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Evolving concepts on bradykinesia

Matteo Bologna,1,2 Giulia Paparella,2 Alfonso Fasano,3,4,5,6 Mark Hallett7 and
Alfredo Berardelli1,2

Bradykinesia is one of the cardinal motor symptoms of Parkinson’s disease and other parkinsonisms. The various clinical aspects related

to bradykinesia and the pathophysiological mechanisms underlying bradykinesia are, however, still unclear. In this article, we review

clinical and experimental studies on bradykinesia performed in patients with Parkinson’s disease and atypical parkinsonism. We also

review studies on animal experiments dealing with pathophysiological aspects of the parkinsonian state. In Parkinson’s disease, brady-

kinesia is characterized by slowness, the reduced amplitude of movement, and sequence effect. These features are also present in atypical

parkinsonisms, but the sequence effect is not common. Levodopa therapy improves bradykinesia, but treatment variably affects the

bradykinesia features and does not significantly modify the sequence effect. Findings from animal and patients demonstrate the role of the

basal ganglia and other interconnected structures, such as the primary motor cortex and cerebellum, as well as the contribution of

abnormal sensorimotor processing. Bradykinesia should be interpreted as arising from network dysfunction. A better understanding of

bradykinesia pathophysiology will serve as the new starting point for clinical and experimental purposes.

1 Department of Human Neurosciences, Sapienza University of Rome, Italy
2 IRCCS Neuromed, Pozzilli (IS), Italy
3 Edmond J. Safra Program in Parkinson’s Disease, Morton and Gloria Shulman Movement Disorders Clinic, Toronto Western

Hospital, UHN, Toronto, Ontario, Canada
4 Division of Neurology, University of Toronto, Toronto, Ontario, Canada
5 Krembil Brain Institute, Toronto, Ontario, Canada
6 Center for Advancing Neurotechnological Innovation to Application (CRANIA), Toronto, ON, Canada
7 Human Motor Control Section, National Institute of Neurological Disorders and Stroke, NIH, Bethesda, MD, USA

Correspondence to: Prof. Alfredo Berardelli

Department of Human Neuroscience

Sapienza University of Rome
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Introduction
Bradykinesia, which, as derived from the Greek, means slow-

ness (brady-) of movement (kinesis), is one of the main motor

symptoms of Parkinson’s disease (Berardelli et al., 2001, 2013;

Postuma et al., 2015; Berg et al., 2018) and it is also present

in atypical parkinsonisms (McFarland and Hess, 2017).

Bradykinesia is the ‘palsy’ part of the ‘shaking palsy’ as ori-

ginally described by James Parkinson, who referred to this

aspect as ‘lessened muscular power’ (Parkinson, 2002;

Obeso et al., 2017). Although the term is apparently simple,

and despite the widespread use of bradykinesia in clinical
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practice and scientific literature, several issues on bradykinesia

are still under debate.

In some circumstances, the term bradykinesia is used to

refer to a broad range of motor disturbances, and it is

often used interchangeably with the terms hypokinesia,

which means low amplitude movement, and akinesia, no

movement at all (Schilder et al., 2017). Over the past few

decades, bradykinesia in Parkinson’s disease and atypical par-

kinsonism have been better characterized with the aid of

neurophysiological measures, and a broad range of motor

abnormalities have been described including the so-called se-

quence effect, i.e. amplitude and velocity decrement with re-

petitive and continuing movements. These studies indicate

that the various bradykinesia features may vary considerably

within and between different patients, in relation to several

factors, including disease subtype and progression, dopamin-

ergic medications and other interventions (Berardelli et al.,

2001; Agostino et al., 2003; Espay et al., 2009, 2011; Kang

et al., 2010; Bologna et al., 2016a, b; Hasan et al., 2017).

Bradykinesia has been traditionally considered the conse-

quence of a failure of basal ganglia output to the primary

motor cortex (M1) (Albin et al., 1989; DeLong, 1990;

Berardelli et al., 2001). More recent evidence based on

direct basal ganglia recordings through deep brain stimulation

(DBS) electrodes, as well as data from non-invasive brain

stimulation and neuroimaging studies, have better defined

the role of basal ganglia and indicated that other brain struc-

tures may be implicated in the pathophysiology of bradykine-

sia in Parkinson’s disease, and these include the cerebellum.

Moreover, altered mechanisms of sensorimotor integration

may also play a role in the pathophysiology of bradykinesia.

Insight into the pathophysiology of bradykinesia is relevant

for understanding the therapeutic rationale of both pharma-

cological and non-pharmacological intervention in patients.

In the present paper, we will first discuss the issues of bra-

dykinesia terminology and characterization in clinical and ex-

perimental studies in Parkinson’s disease. We then focus on

the pathophysiology of bradykinesia by discussing the role of

basal ganglia and the possible involvement of alternative

neural structures that provide further insight into a network

perspective. Despite being less studied than in Parkinson’s dis-

ease, clinical and experimental observations on bradykinesia in

patients with atypical parkinsonisms will be also discussed.

We emphasize how a better comprehension of the rationale

and mechanisms of action of levodopa and other interventions

(DBS) may help in understanding bradykinesia pathophysi-

ology in Parkinson’s disease and atypical parkinsonisms.

Bradykinesia: terminology
and clinical aspects

Terminology

In Parkinson’s disease, Barbeau et al. (1981) proposed the

terms bradykinesia, hypokinesia and akinesia, respectively,

to indicate the increasing degree of motor impairment.

Others considered instead bradykinesia as synonymous of

the slowness of voluntary movement and akinesia as a

delay/failure of the willed movement to occur. Subsequently,

the term bradykinesia has encompassed the other terms in the

clinical context as well as in research (Gibb and Lees 1988;

Calne et al., 1992; Gelb et al., 1999; Goetz et al., 2008;

Berardelli et al., 2013; Berg et al., 2013). In the first formal

diagnostic criteria for Parkinson’s disease, bradykinesia refers

to slowness of initiation of voluntary movement with a pro-

gressive reduction in speed and amplitude of repetitive actions

(Gibb and Lees, 1988). The definition was maintained by the

European Federation of Neurological Societies (EFNS) criteria

for Parkinson’s disease diagnosis (Berardelli et al., 2013) and

by the current Movement Disorders Society (MDS) criteria,

that define bradykinesia as slowness of movement and decre-

ment in amplitude or speed (sequence effect) as movements

are continued (Postuma et al., 2015; Berg et al., 2018).

In atypical parkinsonisms, the terminological use of bra-

dykinesia is even less clear than in Parkinson’s disease, be-

cause of the heterogeneity of these neurological conditions

and the limited number of experimental studies. The MDS

criteria for the diagnosis of progressive supranuclear palsy

(PSP) (Höglinger et al., 2017) indicate akinesia (and not

bradykinesia) as one of the core features of the disease

and as a synonymous of parkinsonism. For the clinical

diagnosis of multiple system atrophy (MSA) (Gilman

et al., 2008), bradykinesia features are even not explicitly

defined. For the diagnosis of cortical basal syndrome (CBS)

(Armstrong et al., 2013), the terms bradykinesia and akin-

esia are used interchangeably. Finally, according to the clin-

ical criteria for dementia with Lewy bodies diagnosis

(McKeith et al., 2017), bradykinesia indicates slowness of

movement and decrement in amplitude or speed as in

Parkinson’s disease, although this assumption only relies

on clinical observations and there has not been a neuro-

physiological study of these patients.

In summary, there is still an ongoing debate on the ter-

minology of bradykinesia in Parkinson’s disease and atyp-

ical parkinsonisms. Bradykinesia terminology is nowadays

based only on clinical observations; relying on neuro-

physiological concepts might improve the appropriateness

of the terminological use of bradykinesia in Parkinson’s

disease and atypical parkinsonism.

The assessment of bradykinesia

The clinical assessment of bradykinesia in Parkinson’s dis-

ease is currently based on the MDS Unified Parkinson’s

Disease Rating Scale (MDS-UPDRS) part III (Goetz et al.,

2008), although other scales such as the Modified

Bradykinesia Rating Scale (MBRS) (Kishore et al., 2007)

have also been proposed. In the MDS-UPDRS scale, limb

bradykinesia is evaluated during different manoeuvres. The

examiner is asked to rate speed, amplitude, hesitations and

halts or decrement during 10 repeated movements, and all

these abnormalities exert the same influence on the global
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score. Similarly, spontaneous eye-blink frequency reduc-

tion, masked faces or loss of facial expression, including

spontaneous smiling and the parting of lips are all con-

sidered for assessing hypomimia, i.e. facial bradykinesia.

Differently from the MDS-UPDRS scale, in the MBRS the

evaluator is asked to separately rate speed, amplitude and

rhythm, possibly providing increased sensitivity in identify-

ing different bradykinesia features (Kishore et al., 2007;

Heldman et al., 2011). Nevertheless, the MBRS scale is

not commonly used in clinical and experimental settings.

The motor part of UPDRS is also consistently used to rate

bradykinesia in atypical parkinsonisms patients. However,

Golbe and Ohman-Strickland (2007) developed a disease-

specific rating scale for PSP that scores several motor elem-

ents not included in the UPDRS (eye movements, bulbar

function, neck extension, dystonia). This scale also allows

a specific assessment of PSP staging (Golbe and Ohman-

Strickland, 2007). Similarly, the European MSA Study

Group developed a novel Unified MSA Rating Scale,

whose motor part includes oculomotor dysfunction and

ataxia evaluation (Wenning et al., 2004).

Bradykinesia rating using clinical scales is significantly

affected by inter- and intra-rater variability, and low reli-

ability. To improve the reliability of bradykinesia rating,

several technology-based tools have been proposed

(Hasan et al., 2017; Merola et al., 2018). These tools pro-

vide continuous quantitative measurements and remote

data collection. Some of them were approved by the

Food and Drug Administration to quantify kinematics in

movement disorders. Except for gait analysis systems and

actigraphy, the effectiveness of technology-based tools in

clinical practice has not been clearly established.

Interestingly, less than 3% of ongoing clinical trials of neu-

rodegenerative disorders have employed technology-based

tools as an outcome measure (Merola et al., 2018).

In summary, the clinical assessment of bradykinesia in

Parkinson’s disease and atypical parkinsonisms is currently

based on the specific assessment of dedicated clinical rating

scales. Bradykinesia rating, however, may be affected by

inter- and intra-rater variability as well as by low reliabil-

ity; technology-based tools can theoretically help to provide

more accurate measurements. However, their role in clin-

ical practice has not been fully established yet.

Features associated or contributing
to bradykinesia

A further issue is the role of secondary contributing factors to

bradykinesia, and their burden in the clinical evaluation of

bradykinetic patients. It has been suggested that in

Parkinson’s disease weakness can contribute to bradykinesia.

A correlation between muscle weakness and slowness of

movement was found (Corcos et al., 1996), as well as an

effectiveness of strength training on UPDRS motor scores

(David et al., 2016; Ni et al., 2016; Krumpolec et al.,

2017). Moreover, antiparkinson medications improved force

generation (Brown et al., 1997). Fatigue, defined as an over-

whelming sense of tiredness and lack of energy (Krupp et al.,

1989), has also been described in Parkinson’s disease

(Friedman, 2009; Berardelli et al., 2012; Fabbrini et al.,
2013; Friedman et al., 2016; Siciliano et al., 2018).

However, there is no clear evidence of any relationship be-

tween fatigue, assessed by clinical rating scale, and bradyki-

nesia tested with the Purdue pegboard test or finger tapping

(Kang et al., 2010; Bologna et al., 2016b), probably in light

of the several involved factors other than movement impair-

ment (i.e. motivation, apathy, and depression). It could be

that a relationship between fatigue and sequence effect is pre-

sent but this has not yet been demonstrated (Berardelli et al.,

2012). Tinaz et al. (2016), for example, showed that sequence

effect in Parkinson’s disease cannot be explained by excessive

peripheral fatigue. Additionally, there was no significant cor-

relation between fatigue and the severity of progressive micro-

graphia, considered a manifestation of the sequence effect

(Wu et al., 2016). Another possible factor contributing to

bradykinesia is tremor (Berardelli et al., 2001). The possible

mechanisms previously suggested include the prolongation of

reaction times, an incompletely fused muscle contraction

caused by tremor, thus determining muscle weakness and

bradykinesia (Brown et al., 1997), as well the ‘pacing’ effect

of tremor on voluntary movements (Hallett et al., 1977;

Logigian et al., 1991). More recent data on large samples

of Parkinson’s disease patients, however, showed no positive

correlations between action tremor and bradykinesia severity

(Gigante et al., 2015; Belvisi et al., 2018). Finally, bradyphre-

nia or mental slowness is another possible contributing factor

for bradykinesia. Some studies report cognitive slowing in

Parkinson’s disease (Wilson et al., 1980; Pillon et al., 1989;

Cooper et al., 1994; Sawamoto et al., 2002; Lee et al., 2003;

Jokinen et al., 2013; Vlagsma et al., 2016). Although the

relationship between cognitive abnormalities and movement

execution remains poorly investigated, it has been observed

that Parkinson’s disease patients with cognitive impairment

have prolonged reaction times compared to those with pre-

served cognitive capacities (Revonsuo et al., 1993).

Furthermore, bradykinesia score, as assessed by clinical

scales, seems to be associated with mild cognitive impairment

in Parkinson’s disease and to deteriorate in parallel with

motor disease progression (Poletti et al., 2012; Domellöf

et al., 2013; Stojkovic et al., 2018). However, other observa-

tions imply otherwise (Vlagsma et al., 2016). Recently,

Hanakawa et al. (2017) measured the agility of Parkinson’s

disease patients performing a series of movement, motor im-

agery, and calculation tasks with a progressive increase in

task rate. They also performed functional MRI and diffusion

tractography to test whether dysfunctions of basal-ganglia-

thalamo-cortical circuits underlying motor and cognitive pro-

cessing were associated with motor and cognitive slowing.

The authors concluded that cognitive slowing was associated

with dysfunction of different basal-ganglia-thalamo-cortical

circuits from those causing motor impairments, providing a

further insight in the understanding of the relation between

cognitive and motor slowness.
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In summary, the features associated with or contributing to

bradykinesia remain poorly investigated. Weakness can con-

tribute, at least in part, to bradykinesia. Also, cognitive ab-

normality may impair the movement preparation phase, thus

resulting in increased reaction times. Finally, there is not

enough evidence to establish a firm relationship between bra-

dykinesia and other features like fatigue and tremor.

Neurophysiological
characterization of
bradykinesia
As a refinement of clinical observations, neurophysiological

measures have clearly shown that bradykinesia includes a

broad range of motor abnormalities, involving both the

preparation and execution phases of voluntary movements,

and variably affects different body segments. Many neuro-

physiological studies on bradykinesia have been performed

in Parkinson’s disease, conversely a relatively low number

of studies have been performed in atypical parkinsonisms.

In Parkinson’s disease, the majority of studies have consist-

ently shown that the movement preparation is abnormally

prolonged due to a delay in muscle activation, as evidenced

by investigations on simple and choice reaction times

(Wiesendanger et al., 1969; Heilman et al., 1976; Stelmach

et al., 1986; Dubois et al., 1988; Pullman et al., 1988; Rafal

et al., 1989; Jahanshahi et al., 1992a, b, 1993; Brown et al.,

1993; Revonsuo et al., 1993; Pascual-Leone et al., 1994;

Torrecillos et al., 2018). Abnormalities of simple reaction

times and no (or less) alterations of choice reaction times

(Evarts et al., 1981; Bloxham et al., 1984; Sheridan et al.,

1987) suggested that slowness in motor execution in

Parkinson’s disease was not due to a global deficiency in

motor preparation and that the contribution of prolonged

simple reaction time in generating bradykinesia could be in-

terpreted as a failure in programming a motor response

(Berardelli et al., 2001). The addition of a warning signal

improved reaction times both in healthy controls and in

Parkinson’s disease, demonstrating that the slowness in

motor preparation was not due to an ‘arousal defect’

(Bloxham et al., 1987). Other observations also suggest that

Parkinson’s disease patients use different strategies for dealing

with different stimulus-response relationships; for example,

their performance was worse in simpler tasks with compatible

stimulus-response relationship (Brown et al., 1993). The ef-

fects of levodopa on reaction times have also been shown to

be variable, although choice reaction times were shown to be

more sensitive than simple reaction times to levodopa admin-

istration (Bloxham et al., 1987; Pullman et al., 1988;

Jahanshahi et al., 1992b; Brown et al., 1993).

Studies on motor execution have extensively character-

ized bradykinesia of the upper limbs. Parkinson’s disease

patients performing fast single-joint movements display an

inability to generate an adequate initial agonist burst so

that the exerted force is insufficient to reach the desired

target. The movement is completed by a series of small

amplitude movements characterized by repeated agonist

and antagonist EMG bursts or by a prolonged continuous

discharge. Despite this, if patients aim to perform a move-

ment of a larger amplitude, they succeed in increasing the

size of the first burst. Further studies demonstrated that

Parkinson’s disease patients choose a smaller size than is

appropriate for the motor task. This means that bradyki-

nesia is generated from an inappropriate scaling of the dy-

namic muscle forces, the so-called scaling effect (Flowers,

1976; Hallett et al., 1977; Hallett and Khoshbin, 1980;

Baroni et al., 1984; Berardelli et al., 1986, 1996a; Pfann

et al., 2001; Seidler et al., 2001). Complex (multi-joint)

movements are also slower in Parkinson’s disease (Phillips

et al., 1994; Bennett et al., 1995; Castiello and Bennett,

1997; Majsak et al., 1998; Alberts et al., 2000; Castiello

et al., 2000; Jackson et al., 2000; Farley et al., 2004). The

simultaneous execution of two different tasks in patients

with Parkinson’s disease leads to a more severe slowing

in movement than that observed when each task was per-

formed alone (Schwab et al., 1954; Benecke et al., 1986;

Stelmach and Worringham, 1988; Brown and Marsden,

1991; Castiello and Bennett, 1997; Johnson et al., 1998;

Delval et al., 2017). Movement slowness is even worse in

the execution of sequential movements (Table 1). The slow-

ness of sequential movements is more evident when patients

rely on internal control processes (i.e. internally generated

movements) in comparison to externally cued movements

(Georgiou et al., 1994; Currà et al., 1997; Fasano and

Bloem, 2013). This is particularly evident during gait,

thus meaning that Parkinson’s disease patients experience

difficulties walking in an automatic manner and must pro-

gressively rely on a goal-directed control of their gait

(Nonnekes et al., 2019). External cues trigger goal-directed

behaviour that is better performed, which bypasses the de-

fective basal ganglia (Redgrave et al., 2010).

One component of bradykinesia is the sequence effect,

i.e. the decrement of movement speed and amplitude

during movement repetition (Agostino et al., 1992, 1994,

2003; Iansek et al., 2006; Lee et al., 2014; Postuma et al.,

2015; Bologna et al., 2016b; Tinaz et al., 2016) (Table 2).

Patients with Parkinson’s disease take progressively longer

times to perform sequential segments of a geometric se-

quence (Agostino et al., 1992, 1994; Lee et al., 2014). A

progressive decrease in movement speed has also been

documented during finger tapping (Agostino et al., 2003;

Espay et al., 2009, 2011; Bologna et al., 2016a, 2018), the

Purdue pegboard test (Kang et al., 2010, 2011), during

writing, i.e. the so-called progressive micrographia (Wu

et al., 2016), and walking (Iansek et al., 2006; Delval

et al., 2017). When severe, the sequence effect can termin-

ate with a freeze (i.e. motor block) (Giladi et al., 1992).

The sequence effect may indeed be a prominent feature of

the early stages of Parkinson’s disease (Lee et al., 2014;

Bologna et al., 2016a, b), and it tends to be less frequent

in advanced Parkinson’s disease (Bologna et al., 2016a, b).

One possibility why the sequence effect is less frequent
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during arm movements in advanced patients is likely be-

cause in advanced patients the initial EMG burst is already

of low amplitude (Bologna et al 2016a, b). During gait, a

sequence effect is noticeable during a straight path, ex-

pressed as progressive reduction of the step length. A se-

quence can be terminated by a motor block (akinesia),

which is clinically defined as freezing of gait (Iansek

et al., 2016). Alternatively, it can be transient as the patient

restores the ability to generate step length, which often re-

sults in another sequence (‘oscillatory variability’) (Fasano

and Bloem, 2013). Rarely the sequence effect does not

cease, and it is not interrupted by a motor block, as seen

in festination. The phenomenon of sequence effect during

straight walking has been interpreted as a maladaptive

motor behaviour, whereby the brain tries to compensate

for gait asymmetry in the presence of defective inter-limb

coordination and amplitude generation (Fasano et al.,

2016). In PSP, Ling et al. (2012) found that repetitive

finger tapping, as assessed by a 3D motion analysis

system, were ‘hypokinetic’, i.e. characterized by low amp-

litude movement, with no decrement in amplitude as move-

ments continued. Djuric-Jovicic and colleagues (2016)

confirmed the lack of progressive reduction in amplitude

during the finger tapping in patients with PSP-Richardson

syndrome compared to Parkinson’s disease or MSA pa-

tients (Table 3). It has been argued that atypical

Table 2 Sequence effect

Movement type Major findings Effects of treatment

Sequential arm movements

Agostino et al., 1992, 1994; Lee et al., 2014; Tinaz

et al., 2016.

Sequence effect in patients with various disease

stages, including early Parkinson’s disease.

N/A

Purdue pegboard test

Kang et al., 2010, 2011. Sequence effect in patients with various disease

stages, including early Parkinson’s disease.

No improvement with levodopa or 1 Hz

rTMS of M1.
Writing

Wu et al., 2016. Sequence effect (progressive micrographia) in a

subgroup of patients.

Levodopa improved consistent but not

progressive micrographia.
Finger tapping

Agostino et al., 2003; Espay et al., 2009, 2011;

Ling et al., 2012; Bologna, et al., 2016a, b, 2018;

Djuric-Jovicic et al., 2016.

Sequence effect in Parkinson’s disease higher in in-

dividual than in non-individual finger movements;

Sequence effect in early but not in advanced

Parkinson’s disease.

No improvement with levodopa, duodopa

and selegiline administration.

Sequence effect in Parkinson’s disease and in

MSA but not in PSP.

Walking

Iansek et al., 2006; Delval et al., 2017. Sequence effects contribute to freezing of gait

episodes.

No improvement with levodopa.

N/A = not available; rTMS = repetitive transcranial magnetic stimulation.

Table 1 Upper limb movements

Movement type Major findings Effects of treatment

Single-and multi-joint movements

Flowers et al., 1976; Hallett et al., 1977; Hallett and Khoshbin, 1980;

Baroni et al., 1984; Berardelli et al., 1986; Pfann et al., 2001; Seidler

et al., 2001.

Slowness of movement; abnormal EMG

pattern in Parkinson’s disease.

Coactivation of muscles of different

joints.

Slight improvement after levodopa.

Complex movements (reaching/grasping/drinking/drawing)

Phillips et al., 1994; Bennett et al., 1995; Castiello and Bennett,

1997; Majsak et al., 1998; Alberts et al., 2000; Castiello et al.,

2000; Jackson et al., 2000; Farley et al., 2004.

Lower acceleration, velocity and accur-

acy. Underscaled grasp components.

Longer pauses between sequential

movements.

Improvement in velocity and regu-

larity after levodopa.
N/A on the grasp component of

reaching movements.

N/A on drawing.

Simultaneous movements

Schwab et al., 1954; Benecke et al., 1986; Stelmach and

Worringham, 1988; Brown and Marsden, 1991; Agostino et al.,

1992; Brown et al., 1993; Castiello and Bennett, 1997; Johnson

et al., 1998; Delval et al., 2017.

Increased slowness in simultaneous

movements.

N/A

N/A = not available.
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parkinsonisms as well as advanced Parkinson’s disease have

a too severe impairment of amplitude generation that fur-

ther decrements (i.e. the sequence effect) are not possible.

Our own observation, however, is that in some cases of

PSP the sequence effect can be present.

Although there are no systematic studies investigating the

effect of levodopa administration in Parkinson’s disease on

each motor abnormality, it seems that levodopa improves

but does not normalize the abnormal movement param-

eters. Levodopa improves the speed and amplitude of

movement by modifying the amplitude and temporal scal-

ing of the agonist and antagonist bursting pattern (Baroni

et al., 1984; Berardelli et al., 2001; Vaillancourt et al.,

2004; Espay et al., 2009, 2011; Suppa et al., 2017).

However, the improvement of kinematic measures is

lower in subjects markedly hypokinetic (Espay et al.,

2011). Moreover, levodopa does not alleviate the sequence

effect (Kang et al., 2010; Lee et al., 2014; Wu et al., 2016;

Suppa et al., 2017). Further evidence of the peculiarity of

the sequence effect and of its responsiveness to levodopa

came from a study on micrographia in Parkinson’s disease

(Wu et al., 2016). Patients were divided in two groups, the

first showing consistent micrographia, i.e. a global reduc-

tion but without significant progressive reduction in writing

size, the second presenting progressive micrographia, i.e. a

gradual reduction in size during writing. While consistent

micrographia can be considered a manifestation of hypoki-

nesia (smallness of movement), progressive micrographia is

a manifestation of the sequence effect. Patients underwent

functional MRI, revealing different neural correlates of the

two types of micrographia. Dysfunction of the basal gang-

lia motor circuit contributed to consistent micrographia,

whereas dysfunction of the basal ganglia motor circuit

plus disconnections among motor cortical areas and the

cerebellum was likely involved in progressive micrographia.

Consistent but not progressive micrographia improved with

the treatment (Wu et al., 2016). Additional characterization

of the sequence effect on Parkinson’s disease has been pro-

vided by Tinaz et al. (2016), who approached the sequence

effect as a central problem of motor energy. They tested

Parkinson’s disease patients performing a dynamic isomet-

ric task with or without a visual feedback in two conditions

(on and off therapy) and compared them with healthy sub-

jects. They confirmed the poor effect of levodopa on the

sequence effect, pointing to the possible involvement of

other systems and neurotransmitters in generating the se-

quence effect. Second, they pointed out that energetic cost

of performance in the first 15 s of the sequence was signifi-

cantly higher in Parkinson’s disease. Finally, visual feed-

back, which provided an external reference, improved the

performance in both groups. The sequence effect may then

reflect the difficulty in sustaining motor performance when

the required effort has to be motivated and generated in-

ternally (Tinaz et al., 2016).

Although limb bradykinesia must be documented to es-

tablish a diagnosis of Parkinson’s disease, bradykinesia also

occurs in the face, voice and axial/gait domains (Postuma

et al., 2015, 2018). At facial level, one of the most striking

features of Parkinson’s disease is hypomimia, ranging from

minimal masked face and spontaneous blink rate reduction

to lower face involvement and lips parted when the mouth

is at rest (Goetz et al., 2008). Spontaneous blink rate re-

duction has consistently been demonstrated in Parkinson’s

disease, and it has been demonstrated that it is strictly

associated with low central dopaminergic activity (Karson

et al., 1984; Deuschl and Goddemeier, 1998; Kimber and

Thompson, 2000; Altiparmak et al., 2006; Korosec et al.,

2006; Agostino et al., 2008; Bologna et al., 2013). Studies

based on voluntary facial movements, however, showed

normal velocity and amplitude of blinking, although the

duration of the inter-phase pause was longer in

Parkinson’s disease than in control subjects (Korosec

Table 3 Facial bradykinesia

Movement type Major findings Effects of treatment

Spontaneous blinking

Karson et al., 1984; Deuschl and Goddemeier, 1998;

Kimber and Thompson, 2000; Altiparmak et al.,

2006; Korosec et al., 2006; Agostino et al., 2008;

Bologna et al., 2009.

Reduced rate, amplitude and velocity in

Parkinson’s disease, PSP and MSA.

Improvement after levodopa in Parkinson’s

disease.

Voluntary blinking

Korosec et al., 2006; Agostino et al., 2008; Bologna et

al., 2009.

Normal amplitude and velocity, longer

inter-phase pause in Parkinson’s disease.

Reduced amplitude and velocity, longer

inter-phase in PSP.

Improvement after levodopa in Parkinson’s

disease.

Spontaneous and voluntary movements of the lower face

Caligiuri, 1987; Katsikitis and Pilowsky, 1988;

Connor et al., 1989; Jacobs et al., 1995; Deuschl

and Goddemeier, 1998; Marsili et al., 2014.

Reduced amplitude and velocity. N/A

Facial emotion expression

Smith et al., 1996; Seidler et al., 2001; Simons et al.,

2004; Marsili et al., 2014; Bologna et al., 2016c.

Abnormally reduced. No improvement with levodopa.

N/A = not available.
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et al., 2006; Agostino et al., 2008; Bologna et al., 2012). A

reduction in spontaneous lower face (perioral) movements

has been observed in Parkinson’s disease (Deuschl and

Goddemeier, 1998). Different from upper face, reduced vel-

ocity and amplitude has been documented in the lower face

during repetitive syllable productions or spontaneous and

posed smile (Caligiuri, 1987; Katsikitis and Pilowsky,

1988; Connor et al., 1989; Jacobs et al., 1995; Smith

et al., 1996; Simons et al., 2004; Marsili et al., 2014;

Bologna et al., 2016c). Also, although levodopa improves

spontaneous blinking, it seems to have negligible effects on

voluntary movements of both the upper and lower face in

Parkinson’s disease (Bologna et al., 2013; Suppa et al.,

2017) (Table 4). In contrast, DBS of subthalamic nucleus

(STN) has been found to increase beyond normal the vel-

ocity and amplitude of voluntary blinking while prolonging

the duration of the inter-phase pause (which was reduced

by the concomitant administration of levodopa) (Bologna

et al., 2012). Recently, it has been pointed out that hypo-

mimia is highly associated with the likelihood of striatal

dopaminergic denervation more than limb bradykinesia

(Mäkinen et al., 2019).

Loss of spontaneous facial expression has been consist-

ently reported in patients with PSP and MSA (Romano and

Colosimo, 2001; Tison et al., 2002; Fabbrini et al., 2009).

The spontaneous blink rate is markedly reduced in atypical

parkinsonisms, particularly in PSP (Altiparmak et al., 2006;

Bologna et al., 2009, 2013, 2014). In PSP, reduced velocity

and amplitudes have been documented during voluntary

movements of both the upper and lower face (Bologna

et al., 2013) (Table 3).

In summary, earlier neurophysiological studies in

Parkinson’s disease patients focused on upper limb

bradykinesia and documented abnormalities of movement

preparation and execution, resulting in abnormal prolonga-

tion of simple and choice reaction times and movement

slowness. Subsequent studies have documented the se-

quence effect and its variable presence or association with

other movement abnormalities in Parkinson’s disease and

atypical parkinsonisms. Finally, an increasing number of

studies now document bradykinesia features in the face,

voice, and axial/gait domains. Because some of these

abnormalities (i.e. hypomimia) may be associated with a

higher likelihood of striatal dopaminergic denervation com-

pared to limb bradykinesia (Mäkinen et al., 2019), the as-

sumption that limb bradykinesia must be documented to

establish a diagnosis of Parkinson’s disease (Postuma

et al., 2015, 2018) is questionable.

Bradykinesia
pathophysiology

The role of basal ganglia

According to the classical basal ganglia model the main

input area of basal ganglia is the striatum, which receives

afferents from many cortical areas and from the intralami-

nar nuclei of the thalamus (Albin et al., 1989; DeLong,

1990). The major output regions of the basal ganglia are

the globus pallidus pars interna (GPi) and the substantia

nigra pars reticulata (SNr), which project to the thalamus

modulating the activity of cortical regions and to the brain-

stem (Albin et al., 1989; DeLong, 1990; Obeso et al.,

2000). The so called ‘direct pathway’ inhibits the GPi/

Table 4 Recordings from basal ganglia

Parameter/phenomenon Major findings Effects of treatment

Firing rate

Pan and Walters, 1988; Bergman et al., 1994; Hutchison et al.,

1994; Sterio et al., 1994; Hassani et al., 1996; Wichmann et al.,

1999; Mallet et al., 2006; Kita and Kita, 2011.

Increased in STN, GPi/SNr; decreased in

GPe.

Levodopa improves the firing

rate abnormalities.

Firing patterns

Bergman et al., 1994; Hutchison et al., 1994; Zirh et al., 1998;

Magnin et al., 2000; Raz et al., 2000; Vila et al., 2000; Wichmann

and Soares, 2006; Steigerwald et al., 2008; Chan et al., 2011

Increased bursting in GPe, STN, GPi/SNr

and thalamus.

Levodopa decreases bursting

activity.

Synchrony

Nini et al., 1995; Raz et al., 1996; Levy et al., 2000, 2002b; Mallet

et al., 2008a; Kühn et al., 2009.

Increased in striatum, GPe, STN, GPi/SNr. Levodopa decreases synchrony.

Oscillatory activity (single cell recordings)

Bergman et al., 1994; Raz et al., 1996, 2000; Levy et al., 2002b;

Soares et al., 2004; Kammermeier et al., 2016; Sharott et al.,

2017.

Increased beta activity in striatum, GPe,

STN, GPi/SNr and thalamus.

Levodopa decreases beta and in-

creases gamma activity.

Oscillatory activity (neuronal population)

Brown et al., 2001; Priori et al., 2004; Sharott et al., 2005a; Little

et al., 2012; Tan et al., 2013; Devergnas et al., 2014; Tinkhauser

et al., 2017; Torrecillos et al., 2018.

Increased beta activity in striatum, STN,

GPi/SNr and thalamus. Decreased

gamma activity in STN.

Levodopa decreases beta and in-

creases gamma activity.
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SNr, and thereby facilitates the motor centres targeted by

these nuclei (Albin et al., 1989; DeLong, 1990; Benarroch,

2016; Grillner and Robertson, 2016). The so-called ‘indir-

ect pathway’ includes projections via the inhibitory globus

pallidus pars externa (GPe) and the excitatory STN, target-

ing the output nuclei of the basal ganglia (GPi/SNr). The

net effect of the indirect pathway is to inhibit the motor

centres that are innervated by these nuclei. Regardless, stu-

dies with optogenetic techniques in mice showed a concur-

rent activation of striatum from both pathways in one

hemisphere during the initiation of specific movements,

(Cui et al., 2013). A third hyperdirect cortico-subthalamic

pathway is considered a inhibitory network implicated in

outcome optimization (Nambu et al., 2002; Aron et al.,

2016). As recently demonstrated, the hyperdirect and indir-

ect pathways both projecting on the STN are differentially

involved in cognitive aspects of motor preparation and con-

trol of motor performance (Neumann et al., 2018). Data

from rats have identified a central role of STN in generat-

ing bradykinesia, demonstrating that the delivery of nega-

tive constant current into STN dramatically ameliorates

locomotor deficits in parkinsonian rats, while delivering

of positive constant currents to STN induces Parkinson’s

disease-like locomotor deficits in normal rats (Tai et al.,

2012). Concerning the role of dopamine in motor control,

experimental studies have shown that dopaminergic neu-

rons are transiently and rapidly activated before spontan-

eous movement (Howe and Dombeck, 2016) with transient

dopamine release triggering movement onset. Dopaminergic

activity is likely to be critical for the modulation of move-

ment onset and vigor of future movements (da Silva et al.,

2018; Yttri and Dudman 2018). Dopamine secretion is

rapid, transient and has a high initial release rather than

a sustained secretion (Liu et al., 2018), thus explaining why

chronic administration of levodopa does not restore specific

motor functions, such fine motor tasks.

Bradykinesia in patients with Parkinson’s disease is clas-

sically associated with a significant (around 50–60%) dopa-

mine striatal depletion (Fearnley and Lees, 1990; Ehringer

and Hornykiewicz, 1998; Kalia and Lang, 2015; Liu et al.,

2018), which mainly involves the vulnerable ventrolateral

cell groups of the substantia nigra (nigrostriatal pathway).

Loss of dopamine reduces the activity of D1 receptor direct

pathway activating the striatum and increases the D2 re-

ceptor indirect pathway inhibiting the striatum (Wichmann

and DeLong, 1996). While direct pathway neurons reduce

their firing rate, those in the indirect pathway increase their

activity. As a result, the firing in GPe neurons is reduced,

which leads to disinhibition of STN neuronal activity

changes and, subsequently, excessive excitation of STN tar-

gets (GPi and SNr) (Pan and Walters, 1988; Bergman et al.,
1994; Hutchison et al., 1994; Sterio et al., 1994; Hassani

et al., 1996; Wichmann et al., 1999; Mallet et al., 2006;

Kita and Kita, 2011). The increased activity of GPi and

SNr neurons is further reinforced by the lack of inhibition

from direct pathway neurons. This leads to excessive inhib-

ition of thalamo-cortical and brainstem motor systems, thus

interfering with both preparation and execution phases of

the voluntary movement (Wichmann and DeLong, 1996).

Dopaminergic treatment produces its effects on converging

basal ganglia pathways. Namely, it has been shown that

dopamine increases the direct pathway medium spiny neu-

rons activity, critically contributing to D1 agonism’s motor

stimulation in parkinsonian animals (Sagot et al., 2018).

The relative hyperactivity of STN and GPi has been advo-

cated to explain the symptomatic effect of ablations or DBS

of these targets (functional inhibition hypothesis) (Udupa

and Chen, 2015).

The so-called ‘firing model’ of basal ganglia bears several

limitations (Bar-Gad et al., 2001). In fact, besides changes

in firing rate, other complex electrophysiological phenom-

ena occur in basal ganglia (Table 4). These include

enhanced bursting, exaggerated oscillatory activity particu-

larly in the beta frequency and coherent activity patterns

between basal ganglia nuclei (Nini et al., 1995; Raz et al.,

1996; Zirh et al., 1998; Levy et al., 2000, 2002a, b;

Magnin et al., 2000; Raz et al., 2000; Vila et al., 2000;

Brown et al., 2001; Soares et al., 2004; Sharott et al., 2005;

Wichmann and Soares, 2006; Hammond et al., 2007;

Mallet et al., 2008; Steigerwald et al., 2008; Chan et al.,

2011; Tai et al., 2012; Ellens and Leventhal, 2013;

Devergnas et al., 2014; Kammermeier et al., 2016;

Sharott et al., 2017; Rodriguez-Sabate et al., 2019). As

evidenced by DBS studies basal ganglia beta activity (13–

35 Hz) is increased in Parkinson’s disease (Brown et al.,

2001; Brown, 2003) and the amplitude of this activity cor-

relates with motor impairment. The excessive beta activity

occurs more in neurons in the indirect pathway (Sharott

et al., 2017), and, as this pathway is inhibitory, there is

some understanding as to why excessive activity might lead

to bradykinesia. Pathological beta activity is characterized

by prolonged bursts of activity with an excessive synchron-

ization within bilateral basal ganglia circuits (Tinkhauser

et al., 2017). The abnormal synchronization is also seen

between hemispheres and possibly correlates with specific

signs of Parkinson’s disease, such as freezing of gait; it has

been argued that the longer the beta burst within the STN,

the higher the chance that this synchronizes with the burst

of the opposite hemisphere (Tinkhauser et al., 2017).

Abnormal activity patterns correlate with compromised

motor performance, including various bradykinesia features

(Kühn et al., 2009; Jenkinson and Brown, 2011; Oswal

et al., 2013; Little and Brown, 2014). STN abnormal ac-

tivity directly correlates with the severity of hand bradyki-

nesia in Parkinson’s disease (Little et al., 2012; Tan et al.,

2013). Prolonged beta bursts in the STN correlates with the

slowness of movement or reaction time prolongation in

Parkinson’s disease (Tinkhauser et al., 2017; Torrecillos

et al., 2018). Beta bursts and beta power suppression

during repeated movements progressively reduce over time

and parallel progressive decrement in the frequency, vel-

ocity and amplitude of movements (Steiner et al., 2017;

Lofredi et al., 2019). Furthermore, the lack of gamma re-

cruitment alters the signal scaling across different
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movement velocities (Lofredi et al., 2018). Dopaminergic

medications, or DBS, improve motor function by modifying

basal ganglia circuits’ dynamics from persistent synchro-

nized activity to a more dynamic activity pattern (Priori

et al., 2004; Hahn et al., 2008; Vitek et al., 2012; Cleary

et al., 2013; Müller and Robinson. 2018), which correlates

with clinical improvements of bradykinesia (Ray et al.,

2008; Kühn et al., 2009; Tai et al., 2012; Trager et al.,

2016). The effect of dopaminergic therapy on oscillatory

basal ganglia activity has been studied in detail by

Tinkhauser et al. (2017) demonstrating that in

Parkinson’s disease patients with externalized STN DBS

electrodes levodopa administration shortens and decreases

the amplitude of the prolonged bursts of beta activity; levo-

dopa also makes the bursts of pathological activity less

frequent. The reduction of burst activity induced by levo-

dopa correlated with clinical improvement. Similar findings

have been obtained with DBS, particularly when stimulat-

ing on-demand with an ‘adaptive’ DBS (aDBS, also known

as closed-loop DBS) (Little et al., 2013). The pathophysio-

logical role of beta oscillation is confirmed, although not by

all studies, by the observation that 10–20 Hz DBS can

worsen bradykinesia, likely pacing or increasing these

low-frequency oscillation (Timmermann et al., 2004; Su

et al., 2018). On the other hand, studies have confirmed

that levodopa induces a reduction of beta activity and syn-

chronization within higher frequencies (70 Hz) in basal

ganglia (Brown et al., 2001; Williams et al., 2002;

Foffani et al., 2003). Accordingly, DBS using frequencies

within the gamma band (60–80 Hz) has been found to

improve bradykinesia (reviewed in di Biase and Fasano,

2016). A recent paper found that movement regularity im-

proved during 60-Hz DBS but not during 140-Hz DBS,

while both frequencies were able to improve movement

velocity, thus suggesting different but overlapping mechan-

isms explaining the benefit of these DBS frequencies

(Blumenfeld et al., 2017). In particular, 60-Hz DBS ampli-

fied oscillations in a low beta-band (11–15 Hz) and atte-

nuated oscillations in a high beta-band (19–27 Hz) whereas

140-Hz DBS attenuated oscillations across the beta-band

frequency range (Blumenfeld et al., 2017). Again, these

findings reinforce the hypothesis that certain low frequency

oscillations (i.e. short bursts, lower end of the beta band

spectrum) are indeed beneficial to the physiological func-

tion of the basal ganglia whereas others (i.e. long bursts,

higher end of the beta band spectrum) are pathological

underpinnings of bradykinesia. Beyond the aforementioned

local effects, the beneficial effect of DBS relies on its prop-

erty to decouple the excessive synchronization between cor-

tico-subcortical regions within the same hemisphere (de

Hemptinne et al., 2015) and between hemispheres (Little

et al., 2016).

Finally, plasticity abnormalities at basal ganglia level have

been recently suggested as an additional mechanism of bra-

dykinesia (Yttri and Dudman, 2018). In mice, closed-loop

stimulation of the basal ganglia induced changes in move-

ment velocity, outlasting the end of stimulation and

abolished by dopamine antagonists (Yttri and Dudman,

2016). In patients with Parkinson’s disease, subthalamic

and pallidal stimulation induced a long-lasting increase of

the inhibitory electrophysiological phenomena recorded in

GPi and SNr (Milosevic et al., 2019). Notably, lower levels

of plasticity were associated with higher severity of motor

symptoms (Milosevic et al., 2019). These data support the

role of basal ganglia plasticity abnormalities in generating

bradykinesia and suggest that plastic changes are influenced

by dopamine depletion (Yttri and Dudman, 2018).

In summary, earlier conceptualizations emphasized their

modularity property of basal ganglia and the changes in the

firing rate of the various nuclei resulting from dopaminergic

loss. More recent investigations demonstrate complex elec-

trophysiological phenomena, including abnormal bursting,

oscillatory and plasticity changes, and their correlation

with various bradykinesia features. A better understanding

of these mechanisms is required to interpret the mechan-

isms of action of dopaminergic medications and DBS.

The role of primary and non-primary
motor cortical areas

Over time is becoming clear that besides cell death in the

substantia nigra and loss of dopamine in the striatum,

changes occur also in M1, playing an important role in

generating voluntary movement abnormalities. First evi-

dence came from animal studies. Dopamine depletion in

parkinsonian models increases burst-firing in pyramidal

tract type neurons of M1 (Goldberg et al., 2002;

Pasquereau and Turner, 2011), decreases the magnitude

and the temporal pattern of movement-related M1 activity

(Watts and Mandir 1992; Parr-Brownlie and Hyland

2005), and interferes with the specific encoding of move-

ment parameters (Pasquereau et al., 2016). Dopamine de-

pletion in parkinsonian animals also leads to plasticity

changes in M1, as evidenced by dendritic spine reduction

in the lamina 5b pyramidal tract type neurons. Levodopa

treatment partially rescued the enhanced spine turnover

and the aberrant spine dynamics (Guo et al., 2015).

Thus, the dopamine system finely modulates structural

plasticity of the layer V animal pyramidal neurons in M1.

Dysfunction in the M1 has long been thought to play a

role in the generation of bradykinesia in patients with

Parkinson’s disease (Berardelli et al., 2001; Wu et al.,

2011). It has been proposed that M1 may develop second-

ary changes due to the altered pattern of activity it receives

from basal ganglia (Bateup et al., 2010; Kravitz et al.,

2010; Cui et al., 2013). Subsequent studies demonstrated

that intrinsic M1 abnormalities contribute to parkinsonian

motor signs. Electrophysiological techniques have been able

to probe the activity of M1 in patients with Parkinson’s

disease (for a review see Burciu and Vaillancourt, 2018).

Several studies revealed an abnormal synchronization in the

beta rhythm between the cortex and basal ganglia that may

underlie bradykinesia (de Hemptinne et al., 2013).
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Levodopa attenuates the abnormal synchronization and in-

duces a clinical improvement (Brown et al., 2001; Williams

et al., 2002; Foffani et al., 2003). Magnetoencephalography

data have shown that increased resting-state cortico-cortical

functional connectivity in the 8–10 Hz alpha range charac-

terizes the earliest stages of Parkinson’s disease, and that,

with disease progression, neighbouring frequency bands

(beta and theta) become increasingly involved. These find-

ings suggested that changes in functional intra-hemispheric

and inter-hemispheric coupling over the course of

Parkinson’s disease may be linked to the topographical pro-

gression of pathology over the brain (Stoffers et al., 2008).

Moreover, phase-amplitude coupling is consistently affected

by DBS (de Hemptinne et al., 2015).

Transcranial magnetic stimulation (TMS) studies have

provided useful information on M1 excitability and plasti-

city. Although some of the data are controversial overall

the results indicate that Parkinson’s disease patients have

an increased M1 excitability, as tested with single and

paired pulses stimulation (see references in Table 5).

Similarly, the results overall suggest that Parkinson’s dis-

ease patients have a reduced plasticity, as tested with re-

petitive TMS protocols (see references in Table 6). The

pathophysiological roles of excitability and plasticity

changes of M1 in generating bradykinesia are still debated.

M1 magnetic stimulation after a go-signal has shortened

reaction time, normalized the abnormal triphasic EMG pat-

tern and increased the pre-movement cortical excitability

(Pascual-Leone et al., 1994). Bologna et al. (2018) found

that excitability and plasticity TMS measures of M1 corre-

lated with specific objective kinematic measurements of

finger tapping in Parkinson’s disease. Namely, excitability

abnormalities correlated with motor slowness, while

plasticity alterations correlated with sequence effect

(Bologna et al., 2018). Dopaminergic medications normal-

ized the majority of M1 excitability and plasticity measures

(Tables 5 and 6). However, the reported results are variable

and there is no clear relationship between levodopa-

induced changes in neurophysiological and movement

measures, possibly indicating that TMS measures and

movement kinematics have different sensitivity to dopamin-

ergic tone (Monte-Silva et al., 2010; Espay et al., 2011;

Suppa et al., 2017; Bologna et al., 2018). Interestingly,

studies recording from chronically implanted electrodes

over M1 have not consistently found specific hallmarks

for bradykinesia while reporting that gamma rhythm is a

biomarker for levodopa-induced dyskinesias (Swann et al.,

2016). More recently a study using a similar (but tempor-

ary) experimental set-up, found that pallidotomy improves

bradykinesia by ‘unleashing’ gamma oscillations of M1 (de

Hemptinne et al., 2019). An alternative possibility is that

some bradykinesia features are not strictly dependent on

dopaminergic loss. A recent neurocomputational study sug-

gests that bradykinesia may result from the concurrent ef-

fects of low dopaminergic levels and dysfunctional cortico-

striatal plasticity. The results show that training under levo-

dopa administration improves bradykinesia. Conversely,

training in unmedicated patients, has a detrimental effect

on bradykinesia possibly due to dysfunctional corticostria-

tal plasticity induction (Ursino and Baston, 2018).

Considering the role of M1 in generating bradykinesia, epi-

dural or extradural motor cortex stimulation has been pro-

posed as alternative to DBS in the treatment of Parkinson’s

disease. However, the results are controversial. Extradural

motor cortex stimulation has been found to be beneficial in

specific features of bradykinesia (speech and gait disorders)

Table 5 Primary motor cortex excitability (TMS studies)

Technique/parameters Major findings Effects of treatment

Paired stimulation/intracortical excitability

Berardelli et al., 1996b; Vacherot et al., 2010. Normal SICI. –

Ridding et al., 1995; Hanajima et al., 1996; Strafella et al., 2000; Bares et al., 2003;

MacKinnon et al., 2005; Kojovic et al., 2012; Zamir et al., 2012; Barbin et al.,

2013; Kačar et al., 2013; Ni et al., 2013; Bologna et al., 2018.

Reduced SICI. Variable effect of levodopa.

Berardelli et al., 1996b. Increased LICI. Levodopa normalized the abnormal

LICI.
Cantello et al., 2007; Barbin et al., 2013. Reduced LICI. N/A

Kojovic et al., 2012; Zamir et al., 2012; Bologna et al., 2018. Normal ICF. –

Ni et al., 2013. Increased ICF. Levodopa improved ICF.

Vacherot et al., 2010. Reduced ICF of

lower-limb

motor area.

Levodopa improved ICF.

Paired stimulation/afferent inhibition

Sailer et al., 2003; Picillo et al., 2015. Normal SAI. Levodopa reduced SAI.

Manganelli et al., 2009; Rochester et al., 2012; Nardone et al., 2013; Lee et al.,

2015; Pelosin et al., 2016; Oh et al., 2017; Versace et al., 2017.

Reduced SAI. N/A

Sailer et al., 2003. Reduced LAI. No effects of levodopa.

ICF = intracortical facilitation; LAI = long afferent inhibition; LICI = long interval intracortical inhibition; N/A = not available; SAI = short afferent inhibition; SICI = short interval

intracortical inhibition.
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in few studies involving Parkinson’s disease (Cilia et al.,

2007; Bentivoglio et al., 2012) and PSP patients (Piano

et al., 2018). Other studies have, however, only reported

a transient benefit (Fasano et al., 2008) or no benefit at all

(Moro et al., 2011).

Non-invasive brain stimulation techniques can be also

used for the study of altered connectivity between primary

and non-primary motor areas (Hallett et al., 2017). For

example, a conditioning single-pulse TMS can influence

the effect of a test TMS given over M1 (Koch et al.,

2007; Karabanov et al., 2013). Effects on M1 can be

also tested after repetitive TMS (rTMS) of non-primary

motor areas. RTMS delivered over non-primary motor

areas have shown that dorsal premotor cortex-to-M1 func-

tional connectivity is abnormal in patients with Parkinson’s

disease and it is promptly normalized by levodopa admin-

istration (Buhmann et al., 2004; Mir et al., 2005; Suppa

et al., 2010). Premotor rTMS, however, has no effect on

clinical parkinsonian symptoms or motor performance of

ballistic wrist movements, regardless of whether patients

were ON or OFF dopaminergic medications (Mir et al.,

2005).

Abnormal M1 excitability and plasticity have been inves-

tigated less extensively in atypical parkinsonisms. PSP and

MSA patients showed an increase M1 excitability and a

reduction in short intracortical inhibition (Marchese

et al., 2000; Kühn et al., 2004). CBS patients exhibit a

pattern similar to Parkinson’s disease, with a reduced

short intracortical inhibition and a normal intracortical fa-

cilitation (Frasson et al., 2003; Murgai and Jog, 2018).

MSA patients showed a reduction in long term potentiation

(LTP)-like effects after paired associative stimulation, not

restored after dopaminergic therapy (Kawashima et al.,

2013).

The role of primary and non-primary motor cortical

areas abnormalities in Parkinson’s disease have also been

investigated by neuroimaging, showing either grey matter

atrophy (Jankovic et al., 1990; Rosenberg-Katz et al., 2013;

Shao et al., 2014) or cortical thinning (Wilson et al., 2019).

Early studies also showed a reduced activation of the pu-

tamen and the medial frontal cortex (Playford et al., 1992).

Variable functional M1 changes, ranging from movement

related hypo- (Rascol et al., 1992; Catalan et al., 1999;

Turner et al., 2003; Tessa et al., 2010; Hanakawa et al.,

2017) to hyperactivation (Sabatini et al., 2000; Thobois

et al., 2000; Haslinger et al., 2001) have been also

described. The two different patterns of functional M1

changes may be due to several technical differences in the

experiments performed and also in the clinical features of

the patients studied. Overall functional neuroimaging stu-

dies performed, controlling several confounding features

that might had affected the results, showed a consistent

Table 6 Primary motor cortex plasticity (TMS studies)

Technique/type of plasticity Major findings Effects of treatment

5Hz rTMS/ Short term facilitation

Gilio et al., 2002; Suppa et al., 2010. No facilitation on MEP amplitude. Normal in-

crease in CSP.

Variable effects of levodopa.

PAS 25 ms/ LTP-like effect

Kishore et al., 2017. Similar effect in Parkinson’s disease and healthy

subjects.

–

Bagnato et al., 2006; Increased LTP-like effects. Levodopa normalized the abnormal effect.

Ueki et al., 2006; Schwingenschuh et al., 2010;

Kačar et al., 2013, 2017; Kawashima et al.,

2013; Kishore et al., 2014; Lu et al., 2016;

Bologna et al., 2018

Reduced LTP-like effects. Reduced LTP-like ef-

fects also in MSA patients. Correlation with

sequence effect.

Variable effects of levodopa. No effect in

MSA.

Kojovic et al., 2012. Reduced LTP-like effects on the more affected

hemisphere. Increased LTP-like effects on the

less affected hemisphere.

N/A

PAS 21.5 ms/LTP-like effect

Morgante et al., 2006. Reduced LTP-like effects. Levodopa improved the effects only in

non-dyskinetic patients.
iTBS/ LTP-like effect

Zamir et al., 2012. Normal LTP-like effects –

Suppa et al., 2011; Kishore et al., 2012a, b, 2014. Reduced LTP-like effects. No correlations with

bradykinesia (UPDRS scores).

No effect of levodopa.

cTBSc0/ LTP-like effect

Huang et al., 2011. Reduced LTP-like effects Levodopa improved the effects.

cTBS/ LTD-like effect

Eggers et al., 2010; Kishore et al., 2012a, b. No LTD-like effects. No correlations with bra-

dykinesia (UPDRS scores).

No effect of levodopa.

cTBS150/ Depotentiation protocol

Huang et al., 2011; Lago-Rodrigz et al., 2016. Reduced depotentation. Levodopa improved the effects.

CSP = cortical silent period; cTBS = continuous theta burst stimulation; cTBSc0 = continuous theta burst stimulation followed by 1-min contraction; iTBS = intermittent theta burst

stimulation; LTD = long term depression; LTP = long term potentiation; MEP = motor evoked potential; N/A = not available; PAS = paired associative stimulation; rTMS = repetitive TMS.
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pattern of reduced activation of M1 (Burciu and

Vaillancourt, 2018). Likewise, neuroimaging studies con-

sistently revealed abnormalities of non-primary motor cor-

tical areas regions such as the hypoactivation of the

supplementary motor area and hyperactivation of the lat-

eral premotor cortex (Playford et al., 1992; Rascol et al.,

1992; Jahanshahi et al., 1995; Samuel et al., 1997; Catalan

et al., 1999; Sabatini et al., 2000; Haslinger et al., 2001;

Rowe et al., 2002; Buhmann et al., 2003; Wu and Hallett,

2005; Eckert et al., 2006; Ukmar et al., 2006; Yu et al.,

2007; Tessa et al., 2010; Wu et al., 2010, 2011; Zhang

et al., 2015; Criaud et al., 2016; Karunanayaka et al.,

2016; Hanakawa et al., 2017; Hu et al., 2017).

Neuroimaging is also a suitable tool for investigating

altered connectivity between prefrontal cortex or premotor

areas and M1 as well as basal ganglia-cortical interactions

(Wu et al., 2011, 2016; Esposito et al., 2013; Spay et al.,

2019). Studies investigating network analysis showed an

abnormal connectivity between motor regions (Rowe

et al., 2002) and abnormal connectivity between the cor-

tico-striatal circuit (Helmich et al., 2010). Levodopa admin-

istration (Haslinger et al., 2001; Buhmann et al., 2003;

Poston and Eidelberg, 2012; Esposito et al., 2013), as

well as STN stimulation (Grafton et al., 2006; Akram

et al., 2017, Horn et al., 2017) enhanced the sensorimotor

network functional connectivity in the supplementary

motor area improving the activation responses. Resting

state functional MRI studies also showed that there is an

increased interaction between cerebral networks with a loss

of segregation between functional networks (Kim et al.,

2017). Although patients with loss of segregation had

more severe motor symptoms it is unclear whether the

loss of segregation correlates with any specific symptom

including bradykinesia.

In summary, the demonstration that intrinsic abnormal-

ities of the M1 play an essential role in generating brady-

kinesia is one of the most important pathophysiological

advances in the last decade. The most compelling evidence

came from animal studies. Electrophysiological techniques

and neuroimaging have provided in vivo confirmation of

the M1 abnormalities in human Parkinson’s disease pa-

tients. Some of these studies also found a correlation be-

tween M1 abnormalities and with various bradykinesia

features. The role of non-primary motor cortical area

abnormalities in Parkinson’s disease, although less compel-

ling, have also been suggested.

The role of cerebellum

The hypothesis that cerebellum contributes to bradykinesia

in Parkinson’s disease is based on the anatomical evidence

of reciprocal connections between the cerebellum and basal

ganglia (Ichinohe et al., 2000; Bostan and Strick, 2018).

Namely, the cerebellum receives a disynaptic glutamatergic

projection from the STN. The hypothesis that abnormal

signals from the STN in Parkinson’s disease results in ab-

normal cerebellar activation is supported by the

observation that STN high-frequency stimulation through

DBS electrodes in rats leads to a reduction in the activity of

cerebellar Purkinje cells and, as a consequence, disinhib-

ition of cerebellar nuclei as also evidenced by increased

cFOS expression in the cerebellar nuclei (Moers-Hornikx

et al., 2011). In keeping with these notions, a recent con-

nectivity study in Parkinson’s disease patients found that

bradykinesia is improved when DBS affects the ascending

ipsilateral cerebellar-thalamo-cortical pathway (Strotzer

et al., 2019). Moreover, it has been reported that dopamin-

ergic loss is associated with loss of Nissl-stained Purkinje

cells, reported in parkinsonian animals (Rolland et al.,

2007; Heman et al., 2012).

Neurophysiological studies investigating cerebellar func-

tion demonstrate that Parkinson’s disease patients, with

prominent bradykinetic-rigid symptoms, have deficient

short-latency and long-lasting cerebellar-thalamo-cortical

inhibitory interactions that cannot be restored by dopamin-

ergic medication (Carrillo et al., 2013). Functional or meta-

bolic neuroimaging studies demonstrated abnormal

cerebellar activation in patients with Parkinson’s disease

while performing various upper limb movements (Rascol

et al., 1997; Catalan et al., 1999; Wu and Hallett, 2005;

Yu et al., 2007; Wu et al., 2010), including finger move-

ments (Rascol et al., 1997; Cerasa et al., 2006; Yu et al.,

2007), motor timing tasks (Jahanshahi et al., 2010), com-

plex sequential movements (Catalan et al., 1999), bimanual

two-hand coordinated tasks (Wu et al., 2010) or simultan-

eous movements (Wu and Hallett, 2008). In addition to

abnormal activity in the cerebellum, a series of neuroima-

ging studies showed an abnormal connectivity pattern of

the cerebellum in Parkinson’s disease (Wu et al., 2009,

2011, 2016; Jahanshahi et al., 2010). The relationship be-

tween cerebellar hyperactivation or abnormal cerebellar

connectivity and bradykinesia remains unclear.

Interestingly, in patients with progressive micrographia, a

manifestation of the sequence effect, a decreased connect-

ivity between the posterior putamen and cerebellum was

found (Wu et al., 2016), but this abnormality did not cor-

relate with the severity of progressive micrographia, and

normalization of connectivity with levodopa did not im-

prove progressive micrographia. A disconnection among

the cerebellum, the pre-supplementary motor area and the

rostral cingulate motor area, in addition to the dysfunction

of the basal ganglia motor circuit, was demonstrated in

Parkinson’s disease presenting progressive micrographia.

i.e. the sequence effect (Wu et al., 2016). Also relevant in

this regard, a recent neuroimaging study of freezing of gait

cases induced by discrete brain lesions found that a variety

of different involved networks all localize to a dysfunction

of the cerebellar locomotor centre (Fasano et al., 2017).

The cerebellar involvement in Parkinson’s disease is finally

supported by the evidence of abnormal visuomotor learning

in patients, restored through DBS (de Almeida et al., 2019).

In summary, cerebellar dysfunction is now undoubtedly

considered one of the factors involved in the pathophysi-

ology of bradykinesia. This is supported by the evidence of
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anatomical reciprocal connections between cerebellum and

basal ganglia and by neurophysiological and neuroimaging

studies in Parkinson’s disease patients. A relationship be-

tween cerebellar involvement, micrographia, and some bra-

dykinesia features of the upper limb is present. Cerebellar

involvement in Parkinson’s disease supports the view of

bradykinesia as a network disorder.

The sensorimotor function

Converging evidence indicates that defective integration of

sensory information at various levels of a complex cortico-

subcortical network, including the primary somatosensory

cortex (S1) and basal ganglia, may be involved in the

pathophysiology of bradykinesia. Several studies on

Parkinson’s disease patients have indicated abnormalities

in sensory processing, including abnormalities of sensory

discrimination, proprioceptive integration, kinaesthetic

sense of joint displacement (Demirci et al., 1997; Seiss

et al., 2003; Konczak et al., 2007; Wright et al., 2010;

Patel et al., 2014) and mechanisms of sensorimotor integra-

tion (Georgiev et al., 2016). Demirci et al. (1997) also

provided evidence of a mismatch between kinaesthetic

and visual perception in Parkinson’s disease, linking the

sensory disturbances to a scaling abnormality. Recent in-

formation on the altered sensorimotor integration in

Parkinson’s disease has been provided by studies assessing

the somatosensory temporal discrimination threshold

(STDT), (Lacruz et al., 1991; Artieda et al., 1992; Rocchi

et al., 2016; Conte et al., 2017a; Lee et al., 2017). The

STDT abnormalities in Parkinson’s disease reflect disease

severity and duration (Conte et al., 2016, 2018). Some

studies have reported that higher values of STDT correlate

with higher UPDRS part III score (Artieda et al., 1992)

while other studies found no correlations (Conte et al.,

2010; Lee et al., 2010, 2017; Lyoo et al., 2012; Rocchi

et al., 2013). Quantitative measurement of bradykinesia

throughout inertial sensors showed a correlation between

higher STDT values and increased variability in amplitude

and speed, which may reflect the prolonged temporal pro-

cessing of tactile information and altered sensorimotor in-

tegration (Lee et al., 2017). Accordingly, recent findings

from studies on movement-related changes of STDT in

Parkinson’s disease patients further support a link between

an altered STDT and finger movement abnormalities in

Parkinson’s disease patients (Conte et al., 2017b).

Levodopa treatment influences STDT values in

Parkinson’s disease (Artieda et al., 1992; Lee et al., 2005;

Conte et al., 2010; Rocchi et al., 2013). In a dopamine

transporter PET study, Lyoo et al. (2012) reported that

increased STDT values correlated with ligand uptake in

both the caudate and putamen. Finally, little is known

about STDT and atypical parkinsonisms. One study

found higher values of STDT in patients with MSA com-

pared to healthy subjects (Lyoo et al., 2007) and to

Parkinson’s disease patients (Rocchi et al., 2013).

In summary, a defective integration of sensory informa-

tion at the cortico-subcortical network is another essential

component involved in the pathophysiology of bradykine-

sia. Evidence comes from the study of sensorimotor inte-

gration and STDT. Despite some of these studies reporting

correlations between altered sensory processing and brady-

kinesia, this issue deserves further experimental

confirmation.

Discussion
The term bradykinesia has historically been used to indicate

slowness in the execution of voluntary movement in pa-

tients affected by Parkinson’s disease. Clinical and experi-

mental studies, however, have suggested the use of the term

bradykinesia to encompass other motor abnormalities,

including low amplitude movement (hypokinesia), absence

of movement (akinesia) and amplitude reduction during

movement repetition (sequence effect) (Berardelli et al.,

2013; Postuma et al., 2015; Schilder et al., 2017).

Neurophysiological investigations indicated that slowness

of movement and reduced movement amplitude rely on

different mechanisms than those underlying the sequence

effect (Espay et al., 2009, 2011; Wu et al., 2016;

Bologna et al., 2018). The various neurophysiological

abnormalities are not always present together in the same

patient (Kang et al., 2011; Lee et al., 2014; Bologna et al.,

2016a; Wu et al., 2016) and they not necessarily involve all

the body segments. Bradykinesia features also vary accord-

ing to the disease stage (less frequent sequence effect in

advanced Parkinson’s disease) (Bologna et al., 2016a) and

the different types of parkinsonism. Some evidence suggests

that the lack of sequence effect may help distinguishing PSP

from Parkinson’s disease and MSA (Ling et al., 2012;

Djurić-Jovičić et al., 2016). Further compelling evidence

for lack of unity is the differential effects that levodopa

exerts on the various bradykinesia features. Levodopa im-

proves slowed and reduced amplitude movements (Hallett

et al., 1977; Berardelli et al., 1986; Castiello and Bennett,

1997; Alberts et al., 2000; Castiello et al., 2000; Espay

et al., 2009, 2011) but not the sequence effect (Agostino

et al., 2003; Kang et al., 2010, 2011; Bologna et al., 2016a,

2018; Wu et al., 2016). Levodopa may exert different

modulation on basal ganglia circuits and on their inter-

action with cortical and cerebellar areas underlying the

various motor abnormalities. DBS also improves bradyki-

nesia, but its effect is more complex as it depends on exact

electrode location, specific adopted frequency and volume

of tissue activated (Fasano and Lozano, 2014; di Biase and

Fasano, 2016; Strotzer et al., 2019).

In Parkinson’s disease, earlier studies have demonstrated

abnormalities in basal ganglia firing rate (Wichmann and

DeLong, 1996), firing pattern (Ellens and Leventhal, 2013)

and oscillatory activity, with an increase of beta band

power in the GPi and STN nuclei (Brown et al., 2001;

Little et al., 2012; Torrecillos et al., 2018), suggesting a
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key role of basal ganglia. Disrupted basal ganglia plasticity

has been also pointed out as a possible mechanism of bra-

dykinesia (Yttri and Dudman, 2018; Milosevic et al.,

2019). More recent experimental studies now indicate

that mechanisms other than basal ganglia may be involved

in the pathophysiology of bradykinesia in Parkinson’s dis-

ease. These include excitability and plasticity changes of

M1 and other non-primary motor areas (Ridding et al.,

1995; Berardelli et al., 1996b; Sabatini et al., 2000;

Buhmann et al., 2004; Mir et al., 2005; Wu and Hallett,

2005; Lyoo et al., 2007; Suppa et al., 2010, 2011; Bologna

et al., 2016d, 2018; Hu et al., 2017). Recent evidence has

demonstrated a correlation between M1 excitability

changes and motor slowness, and between M1 plasticity

abnormalities and the sequence effect (Bologna et al.,

2018). Whether M1 abnormalities are primary mechanisms

or, alternatively, compensatory adaptations to the disease

still need to be clarified (Ni et al., 2013; Blesa et al., 2017).

Hyperactivity of cortical motor areas has been also

described and interpreted as a possible compensatory mech-

anism for the defective basal ganglia function (Rascol et al.,

1997; Sabatini et al., 2000; Thobois et al., 2000; Ceballos-

Baumann 2003; Wu and Hallett, 2005), although it has

been argued that hyperactivation could be related to

other motor abnormalities, such as rigidity and levodopa-

induced dyskinesias (Ridding et al., 1995; Kleine et al.,

2001; Pierantozzi et al., 2001; Yu et al., 2007).

Noteworthy, part of the beneficial effects of DBS resides

within its decoupling property within these hyperactivated

networks (de Hemptinne et al., 2015, Tinkhauser et al.,

2017). The cerebellum may also be involved in the patho-

physiology of bradykinesia. As the activation of the cere-

bello-thalamo-cortical circuit increases with Parkinson’s

disease progression severity (Wu et al., 2009, 2010; Sen

et al., 2010), the cerebellum probably compensates for

the defective activity in basal ganglia and M1 activation

Figure 1 The Network hypothesis for bradykinesia pathophysiology. Basal ganglia dysfunction is responsible for altered movement

selection. The altered movement scaling at basal ganglia level may also arise from a fault in the sensory loop, responsible for sensorimotor

integration. Other mechanisms involve sensorimotor areas. Cerebellar structures likely play a role in movement feedback, particularly important

for continued and repetitive movements. The energy for all basal ganglia, sensorimotor areas, and the cerebellar functions appear to come from

dopamine. With dopamine loss, the system slows down, reaction times increase, movement speed and amplitude decrease, and the sequence

effect develops. Dotted lines indicate possible compensatory mechanisms.
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(Cerasa et al., 2006; Yu et al., 2007; Wu and Hallett,

2013; Fasano et al., 2017). An alternative possibility is

that the increased cerebellar activity in Parkinson’s disease

reflects a primary pathophysiological change, i.e. failure to

inhibit inappropriate basal ganglia outflow (Turner et al.,

2003; Grafton et al., 2006). Changes at the level of sensory

cortical areas are also involved in generating bradykinesia.

The abnormal sensorimotor processing, as demonstrated by

tactile sensory discrimination studies (Rocchi et al., 2013;

Conte et al., 2018), suggested that the normal filtering of

sensory information exerted by basal ganglia is lost. How

this translates to bradykinesia is unknown, but it is likely

that an abnormal sensory integration is also present at the

level of sensory cortical area.

All these data indicate that bradykinesia should be inter-

preted as the result of a network dysfunction, including

basal ganglia, sensorimotor cortical areas, and the cerebel-

lum, rather than a consequence of one single system de-

fault. The role of each structure in determining

bradykinesia is still unclear. One hypothesis is that basal

ganglia are responsible for aiding the joint processes of

movement selection and inhibition, through the direct and

indirect pathways. Recent evidence suggests that the basal

ganglia-cortical loops in a parallel fashion contribute to

different functions, including speed within the motor

loop. The energy for these functions appears to come

from dopamine. With dopamine loss, the system slows

down, reaction times increase, movement speed and ampli-

tude decrease. A signature of this loss is the increase of beta

oscillation in the indirect pathway. The scaling problems

observed in patients with bradykinesia may arise at least

in part from a fault in the sensory loop, responsible of

sensorimotor integration. This function involves cerebellar

structures, which may play a role in movement feedback,

particularly important for continued and repetitive move-

ments. Other cerebellar components, involved in motor

loops, try then to compensate. If they cannot fully compen-

sate, then the sequence effect develops. Other compensatory

mechanisms could finally involve primary and non-primary

motor cortex functional changes. When interpreted in a

network perspective, distinct bradykinesia features are

likely to be mediated by a variable involvement of the vari-

ous nodes in the network (Fig. 1).

Neurophysiological insight is relevant to improve the ap-

propriateness of the terminological use of bradykinesia in

Parkinson’s disease and atypical parkinsonism. Features of

bradykinesia are slowness of voluntary movements together

with a decrement in amplitude or speed during repetitive or

continued movements (sequence effect), small (i.e. under-

scaled, low amplitude) movements (hypokinesia), and loss

of spontaneous/automatic movements or absence of move-

ment or difficulty initiating a movement such as in freezing,

motor blocks, or hesitations (akinesia). In this perspective,

we suggest that the terms bradykinesia (slowness of move-

ment), hypokinesia (reduced amplitude of movement), akin-

esia (lack of movement), and sequence effect (progressive

decrement of amplitude and velocity of movement) should

be defined separately in the description of clinical pheno-

types, saving the Greek origin of the words, rather than

encompass them in one word. This is supported by the

evidence that each single abnormality has a specific patho-

physiological mechanism and can occur in isolation in one

given patient.

Understanding the features of bradykinesia has very im-

portant implications when it comes to enrolment criteria

for research studies and, more importantly, diagnostic cri-

teria of parkinsonism, e.g. in the differential diagnosis with

pyramidal slowness or functional hypokinesia (Thenganatt

and Jankovic, 2016), Huntington disease (Berardelli et al.,

1999), cerebellar disorders (Manto et al., 2012), and other

neurological conditions in which a slowness of movement is

present. Specific pathophysiological mechanisms likely ex-

plain the pathophysiology of bradykinesia which is present

in the various pathological conditions. Increasing insight

into bradykinesia pathophysiology in Parkinson’s disease,

atypical parkinsonisms and other movement disorders, will

serve as a new starting point for clinical and experimental

purposes.
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Haslinger B, Erhard P, Kämpfe N, Boecker H, Rummeny E, Schwaiger

M, et al. Event-related functional magnetic resonance imaging in

Parkinson’s disease before and after levodopa. Brain 2001; 124:

558–70.
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et al. Impaired cholinergic transmission in patients with Parkinson’s

disease and olfactory dysfunction. J Neurol Sci 2017; 377: 55–61.
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