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ARTICLE INFO ABSTRACT

Article history: This review is part of the series on the clinical neurophysiology of movement disorders. It focuses on
REC?{Ved 5 Febfuary 2022 Parkinson’s disease and parkinsonism. The topics covered include the pathophysiology of tremor, rigidity
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Accepted 22 June 2022

Available online 30 June 2022 troencephalography, electromyography, long latency reflexes, cutaneous silent period, studies of cortical
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microelectrode recordings and recording of local field potentials from deep brain stimulation, and elec-

?fg r":g;ds' trocorticography are also reviewed. In addition to advancing knowledge of pathophysiology, neurophys-
Bradykinesia iological studies can be useful in refining the diagnosis, localization of surgical targets, and help to
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1. Introduction and postural instability. This is followed by a review of results from

non-invasive methods including electromyography (EMG), elec-

The techniques for studying the pathophysiology of movement troencephalography (EEG), transcranial magnetic stimulation
disorders were described in previous chapters of this series (Hallett (TMS), long-latency reflexes (LLR). The findings from invasive
et al., 2021; Rothwell et al., 2021). This chapter focuses on the microelectrode recordings (MER) during deep brain stimulation
pathophysiology of Parkinson’s disease (PD) and parkinsonism. (DBS) surgery, and local field potentials (LFP) recordings from
We first discuss the pathophysiology of the cardinal motor signs MER, DBS and electrocorticographic (ECoG) electrodes are also
of PD including tremor, rigidity, bradykinesia, gait disturbance addressed.
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2. Tremor in Parkinson’s disease and parkinsonism “pure postural tremor”, which starts without delay after posturing,
and is at a higher frequency (+8 Hz; Fig. 1C)(Dirkx et al., 2018) than
2.1. Clinical phenotype of parkinsonian tremor rest tremor. Finally, some PD patients have a kinetic tremor, which

can have a broad frequency range of 6-15Hz (Raethjen et al,
Tremor is defined as an involuntary, rhythmic, oscillatory 2005).

movement of a body part, and it is one of the cardinal motor signs These various PD tremor types respond differently to dopamin-
of PD. The classic parkinsonian tremor occurs at rest, at a frequency ergic medication: rest tremor has the best response, although in
of 3.5-7 Hz, often with a pill-rolling movement of the thumb 39% of patients it is resistant to even high doses of levodopa
across the fingers. Rest tremor is seen in roughly 75% of patients (Zach et al., 2020). Re-emergent tremor also responds to levodopa,
with PD, where it is an early sign that may decrease with disease albeit slightly less than rest tremor, and “pure postural tremor”
progression (Helmich, 2018). The tremor usually has an asymmet- and kinetic tremor do not respond to levodopa (Dirkx et al.,
ric distribution, and may involve the arms, legs, and face. During 2018; Belvisi et al., 2018). PD rest tremor typically increases during
posture holding such as with arms outstretched, rest tremor briefly cognitive tasks or motor coactivation, e.g., counting or tapping
disappears for a variable delay of several seconds to sometimes with the contralateral hand, and this can be used by clinicians to
more than a minute. This phenomenon is called resetting, and it bring out the tremor in the clinic (Dirkx et al., 2020). PD tremor
reliably distinguishes PD from essential tremor (ET) and dystonic is very sensitive to stress, and it can be reduced with stress-
tremor (Schwingenschuh et al., 2010; Papengut et al., 2013). After reducing interventions such as mindfulness (van der Heide et al,,

stable posturing, in two thirds of patients a “re-emergent tremor” 2021) and relaxation exercises (Blakemore et al., 2019). Patients
returns (Fig. 1A,B) (Dirkx et al., 2018; Belvisi et al., 2017). This has with PD may also manifest tremor in the cranio-cervical area,
led to the idea that PD tremors are expressions of “tremor of stabil- including chin, tongue, and voice tremor. Voice tremor in PD may

ity” (Hallett, 2014). Furthermore, about 15% of PD patients have a resemble voice tremor in non-parkinsonian conditions such as

A Recording of re-emergent tremor in a patient with Parkinson's disease
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Fig. 1. Tremor recording and time-frequency representations of Parkinson’s disease tremors. Panel A shows EMG and accelerometry recordings (left) and power spectral
analysis (right) in a Parkinson’s disease (PD) patient with re-emergent tremor. The patient made a rapid wrist extension at the beginning of the trace, after which the tremor
amplitude was transiently reduced (resetting). The extensor carpi radialis (ECR) and flexor carpi radialis (FCR) muscles show an alternating pattern of rhythmic EMG bursts at
5 Hz with harmonic at double tremor frequency (10 Hz). Panels B and C show time-frequency representations (TFR) of two different PD patients with re-emergent tremor
(panel B) or pure postural tremor (panel C). The plots show EMG power (of a tremulous muscle, color coding) over the course of 70 s (x-axis) and as a function of frequency (y-
axis). At 10 s, both patients extend their wrist. Panel B illustrates three key characteristics of PD tremor: (1) power at tremor frequency and double tremor frequency (first
harmonic); (2) suppression of tremor power after wrist extension; (3) waxing and waning of tremor power over time. Panel C illustrates a patient with a typical “pure
postural tremor”, which typically starts immediately after posturing and occurs at a relatively high frequency of + 8 Hz. ECR=extensor carpi radialis muscle;
EMG = electromyography; FCR = flexor carpi radialis muscle.
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essential tremor and laryngeal dystonia (Fabbri et al., 2017; Suppa
et al,, 2021; Suppa et al., 2020; Suppa et al., 2022b).

Rest tremor is much less common in patients with atypical
parkinsonism: it was seen in only 27.5% of patients with (patholog-
ically confirmed) multiple system atrophy (MSA), 30.8% in patients
with progressive supranuclear palsy (PSP), and 53.8% of patients
with dementia with Lewy body dementia (DLB)(Miki et al.,
2019). Furthermore, if present in atypical parkinsonism, tremor
usually lacks the typical pill-rolling aspect. Action tremor is
slightly more common than rest tremor in atypical parkinsonism.
If present, it usually has a jerkier aspect than tremor in PD, and it
is sometimes difficult to distinguish from (minipoly)myoclonus.

2.2. Neurophysiology of PD tremor

PD rest tremor typically involves alternating EMG bursts in ago-
nist and antagonist muscles. The tremor rhythm is not strictly
sinusoidal, which leads to relatively high power at harmonics
(e.g., at double tremor frequency) in the power spectrum
(Fig. 1B), as compared to ET (Muthuraman et al., 2011) and tremor
in MSA (Su et al., 2020). When observed over longer time periods,
PD tremor power waxes and wanes spontaneously (Fig. 1B), and it
may also shift between different muscle pairs. Compared to ET, PD
tremor has a lower tremor stability index (TSI), which indicates
that there are more cycle-to-cycle changes in tremor frequency
(di Biase et al., 2017). The TSI measures how “jittery” the tremor
frequency of a given individual is. More specifically, the TSI quan-
tifies how much the tremor slows down or speeds up across tremor
cycles, and how these frequency adaptations vary as a function of
tremor frequency. The low TSI in PD suggest that there are larger
spontaneous changes in tremor frequency in PD than in ET. This
may have diagnostic value in distinguishing ET from PD tremor,
although higher tremor power also leads to lower TSI. It is not clear
how the TSI informs us about the nature of tremor oscillators.

Deep brain recordings in the ventral intermediate nucleus
(VIM) of the thalamus, which receives cerebellar input, and in
the subthalamic nucleus (STN) and internal globus pallidus (GPi),
have shown cells firing at tremor frequency (Lenz et al., 1988;
Hurtado et al.,, 1999; Levy et al., 2000; Hutchison et al., 1997).
Within each of these regions, different cells are involved in tremor
in different body parts (Pedrosa et al., 2012). The presence of mul-
tiple oscillators explains why there is no coherence between tre-
mor in different body parts. Furthermore, EEG and
magnetoencephalography (MEG) studies have shown oscillatory
activity at tremor frequency in the entire cerebello-thalamo-
cortical circuit (Timmermann et al.,, 2003; Muthuraman et al.,
2018). Within this circuit, tremor rhythm and tremor amplitude
may be controlled by different nodes, depending on the tremor
type. Specifically, single-pulse transcranial magnetic stimulation
(TMS) over the primary motor cortex (M1) can “reset” the rhythm
of both rest tremor and re-emergent tremor, indicating that M1 is
part of the tremor oscillator (Ni et al., 2010; Helmich et al., 2021;
Leodori et al., 2020). In contrast, TMS over the cerebellum can only
reset postural and re-emergent tremor, but not rest tremor (Ni
et al., 2010; Helmich et al., 2021). Furthermore, single pulse TMS
over M1, but not over the cerebellum, transiently reduces tremor
amplitude (Helmich et al., 2021). This suggests that M1 controls
tremor amplitude, while the tremor oscillator is more distributed
and may depend on the context in which the tremor occurs.

2.3. Functional magnetic resonance imaging (fMRI) in PD tremor

Although fMRI does not have the temporal resolution to identify
cycle-by-cycle tremor changes, the slow waxing-and-waning of
tremor power (captured with EMG or accelerometry during scan-
ning; Fig. 1B) can be used to localize tremor-related brain activity.
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Combined EMG-fMRI has revealed a specific and reproducible pat-
tern of tremor-related brain activity involving the cerebello-
thalamo-cortical circuit and basal ganglia (Helmich et al., 2011;
Dirkx et al., 2016; Dirkx et al., 2019). Network analyses suggest
that within this distributed network, activity starts within the
GPi and is then relayed to the cerebello-thalamo-cortical circuit
(Dirkx et al. 2016). This has resulted in the “dimmer-switch mod-
el”, which states that the basal ganglia initiate tremor episodes,
while the cerebello-thalamo-cortical circuit amplifies the tremor
(Helmich 2018). This hypothesis has recently been confirmed using
intracranial recordings from the STN and sensorimotor cortex,
where inter-regional connectivity between no-tremor, tremor
onset, and sustained tremor episodes was compared. During tre-
mor onset, there was a drive from STN to cortex, which was
reversed during sustained tremor, and the drive was absent when
there was no tremor (Lauro et al, 2021). Tremor-related
somatosensory afferents to the cerebellum may have an additional
role in stabilizing the tremor rhythm (Muthuraman et al. 2018).
The neurophysiological changes in the GPi that lead to tremor
onsets have not been established, and this deserves future
research.

Tremor-related activity in the cerebello-thalamo-cortical net-
work is sensitive to dopaminergic medication, which reduces tre-
mor by specifically inhibiting the VIM (Dirkx et al. 2017).
Furthermore, cognitive load was found to increase tremor through
excitatory, noradrenergic influences to the VIM (Dirkx et al. 2020).
There are also inter-individual differences in the architecture of the
cerebello-thalamo-cortical tremor circuit: PD patients with
dopamine-resistant rest tremor had increased activity in the cere-
bellum (interposed nuclei) compared to patients with dopamine-
response tremor (Dirkx et al. 2019). This suggests that
dopamine-resistant PD tremor may be treated by interventions
that target the cerebellum.

2.4. Summary for PD tremor

PD harbors different types of tremor, each with their own neu-
rophysiological signature. In the future, pathophysiological
insights in individual patients may be used for targeted interven-
tions to reduce tremor.

3. Rigidity and bradykinesia

Bradykinesia and rigidity are the two main symptoms of PD and
other parkinsonisms (Berardelli et al., 2001; Postuma et al., 2015;
Berardelli et al., 2013). From a pathophysiological point of view,
clinical and experimental evidence suggests that these symptoms
are primarily related to dysfunction of the basal ganglia resulting
from dopaminergic denervation (Delong and Wichmann, 2007).
However, recent evidence shows that both bradykinesia and rigid-
ity in PD and parkinsonism are underpinned by a complex patho-
physiology that includes other brain areas in addition to the
basal ganglia, namely motor cortical areas, cerebellum, and brain-
stem (Linn-Evans et al., 2020; Bologna et al., 2020).

3.1. Pathophysiology of rigidity

Rigidity is a major motor sign of PD, particularly in the context
of the so-called bradykinetic-rigid form, and in parkinsonian syn-
dromes (Postuma et al., 2015; Berardelli et al., 2013). Rigidity is
defined as an increase in muscle tone that can be appreciated as
speed-independent resistance to passive mobilization of a body
segment (Antonini et al., 2013; Postuma et al., 2015). Although
the extent of rigidity is generally associated with the severity of



R. Chen, A. Berardelli, A. Bhattacharya et al.

PD, it can vary significantly from patient to patient (Bologna and
Paparella, 2020).

Concerning the pathophysiology of rigidity, in addition to the
failure to relax, neurophysiological studies have demonstrated
excitability changes at the cortical and subcortical levels in animal
models and in patients with PD (Delwaide et al., 1986; Bologna and
Paparella, 2020). Studies based on EMG techniques applied to the
stretch reflex have revealed that alterations in LLR (discussed fur-
ther in section 6) may contribute to rigidity (Berardelli et al., 1983;
Rothwell et al., 1983) in a different way compared to spasticity, in
which increased short-latency reflexes (SLR) have been found
(Dietz and Sinkjaer, 2007). It is believed that alterations in the
stretch reflexes contribute to altered integration of afferent sen-
sory stimuli (mediated by group II afferents in the lower extremi-
ties and by la muscle spindle afferent fibers in the upper
extremities) at both the spinal level and at the transcortical cir-
cuits. The spinal component of the LLR is particularly relevant for
the lower limbs, whereas the transcortical component has greater
importance for the upper limbs. At the spinal level, alterations in
stretch reflexes are likely implicated in the pathophysiology of
rigidity with changes in interneuron (la and Ib) and spinal
motoneuron excitability (Simonetta Moreau et al, 2002;
Marchand-Pauvert et al., 2011; Pasquereau and Turner, 2013).
The latter are thought to reflect, at least in part, neurodegeneration
in the brainstem. For example, neurodegenerations in the reticu-
lospinal system and various brainstem nuclei, particularly the
locus coeruleus and raphe nucleus, result in the altered influence
of descending noradrenergic and serotonergic systems on spinal
circuits (Delwaide et al., 1993; Braak et al., 2006; Simonetta
Moreau et al., 2002; Marchand-Pauvert et al.,, 2011; Pasquereau
and Turner, 2013; Xia et al., 2016). Additional evidence has sup-
ported the possible role of brainstem dysfunction in the patho-
physiology of rigidity in PD. The phenomenon of reduced muscle
activation (atony), which is considered a physiological phe-
nomenon during rapid eye movement (REM) sleep, has been
specifically studied (Chahine et al., 2014). PD patients with REM
sleep without atonia (RSWA), which likely reflects more severe
pathology of the brainstem and non-dopaminergic systems
(Postuma et al., 2019), have been shown to exhibit more severe
and symmetrical stiffness than individuals without RSWA during
wakefulness (Chahine et al., 2014; Linn-Evans et al., 2020).

From a broader perspective, studies on the pathophysiology of
rigidity in PD support the hypothesis that this motor sign is not
exclusively an expression of altered basal ganglia activity due to
dopaminergic denervation, but rather reflects the dysfunction of
various brain areas (including the brainstem and spinal cord) and
the involvement of non-dopaminergic neurotransmitter systems.

3.2. Pathophysiology of bradykinesia

By definition, the term bradykinesia (slowness of movement)
includes the phenomenon of the 'sequence effect’ which refers to
the progressive decrease in speed and amplitude of repetitive and
continuous movements (Agostino et al., 2003; Berardelli et al.,
2013; Postuma et al.,, 2015). However, in some cases the term
bradykinesia is used extensively to indicate not only movement
slowness and sequence effect, but also movements of reduced
amplitude (hypokinesia), motor blocks, hesitation, and the absence
of movement (akinesia)(Schilder et al., 2017). In addition to clinical
observations, bradykinesia in PD and parkinsonism has been charac-
terized in recent years using neurophysiological techniques based
on quantitative movement analysis (Hasan et al., 2017). These stud-
ies have shown that the characteristics of bradykinesia can vary con-
siderably because of several factors, including disease severity and
the use of dopaminergic drugs (Espay et al.,, 2009; Espay et al.,
2011; Bologna et al., 2016a; Bologna et al., 2016b). In the latter
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regard, clinical and experimental observations demonstrated that
levodopa therapy improves bradykinesia but the effects are variable
(Espay et al., 2009; Espay et al., 2011) and does not significantly
influence the sequence effect (Kang et al., 2010; Wu et al., 2016;
Suppa et al., 2017a; Bologna et al., 2018; Bologna et al., 2020).

From a pathophysiological perspective, bradykinesia is tradi-
tionally considered a consequence of nigrostriatal dopaminergic
depletion, altered basal ganglia activity, and subsequent excessive
thalamic and M1 inhibition (Berardelli et al., 2001; Delong and
Wichmann, 2007). Originally, changes in firing frequencies in the
various basal ganglia nuclei (direct and indirect pathways) were
emphasized. The basal ganglia are implicated in the process of
movement selection and inhibition (through direct and indirect
pathways, respectively) and in the encoding of movement speed
and amplitude. From a motor perspective, altered basal ganglia
activity results in increased reaction times and decreased move-
ment speed and amplitude due to dopaminergic depletion
(Berardelli et al., 2001; Delong and Wichmann, 2007; Bologna
et al., 2020). Recent evidence has pointed to more complex phe-
nomena, including abnormal oscillatory activity, with increased
beta activity (13-35 Hz) that correlates with specific features of
bradykinesia (e.g., sequence effect) in some cases (Steiner et al.,
2017; Bologna et al., 2020), and abnormal plasticity at the level
of the basal ganglia (Milosevic et al., 2019).

In addition to the basal ganglia, recent evidence suggests the
possible involvement of motor cortical areas (particularly M1)
and the cerebellum in the pathophysiology of bradykinesia
(Bologna et al., 2020). Electrophysiological studies conducted in
animal models and in humans with PD using non-invasive neuro-
physiological techniques have shown that excitability and plastic-
ity alterations in M1 may correlate with specific features of
bradykinesia (Pasquereau and Turner, 2011; Pasquereau et al.,
2016; Bologna et al., 2018). Cerebellar dysfunction is now consid-
ered an additional potential mechanism in the pathophysiology
of bradykinesia, a hypothesis supported by finding of reciprocal
anatomical connections between the cerebellum and basal ganglia
and by results obtained in neurophysiological and neuroimaging
studies (Wu and Hallett, 2013; Bostan and Strick, 2018; Bologna
et al., 2020). For example, a possible relationship between cerebel-
lar involvement and bradykinesia of the upper limb, particularly in
writing (micrographia), has been demonstrated in PD (Wu et al.,
2016). Motor brain areas and the cerebellum could play a compen-
satory role in counteracting the appearance of sequence effect
since they are involved in movement feedback, which is particu-
larly important in the execution of repetitive and continuous
movements. Finally, altered integration of sensory information at
the cortico-subcortical level is an important element in the patho-
physiology of bradykinesia, as demonstrated by the study of senso-
rimotor integration and tactile temporal discrimination threshold.

Overall, bradykinesia should be interpreted as the consequence
of a dysfunctional network, where the basal ganglia, motor areas,
cerebellum, and altered integration of sensory information at the
cortical and subcortical levels play a critical role. From a network
perspective, the various features of bradykinesia (e.g., movement
slowness and sequence effect) seem to be mediated by involve-
ment of different brain areas and mechanisms. The network
prospective may also explain the observation of bradykinesia in
other clinically and pathophysiologically heterogeneous condi-
tions, including those not associated with parkinsonism
(Paparella et al., 2021).

4. Gait and balance in PD

Gait and balance disturbance plays a major role in the impair-
ment of function and quality of life of PD patients (Moore et al.,
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2007). Impairment in gait and balance lead to frequent falls and are
associated with increased mortality (Fasano et al., 2017a). A grow-
ing body of literature has attempted to understand the clinical,
pathophysiological and therapeutic aspects of PD-related gait and
balance disorders.

From a pathophysiological standpoint, these axial motor prob-
lems can be divided into: 1. Dopaminergic appendicular issues, 2.
Gait-specific issues, and 3. Balance and non-dopaminergic issues.
This subdivision follows the temporal progression of the neurode-
generative process of PD.

4.1. Dopaminergic appendicular issues

Probably the earliest clinical sign of gait involvement in PD is
the reduction of the synkinetic arm swinging associated with
human locomotion. In addition, instrumental evaluation (gait anal-
ysis) can detect subtle bradykinetic signs of the lower limbs, such
as the narrowing of the base of support during dual task in patients
with idiopathic REM sleep behavioural disorder (Ehgoetz Martens
et al.,, 2019).

During progression through the clinical stages of the disease, a
variety of motor signs can affect the lower limbs, usually asymmet-
rically. Bradykinesia is the most common and causes step length
reduction, swing phase shortening, narrowing of the base of sup-
port and reduced foot clearance (shuffling gait) (Fig. 2A) (Fasano
and Bloem, 2013). Bradykinesia also contributes to ‘sequence
effect’, recognized in this context as the progressive shortening of
step length (Iansek et al., 2006) (Fig. 2A). Leg rigidity, even when
severe, plays a minor role, especially when compared to
bradykinesia.

Lower limb rest tremor does not usually impact gait as it typi-
cally disappears during locomotion. In rare cases, PD can be asso-
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ciated with a typical high-frequency orthostatic tremor (Mestre
et al,, 2012) or a ‘pseudo-orthostatic tremor’, which is a slow
dopamine-responsive rest tremor of the leg and trunk (Thomas
et al., 2007). These tremors do not necessarily affect gait as they
are present during quiet standing but contribute to a subjective
feeling of imbalance. Orthostatic myoclonus with 9-16 Hz non-
rhythmic EMG bursts of 50-100 ms durations affecting the legs
during standing or gait initiation can also contribute to unsteadi-
ness. This has been described in neurodegenerative conditions,
including advanced PD (Glass et al., 2007).

Dystonia of the foot, either inversion or plantar flexion mimick-
ing foot drop, can be one of the earliest PD signs, especially in
young onset patients (Elia et al., 2014). Interestingly, some of these
patients might present with a paroxysmal exercise-induced dysto-
nia for years before PD is formally diagnosed (Bozi and Bhatia,
2003).

With the exception of orthostatic tremor, these signs respond
well to dopaminergic treatments. Dopaminergic treatments, and
particularly levodopa, can cause dyskinesias. Peak-dose dyskine-
sias generally do not impair gait as they tend to involve mainly
the upper body, which can still be a destabilizing factor when bal-
ance is impaired (see below). Biphasic dyskinesias are less com-
mon but are an important source of gait impairment as they
involve the lower limbs (Fig. 2B), often producing bizarre phe-
nomenology (Ruzicka et al., 2011).

4.2. Gait-specific issues

While the spatial features of locomotion are impaired by PD, the
temporal properties are not and can compensate. The typical short-
stepped gait of PD patients is indeed characterized by increased
cadence (steps/minute), which results in a normal or slightly lower
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Fig. 2. Schematic illustrations of Parkinson’s disease gait. (A) Parkinson’s disease gait is characterized by step length reduction, swing phase shortening, narrowing of the base
of support and reduced foot clearance (shuffling gait); bradykinesia also contributes to ‘sequence effect’, defined as the progressive shortening of step length (bottom row).
The asymmetry of these gait features tends to persist during disease progression. (B) The pharmacokinetics of levodopa provides a useful framework to understand how axial
motor problems can respond to dopaminergic treatment, be caused by or be resistant to levodopa.
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speed, at least in the initial stages of the disease (Morris et al.,
1994). The further reduction of step length, the occurrence of
sequence effect and the compensatory increase in cadence are
the basis of festination. During festination, gait velocity increases
while the patient bends forward chasing their own center of grav-
ity. Festination can end spontaneously if the patient is able to gain
control of stepping generation or can terminate abruptly, either
with an episode of freezing of gait (FOG) or a forward fall
(Fasano and Bloem, 2013).

FOG is the most typical gait abnormality seen in PD. Its preva-
lence increases with disease progression, up to 96% of patients in
late stages of the disease (Perez-Lloret et al., 2014). It is defined
as the episodic inability to generate an effective stepping
(Nieuwboer and Giladi, 2013) and can present with a variety of
clinical phenomena (Table 1) (Fasano and Lang, 2015). Probably
the most characteristic clinical features of FOG are represented
by the hesitation when initiating gait or when turning. These phe-
nomena are not preceded by festination, which is seen only when
FOG occurs during straight ongoing walking.

The pathophysiology of FOG is not fully established and several
theories have been proposed (Nieuwboer and Giladi, 2013). The
prevalent view is that FOG results from the combination of several
motor and non-motor factors. The motor factors include: sequence
effect (Iansek et al., 2006), abnormal cadence/step length relation-
ship (Morris et al., 1994), asymmetry (Plotnik et al., 2005), ineffec-
tive anticipatory postural adjustments (Jacobs et al., 2009) and
abnormal cerebellar function (Fasano et al., 2017b). Different
attempts have been made to unify these motor components
(Fasano et al.,, 2016). The aforementioned walking issues also
increase gait variability, which is further worsened by motor or
cognitive dual tasking, thus indicating a certain degree of cortical
compensation (Fasano and Bloem, 2013). Accordingly, non-motor
factors alone are not sufficient to produce FOG, but they contribute
to its generation and severity (Ehgoetz Martens et al., 2018). These
include: executive cognitive dysfunction (Amboni et al., 2008;
Shine et al., 2013), visuo-spatial issues (Vercruysse et al., 2012),
and anxiety (Ehgoetz Martens et al., 2014). Several neuroimaging
studies have tried to identify the network(s) involved in FOG
pathophysiology and most findings converge on the connections
between the frontal lobe and the basal ganglia, the caudate and
brainstem circuits including the pedunculopontine nucleus (PPN),
especially in the right hemisphere (Fasano et al., 2015b; Bharti
etal., 2019). More recent studies recording LFP in DBS patients dur-
ing walking have identified that FOG is associated with a spike of
beta oscillation followed by theta oscillation in the STN and sub-
stantia nigra pars reticulata (Chen et al., 2019; Georgiades et al.,
2019).

An important feature of FOG patients is their ability to tem-
porarily overcome the problem when presented with visual cues
or other external stimuli, which can be adopted for therapeutic
purposes (Muthukrishnan et al., 2019). In fact, dopaminergic ther-
apies often provide disappointing results (Fig. 2B, Table 1) (Espay
et al., 2012), in keeping with the notion that extra-dopaminergic
pathways are involved (Bohnen et al., 2014). The effects of DBS
of different targets can be disappointing and often detrimental,
also when targeting cholinergic experimental targets such as the
PPN (Fasano et al., 2015a). New therapeutic approaches for FOG
include closed-loop systems involving wearable sensors for the
automatic detection or prediction of FOG, and the real-time admin-
istration of sensory stimuli to improve gait (Suppa et al., 2017b;
Borzi et al., 2022).

4.3. Balance and non-dopaminergic issues

PD causes an anterior-posterior instability, clinically manifest-
ing with retropulsion when the disease progresses (Fasano et al.,
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Table 1
Classification of freezing of gait (modified from (Fasano and Lang 2015)).

Phenomenological classification™
Akinetic FOG (occurs at e Start hesitation
gait initiation) Total akinesia
Motor FOG (arrests e Not provoked**:on an open runway
during ongoing gait) (usually preceded by festination)
Provoked by an alteration of the motor pat-
tern**:
during turning
reaching a destination or an obstacle
passing through a doorway
increasing gait velocity
Provoked by external circumstances:
anxietydual tasking
(cognitive, motor, or both)

Pharmacological classification*

Off-state FOG Most frequent type, relieved by dopaminergic
medications

Seen during a seemingly optimum on-state, but
which nevertheless improves with increased
dopaminergic medication

Rarest form, induced by dopaminergic medication
Indifferent to changes in dopaminergic
medication, often seen in parkinsonian disorders
other than PD, or in the late stages of PD

Pseudo-on-state FOG

On-state FOG
Resistant (or
unresponsive) FOG

Abbreviations: *: Different freezing of gait types can appear in one patient; **: can
be triggered or worsened by external circumstances; FOG: freezing of gait; PD:
Parkinson’s disease.

2012). In fact, forward or lateral falls tend to be caused by FOG dur-
ing straight walking or turning, respectively. The anterior-posterior
instability fits with the clinical observation that PD patients can
perform tandem gait and ride a bicycle. Accordingly, gait parame-
ters show a narrow base of support but a longer time spent on dou-
ble limb support (Fig. 2A) (Fasano and Bloem, 2013). Falls can
respond to dopaminergic treatments when it is caused by FOG or
other appendicular dopaminergic signs, such as slow compen-
satory stepping in case of perturbation. Conversely, axial motor
dysfunction is usually refractory to levodopa, which can lead to
abnormal postural control when turning even at early stages of
PD (Zampogna et al., 2021).

The spreading of degeneration to non-dopaminergic areas of the
brain, particularly the cholinergic system, is an important factor in
causing balance impairment, as shown by the association with cog-
nitive impairment and REM sleep behavioural disorder, neu-
roimaging studies (Bohnen et al., 2009), and the modest but
positive outcome of trials using cholinergic drugs (Chung et al.,
2010) or PPN DBS (Moro et al., 2010).

Balance is however a complex function, also involving higher
cortical functions, such attention and risk awareness. Clinically this
manifest with ‘reckless gait’ or features of ‘highest level gait disor-
ders’ (Fasano and Bloem, 2013). By integrating kinematic and EMG
recordings, posturography may be used to examine the specific
components of the complex sensorimotor system underlying bal-
ance control, including short-, medium- and long-latency postural
reflexes (Rogers and Mille, 2018). In PD, posturography disclosed
abnormal central proprioceptive integration as well as impaired
scaling of postural responses during external perturbations, possi-
bly contributing to postural instability (Nonnekes et al., 2013;
Zampogna et al., 2020). Finally, other factors can contribute to falls
in PD patients, such as the side effects of sedating drugs, dyskine-
sias or dysautonomia causing orthostatic hypotension (Fasano
et al.,, 2017a).

5. EEG and evoked potential studies in PD

Neurons, especially in thalamic nuclei and in the cerebral cor-
tex, exhibit intrinsic oscillations, which form the basis for macro-
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scopic rhythms, detectable with EEG and magnetoencephalogra-
phy (MEG).

5.1. Cortical oscillations in PD

EEG has been used to investigate the pathophysiology of PD and
related disorders. Oscillatory activities have been reported at a
variety of frequencies between 4 and 60 Hz. The frequency range
between 13 Hz and 30 Hz is labelled as beta frequency.

EEG and MEG studies suggest that advanced PD is associated
with pathologically increased cortical beta power (Berendse and
Stam, 2007). This association between cortical beta power and
PD has also been demonstrated in animal models of PD with dopa-
mine depletion (Mallet et al., 2008). However, increased cortical
beta power has also been shown in early PD, especially in bilateral
primary sensorimotor cortices (Pollok et al., 2012).

In line with these findings, stimulation at the beta frequency of
cortical sites may cause slowing of movements as shown by stud-
ies using transcranial alternating current stimulation (tACS) in
healthy subjects (Joundi et al., 2012). There are some discrepant
findings in PD patients with STN DBS. A study found worsening
of Unified Parkinson’s disease rating scale (UPDRS) motor scores
with STN DBS at 10 Hz but not at 20 Hz (beta frequency) compared
to no stimulation (Timmermann et al, 2004). Other studies
reported that finger tapping rate decreased with STN DBS at 5 Hz
and 20 Hz but not at 10 Hz (Eusebio et al., 2008), while the rising
slope in a reaction time grip task decreased with 20 Hz but not
with 5 or 10 Hz STN DBS compared to no stimulation, although
50 Hz appeared to have similar effect as 20Hz (Chen et al,,
2011). These studies did not measure motor UPDRS, and a study
showed no worsening of motor UPDRS with beta frequency stimu-
lation (Tsang et al., 2012a). These findings suggest that no single
pathological frequency can reflect all parkinsonian motor symp-
toms and specific frequency bands may be correlated with specific
motor performance parameters (Timmermann and Florin, 2012).

Other neurophysiological biomarker in PD have also been
examined. A measure known as phase-amplitude coupling (PAC)
examines the synchronization between phases of a low frequency
and the amplitude of a higher frequency. The PAC between beta
phase and broadband gamma amplitude (>50Hz), which is
thought to reflect the spiking activity of populations of neurons
(Manning et al., 2009), has been examined. Elevated beta-gamma
PAC in PD was originally found with invasive electrocorticography
(ECoG) studies (de Hemptinne et al., 2013; de Hemptinne et al.,
2015) and subsequently shown in EEG studies (Swann et al,
2015; Jackson et al., 2019). Beta-gamma PAC over sensorimotor
cortex was elevated in PD patients off medications compared to
those on medications and to healthy controls (Swann et al.,
2015). Elevated PAC might reflect modulation of spiking activity
by low-frequency rhythms (Canolty et al., 2006), and in PD there
is excessive synchrony (de Hemptinne et al., 2013; de Hemptinne
et al., 2015). Neurophysiological biomarkers that change with the
disease state may be helpful to improve patient care with appro-
priate adjustments of pharmacological treatments as well as brain
stimulation parameters such as in closed-loop DBS. The shape of
the beta oscillations is another neurophysiological biomarker. PD
patients are characterised by beta oscillations with non-
sinusoidal shape (Jackson et al., 2019). Moreover, the shape
changes with the medication state as greater sharpness asymmetry
and steepness asymmetry of canonical beta oscillations over the
sensorimotor cortex was found in PD patients off medications than
on medications (Jackson et al., 2019). A novel neurophysiological
biomarker in PD involves nonlinear cortical and subcortical signals
has also been described (Ozkurt et al., 2020). Using LFP and MEG
recordings in PD patients treated with STN-DBS, nonlinearity in
the subcortical high beta band in off-medication state and in the
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cortical alpha (8-12Hz) band in the on-medication state was
found (Ozkurt et al., 2020). These measures are promising candi-
dates for use in closed-loop DBS devices and to optimise pharma-
cological treatment.

5.2. Somatosensory evoked potentials studies in PD

Somatosensory evoked potentials (SEPs) are another neuro-
physiological parameter. PD patients showed reduction and in
some cases absent frontal N30 SEPs to median nerve (MN) stimu-
lation at rest (Rossini et al., 1989; Rossini et al., 1991; Cheron et al.,
1994; Bostantjopoulou et al., 2000). However, some studies did not
confirm this finding (Garcia et al., 1995; Drory et al., 1998). Several
studies showed that dopaminergic treatments such as apomor-
phine or levodopa (Rossini et al., 1993; Cheron et al., 1994;
Ulivelli et al., 1999) and bilateral STN or GPi DBS (Pierantozzi
et al, 1999) increased the N30 SEP amplitude. Consequentially,
the frontal N30 SEP has been suggested as a dopamine-
dependent physiological marker of basal ganglia modulation of
non-primary motor cortical generators of this SEP (Cheron,
1999). Abnormal sensory attenuation, also known as sensory gat-
ing, has been found in PD (Abbruzzese and Berardelli, 2003). A
study found reduced sensory attenuation of the N20-P25 SEP com-
ponent, measured as reduced SEP amplitudes at the onset of move-
ment, in PD patients off dopaminergic treatment but improved in
patients on treatment (Macerollo et al., 2016). These data support
the hypothesis that a failure in sensory gating prior to movement
onset in PD may contribute to difficulties in movement initiation
in PD. More specifically, bradykinesia may be related to deficits
in the modulation of the gain of the afferent signal.

Taken together these studies indicate the utility of SEPs as a
neurophysiological biomarker in different phases of active move-
ments. Indeed, SEPs at the onset of movement rather than in the
later tonic phase of movement may reflect different aspects of sen-
sorimotor integration and plasticity changes.

In conclusion, SEPs can evaluate pathological changes related to
PD and parkinsonism in research studies. Moreover, they may be
useful as clinical outcomes of rehabilitation protocols for neurode-
generative diseases in which somatosensory and motor systems
are involved. For instance, a rehabilitation technique that interfere
or influence somatosensory processing such as vibratory periph-
eral stimulation, brain stimulation and repetitive motor tasks
may use SEPs pre- and post- treatment to develop a more thorough
understanding of changes in the somatosensory system. Overall,
advances in EEG processing and analysis as well as ability to com-
bine with brain stimulation techniques such as TMS, transcranial
direct current stimulation (tDCS) and DBS has expanded the possi-
bility to develop valuable tools to investigate pathophysiology
related to sensorimotor integration as well as neural plasticity.

6. Long latency reflex and cutaneous silent period
6.1. Long latency reflexes

LLR include the muscle stretch reflex (MSR), mixed nerve elec-
trical stimulation evoked long latency reflex (eLLR), and cutaneo-
muscular reflex (CMR). These reflexes may be useful tools to
assess the interactions between the peripheral and central nervous
systems. The latencies of some long latency reflexes are in the
range of 50 ~ 80 ms, which are longer than the expected traveling
time if they only involve the peripheral sensory-motor reflex cir-
cuits alone. Therefore, they could be mediated by a transcortical
reflex pathway from peripheral sensory nerve to the posterior col-
umn in the spinal cord, ascend to the sensory cortex, and then to
the motor cortex and descend back to alpha motor neuron pools
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Fig. 3. Reduced I1 response of cutaneomuscular reflex in Parkinson’s disease. The cutaneomuscular reflex obtained from abductor pollicis brevis muscle with superficial
radial nerve stimulation showed reduced I1 response in two Parkinson’s disease patients (gray) compared to two normal subjects (red). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

through the pyramidal tract (Lourenco et al., 2006). Primate stud-
ies also suggested that spinal and brainstem structures such as the
red nucleus may mediate the long latency responses (Soteropoulos
and Baker, 2020; Herter et al., 2015).

6.2. Muscle stretch reflex

MSR is a commonly used LLR measure performed with rapid
passive joint flexion or extension and can be measured in both
the upper and lower limbs. The MSR consists of the M1, M2 and
M3 responses. The M1 response, which is also termed the SLR,
has onset latencies of 20-40 ms in forearm muscles and 35-
40 ms in the soleus muscle, and represents spinal segmental
reflexes. Both M2 and M3 are considered LLR. The M2, which is
sometimes labeled as the medium latency reflex, has onset of
around 50-60 ms in forearm muscles and 60-80 ms in the soleus
muscle. In the upper limbs, the M2 is mainly mediated by Ia affer-
ents from muscle spindles (Grey et al., 2001). There is evidence
that it involves a transcortical pathway (Capaday et al., 1991;
Palmer and Ashby, 1992; Thilmann et al.,, 1991). The pathways
mediating the M2 is different in the lower limb. Since the MSR
M2 response was unaffected by cold temperature and ischemia,
it could be mediated mainly by group II afferents from the sec-
ondary spindle endings and convergent excitation from group I
afferents onto the group II interneurons (Berardelli et al., 1983;
Pierrot-Deseilligny and Burke, 2012). The M2 in the lower limb
probably rely more on spinal pathways rather than supraspinal
transcortical loops (Schieppati and Nardone, 1999). The M3
response in the upper limb has latency of about 80 ms and can
be found in about 30% of normal subjects (Rothwell et al., 1983),
but in some subjects may not be a clear peak distinct from M2
(Ahmadi-Pajouh et al., 2012). It may traverse through cerebellum
before reaching the motor cortex (Lee and Tatton, 1975). In the
lower limb, the M3 of the tibialis anterior muscle is at least partly
mediated by a transcortical pathway (Petersen et al., 1998).

The MSR has been linked to rigidity in PD as the clinical assess-
ment of rigidity by passive joint movements is similar to the MSR
procedure and the stretch response from the stretched muscle
could be responsible for the resistance observed in rigidity. More-
over, rigidity can be relieved by dorsal root resection (Rushworth,
1960) or local anesthetic block (Pollock and Davis, 1930), indicat-
ing that sensory input contributes to rigidity. In PD patients,
increased M2 response has been reported in the different muscles
including the triceps (Rothwell et al., 1983), flexor carpi radialis
(Meara and Cody, 1993), soleus (Scholz et al., 1987a; Scholz
et al., 1987b) and quadricep femoris (Bergui et al., 1992), but was
normal in the flexor pollicis longus muscle (Rothwell et al.,
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1983). Some studies showed that the degree of M2 enhancement
correlated with the severity of rigidity (Berardelli et al., 1983;
Mortimer and Webster, 1979), but other studies reported that
the M2 reflex gain was not related to rigidity scores (Rothwell
et al., 1983) and changes in M2 magnitude following levodopa
administration did not correspond to the improvement in rigidity
(Meara and Cody, 1993). Several factors may contribute to these
different findings. In MSR studies, subjects usually maintain a
slight muscle contraction while sudden stretches of the joints are
applied, which is different from the clinical rigidity assessment in
which the patient is asked to relax (although some may not be able
to) and the joints are moved slowly and not abruptly by the exam-
iner. Besides, stretch velocity and amplitude (Powell et al., 2012),
the muscle tested and the testing posture such as sitting or stand-
ing, all affect the MSR results. Therefore, increased MSR likely con-
tributes to but is not solely responsible for rigidity in PD. For
example, some studies suggested that changes in muscle proper-
ties such as increased stiffness of the muscle belly and tendon
may also contribute to rigidity (Dietz et al., 1981; Marusiak et al.,
2011).

6.3. Mixed nerve electrical stimulation evoked long latency reflexes

The LLR can also be assessed with electrical stimulation to
mixed nerves (eLLR). The eLLR are mediated by both type Ia and
type II afferent fibers. For testing of eLLR in distal hand muscle, sur-
face EMG recordings from the abductor pollicis brevis muscle
under mild background contraction is frequently used. Some stud-
ies used ulnar nerve stimulation and some used flexor carpi radi-
alis as the target muscle. After rectification and averaging of the
EMG signal, there could be four components of the response. The
first component is a SLR, which is believed to be a peripheral reflex
that involves the same pathway as the H-reflex. The next three
components include eLLR I, eLLR II likely mediated by a transcorti-
cal route involving the motor cortex (Tataroglu et al., 2011;
Deuschl et al., 1989; Tsuji and Rothwell, 2002; Chen et al.,
1998b), and eLLR III which may involve the cerebellum (Claus
et al., 1986).

In PD, eLLR I was found to be enhanced. It did not correlate with
rigidity but was associated with the occurrence of action tremor
(Deuschl and Eisen, 1999). Although eLLR II usually is not elicited
with the target muscle at rest in normal subjects, a study showed
that eLLR II was elicited at rest or with less than 20% maximal con-
traction in PD patients. This could be due to difficulty relaxing the
target muscle (flexor pollicis longus/brevis) in PD patients. How-
ever, when the eLLR was measured in a small hand muscle such
as the first dorsal interosseus muscle, the SLR, eLLR II and eLLR III
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Table 2

Single and paired pulse transcranial magnetic stimulation measures in various Parkinsonian disorders.
Single pulse TMS measures PD MSA PSP CBS
Motor threshold e - PEN 1
MEP amplitude/Recruitment curve T(rest)/|(active) 1 1 e
CMCT < (1 in Parkin mutation) T 1 PEN
cSP ! 1 1 !
isp ! 7 7 !
Paired pulse TMS measures
sici ! ! ! !
LICI ? - -
ICF o[l o o o
SICF 1 o - -
SAl /| (ON) 1 < -
LAI ! - - -
HI = - - !
CBI ! - ! -

|, decreased; T, increased; <, no change;?, uncertain/conflicting results; -, not studied; CBS, corticobasal syndrome; CBI, cerebellar inhibition; CMCT, central motor con-
duction time; cSP, contralateral silent period; ICF, intracortical facilitation; IHI, long interhemispheric inhibition; iSP, ipsilateral silent period; LAI, long latency afferent
inhibition. LICI, long interval intracortical inhibition; MEP, motor evoked potential; MSA, multisystem atrophy, PD, Parkinson’s disease; PSP, progressive supranuclear palsy;
SAI short latency afferent inhibition; SICF, short interval intracortical facilitation; SICI, short interval intracortical inhibition.

showed no difference in PD compared to normal subjects (Noth
et al., 1988). In a study in PD patients with STN-DBS, an abnormally
enhanced eLLR II elicited by ulnar nerve stimulation obtained from
the flexor carpi radialis muscle was restored with STN-DBS or levo-
dopa treatment. (Marchand-Pauvert et al., 2011).

For the other forms of parkinsonism, patients with corticobasal
syndrome (CBS) may have enhanced eLLR I due to reflex myoclo-
nus (Thompson et al., 1994), but can be normal in the early stage
of the disease (Deuschl and Eisen, 1999). A case report showed
enlargement of both eLLR I and eLLR II in MSA patients with stria-
tonigral degeneration (currently termed MSA-Parkinson type)
(Kofler et al., 1998). PSP patients may present with relatively
enlarged SEP but normal eLLR II and eLLR III (Kofler et al., 2000).

6.4. Cutaneomuscular reflex

CMR is often studied using pure sensory stimulation of the
index or middle finger, with the abductor pollicis brevis or first
dorsal interosseous as the target muscle. There are three excitatory
components in CMR, with an early excitatory component (E1, onset
at 35~43 ms), a second excitatory component (E2, onset at
43 ~ 60 ms) which is found in all normal adult subjects, and occa-
sionally a third excitatory component (E3, onset at 70-82 ms).
There is an inhibitory phase (I1) between E1 and E2 (Deuschl,
2003). CMR relies on pure sensory type Il fibers and the I1 and
E2 components depend on intact supraspinal sensory input and
motor output pathways (Chen et al., 1998a). Some studies showed
transient increase in motor cortical excitability that corresponds
with the timing of E2 (Maertens de Noordhout et al., 1992), but
other studies showed the sensory afferent faciliatory effect on
the motor cortex did not correlate with the E2 peak latency, which
implies that E2 was probably not generated directly from the
motor cortex but may be generated by related motor circuits
(Kojima et al., 2014).

In PD patients, CMR studies showed normal E1 and E2 onset
latencies and amplitudes. However, the I1 component was less
pronounced in PD patients (Fig. 3) and could be partially restored
by dopaminergic medications (Chen et al., 1992; Fuhr et al,,
1992). Patients with stimulus sensitive myoclonus associated with
PD or MSA has exaggerated E2, whereas patient with stimulus sen-
sitive myoclonus associated with CBS had synchronous activation
of upper limb muscles at latencies shorter than E2 (Chen et al.,
1992), suggesting stimulus sensitive myoclonus in different forms
of parkinsonism may involve distinct sensorimotor circuits.
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6.5. Cutaneous silent period

Cutaneous silent period (CuSP) is a spinal reflex elicited by cuta-
neous stimulation which leads to a short duration of EMG suppres-
sion. It typically lasts longer than 10 ms, usually about 100 ms (Leis
et al., 2000). The cutaneous stimulation reaches pain threshold and
involves transmission by small diameter A-delta fibers to inhibi-
tory interneurons in spinal cord, leading to transient inhibition of
alpha motor neurons (Kofler et al., 2019). Although CuSP is due
to spinal inhibition, it can be affected by supraspinal inputs includ-
ing the corticospinal tract. (See Kofler et al. for a review (Kofler
et al.,, 2019)).

CuSP might be a tool to differentiate PD and atypical parkinson-
ism since prolonged CuSP duration was restored in PD patients
after levodopa administration but not in MSA, PSP, or vascular
parkinsonism (Pullman et al., 1996; Serrao et al., 2002). However,
the results should be interpreted cautiously because of the low
number of subjects in these studies. In contrast, others studies
showed delayed and prolonged CuSP in MSA (Stetkarova et al.,
2015), probably due to defects in reticulospinal and corticospinal
inputs that change spinal excitability (Eusebio et al., 2007).

7. Transcranial magnetic stimulation studies

TMS has been used extensively to study the pathophysiology of
parkinsonian disorders. We review the main findings here. The
findings are summarized in Table 2.

7.1. Single pulse TMS studies

7.1.1. Motor threshold

Motor threshold (MT) is a measure of the corticospinal
excitability and refers to the lowest TMS intensity needed to elicit
a motor evoked potential (MEP) of certain amplitude [usually
defined as 50 pV for rest MT (RMT) and 200 pV for active MT
(AMT)] (Chen et al.,, 2008; Groppa et al., 2012). It reflects the
excitability of the most sensitive group of neurons in the M1.
Although most studies have reported normal RMT in PD (Ridding
et al., 1995; MacKinnon et al., 2005; Ni et al., 2013), some studies
have found reduced MT in PD (Valls-Sole et al., 1994; Tremblay and
Tremblay, 2002). This may relate to factors such as involuntary
contractions due to tremors or rigidity, disease severity and use
of dopaminergic medications. AMT has been reported to be normal
in PD but a study found a correlation between the severity of
bradykinesia and AMT (Ellaway et al., 1995). Patients with MSA
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and PSP were found to have normal RMT (Morita et al., 2008; Conte
et al,, 2012). In patients with CBS, RMT is usually high (Kuhn et al.,
2004; Pal et al., 2008).

7.1.2. MEP amplitude and recruitment curve

Recruitment curve (RC) or input-output (I/O) curve assesses the
increase in MEP amplitude with higher TMS intensities (Chen et al.,
2008). It assesses the strength of corticospinal projections. A study
showed increased MEP amplitude and slope of RC in PD patients
while at rest but these measures were decreased during voluntary
muscle contraction (Valls-Sole et al,, 1994). RC was normal in
symptomatic PD patients with Parkin mutation compared to symp-
tomatic gene carriers and healthy controls (Schneider et al., 2008).
Patients with MSA had increased MEP amplitudes at higher stimu-
lation intensities while patients with PSP had increased MEP
amplitudes for all the intensities studied and a steeper recruitment
curve while at rest (Kuhn et al., 2004). In patients of CBS, reduced
MEP amplitude and a flattened I/O curve was observed at rest
(Kuhn et al., 2004) but another study found no difference in RC
between CBS and controls (Pal et al., 2008).

7.1.3. Central motor conduction time (CMCT)

The CMCT includes the times for excitation of motor cortical
neurons, conduction through the corticospinal tract and the time
for exciting spinal motor neurons to their firing threshold. It can
be estimated as the conduction time between motor cortex to
spinal cord by subtracting the latency from the spinal motor neu-
ron to the muscle, known as the peripheral motor conduction time
(PMCT), from the MEP latency. The formula is CMCT = MEP latency
- PMCT. The F-wave is often used to estimate PMCT. The PMCT is
calculated as (F+M-1)/2, where F represents the shortest F-
wave latency from 10 to 20 trials and M is the M wave latency from
peripheral nerve stimulation (Guérit, 2001). The 1 ms subtraction
in numerator represents the estimated turnaround time of spinal
motor neurons when activated antidromically. CMCT can also be
measured by subtracting the latency induced by magnetic or elec-
trical stimulation over the vertebral column from the MEP latency
(Mills and Murray, 1986). However, this method may overestimate
CMCT because the magnetic field activates proximal nerve roots at
the intervertebral foramen exit rather than the spinal motor neu-
rons themselves. Therefore, the duration of conduction between
spinal cord and intervertebral foramen will be included in CMCT
results.

To obtain the shortest latency from motor cortex to muscle,
CMCT is usually measured with target muscle activated. In this sit-
uation, the MEP latency will be 1.5 to 3 ms shorter than when the
target muscle is at rest (Mano et al., 1992), and has been termed
“latency jump” (Caramia et al., 1993). During muscle contraction,
the earliest descending corticospinal volley is more likely to cause
a discharge in spinal motor neurons compared to rest since the
motor neurons are often close to their firing thresholds due to
ongoing descending input (Chen et al., 2008). Around 10% to 20%
of maximum background force is sufficient to maintain stable
CMCT latency (Guérit, 2001). It is recommended to superimpose
at least five responses and then measure the shortest latency. Con-
traction of homologous contralateral muscles is an option for
patients who are unable to produce adequate target muscle con-
traction (Mariorenzi et al., 1991). To induce upper extremity
MEDP, it is advisable to keep the induced current direction perpen-
dicular to precentral gyrus in the posterior-anterior direction
(about 45 degrees to midline and coil handle directed posteriorly
when using a figure-of-8 coil). To induce lower extremity MEP, cur-
rent direction should be kept perpendicular to the longitudinal fis-
sure. Of noted, CMCT results are affected not only by the integrity
of the corticospinal tract, but also the extent of recruitment of cor-
tical motor neurons with the fastest propagation.
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In PD, the CMCT results depended on the disease stage. Most
studies indicated that the CMCT was shortened in PD patients,
especially in the late stages, and was normal in drug naive or early
stage PD patients (Soysal et al., 2008; Fisicaro et al., 2020; Perretti
et al,, 2011). Levodopa could prolong the CMCT latency in PD
patients (Soysal et al., 2008; Mochizuki et al., 1999; Di6szeghy
et al,, 1999). Other studies indicated that the CMCT latency was
similar to age-matched healthy subjects (Derejko et al., 2013;
Di6szeghy et al., 1999; Mochizuki et al., 1999). However, prolonged
CMCT was consistently found in early onset PD patients with Par-
kin mutation (PARK2) but not in those without the mutation
(Perretti et al., 2011; Schneider et al., 2008; De Rosa et al., 2006).
In atypical parkinsonism, CMCT was prolonged in PSP patients,
especially in those with longer disease duration (Bologna et al.,
2017), but in the early stages CMCT may be normal (Fisicaro
et al., 2020). CMCT was prolonged in MSA (Morita et al., 2008;
Eusebio et al., 2007) and CBS (Burrell et al., 2014) patients. Besides,
prolonged CMCT in lower limbs was found in patients with normal
pressure hydrocephalus and could be restored after lumbar drai-
nage (Agrawal et al., 2021). Therefore, CMCT may help to differen-
tiate PD, PD with Parkin mutation and other atypical
parkinsonisms.

7.1.4. Contralateral silent period

The contralateral silent period (cSP) refers to the pause in ongo-
ing voluntary EMG activity following the MEP. The first part of cSP
is due to decreased spinal excitability while the latter part of cSP
involves cortical inhibition. ¢SP is reduced in patients with PD
(Cantello et al., 2002) and is normalized with dopaminergic medi-
ations (Priori et al., 1994). However, high doses of dopaminergic
medications can lengthen the SP in PD which became normalized
with internal globus pallidus deep brain stimulation (Chen et al.,
2001). Patients with MSA and PSP have prolonged cSP but patients
with CBS have reduced cSP (Kuhn et al., 2004).

7.1.5. Ipsilateral silent period (iSP)

The ipsilateral inhibitory effects induced by motor cortical TMS
can be measured by the interruption of ongoing voluntary EMG
activity, referred to as the ipsilateral silent period (iSP)(Chen
et al., 2008). The iSP is mainly due to transcallosal inhibition
(Meyer et al., 1995) but non-callosal pathways caudal to the corpus
callosum (Compta et al., 2006) may also contribute. ISP onset
latency is usually around 35 ms and lasts for approximately
20 ms (Fig. 4A). There are many factors that affect iSP measure-
ment. For example, the iSP onset, end latency and transcallosal
time increases with age (Petitjean and Ko, 2013), but is not signif-
icantly affected by the degree of muscle contraction or direction of
TMS induced current (Kuo et al., 2017; Chen et al., 2003). The iSP
duration increases with high stimulation intensity up to about
80% of stimulator output (Chen et al., 2003). Besides, the abductor
pollicis brevis (APB) may be a better target muscle than the first
dorsal interosseous muscle (FDI) as a second phase of inhibition
due to the ipsilateral corticospinal pathway may occur in the FDI
muscle (Jung and Ziemann, 2006). It has been suggested that a con-
stant 15 ~ 25% contraction or 100% muscle contraction with inter-
mittent muscle relaxation between trials may be used (Hupfeld
et al., 2020). The normalized iSP is calculated as the reduction in
EMG area divided by the pre-stimulus mean baseline EMG level
for the iSP. The optimal stimulation intensity for iSP has not deter-
mined. However, at least 60% of maximal stimulation output may
be needed to reach the plateau response (Meyer et al., 1995), with
measurement of iSP duration and normalized iSP (Kuo et al., 2017)
recommended.

In PD patients, iSP was shorter and smaller with stimulation of
the more affected hemisphere but could be restored by levodopa
(Spagnolo et al., 2013). In PD patients with mirror movement
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Fig. 4. Examples of ipsilateral silent period (iSP) from a normal subject and a corticobasal syndrome patient. (A) iSP from a healthy subject. Rectified and averaged surface
EMG recorded from the abductor pollicis brevis muscle with 10 trials. The vertical dashed lines indicate iSP onset and offset. The iSP onset is 31 ms and the offset time is
63 ms after TMS. The horizontal dashed line represented the mean baseline EMG level —50 to —10 ms before TMS. (B) iSP from a patient with corticobasal syndrome.
Rectified, averaged surface EMG recording from the left (more affected side) APB muscle with 10 trials. There was no iSP. TMS: transcranial magnetic stimulation; EMG:

electromyography.

(PD-MM), the increase of iSP depth with higher stimulation inten-
sities or degree of muscle contraction was significantly lower com-
pared to healthy subjects, but the iSP duration in PD-MM patients
was comparable to healthy subjects (Li et al., 2007). PD-MM was
probably due to collateral influence of contralateral motor cortex
with reduced transcallosal inhibition and intracortical inhibitory
circuits (Cincotta et al., 2006; Li et al., 2007).

In atypical parkinsonism, iSP duration was significantly
increased in MSA and PSP, especially in PSP (Kuhn et al., 2004).
However, another study showed that iSP onset latency but not
iSP duration was prolonged in PSP patients (Wolters et al., 2004).
A study reported that patients with PSP Richardson type had loss
of iSP whereas patients with PSP-Parkinson type showed similar
iSP duration to PD patients (Wittstock et al., 2013). iSP could not
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be detected in CBD patients who did not present with myoclonus
(Wittstock et al., 2013) (Fig. 4B).

7.2. Paired pulse TMS studies in Parkinson’s disease (Table 2)

7.2.1. Short interval intracortical inhibition (SICI)

SICI is considered a measure of cortical inhibition mediated by
GABA, receptors (Ziemann, 2004; Chen et al., 2008). It is elicited
by a sub-threshold conditioning stimulus (CS) followed by a test
pulse at an interstimulus interval (ISI) of 1-5 ms. SICI has been
found to be reduced in PD (Ammann et al., 2020; Bologna et al.,
2018; Guerra et al., 2022; Ni et al., 2013; MacKinnon et al., 2005;
Ridding et al., 1995) which is normalized by dopaminergic medica-
tions as well as with STN DBS (Cunic et al., 2002). In addition, SICI
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was reported to be normal on the less affected side and was
reduced on the more affected side in newly diagnosed PD patients
(Kojovic et al., 2012). The asymmetry in SICI was observed up to
one year after diagnosis (Kojovic et al., 2015). SICI was found to
be reduced in patients with MSA (Suppa et al., 2014), PSP (Conte
et al,, 2012) and CBS (Kuhn et al., 2004).

7.2.2. Long interval cortical inhibition (LICI)

LICI is elicited by a suprathreshold CS followed by a test pulse at
ISI of 100-200 ms and involves GABAg receptor mediated inhibi-
tion. Some studies reported reduced (Pierantozzi et al., 2001; Chu
et al., 2009) but other found no change (Sailer et al., 2003) or
increased (Berardelli et al., 1996a) LICI in PD.

7.2.3. Intracortical facilitation (ICF)

ICF is elicited by a subthreshold CS followed by a test pulse at an
ISI of 10-20 ms. The findings in PD have been variable with some
studies showing reduced ICF (Strafella et al., 2000; Bares et al.,
2003) and others finding normal ICF (Ridding et al., 1995;
Berardelli et al., 1996b). ICF was normal in patients with MSA
(Suppa et al., 2014), PSP (Conte et al., 2012) and CBS (Kuhn et al,,
2004).

7.2.4. Short interval intracortical facilitation (SICF)

SICF is elicited by a suprathreshold pulse followed by a thresh-
old pulse at ISIs of 1-5 ms, resulting in three peaks (around 1.5, 2.8,
and 4.5 ms) and two troughs (around 2 and 3 ms). It was found to
be increased in the off medication state which was normalized
with dopaminergic medications (Ni et al., 2013). The changes in
SICF correlated with improvement in UPDRS scores. The increased
SICF may be partly responsible for reduced SICL In a study, SICF
was assessed in PD patients with levodopa induced dyskinesias
(LIDs) and without LIDs. Patients were assessed at baseline and
after 2 weeks of intake of 50 or 100 mg/day of safinamide (a rever-
sible monoamine oxidase-B inhibitor). PD patients with LIDs had
abnormally increased SICF, which correlated with severity of dysk-
inesia and was unaffected by levodopa administration. Safinamide
at 50 mg per day reduced SICF while 100 mg per day normalized
SICF, with both short (Guerra et al., 2019) and long-term drug
administration (Guerra et al., 2021b). Another study found
enhanced SICF in drug naive PD patients (Shirota et al., 2019). A
recent study also found increased SICF in PD off and on dopamin-
ergic medications (Saravanamuttu et al., 2021). Patients with MSA
have been found to have normal SICF (Suppa et al., 2014).

7.2.5. Short and long latency afferent inhibition (SAI & LAI)

SAI and LAI are usually tested with median nerve stimulation
followed by TMS over the M1 at 20-25 ms for SAI and at 100-
200 ms for LAI SAI is mediated by cholinergic and GABAergic cor-
tical circuits. SAI was found to be normal in PD patients in the off
medication state and was reduced on dopaminergic medications
(Sailer et al., 2003). SAI is also decreased in PD patients with cog-
nitive impairment (Nardone et al., 2017; Martin-Rodriguez and
Mir, 2020). On the contrary, LAl in PD is reduced in patients with
PD and is unaffected by dopaminergic medications (Sailer et al.,
2003). While SAI was found to be reduced in patients with MSA
(Celebi et al., 2014), it was normal in patients with PSP (Nardone
et al., 2005).

7.2.6. Interhemispheric inhibition (IHI)

[HI is measured by delivering a conditioning stimulus to M1 fol-
lowed by a test stimulus to the contralateral M1 (Ferbert et al.,
1992). It is likely mediated by inter-hemispheric inputs mediated
through the corpus callosum (Ni et al., 2009). IHI is reduced in
PD patients specifically in patients with mirror movements at
longer inter-stimulus intervals of 20-50 ms. Therefore, reduction
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in transcallosal inhibitory action may play a role in mirror move-
ments in PD (Li et al., 2007). Previous studies have reported bilat-
erally reduced IHI in patients with CBS in both distal and proximal
upper limb muscles (Pal et al., 2008).

7.2.7. Cerebellar inhibition (CBI)

CBI is mediated by the cerebellothalamocortical pathway and
can be assessed by TMS of the cerebellum followed by M1 TMS
at ISI of 5-8 ms (Ugawa et al., 1995; Pinto and Chen, 2001). CBI
is decreased in patients with PD (Ni et al., 2010; Carrillo et al.,
2013) and with PSP (Shirota et al., 2010).

7.3. Interactions between cortical circuits in PD

A triple-stimulus TMS paradigm can be used to investigate the
interactions between cortical circuits (Ni et al., 2011). It has been
found that SICI is suppressed in the presence of LICI in normal sub-
jects in a manner consistent with presynaptic GABA-B receptor
mediated inhibition of GABA release (Sanger et al., 2001), and this
inhibition is decreased in PD patients in both off and on medication
states (Chu et al., 2009). Triple pulse protocols investigating LAI
and LICI have found that LAI reduced LICI in normal subjects but
not in PD patients on or off medications (Sailer et al., 2003). The
interaction between IHI and SICI has been investigated in PD. IHI
reduced SICI in normal subjects and PD patients without mirror
movements, but not in PD patients with mirror movements (Li
et al., 2007), suggesting that reduced transcallosal inhibitory effect
on intracortical inhibitory circuits may contribute to mirror move-
ments in PD. In normal subjects, SICI facilitates SICF but this effect
was absent in PD patient off medications, which was restored by
dopaminergic medications (Saravanamuttu et al.,, 2021). These
finding suggests that impaired interactions between motor cortical
circuits is a pathophysiological feature of PD.

In summary, studies on cortical circuits and their interactions in
PD with paired and triple pulse TMS studies have shown abnormal-
ities in various measures of cortical excitability and intracortical
circuits in PD (Table 2). Furthermore, these changes are related
to stages of the disease, effects of dopaminergic medications and
clinical heterogeneity of PD phenotypes. The clinical utility of these
measures requires further studies.

8. Plasticity studies
8.1. Plasticity studies in PD

In TMS studies, M1 plasticity is commonly measured by post-
intervention changes in MEP amplitudes (Suppa et al., 2016a;
Suppa et al., 2017c; Huang et al., 2017; Suppa et al., 2022a). Cur-
rent non-invasive plasticity-inducing protocols in humans such
as theta burst stimulation (TBS) and paired associative stimulation
(PAS) reproduce the findings of in vitro and in vivo long-term
potentiation (LTP) and long-term depression (LTD) protocols used
in animal models (Bliss and Lomo, 1973; Stefan et al., 2000;
Huang et al., 2005; Huang et al., 2017; Mansvelder et al., 2019;
Suppa et al., 2016b; Suppa et al.,, 2017c; Suppa et al.,, 2022a).
Accordingly, TBS and PAS are commonly used to assess LTP/LTD-
like plasticity in the human M1 in healthy subjects and in patients
with movement disorders.

Early PAS studies in PD found reduced plastic change in patients
off medication (Morgante et al., 2006; Ueki et al., 2006; Kacar et al.,
2013). However, another study found exaggerated response to PAS
in patients off therapy compared to controls (Bagnato et al., 2006).
Concerning TBS studies, early studies demonstrated reduced LTP/
LTD-like plasticity following TBS in PD patients (Eggers et al.,
2010; Suppa et al., 2011) although another study did not report
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these abnormalities (Zamir et al., 2012). The reason for these
inconsistencies may arise from differences in patients’ clinical fea-
tures including disease duration, total daily doses of levodopa and
presence of dyskinesia.

The possible effect of disease duration has been controlled for in
studies designed to investigate LTP/LTD-like plasticity in de novo
PD patients. These reports confirmed reduced responses to PAS
and TBS in the more affected as well as in the less affected arm
(Kishore et al., 2012a; Kacar et al., 2013). Another study, however,
reported decreased responses to PAS only on the more affected
side, whereas the less affected side was characterized by exagger-
ated responses interpreted as compensation (Kojovic et al., 2012).
Such asymmetry in PAS-induced plasticity progressively decreased
over a 12-month follow-up (Kojovic et al., 2015). A study has also
suggested a correlation between MEP changes elicited by PAS and
the likelihood of developing early motor complications (Kishore
et al., 2017).

The impact of levodopa therapy on LTP/LTD-like plasticity has
been evaluated in detail in chronically treated as well as in de novo
patients with PD. In chronically treated patients, levodopa
improved the abnormal PAS-induced LTP-like plasticity (Ueki
et al., 2006; Bagnato et al., 2006), but not in patients with
levodopa-induced dyskinesias (LIDs) (Morgante et al., 2006). By
contrast, using TBS, a study (Suppa et al., 2011) demonstrated com-
parable responses to iTBS in PD patients on and off medications,
and with or without LIDs, suggesting no beneficial effect of levo-
dopa on TBS-induced LTP-like plasticity. In agreement with this,
another study (Kishore et al., 2012b) also found no effect of acute
levodopa challenge on TBS induced plasticity in de novo PD
patients. The dose of levodopa also affects LTP/LTD-like plasticity
in PD. In patients without LIDs and taking half their normal levo-
dopa dose, a study (Huang et al., 2011) found no response to iTBS,
while both the response to iTBS and depotentiation elicited by a
specially designed TBS protocol were restored when patients took
their full levodopa dose. Moreover, in PD patients with LIDs, the
study found normal response to a modified facilitatory protocol
only when patients received a half dose of levodopa (not eliciting
LIDs), but it did not show depotentiation. Depotentiation deficit
severe enough to cause a paradoxical facilitation pattern has also
been reported in PD patients without LID but who may be prone
to develop LID (Lago-Rodriguez et al., 2016). Different plasticity
responses to levodopa according to the patients’ clinical features
(stable responders to levodopa, motor fluctuations without LID
and motor-fluctuations with LID) have been demonstrated by sev-
eral studies (Kishore et al., 2012b; Kishore et al., 2014a; Kishore
et al., 2014b).

A study (Belvisi et al., 2021) compared a large cohort of PD
patients with the “mild motor-predominant” subtype (mild motor
and non-motor symptoms) to those with the “diffuse malignant”
subtype (combination of severe motor and non-motor manifesta-
tions). Although both subtypes had reduced responses to iTBS,
patients with the “diffuse malignant” subtype had lower responses
to iTBS than those with the mild motor-predominant subtype.
Hence, the study confirmed earlier observations (Suppa et al.,
2011) and suggested that neurophysiological parameters may rep-
resent promising biomarkers to evaluate PD subtypes and their
progression (Belvisi et al., 2021).

TBS-induced LTP/LTD-like plasticity can be shaped by concur-
rent transcranial alternating current stimulation (tACS), a non-
invasive stimulation that entrains brain oscillations, delivered at
the vy frequency (Suppa et al., 2022a). Indeed, iTBS-induced LTP-
like plasticity can be boosted and prolonged by concurrent -
tACS, the effect depends on changes in GABA, receptor mediated
interneuronal activity (Guerra et al., 2018; Guerra et al., 2021a;
Guerra et al,, 2020b). Using a combined iTBS-y tACS, a study
demonstrated that driving y oscillations restore the LTP-like plas-
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ticity in PD patients (Guerra et al., 2020a). This finding suggested
that cortical y oscillations may play a beneficial role in modulating
the LTP-like plasticity in M1 in PD (Guerra et al., 2020a). This
hypothesis fits in well with a PAS study in dyskinetic PD patients
treated with STN DBS (Kim et al., 2015). In the DBS-off condition,
the response to PAS was reduced in patients on and off medica-
tions. By contrast, in the DBS-on condition, there was a restoration
of PAS-induced responses in patients on but not off levodopa (Kim
et al., 2015). These findings overall would point to a physiological
link between LTP/LTD-like plasticity and oscillations in the cortico-
basal ganglia motor loop (Guerra et al., 2020a; Suppa et al., 2022a;
Guerra et al., 2022). In conclusion, the heterogenous findings of the
above-mentioned plasticity studies are likely related to the differ-
ent clinical variables of the cohorts investigated including the stage
of PD, phenotype, presence or absence of motor fluctuations and
dyskinesias and the patients’ therapeutic state related to the tim-
ing of levodopa doses due to the fluctuating nature of PD. Overall,
most studies have demonstrated reduced LTP/LTD-like plasticity in
patients with PD with possible beneficial effect of levodopa in
modulating the response to TBS and PAS protocols (Suppa et al.,
2016a; Suppa et al., 2017a; Bologna et al., 2016c; Huang et al,,
2017).

8.2. Plasticity studies in atypical parkinsonisms

Several studies have examined LTP/LTD-like plasticity using PAS
and TBS in patients with various types of atypical parkinsonisms
(Bologna et al., 2017). A study (Conte et al., 2012) investigated
LTP/LTD-like plasticity in patients with probable PSP. iTBS elicited
abnormally enhanced responses compared with controls. Con-
versely, the after-effects induced by cTBS paradoxically turned
from LTD-like to LTP-like plasticity (Conte et al., 2012). These
changes are thought to reflect prominent neurodegeneration of
inhibitory GABAergic interneurons in PSP, in addition to altered
basal ganglia inputs to M1 (Conte et al., 2012; Bologna et al., 2017).

Two studies assessed LTP/LTD-like plasticity in patients with
probable MSA (Kawashima et al., 2013; Suppa et al., 2014). A study
(Kawashima et al., 2013) demonstrated reduced responses to PAS
in patients with the parkinsonian variant of MSA (MSA-P). Another
study studied both MSA-P and the cerebellar variant of MSA (MSA-
C) patients found reduced responses to both iTBS and ¢TBS in both
subgroups (Suppa et al., 2014). The abnormal LTP/LTD-like plastic-
ity in MSA was unresponsive to levodopa (Suppa et al.,, 2014;
Kawashima et al., 2013) and was comparable in MSA-P and MSA-
C, suggesting that mechanisms responsible for the abnormal LTP/
LTD-like plasticity in MSA are independent of the severity of the
cerebellar involvement (Suppa et al., 2014).

A single study examined responses to TBS in patients with CBS
(Suppa et al., 2016a; Di Stasio et al., 2019). When TBS was applied
to the less affected M1 (contralateral to the limb manifesting only
parkinsonism), both LTP and LTD-like plasticity were reduced. By
contrast, the findings were more complex for the more affected
M1 (contralateral to the limb manifesting parkinsonism plus other
motor and non-motor symptoms). Specific clusters of motor and
non-motor clinical features such as the alien limb phenomenon
were associated with different neurophysiological findings such
as no recordable MEPs, reduced LTP/LTD-like plasticity or even
paradoxically increased LTP-like plasticity (Suppa et al., 2016a;
Di Stasio et al., 2019).

Two studies investigated LTP/LTD-like plasticity in patients
with frontotemporal dementia (FTD). A PAS study (Benussi et al.,
2016) demonstrated reduced responses to PAS in both presymp-
tomatic and symptomatic patients with specific genetic mutations.
Another study (Di Stasio et al., 2018) examined TBS-induced plas-
ticity and observed reduced LTP/LTD-like plasticity in FTD patients
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with parkinsonism but not in those without parkinsonism (Di
Stasio et al., 2018).

Overall, these findings suggest that TBS and PAS may help to
understand the pathophysiological basis of the clinical and neuro-
physiological heterogeneity in patients with atypical parkinson-
ism. TBS and PAS studies could potentially support the clinical
diagnosis of patients with atypical parkinsonisms by disclosing
specific neurophysiological patterns such as reduced plasticity
responses in PD, MSA and FTD with parkinsonism, increased
responses in PSP and asymmetric responses in CBS, but the utility
in clinical context requires further study.

9. Myoclonus in parkinsonism

Myoclonus is defined as sudden, brief, shock-like, involuntary
movements caused either by muscular contractions (positive myo-
clonus) or sudden cessation of muscle activities (negative myoclo-
nus) (Fahn et al., 1986; Caviness and Brown, 2004; Shibasaki and
Hallett, 2005). Myoclonus has been described in many neurode-
generative disorders and its presence has implications for the diag-
nosis, prognosis and management (Truong and Bhidayasiri, 2007).
Myoclonus has been described in various parkinsonian disorders
such as PD, MSA, CBS, DLB and FTD with parkinsonism. Early
reports described myoclonus in PD patients on levodopa therapy
(Klawans et al., 1975), acute epidemic encephalitis (von Economo’s
encephalitis) (Ellis, 1920; Boveri, 1920) and acute 1-methyl-4-phe
nyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication (Klawans et al.,
1986). The nature and origin of myoclonus in various parkinsonian
disorders and their electrophysiological characteristics will be
described.

9.1. Myoclonus in idiopathic PD

Myoclonus is uncommon in PD and was initially described fol-
lowing levodopa therapy (Klawans et al., 1975; Klawans, Goetz,
and Bergen 1975). However, myoclonus unrelated to dopaminergic
therapy has been reported and can occur in the off-medication
state. In a study of 17 PD patients with end-of-dose myoclonus,
multifocal positive myoclonus was present in all and negative
myoclonus in 70.6%. Positive myoclonus was present at rest, during
posture and action (Sifoglu et al., 2017). Rest tremors were less fre-
quent in patients with myoclonus (21.4%) than in those without
myoclonus (62.5%). Repetitive myoclonus, especially during main-
tenance of posture, can mimic tremors (Caviness et al., 2002).
Patients with PD and myoclonus have 36% increase in total o-
synuclein in the primary motor cortex compared to those without
myoclonus measured in post-mortem tissue (Caviness et al., 2011;
Uversky, 2007; Tofaris and Spillantini, 2007; Soto and Estrada,
2008). Electrophysiologic recording showed irregular and variable
EMG burst intervals, variable burst amplitudes and the absence of
sinusoidal appearance (Sifoglu et al.,, 2017). The myoclonus was
very brief (less than 50 ms), had low amplitude with a frequency
ranging from 1 to 10Hz, suggesting cortical origin (Caviness
et al, 2002) and may be due to sensorimotor dysfunction
(Caviness et al., 2011). Back-averaging demonstrated the presence
of EEG transients prior to EMG bursts (Caviness et al., 2002; Sifoglu
et al., 2017). However, giant SEP was not observed. Long loop reflex
showed increased amplitude in PD patients with myoclonus during
active muscle contraction (Sifoglu et al., 2017). The presence of
myoclonus has been correlated with cognitive impairment in PD
(Caviness et al.,, 2011) but was not observed in another study
(Sifoglu et al., 2017). In addition to levodopa associated myoclonus,
bromocriptine and amantadine can also cause myoclonus in PD
(Vardi et al., 1978; Pfeiffer, 1996; Matsunaga et al., 2001).
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9.2. Myoclonus in MSA

Myoclonus was observed in 31% of MSA patients and was
mainly stimulus sensitive and distal predominant (Wenning
et al., 1994). Reflex myoclonus was found to be more common in
MSA-C than in MSA-P and PD in some studies (Gouider-Khouja
et al.,, 1995; Rodriguez et al., 1994), but other studies reported that
postural and reflex myoclonus was more frequent in MSA-P than
MSA-C (Salazar et al., 2000; Okuma et al., 2005). Myoclonus in
MSA has been described as “minipolymyoclonus” as they are irreg-
ular, jerky, low-amplitude hand and finger movements (Salazar
et al., 2000; Okuma et al., 2005). Action induced facial myoclonus
and facial myokymia has been described in MSA. These are precip-
itated by talking or jaw opening (Blunt et al., 1997; Lou et al.,
1994). Surface EMG recordings have shown irregular synchronous
bursts of 10 to 50 ms duration occurring at frequency of 5 to 7 Hz
in the forearm and hand muscles in the outstretched position and
not present at rest (Okuma et al., 2005). In addition, C-reflex, exag-
gerated E2 component of the cutaneous reflex (Chen et al., 1992),
giant SEP and cortical potentials on back averaging have been
demonstrated in some MSA patients, suggesting a cortical origin
of the myoclonus (Okuma et al., 2005), although enlarged SEP
was absent. It has been suggested that cerebellar and basal ganglia
dysfunction cause increased excitability of cortical neurons
(Salazar et al., 2000; Okuma et al., 2005). Some authors suggested
that myoclonus could also due to brainstem hyperexcitability
(Kofler et al., 1998). An association between myoclonus in MSA-C
and a-synuclein pathology in the motor regions of the spinal cord
has been reported, but how this related to the pathophysiology of
myoclonus in MSA-C is unclear (Hwang et al., 2019).

9.3. Myoclonus in dementia with Lewy body dementias (DLB)

Myoclonus occurs in about 18% of DLB patients (Louis et al.,
1997). Compared to myoclonus in PD, DLB patients had larger
amplitude myoclonus occurring predominantly at rest (Caviness
et al.,, 2003). The EMG bursts durations are less than 50 ms, and
usually no giant SEP or abnormal C-reflex is observed. However,
a preceding triphasic cortical potential has been observed in
back-averaged EEG. The myoclonus is likely cortical in origin, but
subcortical contribution cannot be ruled out. Compared to PD,
the DLB myoclonus is more severe due to widespread cerebral cor-
tical pathology that may be primarily responsible for the myoclo-
nus (Caviness et al., 2003).

9.4. Myoclonus in corticobasal syndrome

Myoclonus is a characteristic feature of CBS. Myoclonus is pre-
dominantly distal, stimulus sensitive and more prominent on
action or posture (Chen et al, 1992; Thompson et al., 1994;
Rinne et al., 1994). It is observed in about two-thirds of cases at
presentation and evolves over the next 2-4years (Thompson
et al., 1994). Tendon jerks, pinprick or tapping over the fingers or
toes elicits the myoclonus (Thompson et al., 1994). The myoclonus
is very brief (20-50 msec), and on action or following cutaneous
stimulation shows clusters of 2-4 bursts with inter-burst interval
of 60-80 msec (Thompson et al., 1994; Chen et al., 1992). Abnor-
mal morphology of the SEP have been reported in CBS
(Thompson et al., 1994). Distal distribution, short duration EMG
bursts and stimulus sensitivity suggests cortical origin of the myo-
clonus (Thompson et al., 1994; Chen et al., 1992). The cortical myo-
clonus is probably due to the direct sensory input to primary motor
cortex, abnormal hyperexcitability of the motor cortex and lack of
inhibition from sensory cortex or thalamus (Thompson et al., 1994;
Chen et al., 1992; Shafiq and Lang, 2002). The cortical origin is also
demonstrated by presence of jerk locked cortical potentials on EEG
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back averaging and presence of giant SEP in some cases (Carella
et al,, 1997). The absence of giant SEP patients with more advanced
disease has been attributed to profound parietal atrophy (Notturno
et al, 2011).

9.5. Myoclonus in PSP

Myoclonus is rare in PSP and its presence favours the diagnosis
of CBS. Palatal myoclonus has been described in PSP associated
with hypertrophy of the inferior olivary nucleus (Suyama et al.,
1997). Cortical myoclonus was demonstrated neurophysiologically
in a patient with CBS but had pathologically proven PSP (Kemp
et al., 2013). Short duration EMG bursts was found in arm muscles
with absence of giant SEP and no cortical potential preceding the
myoclonus. However, C-reflex was observed at latencies of 40 to
45 ms, consistent with cortical origin (Kemp et al., 2013). Drugs
including amantadine and levodopa are also known to cause myo-
clonus in PSP patients.

9.6. Myoclonus in FTD

Myoclonus in FTD may present before, during, or after the
development of behavioral or language disturbances and the
parkinsonian symptoms are variable (Siuda et al., 2014). Myoclo-
nus has been documented in some autosomal dominant FTD disor-
ders such as mutations in MAPT, PGRN, CHMP2B and VCP genes,
predominantly in the behavioural variant of FTD. Myoclonus is
usually seen in the upper extremities, and is action induced with
low amplitude (Caviness and Wszolek, 2002). The presence of
myoclonus may suggest clinical progression (Caviness and
Wszolek, 2002). Back averaged cortical potential was absent in
most patients but was observed in one pre-symptomatic gene pos-
itive individual, suggesting a cortical origin of the myoclonus
(Caviness et al., 2003). The pathophysiology of myoclonus in FTD
is still not well understood.

9.7. Summary for myoclonus in parkinsonism

Myoclonus is observed in several neurodegenerative parkinso-
nian syndromes with varying frequency and severity. In most
cases, it is observed in the distal upper limbs both at rest and with
activities. It may be difficult to distinguish from fine tremors
wherein electrophysiological tests are useful. Electrophysiological
tests can also determine the origin of myoclonus and may help
in prognostication.

10. Intraoperative microelectrode recordings

Intraoperative MER is a method where fine metal microelec-
trodes monitor the firing of single units in patients undergoing
DBS procedures. DBS has been increasingly being used in medically
refractory cases of movement disorders such as PD, dystonia and
essential tremor. These movement disorders can be treated by
inserting chronic indwelling electrodes in subcortical structures
such as the STN, the GPi and the Vim nucleus of the thalamus.
Specifically for PD, any of these targets may be chosen based on
the symptom profile. The general indications are bilateral STN for
cognitively intact patients with akinetic rigid symptoms, bilateral
GPi for patients with akinetic rigid symptoms and less cognitive
reserve or levodopa induced dyskinesias (Fasano and Lozano,
2015). Vim DBS may be offered to tremor dominant patients, and
this may be a unilateral procedure contralateral to the dominant
hand.

Although advances in MR imaging techniques have allowed the
direct visualization of these targets with varying degrees of clarity,
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several factors can lead to discrepancies between the visualized
virtual target and the actual final target. One factor is the time
delay between selecting the imaging targets and the insertion of
electrodes during surgery where there can be brain shift due to loss
of cerebrospinal fluid (Halpern et al., 2008). There is continuing
discussion whether intraoperative MRI or CT can supplant MER
for real time target localization but a recent trial did not show sig-
nificant difference between MER and intraoperative MRI guided
surgery in terms of the clinical outcome of DBS therapy at one year
follow-up (Liu et al., 2017). For this reason, most major DBS centers
prefer to confirm tentative targets with MER to record characteris-
tic neuronal activities and responses to microstimulation to define
the exact target and surrounding structures to be avoided with
submillimeter accuracy (Hutchison et al., 1994; Hutchison et al.,
1997; Hutchison et al., 1998; Seifried et al., 2012; Schlaier et al.,
2013). These mapping sessions last about 15-30 min per side with
unique neurophysiological features for each target and will be
described in turn.

10.1. MER for STN DBS in PD

Recordings from human STN neurons are comparable to those
describe in early papers by Mahlon DeLong and others (DeLong
et al., 1985) in single unit electrophysiology studies in non-
human primates. In humans, details of neuronal firing rates and
bursting patterns of the various cell types in STN have been previ-
ously described (Hutchison et al., 1998). In the anterodorsal to ven-
troposterior approach of the trajectory starting at 10 mm above the
target in the center of the STN, the microelectrode may record
bursting cells that are characteristic of the thin shell of the thala-
mic reticular nucleus in its anterodorsal aspect. This is a good sign
of an on-target trajectory but depends on the anterior ring angle of
approach, with higher angles more likely to start in reticular thala-
mus. Moving down in the trajectory there is a quiet area corre-
sponding to white matter tracts of the thalamic and lenticular
fasciculi with a thin strip of gray matter knows as the zona incerta
(Ma, 1996). These are large amplitude units and have properties
somewhat like STN but are only occasionally recorded. Below this
region the recordings will show a characteristic increase in back-
ground noise and large amplitude units firing at the rate of 25 -
45 Hz with an irregular pattern. In the 12 h off medication state,
the recordings have prominent beta oscillations in the spike trains
that are audible as a tell-tale fluttering sound. The dorsal part of
STN has higher beta power that decreases progressively toward
the ventral border (Alavi et al, 2013). The LFP beta activity recorded
with microelectrodes is coherent across the full dorsoventral
extent of the nucleus. However, beta activity carried in spike trains
was much more localized, being significantly coherent only over 1-
1.5 mm distance in the track. This suggests than small focal assem-
blies of neurons in STN are functioning together to organize sepa-
rate motor synergies. Several studies have suggested that the
spatial extent of beta coherence within the STN is more correlated
to the clinical scores of motor signs than the amplitude or power of
the beta oscillation (Alavi et al., 2013; Zaidel et al., 2010). Coher-
ence between neuron pairs in the STN and (substantia nigra pars
reticulata) SNr was rarely observed (Alavi et al, 2013), which is
not surprising considering their very different firing rates and pat-
terns (low versus high and bursty vs regular). This suggests that
subthalamic beta activity is connected to areas outside the basal
ganglia through structures other than the SNr, which is a basal gan-
glia output nucleus in the rate model. As discussed below, the pro-
jection between STN and GPe may be a pathway that links STN
beta activity with other brain areas.

A well-planned trajectory is usually at 2 - 3 mm above the ten-
tative target in the center of the nucleus. These cells can be
recorded one after the other over a 4 - 5 mm span of the STN,
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and this can be considered an optimal trajectory passing through
the center of the nucleus. Although this intuitively suggests an
optimal placement, in using a star drive or “Ben-gun* array with
a central and a lateral trajectory with two micro/macroelectrodes
spaced 2 mm apart, it has been observed that both electrodes
may have optimal recordings of STN neurons throughout a 6 mm
length of the trajectory, but macrostimulation in the lateral track
at the tentative target showed an unacceptably low threshold for
activation of the internal capsule. Indeed, in an analysis of 134
electrode placements, the length of the STN trajectory did not cor-
relate with motor outcome, but these authors emphasized test
microstimulation as a mandatory tool since 37 leads were revised
based on this test (Malinova et al., 2020). Passive manipulation of
the limbs or voluntary movements will evoke firing rate changes
(usually but not always excitatory) in the recorded neurons, ter-
med “kinesthetic” response. Eye movement responses may also
be found in the middle portion of the nucleus (Fawcett et al.,
2005). STN neurons have somewhat lower firing rate and density
of cells as the ventral border is approached. Below the ventral bor-
der the background noise in the recordings decreases and the SNr
is normally encountered. These neurons have lower spike ampli-
tude, much higher firing rates (80 - 100 Hz) and very regular firing
pattern. A specific technique can be used to identify these neurons
by passing a short 0.5 s train of 200 Hz and 3 - 5 pA current pulses
through the recording electrode and observe the subsequent inhi-
bitory effect on the neuron (Lafreniere-Roula et al., 2009). Another
technique uses two microelectrodes spaced 600 pm apart and
gives a single pulse through one electrode and records the evoked
response with the other. SNr is unique in showing a positive going
focal-evoked potential at short latency to these pulses (Prescott
et al,, 2009). Since this inhibitory response is not seen in STN
(where a rebound burst response is typically observed), these
microstimulation tests can distinguish the ventral STN from the
dorsal SNr (Lafreniere-Roula et al., 2009). This physiologically
defined border region between STN and SNr is usually the target
for positioning the lowest of a quadripolar DBS electrode in the
final implant.

Several studies have investigated the properties of STN neurons
in PD patients across the spectrum of motor and non-motor activ-
ities (Yin et al., 2021; Eisinger et al., 2018). In particular, there has
been much interest in the relationship between beta oscillations in
the STN and PD motor symptoms (Brown, 2006; Little and Brown,
2014)(discussed further in section 11.1), and the role of STN beta
oscillations in various non-motor or cognitive functional domains
(Al-Ozzi et al., 2021; Eisinger et al., 2018; Spitzer and Haegens,
2017; Alanazi et al., 2021). Beta oscillations in the LFP are involved
in many cortical processes such as learning and memory, attention
and decision making, and it is thought that cortical and subcortical
beta activities are of different origins (Spitzer and Haegens, 2017).
However, the oscillation model suggests that beta oscillations in
the STN derives from cortical beta activities (Brown, 2003;
Hutchison et al., 2004). This may explain STN beta modulation dur-
ing a visual choice preference task where patients had to choose a
favorite from pairs of animal pictures (Al-Ozzi et al., 2021). Thus,
beta oscillations the STN can also play a role in cognition and
may be related to cognitive aspects of PD such as apathy.

10.2. MER for GPi DBS in PD

The ventrolateral GPi is a target for PD patients with disabling
dyskinesias and those at risk for cognitive decline. The other major
indication for GPi DBS is for cervical, generalized and secondary
dystonia. A currently used technique is to start the trajectories at
10 mm above the tentative target and 2 mm above the optic tract,
but in earlier procedures recordings started at 15 mm which
included the globus pallidus externus (GPe) at the top of the track.
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In GPe, there are two cell types again described initially in the non-
human primate by DeLong et al. (DeLong, 1971). In normal mon-
key, the main population has high frequency discharge with pauses
(HFD-P, ~85%) and the low frequency discharge with bursts neu-
rons (LFD-B, ~15%). In humans with PD in the 12 h off medication
state, a similar profile is seen with most GPe neurons fire around
60-80 Hz with pauses (HFD-P), and the LFD-B cell type that fires
around 20 Hz which makes up ~ 11% of the total GPe population
(Hutchison et al., 1994). These two types of GPe neurons are
thought to be the same neurons as the prototypic and arkypallidal
GP cells, respectively, more recently described in the rodent
(Deffains et al., 2016). These cells have been implicated in a disy-
naptic interaction within the GPe to profoundly affect locomotor
activity in rats (Aristieta et al., 2021). Optogenetic activation of
STN neurons via the hyperdirect path drives the prototypic (HFD-
P) neurons, which inhibit the arkypallidal (LFD-B) neurons, leading
to increased locomotion. Activation of arkypallidal neurons by the
striatal indirect pathway produces the opposite effect with global
inhibition. These recent studies highlight the GPe as an important
locomotor hub rather than the conventional view as a mere relay
in the indirect pathway from striatum to GPi.

GPe neurons can be distinguished from GPi neurons, which
have a high frequency discharge (HFD). While HFD-P neurons in
the GPe can be difficult to distinguish from GPi neurons, the pres-
ence of the LFD-B neurons can identify the GPe. Between the two
nuclei is the medullary laminae, which is a thin strip of white mat-
ter, and it is bounded by so called border cells (DelLong, 1971;
Bezard et al., 2001; Haber, 1987). These are cholinergic neurons
that populate the boundaries of GPe and GPi and occasionally the
central portion, which is likely due to border cells lining the inter-
nal medullary lamina. HFD neurons are recorded throughout the
length of the GPi and evoked field potentials from stimulation of
an adjacent microelectrode accompanied by brief cessation of
spontaneous ongoing firing may be obtained at any level in the
GPi (Liu et al., 2012). The ventral border of GPi is characterized
by a decrease in background noise in the recordings and absence
of units. At a distance roughly 1.8 mm below the last recorded cell,
the optic tract can be found which is identified by patient’s report
of phosphenes in the contralateral visual field to microstimulation
(100 pA, 15,200 Hz, 150 ps pulse width). The top of the optic tract
is the site where no phosphenes are reported when retracting the
microelectrode tip. If patients are anesthetized or otherwise unable
to report the visual sensations, flash evoked recordings from the
optic tract can be heard if the tip is near or just on top of the optic
tract. Trajectories that are too posterior may be associated with
motor contractions due to stimulation of posterior limb of the
internal capsule (Lozano et al., 1996).

Beta oscillatory activity is less prominent in the spike trains and
LFP in the GPi compared to the STN. Some studies suggest that both
neuronal firing rates and beta LFP oscillations in the GPi are mod-
ulated by cognition (Alanazi et al. 2021). Both single units and LFP
in the beta band had selective responses to the attended tone in an
auditory oddball paradigm, and there was more beta desynchro-
nization during the correct than the incorrect trials. These findings
showed that neuronal activity at GPi, which is the output nucleus
of the basal ganglia, is involved in processing of cognitive functions
and may be related to selective attention deficits.

10.3. MER for DBS of Vim thalamus for PD rest tremor

Thalamus has long been a target for movement disorders sur-
gery and predates the use of STN and GPi interventions, and these
procedures were first done under the guidance of MER before the
introduction of imaging in stereotactic neurosurgery (Guiot et al.,
1964; Albe-Fessard, 1973). Although there is a long history of using
MER for targeting the motor thalamus, some centers dispense with
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it entirely and target based on structural MRI tractography of the
medial lemniscus and internal capsule (King et al., 2017). With
white matter suppression MRI sequences combined with Magneti-
zation Prepared, Rapid Gradient Echo (MPRAGE) sequence, the ani-
sotropy imposed by fibers of passage are suppressed and the
segmentation of thalamic subnuclei can be clearly visualized
(Iglesias et al., 2018). However, this study used fixed post-
mortem brains and required considerable processing time, and
the method is not currently feasible for stereotactic planning.

The method for MER depends on the tentative target. One
method is to target the Vim-Ventral caudal (Vc) border to clearly
define the anterior-posterior reference and then implant in front
of this. An alternate method is to target a slightly more anterior
location of the ventral oral posterior (Vop)/Vim border with the
intention of implanting in the explored trajectory. Typical trajecto-
ries may start in Vop and then transverse Vim and then pass just in
front or into the sensory Vc nucleus. The Vop has neurons with
preparatory activity responses and Vim is a cerebellar relay. Both
these nuclei have neurons with periodic oscillations in the firing
rate in synchrony with limb tremor, termed “tremor cells” (Lenz
et al., 1988). Beta activity in spike trains from Vim is an effective
way to identify and map this nucleus since it appears to be present
in PD, ET and pain patients (Basha et al., 2014). In practice, the first
occurrence of beta activity in spike trains in the trajectory may be
taken as an indication of the Vop-Vim border. This observation,
along with the disappearance of thalamic beta activity with rest
tremor onset, suggest that beta oscillation in thalamus is not
directly related to PD pathophysiology. Since Vim receives predom-
inant input from cerebellum, the beta oscillations likely arise from
the dentate nucleus. The microelectrode recording is interleaved by
microstimulation at regular 1 or 2 mm intervals and the effects on
tremor and sensations are assessed in a semiquantitative manner
with triaxial accelerometry being displayed over time. A short stim-
ulus train of 100 pA for 1 s is used to test for paresthesias or effects
on tremor, and if the paresthesia is mild or otherwise tolerable,
then a longer 2 to 3 s train is given to assess the effects on tremor.
As the sensory regions of Vc is approached, the threshold for pares-
thesias becomes lower, and current with lower initial amplitude
may be used. Induction of paresthesia with currents less than 100
MA is usually an indication of close proximity to Vc and a threshold
of less than 10 pA indicates that the electrode tip is at or within the
Vc tactile border. There should be recordings of tactile responses at
this site. Below the Vc, the prelemniscal radiations are found as
well as the medial lemniscus and this is a quiet zone electrophysi-
ologically, with a higher threshold of 20 pA and above for evoking
hemibody paresthesias.

Similar to tremor phase reset with single pulse TMS (discussed
in section 2.2), microstimulation trains (100 pA, 100 or 200 Hz, 1-
3s) in the Vim can produce tremor phase reset at the start of the
train (Milosevic et al., 2018). A burst of spikes is initially elicited
before silencing of the thalamic Vim neuron and tremor arrest.
The initial burst led to a movement in the outstretched contralat-
eral limb, which is likely due either orthodromic or antidromic
activation of the M1 by the thalamic burst.

In summary, despite advances in real time imaging modalities,
MER continues to be considered an important component of DBS
lead placement in major centers that have the expertise and scien-
tific motivation. For many centers, it remains the gold standard for
confirming the location of the DBS targets by mapping the charac-
teristic neurophysiological activities and results of microstimula-
tion, but also advances our knowledge of the motor and non-
motor pathophysiology of PD and other movement disorders.
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11. Local field potential and electrocorticography recordings in
Parkinson’s disease

DBS is an effective treatment for patients with PD suffering
from motor complications (Schuepbach et al., 2013). During and
after electrode implantation, DBS provides a unique opportunity
to record neural population activity as local field potentials (LFP)
directly from the target area. LFP is a population-level measure
of synaptic currents and local spiking activity, similar to EEG
(Buzsaki et al., 2012). Intraoperative and postoperative invasive
neurophysiology studies in DBS patients have contributed signifi-
cantly to our understanding of PD pathophysiology at the network
level (Jenkinson et al., 2013; Kiithn and Volkmann, 2017; Neumann
et al., 2019). Moreover, they have sparked a novel concept of stim-
ulation called closed-loop adaptive DBS (aDBS), which aims to
move from a chronic continuous stimulation setting to a
demand- dependent approach (Arlotti et al., 2018; Little et al.,
2013). Advances in PD research inspired by invasive neurophysiol-
ogy are summarized here.

11.1. Local field potentials

11.1.1. Beta activity as hallmark of parkinsonian bradykinesia and
rigidity

A major milestone in the understanding of the relationship of
neural oscillations with neurological symptoms, is the identifica-
tion of exaggerated pathological beta (13-35 Hz) activity in DBS
targets (Brown et al., 2001; Silberstein et al., 2003), namely the
STN and GPi, in patients with PD. In the PD off-medication state,
after withdrawal of dopaminergic medications, oscillatory activi-
ties are synchronized in a stereotypical pattern of high-
amplitude beta activity, that are suppressed by dopaminergic med-
ications (Kiihn et al., 2006; Neumann et al., 2017b). Importantly,
both the amplitude of subthalamic beta activity in the off-
medication state and the medication related suppression reflect
the clinical presentation of the patients (Neumann et al., 2016;
Kehnemouyi et al., 2021; Kuhn et al., 2009). Specifically, bradyki-
nesia and rigidity have been associated with exaggerated beta
oscillation, but not tremor (Kiithn et al., 2006; Neumann and
Kithn, 2017). While invasive recordings are unavailable from
healthy subjects, comparison and characterization of basal ganglia
oscillatory activities were possible in patients undergoing DBS for
other indications such as dystonia, Tourette syndrome and epi-
lepsy (Lofredi et al., 2019; Miocinovic et al., 2015; Neumann
et al., 2012; Neumann et al, 2018; Neumann et al., 2017a;
Rektor et al., 2002; Silberstein et al.,, 2003; Tsang et al., 2012b).
These studies showed that the presence of beta activity itself is
not pathological per se. However, the amplitude and extent of beta
activity in the parkinsonian off-medication state were consistently
higher than in the on-medication state and other disease entities,
such as dystonia (Lofredi et al., 2019; Silberstein et al., 2005). Fol-
lowing the early studies on the effect of levodopa on beta activity,
all major findings could later be replicated for DBS. Thus, DBS can
suppress beta activity, and the amount of beta activity reduction
correlated with the extent of PD motor symptom alleviation
(Jenkinson and Brown, 2011; Feldmann et al., 2021b; Kuhn et al.,
2008; Oswal et al., 2016). However, levodopa and DBS may have
different effects on beta oscillations. Whereas levodopa abolished
the STN beta LFP oscillations in patients with PD, DBS decreased
beta oscillations for only PD patients in whom LFP recordings
showed high beta activity at baseline (Giannicola et al., 2010).
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Fig. 5. Parkinsonian beta activity in the subthalamic nucleus is suppressed with
deep brain stimulation. Local field potentials (LFP) can be recorded directly through
implanted DBS electrodes (A). In the medication and stimulation OFF state, the
amplitude of beta oscillatory activity is increased (A left) and suppressed with deep
brain stimulation (DBS) switched ON (right). Recently, the dose dependence of beta
and DBS could be revealed through sensing enabled implantable devices (B;
Feldmann et al., 2021a; Feldmann et al., 2021a).

More recently, the temporal dynamics of beta oscillations have
been subject of research. It was found that the relative increase in
mean beta power can be explained by a prolongation of transient
episodes of beta synchronization, so-called beta bursts. The pres-
ence of particularly long beta bursts in the STN and the GPi was
described as characteristic of the PD off-mediation state, whereas
shorter-duration bursts are similar between PD on-medication
and dystonia, and may reflect normal physiology (Kehnemouyi
et al., 2021; Lofredi et al., 2019; Tinkhauser et al., 2017). Beta activ-
ity can be considered a neural pattern reflective of the bradykinetic
motor state that is stable over time in PD (Neumann et al., 2017b).
Therefore, it is considered a valuable, state-dependent chronic bio-
marker, primarily in PD patients presenting with a bradykinesia/-
rigidity dominant PD subtype (Fig. 5).

11.1.2. Local field potential patterns in PD beyond beta activity
While beta activity is the most thoroughly described activity
pattern in PD, other patterns of pathological activities can also be
characterized through LFP recordings. Dopaminergic side effects
are reflected in subthalamic LFP, where dyskinesia symptoms were
associated with increased low frequency (4-8 Hz) and narrowband
gamma (60 - 90 Hz) synchronization, similar to the activities seen
during normal movement (Alonso-Frech et al., 2006; Jenkinson
et al., 2013; Lofredi et al., 2018). Movement related gamma syn-
chronization is reduced in the hypodopaminergic state (Lofredi
et al., 2018). During freezing of gait, changes in neural entropy
and disruption of low frequency synchronization have been
reported (Pozzi et al., 2019; Syrkin-Nikolau et al., 2017). During
sleep, there is complex modulation of beta activity that is depen-
dent on the sleep stage (Urrestarazu et al., 2009). Moreover, activ-
ity in even higher frequency bands has been described. High
frequency oscillations (HFO) at ~ 250 Hz are not generally attenu-

219

Clinical Neurophysiology Practice 7 (2022) 201-227

ated by dopaminergic medications in PD, but are shifted towards
higher frequencies at~350Hz (Ozkurt et al., 2011; van Wijk
et al., 2017). Unlike beta activity, this frequency band may also
be informative regarding the presence of tremor, even in the on-
medication state (Hirschmann et al., 2016).

11.2. Electrocorticography

To investigate pathological oscillations beyond the basal gan-
glia, intraoperative electrocorticographic recordings have further
enabled characterization of PD pathophysiology. Higher broadband
gamma power and higher post-movement beta synchrony were
found in PD patients compared to patients with hyperkinetic
movement disorders (Crowell et al., 2012). Furthermore, exagger-
ated beta-gamma PAC as a cortical biomarker of PD symptoms that
is suppressed with DBS was described (de Hemptinne et al., 2013;
de Hemptinne et al., 2015). Most importantly, it was shown that
the modulation of cortical PAC with subthalamic DBS can predict
PD symptom improvement (de Hemptinne et al,, 2015). Some of
these effects could be explained by an increased sharpness of the
beta waveform in the parkinsonian state, adding waveform shape
to the range of potential cortical biomarkers (Cole et al., 2017). In
addition, an ECoG study demonstrated increased resting beta-
gamma PAC in PD compared to epilepsy patients, whereas during
motor performance PAC were similar in the two groups and
showed a persistent increase for the entire duration of the motor
activity. However, in the PD group, beta-gamma PAC showed
greater increase in the low-beta range compared the high-beta
range (Kondylis et al., 2016). The high signal-to-noise ratio, broad
band neural coverage and distance to stimulation source make
ECoG an important and promising technique for the investigation
of advanced neurotechnology in PD research (Gilron et al., 2021).

11.3. Future outlook

11.3.1. Sensing enabled implantable devices have entered the clinic

Many important findings have been described based on intra-
or perioperative experimental research settings. While both ECoG
and LFP recordings have been reported to be safe (Feldmann
et al,, 2021a; Panov et al., 2017; Sisterson et al., 2021) and will
remain a very important instrument for PD research, the experi-
mental setting does not allow collection of information regarding
the long-term stability of the described phenomena. Few
sensing-enabled implantable devices have been available for
research purposes only, until the first clinically United Stated Fed-
eral Food and Drug Administration and CE-approved device was
released. Such devices will further impact our understanding of
DBS effects and the how pathological oscillatory activities and clin-
ical symptom are related. Examples of such findings are the first
description of stable and dose-dependent effects of DBS on subtha-
lamic beta activity (Feldmann et al., 2021b), and a combined
approach to ECoG and LFP sensing that lead to the identification
of cortico-subthalamic connectivity as a new and important mar-
ker for PD symptoms even months after neurostimulator implanta-
tion (Gilron et al., 2021).

11.3.2. First clinical trials on adaptive DBS

A major implication of invasive neurophysiology studies for PD
patients is the development of demand-dependent adaptive DBS
(Neumann et al, 2019). The first experimental studies have
demonstrated that pathological beta activity can be monitored to
inform an algorithm of the necessity to implement adaptive stim-
ulation. Until recently, only few centers were able to overcome the
technical barriers of such research (Arlotti et al., 2018; Little et al.,
2013; Sisterson et al., 2021; Pifia-Fuentes et al., 2017; Velisar et al.,
2019). For example, recording and stimulating in the same target
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poses problems with artifact and signal-to-noise ratios that can
obstruct meaningful clinical evaluations of this approach
(Neumann et al., 2021). The first multicenter clinical trials of adap-
tive DBS are ongoing, but some practical challenges of adaptive
DBS remain to be addressed. These include the choice of biomark-
ers, recording location (e.g., ECoG vs. STN) and control algorithms
which have to be evaluated in robust clinical studies. Furthermore,
the development of multivariate approaches for adaptive DBS
beyond single biomarkers is an active field of research (Neumann
and Rodriguez-Oroz, 2021; Merk et al., 2022).

11.4. Summary of LFP and ECoG recordings

LFP recordings from DBS and ECoG electrodes have allowed the
characterization of pathological activity patterns related to PD
pathophysiology. Exaggerated beta activity is a hallmark of PD
bradykinesia and network synchronization phenomena can reflect
specific PD motor states. With new sensing-enabled devices, fur-
ther research beyond the acute intra- and perioperative stage will
further enhance our understanding of brain rhythms implicated in
PD. Next-generation DBS strategies will utilize oscillatory activity
to adapt stimulation to concurrent demand, with potential further
improvement of quality of life for patients living with PD.

12. Conclusions and future outlook

Neurophysiology studies using a variety of techniques reviewed
here have advanced our knowledge of the pathophysiology of PD
and parkinsonism. While some of the findings are related to
dopaminergic deficits and abnormalities in the basal ganglia, many
areas in the motor and non-motor networks including sensory and
motor cortical areas, the cerebellum and the spinal cord are also
involved. Some techniques such as tremor analysis, CMCT mea-
surement, and myoclonus studies are useful in the diagnostic
workup of parkinsonism and neurophysiology is used to accurately
localize surgical targets. Future work will produce further advances
in these areas but will also be instrumental in the design of new
treatments such as novel applications of different non-invasive
brain stimulation techniques and the development of adaptive
DBS systems.
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