Amirnovin et al.
2004; Kühn et al. 2004; Williams et al. 2005) and
are reduced by treatments such as levodopa or
deep brain stimulation in subthalamic nucleus
(STN) (Silberstein et al. 2005; Stoffers
et al. 2008).

Temporal Patterning of Synchronized Activity
The studies (such as discussed above) report ele-
vated yet still moderate synchrony strength at rest.
Thus, elevated synchrony in Parkinson’s disease
is not perfect (at least it does not stay perfect for
prolonged intervals of time). This means the syn-
chrony is stronger for some intervals of time and
weaker (or nonexistent) for other intervals of
time. It exhibits temporal variations changing
from potentially very high to very low levels or
from synchronized to desynchronized states. Even
though it may average into some moderate syn-
chrony strength overall, few long intervals of syn-
chronized activity may be functionally different
from many short synchronized episodes. In other
words, different temporal patterns of neural

synchrony may be related to different symptoms
or conditions of the brain.

Synchronization of oscillations is a phenome-
non which is not local in time and implies repet-
itive coordination of dynamics of coupled
oscillators. There are multiple ways to define it
in mathematical terms (e.g., Pikovsky et al. 2001).
It may be impossible to claim that signals or
oscillators are synchronized at a particular time
instant. However, it is possible to consider the
synchronization, for example, measured as a
phase-locking strength, over relatively short slid-
ing time windows (especially if one can estimate
the statistical significance of the phase-locking
measured in this way). Moreover, recent time
series analysis developments lead to a way of
detecting whether the signals are in synch at
each cycle of oscillations, provided there is
overall statistically significant level of synchrony
(Ahn et al. 2011; Rubchinsky et al. 2014). This
approach considers time windows of intermit-
tently synchronized activity to reconstruct the
synchronized state from the data. Then, it is pos-
sible to check if the oscillations are close to this
synchronized state or not at each cycle of oscilla-
tions. Statistic of distributions of durations of
synchronized and desynchronized episodes
reconstructed in this way provides a quantitative
description of how synchronous dynamics is pat-
terned in time (Ahn et al. 2011; Rubchinsky
et al. 2014).

Temporal Patterns of Neural Synchrony
Observed in Parkinsonian Patients
Application of this time series analysis
approach to the recordings from the basal ganglia
of patients with Parkinson’s disease revealed
high degree of temporal variability of neural syn-
chrony in the beta frequency band (the references
above regarding synchronization and oscillations
in Parkinson’s disease point to the association of
beta-band activity, low dopamine status, and
hypokinetic motor symptoms). The analysis of
the phase-locking strength over a sliding time
window of short length (about 1 s long, that is,
about 20 cycles of oscillations) shows substantial
variability of synchronization strength, which is
going above and below significance level
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(Rubchinsky et al. 2012), where the latter was
computed via phase-randomized surrogates
(Hurtado et al. 2004), Fig. 1.

Each point at the graphs in Fig. 1 is not an
“instantaneous” phase-locking strength; rather it
represents phase-locking strength over a preced-
ing time window involving tens of oscillatory
cycles. It is possible to further improve the tem-
poral resolution (although with some limitations)
by adopting a different approach to analysis of the
time series. Taking a very long time window, one
can find out if there is some (statistically signifi-
cant) strength of the phase-locking. This essen-
tially provides a description of the synchronized
state (the existence of certain preferred phase lag
between the signals). Then, at each cycle of oscil-
lations, one can detect if the oscillations are
close to this synchronized state (then the signals
are synchronized) or not close (then the signals
are desynchronized). A way to formalize this
approach is described in Ahn et al. (2011) and
Rubchinsky et al. (2014). Going from observables
to the phase space, this approach looks at whether
the system of coupled oscillators is close to a
synchronization manifold or not. Then one can
measure the statistics of synchronized and
desynchronized intervals leading to a description
of variation of synchrony on very short time
scales.

Analysis of microelectrode recordings from
STN and internal globus pallidus (GPi) in parkin-
sonian patients provided a quantification of this
variability (Park et al. 2010; Ratnadurai-
Giridharan et al. 2016). The distribution of dura-
tions of desynchronized events has a characteristic
decaying form and is statistically similar for
different locations in the parkinsonian basal
ganglia (Fig. 2).

Furthermore, properties of the distributions of
the desynchronization durations are correlated
with the dopaminergic medication-induced
improvements in the motor activity in parkinso-
nian patients (Ahn et al. 2018), pointing to its
potential relevance to parkinsonian motor symp-
toms. Other studies indicate that transient syn-
chrony states affect the motor performance in
parkinsonian patients (Tinkhauser et al. 2020).
Thus, the temporal evolution of cortical and

basal ganglia synchronization rather than its
time-average values may be critical for the par-
kinsonian neurophysiology (Cagnan et al. 2019).

Also, it is worth noting that parkinsonian
tremor, while being distinct from hypokinetic
symptoms in presentation and in mechanisms,
also exhibits specific temporal patterning of syn-
chronization with tremor-related neural activity in
the basal ganglia (Hurtado et al. 2005).

Computational Modeling of the Mechanisms
of the Intermittent Synchrony in Parkinsonian
Basal Ganglia
There may be several potential factors behind the
intermittent synchrony of neural oscillations. For
example, the oscillations may go in and out of
synchronized state because of noise (synaptic
noise, channel noise, noisy inputs, etc.), fluctua-
tions of coupling strength (synaptic plasticity), or
insufficient synaptic coupling strength (strong
enough to promote some degree of synchrony,
but not strong enough to completely stabilize syn-
chronized state). The episodic nature of the oscil-
lations (which may be a generic phenomenon,
Jones 2016) may, of course, be a factor too.

Simulations of conductance-based models of
subthalamo-pallidal network of the basal ganglia
suggested that the moderately elevated (due to
the lack of the dopamine) synaptic strength of
some dopamine-modulated synapses may lead
to the synchronized dynamics with temporal pat-
terns similar to those in the experiments (Park
et al. 2011). Computational modeling of the par-
kinsonian basal ganglia is a complex field of
research with multiple and sometimes contradic-
tory models (Rubin 2017), of which these numer-
ical studies are not an exception. However, they
compared not only the average synchrony
strength but also the rates of transitions between
synchronized and desynchronized states, thus
comparing the structure of the phase space of
the experimental system and that of the model.
Further modeling indicates that dopaminergic
degeneration-induced changes in the cellular
properties of the basal ganglia cells may work
cooperatively with this phenomenon (Park and
Rubchinsky 2012) and the beta-band activity
coming from the cortex may further facilitate
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synchronized beta oscillations locally generated
in the subthalamo-pallidal circuits (Ahn
et al. 2016).

An interesting observation of these modeling
studies (Park et al. 2011) was that the dynamics
with the realistically patterned synchronized

oscillations is located (in the space of parameters)
on the border of the synchronized and
desynchronized dynamics. Therefore, the highly
variable evolution of neural synchrony in the
basal ganglia in Parkinson’s disease may be indic-
ative of the propensity of these brain circuits to
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Disease, Fig. 1 Dynamics of synchronous activity in the
basal ganglia in a parkinsonian patient. Black line is the

phase-locking strength computed over a time window of
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express the transient episodes of synchronized
beta-band activity, which is a physiological phe-
nomenon in the healthy state (Engel and Fries
2010). The pathological low-dopamine state
would present itself in the network, which is
more strongly connected than the healthy one
and exhibits ongoing intermittent synchrony
instead of the functional ability to generate brief
episodic synchronous dynamics only when
needed (Park et al. 2011; Rubchinsky et al. 2012).

Intermittent Oscillations and Synchrony in
Parkinson’s Disease and Adaptive Deep Brain
Stimulation
One of the techniques to treat the symptoms of
Parkinson’s disease is deep brain stimulation
(DBS). DBS delivers electrical stimulation to sub-
cortical brain areas via implanted electrodes. In
the case of Parkinson’s disease, the targets include
STN and GPi (Wichmann and DeLong 2006;
Kringelbach et al. 2007). The conventional DBS
delivers relatively high-intensity current, and
experimental evidence suggests that it may work
by suppressing oscillations and/or synchroniza-
tion of neural activity in the beta band (e.g.,
Wingeier et al. 2006; Kühn et al. 2008). This
naturally brings the issue of using stimulation
only when oscillations or synchrony is relatively
strong, that is, using stimulation adaptively as a
control tool (see, for example, Schiff 2012). Some
approaches of adaptive DBS have been tested
clinically, yielding promising results (e.g., Little
et al. 2016). Understanding the nature of the inter-
mittently synchronized oscillatory neural activity
in the parkinsonian basal ganglia and its relation
to parkinsonian motor symptoms may facilitate
the model-based development of more efficient
adaptive DBS strategies.
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