
 

 

 

 

 

 

 

 

 

 

 

 

Alla mia famiglia 

 

 

 

 

 

 

 

 

 

 

 

 



 
2 

 

 

 

 

 

 

 

Faculty of Medicine and Surgery 

 

Dipartment of Human Neurosciences 

 

PhD in Clinical-Experimental Neuroscience and Psychiatry 

XXXIII course 

 

 

“BRADYKINESIA IN NON-PARKINSONIAN CONDITIONS: THE 

EMERGING CONCEPT OF A NETWORK DISORDER” 

 

 

Supervisor: PhD student: 

Prof. Alfredo Berardelli                                                               Giulia Paparella 

 

Co-supervisor: 

Dott. Matteo Bologna 

1203101 

  

 

Academic Year 2019/2020



 
3 

 

SUMMARY: 

1. ABSTRACT....................................................................................................................6 

2. INTRODUCTION .........................................................................................................7 

2.1. BRADYKINESIA IN HYPERKINETIC MOVEMENT DISORDERS.............8 

2.1.1. Dystonia .........................................................................................................8 

2.1.2. Huntington's disease.....................................................................................11 

2.1.3. Essential tremor..............................................................................………..12 

2.2. BRADYKINESIA IN CEREBELLAR DISORDERS...........................………..14 

2.3. BRADYKINESIA IN MOTONEURON DISEASES AND STROKE...............15 

2.4. BRADYKINESIA IN ALZHEIMER’S DISEASE..............................................16 

2.5. BRADYKINESIA IN MULTIPLE SCLEROSIS................................................17 

2.6. PATHOPHYSIOLOGICAL MECHANISMS OF BRADYKINESIA IN NON 

PARKINSONIAN CONDITIONS........................................................................19 

2.6.1. Role of secondary factors ............................................................................20 

2.6.2. The role of specific brain areas in generating movement slowness in non 

parkinsonian conditions   .....................................................................................22 

3. EXPERIMENTAL PART............................................... ...........................................26 

3.1. STUDY 1: NEUROPHYSIOLOGICAL ASSESSMENT OF BRADYKINESIA 

IN ESSENTIAL TREMOR ..................................................................................26 

3.1.1. Abstract.........................................................................................................26 

3.1.2. Introduction...................................................................................................27 

3.1.3. Materials and Methods.................................................................................28 

3.1.4. Results...........................................................................................................31 

3.1.5. Discussion.....................................................................................................34 



 
4 

 

3.2. STUDY 2: BRADYKINESIA IN ALZHEIMER’S DISEASE AND ITS 

NEUROPHYSIOLOGICAL SUBSTRATES......................................................40 

3.2.1. Abstract…………………………………………………………………….40  

3.2.2. Introduction……………………………………………………………...…40 

3.2.3. Materials and methods……………………………………………………..42 

3.2.4. Results……………………………………………………………………...48 

3.2.5. Discussion………………………………………………………………….51 

3.3. STUDY 3: NEUROPHYSIOLOGICAL ASSESSMENT OF BRADYKINESIA 

IN PATIENTS WITH AMYOTROPHICA LATERAL SCLEROSIS.............58 

3.3.1. Abstract.........................................................................................................58 

3.3.2. Introduction...................................................................................................59 

3.3.3. Materials and Methods.................................................................................60 

3.3.4. Results...........................................................................................................64 

3.3.5. Discussion.....................................................................................................66 

4. NETWORK PROSPECTIVE.....................................................................................72 

5. TERMINOLOGICAL IMPLICATIONS...................................................................73 

6. GENERAL CONCLUSIONS......................................................................................74 

7. REFERENCES.............................................................................................................76 

8. TABLES......................................................................................................................112 

9. FIGURES ...................................................................................................................136 

10. SUPPLEMETAL MATERIAL..................................................................................146 

 

 

 

 



 
5 

 

Abbreviations: Alzheimer‟s disease (AD); abductor digiti minimi (ADM); amyotrophic 

lateral sclerosis (ALS); active motor threshold (AMT); atypical parkinsonisms (APs); 

abductor pollicis brevis (APB); Beck Depression Inventory (BDI); cervical dystonia (CD); 

coefficient of variation (CV); deep brain stimulation (DBS); dopamine transporter (DAT); 

elettromiography (EMG); Frontal Assessment Battery (FAB); first dorsal interosseous 

(FDI); focal hand dystonia (FHD); Fatigue Severity Scale (FSS); Fahn-Tolosa-Marin 

Tremor Rating Scale (FTMTRS); globus pallidus pars interna (GPi) and pars externa 

(GPe); Huntington's disease (HD); intracortical facilitation (ICF); input-output (I/O); inter-

stimulus interval (ISI); intermittent theta-burst stimulation (iTBS); long term potentiation 

(LTP); Mild Congnitive Impairment (MCI); Movement Disorders Society (MDS); Mental 

State Examination (MMSE); Motor Evoked Potential (MEP); Montreal Cognitive 

Assessment (MoCA); Multiple Sclerosis (MS); paired associative stimulation (PAS); 

Parkinson‟s disease (PD); primary motor cortex (M1); progressive muscular atrophy 

(PMA); primary somatosensory cortex (S1); Progressive Supranuclear Palsy (PSP); 

pyramidal tract type neurons (PTNs); reaction time (RT); magnetic resonance imaging 

(MRI); resting motor threshold (RMT); short-latency afferent inhibition (SAI); short 

intracortical inhibition (SICI); somatosensory temporal discrimination threshold (STDT); 

SPECT scan without evidence of dopaminergic deficit (SWEEDs); substantia nigra pars 

reticulata (SNr); subthalamic nucleus (STN); Transcranial magnetic stimulation (TMS); 

Unified Parkinson‟s Disease Rating Scale (UPDRS).  

 

 

 

 



 
6 

 

1. ABSTRACT 

Bradykinesia (movement slowness) is one of the cardinal motor symptoms of Parkinson‟s 

disease and atypical parkinsonism and it has hystorically been interpreted as a motor 

disorder due to basal ganglia dysfunction. Clinical and experimental studies, however, 

indicate that it may be also observed in the context of various neurological conditions not 

primarily characterized by parkinsonism. These conditions include hyperkinetic movement 

disorders, such as dystonia and chorea, as well conditions primarily characterized by 

tremor (e.g. essential tremor) or other nervous diseases characterized by the involvement of 

brain areas and network including not only the basal ganglia but also the cerebellum and 

upper motoneurons. Also, movement slowness may be observed in patients with 

neurodegenerative or inflammatory diseases of the central nervous system of various 

origin, like dementia or multiple sclerosis. From a pathophysiological standpoint, the 

observation of movement slowness in neurological conditions not primarily characterized 

by parkinsonism is possibly explained by a brain network dysfunction, as hypothesized in 

parkinsonism. In the present thesis, we will first provide an updated overview on 

bradykinesia in non-parkinsonian conditions and discuss major findings of clinical reports 

and experimental studies. In the experimental part of the present thesis, we will provide the 

results from three original studies, which investigated the presence of bradykinesia and its 

possible pathophysiological mechanisms in (i) patients with essential tremor, (ii) patients 

with Alzheimer‟s disease and (iii) patients with amyotrophic lateral sclerosis. Finally we 

will provide an unifying pathophysiological interpretation of bradykinesia in non-

parkinsonian conditions from a network perspective and emphasize possible terminological 

implications. 
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2. INTRODUCTION 

The term bradykinesia specifically refers to slowness of initiation or execution of voluntary 

movement and is considered one of the cardinal motor symptoms of Parkinsons‟ disease 

(PD) (Berardelli et al. 2001; Postuma et al. 2015; Berg et al. 2018) and atypical 

parkinsonisms (APs) (Gilman et al., 2008; Armstrong et al., 2013; Höglinger et al., 2017; 

McKeith et al., 2017). By clinical definition, in addition to movement slowness of single 

movements, the term bradykinesia in parkinsonisms also includes the progressive 

reduction in speed and amplitude (or progressive hesitations/halts) of repetitive or 

continued actions, also known as sequence effect (Espay et al., 2009, 2011, Postuma et al., 

2015a, Bologna et al., 2016a, 2018, 2019b). 

Slowness of the initiation or execution of voluntary movement, sometimes called 

bradykinesia by the authors, has frequently been reported in neurological conditions other 

than PD and APs. Namely, slowness of movement has been reported in hyperkinetic 

movement disorders, historically been considered due to basal ganglia changes (Hefter et 

al. 1987; Thompson et al. 1988; van der Kamp et al. 1989; Agostino et al. 1992; Elble et al. 

1994; Berardelli et al. 1996; Montgomery et al. 2000; Ozekmekçi et al. 2005; Duval et al. 

2006; Costa et al. 2010; Jiménez-Jiménez et al. 2010; Stone et al. 2011; Thenganatt and 

Jankovic 2016a), and also in diseases primarily involving the cerebellum or the upper 

motor neurons, as well as in other neurological conditions, like Alzheimer‟s disease (AD) 

and multiple sclerosis (MS) and (Williams et al., 1995a; Berardelli et al., 1996; Qureshi et 

al., 1996; Desai and Swash, 1999; Scarmeas et al., 2004, 2005; D‟Ascenzo et al., 2012; 

Pupillo et al., 2015; Oskarsson et al., 2016; Shellikeri et al., 2016; de Bie et al., 2017; 

Kuruvilla-Dugdale and Chuquilin-Arista, 2017; Roalf et al., 2018; Schirinzi et al., 2018; 

Camarda et al., 2019; Vöglein et al., 2019).  
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From a pathophysiological point of view, bradykinesia in PD and APs is considered a 

movement abnormality primarily due to central dopaminergic loss and basal ganglia 

dysfunction (Bologna et al., 2019b). The observation of movement slowness in conditions 

other than parkinsonisms supports the hypothesis that motor abnormalities in non 

parkinsonian conditions may result from a network dysfunction involving not only the 

basal ganglia but also other cortical and subcortical brain areas. In addition, whether the 

pathophysiological mechanisns underlying movement slowness in non parkinsonian 

conditions differ from those of bradykinesia in PD and APs has never been addressed 

before.  

In the present thesis, we will first provide an overview of the clinical descriptions and of 

the experimental observations of movement slowness in non parkinsonian conditions, 

including hyperkinetic movement disorders and other conditions due to cerebellar, upper 

motor neuron or cortical and subcortical dysfunction. Namely, we will specifically refer to 

these motor abnormalities in various conditions and discuss the possible 

pathophysiological mechanisms. Notably, in each of the conditions here discussed we 

adopted the exact terminology used in each original article, reflecting the lack of consensus 

on the terminology for bradykinesia in non-parkinsonian conditions. In the second part of 

the present thesis, we will provide the results from three experimental studies, which 

investigated bradykinesia and its possible pathophysiological mechanisms in (i) patients 

with essential tremor (ET), (ii) patients with AD, (iii) patients with amyotrophic lateral 

sclerosis (ALS).  

 

2.1.BRADYKINESIA IN HYPERKINETIC MOVEMENT DISORDERS 

 

2.1.1. Dystonia 
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There are several examples on the coexistance between dystonia and bradykinesia as the 

major manifestation of parkinsonism. This is the case for example of specific genetic 

conditions, and among them the most representative is the rapid-onset dystonia-

parkinsonism linked to mutations in the ATP1A3 gene (Balint and Bhatia, 2015). Another 

example is the frequent occurrence of dystonia in APs (Marsili et al., 2019). Also, there 

may be situations where the clinical boundary between dystonia and parkinsonism are 

particulary uncertain despite the aid of molecular imaging. For example it is debated 

whether patients with dopamine transporter SPECT scan without evidence of dopaminergic 

deficit (SWEEDs) should be considered as dystonic, especially when they did not showed 

any decrement or fatigue during movement repetition (Schneider et al., 2007). The results 

of DaTscan, however, are not necessarily conclusive and the examination can demonstrate 

a trend of uncertain significance toward a slight dopaminergic deficit in the striatum (Waln 

et al., 2015). Moreover, a proportion of patients with a negative DaTscan may be still be 

diagnosed with parkinsonism on the basis of a levodopa response, clinical progression, and 

other data (Erro et al., 2016). Parkinsonism has been also recently described in patients 

with cervical dystonia (CD) who had undergone to pallidal deep brain stimulation (DBS) 

to treat dystonia (Tisch et al., 2007; Berman et al., 2009; Wolf et al., 2012; Huebl et al., 

2015; Mahlknecht et al., 2018).  

Earliest reference to bradykinesia (i.e. „bradykinesie spasmodique‟) in a group of patients 

which we would now diagnosticate as affected by dystonia dates back to 1907 and it was 

specifically adopted to describe slowness of involuntary movements (Verger and Cruchet, 

1907). Later clinical observation, which were summarized in a recent review (Haggstrom 

et al., 2017), reported decreased arm swing, increased limb tone and facial hypomimia but 

no evidence of „true bradykinesia‟ in 29 patients with focal hand dystonia (FHD) (Sheehy 

and Marsden, 1982), and in 10 patients with cervical, laryngeal or upper limbs dystonia 
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(Schneider et al., 2007).  Clumsy in foot tapping without „true bradykinesia‟ was described 

in one patients with DYT1 dystonia (Stamelou et al., 2013).  

Neurophysiological investigation in task-specific dystonia, i.e. FHD, have shown that 

movement preparation can be abnormally prolonged, or normal, as evidenced by testing 

simple and choice reaction times (RTs) of self-initiated or externally-cued arm movements 

(Hallett, 2000; Murase et al., 2000; Jankowski et al., 2013; Kishore et al., 2018). In both 

FHD and generalized dystonia, kinematic and electromyographic (EMG) recordings have 

demonstrated that patients performed single- and multi-joint arm movements with slower 

velocity and reduced amplitude in comparison to normal subjects (van der Kamp et al. 

1989; Cohen and Hallett 1988; Buccolieri et al. 2004). More complex movements, like arm 

reaching in patients with idiopathic torsion dystonia were also found to be slow, mainly 

because of asymmetry of velocity profile and longer deceleration time (Inzelberg et al., 

1990, 1995). Movement slowness in FHD has also been observed during both externally 

triggered and self-initiated sequential arm movements, possibly due to longer pauses 

between movements (Currá et al., 2000), i.e. slowness in switching from one movement to 

the next without a progressive increase in relation to the number of movement executed 

(Agostino et al., 1992). Again, kinematic analyses of finger tapping showed movement 

slowness and rhythmic inconsistencies in task specific FHD (Jabusch et al., 2004; Furuya 

and Altenmüller, 2013; Furuya et al., 2018). Finally patients with CD consistently 

performed slowed pro-dystonic neck movements, i.e. toward the dystonic side, also 

characterized by reduced amplitude (Carboncini et al., 2004; Gregori et al., 2008; Shaikh 

et al., 2015, Bologna et al., 2016b).  

Movement preparation and execution have been also investigated also in patients with 

focal dystonia in the unaffected body segments. Accordingly, an increase of RTs during 

upper limb movements was found in patients with spasmodic dysphonia (Simonyan et al., 
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2013). Movement slowness of the upper limb was also observed in patients with CD 

performing single-joint arm extensions (Carboncini et al., 2004) or reaching arm 

movement (Pelosin et al., 2009) although the latter has not been confirmed in all studies 

(Katschnig-Winter et al., 2014, Bologna et al., 2016b). On the other hand, no velocity 

reduction was observed during finger movements in blepharospasm and spasmodic 

dysphonia (Conte et al., 2018) and repetitive finger tapping (Simonyan et al., 2013) or 

during neck movements in FHD (Bologna et al., 2016b). 

In summary, clinical and neurophysiological evidence showed that dystonic patients can be 

slower than normal, particularly when the voluntary movements are initiated or executed 

with the body part affected by dystonia. To date, however, there are no reports on the 

sequence effect in dystonia (Table 1).  

 

2.1.2. Huntington's disease 

Parkinsonism is a common clinical observation in patients with Huntington's disease (HD), 

for example in the Westphal variants of HD with early juvenile-onset, as well as in the 

latest stages of HD (Denny-Brown, 1960; Campbell et al., 1961). Many physicians 

emphasized the presence of slowed voluntary movements in HD patients (Hamilton, 1908; 

Herz 1931; Bittenbender and Quadfasel, 1962). The most common alteration in HD was 

the difficulty of movement initiation as well as slowness and irregularity of movement 

execution (Hefter et al., 1987).  

Neurophysiological investigations showed that when HD patients performed wrist 

movements, they had prolonged simple RTs (Bradshaw et al., 1992; Jahanshahi et al., 

1993; van Vugt et al., 2004; Martínez Pueyo et al., 2016) and were also slower than 

normal in performing fast wrist flexions (Thompson et al., 1988). Movement slowness was 

also observed during single isometric contractions and alternating arm movements (Hefter 
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et al. 1987; Garcia Ruiz et al. 2000). Simultaneous and sequential arm movement were also 

slower and less accurate than normal and the pauses between repetitive movements were 

longer than normal (Thompson et al. 1988; Agostino et al., 1992, Johnson et al. 2000). The 

performance of sequential movements in HD worsened without external cues (Georgiou et 

al., 1995; Bradshaw et al. 1992; Currà et al. 2000) but not with movement repetition, i.e. 

no sequence effect was observed in HD (Agostino et al., 1992). In addition, there was a 

reduction in the tapping rate (Andrich et al., 2007) a slowness and a marked movement 

irregularity during repetitive finger tapping, other dexterity finger tasks (Garcia Ruiz et al. 

2000; García Ruiz et al. 2002; Hinton et al. 2007; Bechtel et al. 2010; Rowe et al. 2010) 

and handwriting (Phillips et al., 1994).  

In summary, slowness in the initiation or execution of voluntary movement has frequently 

been reported in patients with HD during different motor tasks. Longer pauses and a 

marked irregularity, but no sequence effect, have been reported during repetitive 

movements (Table 2).   

 

2.1.3. Essential tremor  

The coexistence and overlapping featureas between essential tremor (ET) and  

bradykinesia, as the major manifestation of parkinsonism is another relevant issue, thus 

leading to the developement of the ET-PD concept (Fekete and Jankovic, 2011, Louis et 

al., 2016a, b, Thenganatt and Jankovic, 2016b). When bradykinesia (a “soft neurological 

sign”) is present, the new tremor classification suggest using the term ET-plus (Bhatia et 

al., 2018).   

There are several clinical reports on movement slowness in ET but the observations are 

still controversial (Hornabrook and Nagurney, 1976; Geraghty et al., 1985; Cleeves et al., 

1988; Lou and Jankovic, 1991; Koller et al., 1994; Tallón-Barranco et al., 1997; Fekete 



 
13 

 

and Li, 2013; Espay et al., 2017; Algarni and Fasano, 2018; Bhatia et al., 2018; 

Haubenberger and Hallett, 2018; Hopfner and Deuschl, 2018).  

In ET an objective assessment of movement slowness during voluntary movement has 

been performed only in a limited number of studies. The RT during fast wrist flexion and 

extension movements was normal or only marginally increased in patients (Elble et al., 

1994; Montgomery et al., 2000). ET patients showed altered force variability during an 

isometric force task compared to PD, which instead showed abnormalities in the 

deceleration measures of ballistic movements and alterations of the torque rise time (Poon 

et al., 2011). Grasping movements in ET were kinematically characterized by slowness of 

the total reach-to-grasp movement, particularly in patients with kinetic tremor (Deuschl et 

al., 2000) In some studies, slowed velocity, irregular rhythm and impaired dexterity during 

rapid alternating movements of the upper limbs has been also described (Montgomery et 

al., 2000; Duval et al., 2006; Farkas et al., 2006; Héroux et al., 2006; Costa et al., 2010; 

Goubault et al., 2017). Ozekmekci et al., however, observed only a slight prolongation for 

movement time around the shoulder joint but no prolongation of upper limb movements at 

the level of the elbow and wrist joints or repetitive finger movement abnormalities 

(Ozekmekçi et al., 2005). In ET, slowed alternating arm movements were not accompanied 

by reduced amplitude of movement, differently from what observed in PD performing the 

same task (Ghassemi et al., 2006; Goubault et al., 2017). Studies on repetitive finger 

movements in ET have objectively demonstrated movement slowness and irregular rhythm 

in this condition (Farkas et al., 2006; Costa et al., 2010; Jiménez-Jiménez et al., 2010).   

In summary, despite some controversial results, ET patients can be slower than normal in 

movement preparation or in performing rapid single and repetitive arm and finger 

movements. Other movement abnormalities can accompany slowness in ET, i.e.altered 
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movement rhythm, while there the sequence effect has not been investated in this condition 

(Table 3).  

 

2.2. BRADYKINESIA IN CEREBELLAR DISORDERS 

Clinical studies indicate that patients with cerebellar lesions may have slowness of 

movement in both the preparation and execution phases (Takiyama et al., 1994; Manni and 

Petrosini, 1997; Holmes, 2007; Stoodley and Schmahmann, 2010; Bodranghien et al., 

2016). 

Slowness of initiation of voluntary movement (prolonged RTs) has been demonstrated in 

patients with cerebellar diseases (Beppu et al., 1984; Jahanshahi et al., 1993; Bonnefoi-

Kyriacou et al., 1995; Day et al., 1998). Slowness of voluntary movement execution in 

patients with cerebellar diseases has been demonstrated by neurophysiological 

investigations on simple upper limb movements (Avarello et al., 1988; Mai et al., 1988; 

Fujita and Nakamura, 1989; Brown et al., 1990, Hallett et al., 1991a, p. 199; Hore et al., 

1991) or more complex goal-directed arm movements (Beppu et al., 1984; Becker et al., 

1990; Wild et al., 1996; Day et al., 1998). Patients with cerebellar atrophy also showed an 

impaired performance during a countermanding task, demonstrating an altered control of 

action inhibition (Olivito et al., 2017). Kinematic analysis of patients with acute cerebellar 

stroke showed that nearly 70% of patients exhibited movement slowness during goal-

directed arm movements (Konczak et al., 2010). Movement slowness may also involve the 

lower limbs in cerebellar patients, e.g. rising on tiptoes, resulting in a longer time interval 

between the two phases (Diener et al., 1992). It has been observed that cerebellar patients 

perform movements slower than healthy subjects since they made abnormally curved paths 

and tended to move one joint at a time (movement decomposition) (Bastian et al., 1996) 

with dismetric movements to a target possibly due to generation of inappropriate levels of 
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muscular force (Topka et al., 1998).   

In summary, patients with various cerebellar disease are slower than normal. Cerebellar 

patients may, in some circumstances, implicitely choose to move more slowly than they 

are able to do in order to improve their accuracy (Table 4).  

 

2.3. BRADYKINESIA IN MOTONEURON DISEASES AND STROKE 

Slowness of movement, specifically referred to as bradykinesia, has been clinically 

reported in patients with motoneurons diseases, such as progressive muscular atrophy 

(PMA) (Williams et al., 1995b) and amyotrophic lateral aclerosis (ALS) (Qureshi et al. 

1996; Desai and Swash 1999; D‟Ascenzo et al. 2012; Pupillo et al. 2015). In addition to 

the limited clinical observations, there are only a few neurophysiological studies on 

voluntary movement in patients with ALS, demonstrating abnormalities of upper limb 

movements (Hallett, 1979; Oskarsson et al., 2016; de Bie et al., 2017). Patients with ALS 

showed prolonged first agonist and antagonist bursts during ballistic elbow movements. 

The prolongation of the muscles bursts generates slowness of movements but at the same 

time permits the muscles to generate sufficient forces to accomplish the movements 

(Hallett, 1979). Other studies provided objective evidence of altered arm function in 

patients with ALS though not specifically investigating movement execution but 

considering the the reachable workspace, as a surrogate measure of arm function 

(Oskarsson et al., 2016; de Bie et al., 2017). Finally, there are only sporadic reports on 

quantitative assessment of lip and tongue movements during speech in ALS patients 

(Shellikeri et al., 2016; Kuruvilla-Dugdale and Chuquilin-Arista, 2017) (Table 5).  

In a patient with traumatic cerebral palsy (Angel, 1975) performing rapid abduction 

movements of the shoulder, the activity of the first agonist muscle had an abnormally long 

duration. Sahrmann and Norton observed the same abnormality during the execution of 
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rapid alternating movements in patients with various spastic conditions (Sahrmann and 

Norton, 1977).  

In stroke patients, studies on motor preparation showed a delayed movement initiation 

more often in the right than in the left hemisphere strokes with a possible association with 

severe neglect (Mattingley et al., 1994; Kim et al., 2013). Similarly, motor execution of 

rapid elbow flexions and extensions in stroke patients were characterized by a reduced 

velocity (Fagioli et al. 1988; Canning et al. 1999). Kinematic analysis of goal-directed 

movements also showed movement execution abnormalties (Mattingley et al., 1994). Loss 

of dexterity was observed during a tracking task performed by patients with stroke (Ada et 

al., 1996; Canning et al. 2000), and also in the limb ipsilateral to the brain lesion (Wetter et 

al., 2005). Slowness of foot-tapping was also observed in stroke patients (Miller and 

Johnston, 2005). A reduced ankle dexterity and a reduced maximal movement velocity 

were observed in twelve stroke patients who presented a hemiparetic leg (Wirth et al., 

2008).  

In summary, slowness in the execution of single movement has been reported in upper 

motor neurons syndromes of different origins, including ALS and stroke by a limited 

number of clinical and neurophysiological studies. The sequence effect has not been 

specifically investigated in upper motor neuron diseases. 

 

2.4. BRADYKINESIA IN ALZHEIMER’S DISEASE 

Recent clinical studies have emphasized the occurrence of bradykinesia in AD, ranging 

from 15% to 50% of the AD patients (Tsolaki et al., 2001; Scarmeas et al., 2004, 2005; 

Aggarwal et al., 2006; Schirinzi et al., 2018; Vöglein et al., 2019). Again, it has been 

clinically demonstrated that bradykinesia may occur in both amnestic and non-
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amnestic mild cognitive impairment (MCI) types (Louis et al., 2005; Aggarwal et al., 

2006; Israeli-Korn et al., 2010).  

A number of neurophysiological studies have quantitatively assessed voluntary movement 

abnormalities in AD and MCI (Kluger et al., 1997; Camarda et al., 2007; Yan et al., 2008; 

Rabinowitz and Lavner, 2014; Roalf et al., 2018; Suzumura et al., 2018). Kluger and 

colleagues studied six different motor function tests and found lower finger tapping speed 

in AD compared to MCI patients and to normal subjects, and impaired hand steadiness in 

AD and MCI (Kluger et al., 1997). Camarda and colleagues studied the kinematics of 

directed movements in MCI and AD and found a slight, not significant, motor dysfunction 

in MCI subjects and the presence of a remarkable slowing down of pointing in AD subjects 

(Camarda et al., 2007). Schröter kinematically investigated handwriting in AD and MCI, 

founding low accurancy and regularity in the AD group (Schröter et al., 2003). Similarly, 

AD and MCI patients demonstrated slower, less smooth, less coordinated, and less 

consistent handwriting movements than their healthy counterparts in the study by Yan et 

al. 2008. Finger tapping analysis through a touchpad mounted on a pressure transducer 

showed increased length and variability of the finger-touch phase in participants with MCI 

or dementia compared to healthy participants (Rabinowitz and Lavner, 2014). Also Roalf 

et al. assessed finger tapping and found that AD and MCI performed fewer taps than 

healthy controls, with longer inter-tap interval and higher intra-individual variability (Roalf 

et al., 2018). Suzumura et al. (2018) easured finger dexterity using a smart terminal device 

and found abnormal response time, rhythm, and contact duration in AD.  

In summary, AD patients are slower than normal while performing repetitive finger 

movements (Table 6). 

2.5. BRADYKINESIA IN MULTIPLE SCLEROSIS 

Despite the relatively frequent involvement of the basal ganglia and subthalamic nucleus 
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MS inflammatory lesions, their relationship with movement disorders are uncertain (Folgar 

et al., 2003). Notably, Kamphorst and Ravid reported no clinical parkinsonian signs in 3 

patients with MS, although their brainstem autopsies showed the presence of Lewy body 

(Kamphorst and Ravid, 1997). A recent case control study reported the precence of very 

mild parkinsonian signs, including rigidity and hypomimia, in 5 of 22 patients with MS 

(23%) but it did not specifically describe the occurrence of bradykinesia in these patients 

(Drori et al., 2018). The majority of MS cases with clinical bradykinesia had no evident 

anatomic/phenotypic correlates with brain magnetic resonance (MRI) imaging studies 

(Folgar et al., 2003). This suggests that these manifestations are secondary to immune and 

neurodegenerative components. In this regard, Delgado and collegues found no lesions 

involving the basal ganglia or the midbrain but thay detected antibasal ganglionic 

antibodies in a patient with MS and parkinsonism (Delgado et al., 2009). Clinical evidence 

of movement slowness in patients with MS mainly consists of isolated case reports 

(Vieregge et al., 1992; Maranhão-Filho et al., 1995; Burn and Cartlidge, 1996; Federlein et 

al., 1997; Ozturk et al., 2002; Folgar et al., 2003; Barun et al., 2008; Nociti et al., 2008; 

Delgado et al., 2009). These studies overall described a bilateral asymmetric bradykinesia, 

improving, in same cases, after corticosteroid treatment (Vieregge et al., 1992; Federlein et 

al., 1997; Folgar et al., 2003).  

Neurophysiological studies in MS indicate that patients has delayed movement initiation, 

as reflected in prolonged RTs in patients; the abnormality, however, has been ascribed to 

decreased alertness, fatigue, slowness of cognitive processing and abnormalities in 

sensorimotor integration (Kujala et al., 1994, 1995; Kail, 1998; De Sonneville et al., 2002; 

Godefroy et al., 2002; Morgante et al., 2011; Cabib et al., 2015; Lubrini et al., 2020). A 

recent study on motor execution showed an impaired movement accurancy during a dual-

tasking performance in patients with MS but no changes of movement speed (Beste et al., 
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2018). Another study, however, demonstrated  that MS patients performed a low number 

of finger taps during a keyboard-tapping test and slowness correlated with their disability 

scores (Shribman et al., 2018).  

In summary, clinical and experimental data showed variable results on slowness of 

voluntary movement in MS. So far, there no study has specifically investigated the 

sequence effect in MS patints while executiong repetitive movements (Table 7). 

 

2.6. PATHOPHYSIOLOGICAL MECHANISMS OF BRADYKINESIA IN NON 

PARKINSONIAN CONDITIONS 

Although bradykinesia is classically considered the core motor symptom in patients with 

PD and APs, evidence of movement slowness, sometimes specifically referred to 

bradykinesia, has been provided in clinical and neurophysiological studies in dystonia, HD 

and ET as well as in patients with cerebellar diseases, upper motor neuron diseases or in 

those with MCI, AD or MS, all conditions not primarily characterized by parkinsonism. 

The main findings from these studies consisted in the evidence of altered movement 

preparation and execution, particularly slowness during upper limbs movements. Notably, 

no motor worsening of motor performance (sequence effect), when investigated, was 

observed with movement repetition in these conditions. It is worth noting that the clinical 

studies which provided the evidence of bradykinesia in non parkinsonian conditions 

mainly consisted of case reports or case serie. The neurophysiological studies also 

investigated bradykinesia in a relatively limited number of patients. Another controversial 

point concerns the methodology adopted for the clinical assessment. Most of the studies 

provided a clinical description of motor symtoms, and only few of them assessed 

bradykinesia using the Movement Disorder Society-sponsored revision of the Unified 

Parkinson‟s Disease Rating Scale (MDS-UPDRS) (Goetz et al., 2008), i.e. the worldwide 
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used clinical scale to score bradykinesia in parkinsonism. Furthermore, in none of these 

studies were detailed the clinical features of bradykinesia or whether the sequence effect 

was clinically present. This heterogeneneity in the study methodology led to a broad 

heterogeneneity of terminology, with some authors reffering to the observed motor 

abnormalities with the general term of „parkinsonism‟, others using the term of slowness, 

others „bradykinesia‟ and/or „hypokinesia. The appropriateness of the terminology of these 

clinical studies represents a debeated issue. In this regard, in the next part of the 

manuscript we will discuss the pathophysiological implication of these observations. We 

will first consider the effects of secondary factors, i.e. the presence of other major 

disturbances that characterize each specific condition. We will then focus on the 

pathophysiological role of the major brain areas known to be involved in each of the 

neurological condition considered. Finally we will provide a unifying pathophysiological 

view from a network perspective and emphasize possible terminological implications 

based on pathophysiological reasoning. 

 

2.6.1. ROLE OF SECONDARY FACTORS  

Increased muscle tone may have a detrimental effect in the execution of voluntary 

movement. For example, the EMG recordings in patients with FHD performing the task 

triggering the cramps showed a co-contraction of agonist and antagonist muscles (Cohen 

and Hallett, 1988). Accordingly, FHD patients had a specific triphasic EMG pattern during 

the execution of ballistic wrist movement, characterized by a prolonged first agonist burst, 

with little or no decrease in activity separating the second agonist burst, and a prolonged 

antagonist burst (MacKinnon et al., 2004).  

Movement slowness in dystonia, however, has also been demonstrated during upper limb 

movements where co-contraction activity between antagonist muscle groups cannot be 



 
21 

 

clearly identified (Prodoehl et al., 2008), as well as in non-dystonic body segments, i.e. 

where there is no co-contraction activity (Pelosin et al., 2009). All these findings indicate 

that co-contraction activity does not always explain movement slowness in dystonia. 

Increased muscle tone may also justify the presence of movement slowness in patienst with 

ALS, stroke or MS (Hallett, 1979; Fagioli et al., 1988; Canning et al., 2000). For example, 

rapid elbow flexion movements in patients with an upper motor neuron syndrome 

following a stroke were characterized by slowness and prolonged initial bursts in both the 

agonist and antagonist muscles (Fagioli et al., 1988). In these type of patients, muscle 

weakness should be also considerd as a potential secondary factor of bradykinesia.   

Action tremor is another factor that may potentially interfere with the execution of 

voluntary movement. In ET, a correlation between slowness in performing repetitive upper 

limb movements, such as repetitive forearm movements and severity of action tremor, has 

been described in some studies (Héroux et al., 2006; Goubault et al., 2017). In most cases, 

however, and particularly in the most recent studies, no relationship between slow 

movement and severity of tremor was found (Costa et al., 2010). These data therefore 

suggest that action tremor in ET does not necessarily interfere with voluntary movement 

execution in this pathological condition. To date there is no specific study investigating the 

issue of action tremor interference on voluntary movement in conditions other than ET. 

Cognitive deficit may also contribute in generating movement slowness, particularly 

interfering with the ability to perform rhythmic repetitive finger movements which requires 

higher levels of attention and other cognitive factors (Thomson et al., 2008; Kuhn et al., 

2017). In this regard, there is evidence demonstrating that motor performance of finger 

movements negatively correlates with cognitive scores in AD (Suzumura et al., 2018). 

Conversely, cognitive abnormalities likely play a less relevant role for single arm 

movements which require a relatively limited cognitive effort, and are strongly affected in 
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MS and AD. Finally, the role of cognitive dysfunction in conditionion like dystonia and ET 

is largely unexplored. 

 

2.6.2. THE ROLE OF SPECIFIC BRAIN AREAS IN GENERATING 

MOVEMENT SLOWNESS IN NON PARKINSONIAN CONDITIONS    

 

Basal ganglia 

In dystonia and chorea, it is well known that the altered dopaminergic transmission and 

altered basal ganglia activity play a key pathophysiological role, as demonstrated by 

clinical observations and experimental studies (Berardelli et al., 1998; Naumann et al., 

1998; Wolf et al., 2012; Simonyan et al., 2013; Reiner and Deng, 2018). In both 

conditions, according to traditional pathophysiological models, the dysfunction of the 

intrinsic basal ganglia circuit leads to the hyperactivation of the direct pathway and to an 

altered striato-thalamic drive. Consequently, reduced thalamic inhibition occurs which in 

turn leads to cortical hyper-activation (Albin et al., 1989; DeLong, 1990). Consistent with 

these models, primary motor cortex (M1) abnormalities, including reduced intracortical 

inhibition and enhanced facilitation have been described in patients with dystonia and HD 

in transcranial magnetic stimulation studies (TMS) (Abbruzzese et al., 1997; Priori et al., 

2000). The abnormal facilitation of the cortical areas in dystonia and HD could lead to an 

excess of movements. This hypothesis does not explain movement slowness in these 

patients, nor why pallidotomy and pallidal DBS relieve dyskinesias and dystonia, when 

they should make it worse. The most recent models of basal ganglia function overcame the 

paradoxes of the basal ganglia classical model (Marsden and Obeso, 1994; Eusebio and 

Brown, 2007) and suggested a co-activation, rather than an antagonistic effect, of the direct 

and indirect pathway in motor control (Cui et al., 2013), thus explaining the presence of 
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movement slowness in hyperkinetic movement disorders. Finally, the role of basal ganglia 

in generating movement slowness in dystonia and chorea might be explained with other 

mechanisms. For example, it has been widely demonstrated the presence of altered 

oscillations and synchronous activity in the entire basal-ganglia network with anti-kinetic 

effect. Accordingly, pallidal DBS at same specific frequencies of stimulation can be 

complicated by the occurrence of slowness in finger tapping (Berman et al., 2009; Huebl et 

al., 2015).  

 

Cerebellum 

Neurophysiological observations consistently indicate that movement velocity and other 

kinematic parameter are widely and robustly encoded encoded in cerebellar neural activity 

(Ebner, 1998; Ebner et al., 2011; Hewitt et al., 2011). Hence it is possible that cerebellar 

dysfunction is involved in the pathophysiology of movement slowness in various 

conditions. 

In ET, current pathophysiogical models emphasize the role of the cerebellum in the 

pathophysiology (Louis, 2018; Louis et al., 2018), as demonstrated by clinical (Singer et 

al., 1994; Bareš et al., 2012), neuroimaging (Wills et al., 1994; Pagan et al., 2003; 

Quattrone et al., 2008; Passamonti et al., 2012), pathological observations (Louis et al., 

2007; Babij et al., 2013) as well as several neurophysiologicall observations. Cerebellar 

lesions are known to generate movement slowness, which has been frequently reported in 

patients with cerebellar degenerative disease, tumors, and ischemic lesions (Hallett et al., 

1991b; Diener et al., 1992; Berardelli et al., 1996; Konczak et al., 2010; Olivito et al., 

2017). Also more recent pathophysiological studies suggested a relationship between the 

cerebellum and bradykinesia in PD (Wu and Hallett, 2005, Bologna et al., 2019b). Thus, it 

is likely that in ET cerebellar dysfunction causes an altered ability to efficiently modulate 
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the speed of movement to prevent dysmetria thus leading to excessive slowing than that 

expected for a given movement in healthy individuals (Markanday et al., 2018). Again, 

there are several EMG studies suggesting an altered relationship between agonist-

antagonist EMG bursts during movement execution in cerebellar patients, with abnormal 

prolongation of the first agonist and antagonist bursts or both (Hallett et al., 1975, 1991a; 

Becker et al., 1990). In this regard, it has been pointed out that different anatomical lesions 

of the cerebellum were associated with different agonist and antagonist EMG activities in 

cerebellar patients (Manto et al., 1998, p. 19) Due to the well-established role of the 

cerebellum in movement timing, the hypothesis of cerebellar dysfunction in ET would also 

explain the movement rhythm abnormalities often combined to movement slowness in 

these patients (Buijink et al., 2015). Finally, it is reasonable that abnormalities in other 

neural structures interconnected with the cerebellum may also contribute in generating 

movement slowness in ET (Muthuraman et al., 2015; Haubenberger and Hallett, 2018),  

Recent studies suggest that cerebellum could play a role in the pathophysiology of dystonia 

(Bologna and Berardelli, 2018). This hypothesis is support by animal studies showing a 

cerebellar involvement in models of dystonia (Neychev et al., 2011; Zhao et al., 2011) as 

well as by studies in humans (Pearson 2016; Kuo et al. 2017; Schreglmann et al. 2018). To 

what extent this cerebellar dysfunction contribute to movement slowness in dystonia is still 

largely an unexplored issue. 

 

Corticospinal tract   

M1 is the principal source of corticospinal input to control voluntary movement. Thus, 

damage of the corticospinal tract is clearly the major pathophysiogically mechanism 

involved in generating movement slowness in patients with upper motor neuron 

syndromes. Damage of the corticospinal tract interferes with encoding of motor parameters 
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contributing to slowness of movement, and leads to agonist and antagonist muscle activity 

of longer duration, possibly reflecting a compensatory mechanism due to the reduction of 

motor neuronal recruitment (Hallett, 1979). Although not specificalky tested, in 

neurodenegerative conditions like ALS, it is likely that as the disease progresses the 

corticospinal tract deteriorates further, thus worsening the integrity of motor command 

encoding and as a consequiene, leading to movement slowness. 

Consistent with the hypothesis of corticospinal tract involvement and movement slowness 

in upper motor neuron syndnromes, M1 „hypoactivation‟ during movement is also though 

to contribute to movement slowness in PD, as demonstrated by studies on animals and 

patients. For example,  Pasquereau et al. (2016) tested hemiparkinsonian MPTP monkeys 

and found that the resting discharge of corticospinal neurons was lower than normal and 

that changes in discharge rate correlated with altered direction, force and acceleration 

during active movement (Pasquereau et al., 2016). More recently, ita has been obserevd 

that changes of M1 excitability correlate with movement slowness during finger tapping in 

PD (Bologna et al., 2018).  

 

Sensorymotor integration 

Several abnormalities of the sensory processing as well as of the sensorimotor integration 

have been specifically demonstrated by studies on patients with non-parkinsonian 

conditions, particularly dystonia (Tinazzi et al., 2000; Scontrini et al., 2009). These neural 

functions lilely depends on the connections between basal ganglia, cerebellum and 

corticospinal system (Abbruzzese and Berardelli, 2003; Conte et al., 2018) further 

supporting the hypothesis of bradykinesia as a network disorder. 
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3. EXPERIMENTAL PART 

3.1. STUDY 1: NEUROPHYSIOLOIGICAL ASSESSMENT OF 

BRADYKINESIA IN ESSENTIAL TREMOR 

 

3.1.1 Abstract 

ET is a movement disorder primarily characterized by upper limb postural and kinetic 

tremor. Although still under-investigated, bradykinesia may be part of the phenotypic 

spectrum of ET. We aimed to evaluate bradykinesia features in ET through clinical 

examination and kinematic analysis of repetitive finger movements. We compared data 

collected in ET patients with those recorded in PD patients and healthy controls. Overall, 

258 subjects participated in the study (90 ET patients, 84 PD patients, and 84 healthy 

controls). Repetitive finger tapping was kinematically recorded using a motion analysis 

system. Movement velocity, amplitude, and decrement (sequence effect) were measured. 

We first compared the three groups by one-way analysis of variance. We also performed a 

cluster analysis to better address the data variability observed in ET patients. Possible 

relationships between kinematic and clinical data were assessed in ET patients. ET patients 

were slower than healthy controls. Movement slowness in ET did not correlate with 

postural or kinetic tremor severity. We also found that movement slowness in ET was not 

associated with sequence effect, which instead is a common feature in Parkinson‟s disease. 

Cluster analysis showed that a proportion of ET patients may have movement 

abnormalities similar to those observed in Parkinson‟s disease. Movement slowness 

without sequence effect is a common feature in ET patients. The present findings are 

relevant when interpreted in the context of the new tremor classification system and in the 

development of a more accurate bradykinesia definition. 
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3.1.2 Introduction 

Bradykinesia is the cardinal motor symptom in PD and refers to movement slowness with a 

progressive reduction in speed and amplitude during repetitive movement (sequence effect) 

(Berardelli et al., 2013; Postuma et al., 2015; Bologna et al., 2019, p. 20). Movement 

slowness has also been reported in ET, a movement disorder characterized by upper limb 

postural and kinetic tremor (Deuschl et al., 2015; Espay et al., 2017; Bhatia et al., 2018; 

Haubenberger and Hallett, 2018; Hopfner and Deuschl, 2018). When movement slowness 

or other neurological signs (i.e., “soft neurological signs”) are present, the new tremor 

classification suggests using the term ET-plus (Bhatia et al., 2018). 

In ET, movement slowness has objectively been demonstrated by kinematic analysis of 

repetitive movements (Montgomery et al., 2000; Duval et al., 2006; Farkas et al., 2006; 

Costa et al., 2010; Jiménez-Jiménez et al., 2010; Goubault et al., 2017). Importantly, none 

of these studies have assessed whether movement slowness in ET is associated with 

sequence effect (Algarni and Fasano, 2018), which is a feature of bradykinesia in PD 

(Berardelli et al., 2001, Postuma et al., 2015b, Bologna et al., 2019b). The relationship 

between movement abnormalities and tremor severity in ET also needs clarification. While 

some authors indicate that movement slowness in ET is due to tremor (Goubault et al., 

2017), others favour the hypothesis that it is due to a distinct pathophysiology (Costa et al., 

2010).  

In this study, we investigated voluntary movement abnormalities in ET using kinematic 

techniques. We specifically analysed repetitive finger movements, one of the most 

sensitive tests for bradykinesia assessment in PD clinical practice (Bologna et al., 2019b). 

We measured various parameters, including movement velocity and amplitude and 

velocity reduction during movement repetition. To determine whether bradykinesia has 

specific features in ET patients, we compared data collected in ET patients with those 
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recorded in PD patients and healthy controls (HCs). We also performed a cluster analysis 

to better address the data variability observed in ET patients. Finally, we investigated 

possible relationships between movement abnormalities, postural and kinetic tremor 

severity, and other ET clinical features.  

 

3.1.3 Materials and Methods 

 

Participants  

A total of 258 subjects participated in the study (90 patients with ET, 84 patients with PD, 

and 84 HCs). Patients were recruited at the Department of Human Neurosciences, Sapienza 

University of Rome. ET and PD diagnoses were based on clinical criteria (Berardelli et al., 

2013, Postuma et al., 2015a). Patients with previous exposure to drugs acting on the 

central nervous system, including alcohol abuse or head trauma, were excluded from the 

study. Both ET and PD patients discontinued their medications at least 48 hours prior to 

the experiments. ET and PD patients were clinically assessed by a neurologist experienced 

in movement disorders. Cognitive evaluation in ET and PD patients was performed using 

the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005). Evaluation of ET 

patients was performed according to the Fahn-Tolosa-Marin Tremor Rating Scale 

(FTMTRS) (Fahn S. Tolosa E. Concepcion M, 1993). Both ET and PD patients were 

assessed according to the motor section (part III) of the Movement Disorder Society-

sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) (Goetz 

et al., 2008; Antonini et al., 2013). Although a minor percentage of ET patients had rest 

tremor of the upper limbs (14/90 ET patients, 15%), as seen in other reports (Louis et al., 

2019), or slight movement slowness of the upper limbs (6/90 ET patients, 6.6%),  rest 

tremor and movement slowness did not occur in combination in any of the ET patients we 
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tested. Thus, no ET patients enrolled in our study fit the current criteria for parkinsonism 

(Postuma et al., 2015a), nor did any have overt signs of parkinsonism, including 

micrographia, hypomimia, hypophonia, reduced arm swing during walking, postural 

abnormalities, rigidity, or other features such as impaired tandem gait, dystonic posturing, 

or mild memory impairment. HCs were right-handed and none had a history of neurologic 

or psychiatric disorders or medication intake. The study was approved by the local 

institutional review board. All participants gave their written informed consent to 

participate in the study.  

 

Kinematic recording and analysis 

Repetitive finger tapping and tremor recordings were performed using a 3D optoelectronic 

system (SMART motion system, BTS, Milan, Italy). This system includes three infrared 

cameras (120 Hz frequency) that detect motion in the three-dimensional space of reflective 

markers taped at the level of the hand and on the distal phalanx of the index finger and the 

thumb of the dominant hand (Bologna et al., 2016a, 2018). 

Participants were asked to perform 15-s of repetitive finger movements, i.e. opening and 

closing the index finger and the thumb (finger tapping), as fast as possible and with the 

widest range of motion. Three 15-s recordings were performed in succession with a 60-s 

pause between recordings (Bologna et al., 2016a, 2018). The choice to record 15-s of 

tapping was based on previous studies (Espay et al., 2011; Ling et al., 2012, Bologna et 

al., 2016a, 2018). Kinematic data analysis was based on dominant hand performance in ET 

patients and HCs. In PD we tested the more affected side. Notably, we previously 

demonstrated no significant effect of handedness on motor performance in healthy controls 

and PD patients (Bologna et al., 2016a, 2018). Movement analysis was performed offline 

with a dedicated software (SMART Analyzer, BTS Engineering, Italy) to determine the 
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total number of movements and movement rhythm, i.e. the coefficient of variation (CV) 

computed by the standard deviation/mean value of the inter-tap intervals (with higher 

values representing a lower regularity of repetitive movements). Linear regression 

techniques were then used to determine the intercept (which reflects the movement 

amplitude in degree and velocity in degree/s at the beginning of the motor sequence of 15 

seconds) and the slope (representing amplitude and velocity decrement, i.e. sequence effect 

across the 15 sec trials) of the regression line across the scatter plot of the kinematic 

parameters (Y-axis) versus the movement number (X-axis) (Bologna et al., 2016a, 2018).   

For postural tremor recordings, patients were asked to place their arms outstretched in front 

of their chest (three 30-s recordings each). For tremor analysis, power spectra were 

calculated by fast Fourier transformation using dedicated software (SMART Analyzer, 

BTS Engineering, Milan). Kinematic analysis was used to determine the dominant 

frequency peak (Hz) of the tremor spectrum. The tremor magnitude was measured and 

expressed in terms of GRMS^2 (Bologna et al., 2015, 2019a; Paparella et al., 2018). We 

measured the kinetic tremor of the upper limb, as determined by the curvature index (ratio 

of the arm endpoint average path length to that of a straight line joining the initial and final 

positions) during a pointing task (Paparella et al., 2018).  

 

Statistical analysis 

Gender differences between ET and PD patients and HCs were evaluated using the Fisher 

exact test. The Kruskal-Wallis analysis of variance (ANOVA) was used to assess age 

differences between ET, PD and HCs. Comparison of finger tapping kinematics in ET, PD, 

and HCs was performed by one-way ANOVA using the intergroup factor „GROUP‟. 

Kinematic variables were assessed in separate ANOVAs. Fisher‟s least significant 

difference test was used for post-hoc analyses. We also performed a K‐means clustering 
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analysis in order to distinguish possible subgroups of participants whose kinematic features 

differed. Linear relationship was determined using Pearson or Spearman correlations, and 

logistic regression analyses were performed to determine whether movement kinematics 

during finger tapping (dependent variables) depended on postural tremor severity 

(independent variable) as assessed by the FTMTRS and kinematic techniques, or on 

disease duration, or were influenced by other categorical demographic and clinical 

features, i.e. gender, familial history, age at onset > 60 years, presence of head tremor. All 

results are presented as mean values ± 1 standard error of the mean (SEM) unless 

otherwise specified. The significance level was set at P<0.05. Data were analysed using 

STATISTICA® (StatSoft, Inc) and implemented with R. 

 

3.1.4 Results 

 

Between-group analysis 

No differences were found in the age and gender ratio between ET and PD patients and 

HCs (all Ps>0.05) (Table 8). All ET patients had a bilateral and symmetric tremor of the 

upper limbs, a positive family history was present in 50/90 cases (55.5%), 43 patients 

(38.7%) were > 60 years at disease onset, and 21 patients (23.3%) had tremor of the upper 

limbs plus head tremor (Table 8). None of the participants had significant cognitive 

abnormalities (MoCA score > 26 in all participants).  The average FTMTRS score (± 1 

SD) in the ET group was 19.10±11.33. The average UPDRS score (± 1 SD) in the ET 

group was 5.5±2.62 and was mainly due to postural and kinetic tremor (as assessed by 

items 3.14 and 3.15). We also found rest tremor of the upper limbs in 14/90 ET patients 

(15.6%) or slight movement slowness (item 3.4) of the upper limbs in 6/90 ET patients 

(6.6%). The average UPDRS score (±1 SD) in the PD group was 30.36±13.35. 
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We found no significant kinematic differences between the right and left side in a subgroup 

of 50 ET patients, and between the more and less affected hands performance for the entire 

sample of 84 PD patients (supplementary Table 1 and Table 2). 

ANOVA disclosed a significant effect of the factor „GROUP‟ on the number of 

movements (F2, 255=7.61, P<0.001), CV (F2, 255=8.90, P<0.001), amplitude (F2, 

255=13.16, P<0.001), velocity (F2, 255=23.37, P<0.001), and slope amplitude (F2, 

255=8.72, P<0.001). The slope velocity did not differ between groups (F2, 255=0.43, 

P=0.65). Post-hoc analysis revealed that the number of movements was lower in ET than in 

PD (P=0.03) and HCs (P<0.01), whereas no difference emerged between PD and HCs (Fig. 

1). The CV was higher in PD than in ET (P=0.002) and HCs (P<0.001). Movement 

amplitude and velocity were lower in PD than in ET (amplitude: P=0.002; velocity: 

P<0.001) and HCs (amplitude: P<0.001; velocity: P<0.001). In addition, movement 

velocity was lower in ET patients than HCs (P=0.04). Finally, the amplitude decrement 

was more severe in PD than in ET and HCs (both P<0.001) (Fig. 1).  

These data indicate that ET patients perform slower voluntary movements in comparison 

with HCs, as evidenced by the reduced number of performed movements and lower peak 

velocity during finger tapping. No other abnormalities or sequence effect were observed in 

ET patients. The observation that the number of performed movements was lower in ET 

than in PD patients may be explained by the fact that movement slowness in PD is 

accompanied by a significant reduction in movement amplitude, which does not occur in 

ET.  

Finally, we found that ET-plus patients did not differ from ET patients in terms of 

movement slowness (movement velocity average ± standard error ET vs ET-plus: 

956.2±27.2 vs 930.6 ± 50.9, P=0.6 by an unpaired t-test).  
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Cluster analysis 

Since an inspection of the raw data revealed a significant variability in the data and a 

substantial overlap in the kinematic values between groups (Fig. 1), we applied a cluster 

analysis to determine whether combinations of kinematic parameters characterized the 

patterns of movement abnormalities without a priori categorization of subjects into groups. 

Cluster analysis identified two clusters.  Movement velocity was the parameter with the 

greatest difference between the two clusters (cluster 1: 716.18 degrees/sec; cluster 2: 

1157.16 degrees/sec; 38.10% difference). Movement amplitude (cluster 1: 38.01 degrees; 

cluster 2: 52.05 degrees; 26.97% difference) and CV (cluster 1: 0.128; cluster 2: 0.101; 

26.73% difference) also differed between the two clusters. Amplitude decrement was 

slightly steeper in cluster 1 than in cluster 2 (cluster 1: -0.170 degrees/movement; cluster 2: 

-0.155 degrees/movement; 9.67% difference). Finally, the number of movements was the 

parameter with the lowest difference between the two clusters (cluster 1: 43.07; cluster 2: 

46.39; 7.15% difference). Thus, cluster 1 included a combination of altered parameters, 

while cluster 2 was characterized by values within the normal range. Notably, between-

cluster differences were mainly driven by changes in movement velocity, combined with 

altered amplitude and CV. Overall, the two clusters were distributed differently in ET 

patients, PD patients, and HCs (P<0.001; Fig. 2). There were more PD patients in cluster 1 

(78.6% in cluster 1, 21.4% in cluster 2) and HCs in cluster 2 (66.7% in cluster 2, 33.3% in 

cluster 1). ET patients were almost equally distributed in the two clusters (47.8% in cluster 

1, 52.2% in cluster 2; Fig. 2). The frequency of cluster 1 was highest in PD patients 

compared to ET patients and HCs (PD vs. ET and PD vs. HCs, P always <0.001), but it 

was also higher in ET patients than HCs (P=0.05). In summary, as compared to HCs (i.e. 

~15% difference), a larger proportion of ET patients had a combination of movement 
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abnormalities categorized in cluster 1, which corresponded with those mainly observed in 

PD. 

 

Regression analysis 

We found no significant linear relationship between movement slowness in ET and 

postural or kinetic tremor, as assessed by the FTMTRS or kinematic techniques, or 

between movement slowness in ET and disease duration (all P values > 0.05). 

Additionally, logistic regression analysis showed no relationship between movement 

slowness and categorical demographic and clinical features, i.e. gender (OR: 2.25; 95% CI: 

0.71–7.07; P=0.17), familial history (OR: 0.98; 95% CI: 0.37–2.60; P=0.97), age at onset > 

60 years (OR: 2.33; 95% CI: 0.58–9.29; P=0.23), and presence of head tremor (OR: 0.30; 

95% CI: 0.09–1.06; P=0.06). 

 

3.1.5 Discussion 

We investigated possible voluntary movement abnormalities in ET through kinematic 

analysis of repetitive finger tapping, one of the most commonly used tasks for bradykinesia 

evaluation in clinical practice (Bologna et al., 2019b). As a group, ET patients had slower 

movement execution than HCs, but unlike PD patients they had no progressive reduction in 

speed or amplitude, i.e. sequence effect. No relationship between movement slowness and 

tremor severity or other clinical and demographic features in ET emerged from the 

analysis, indicating that movement slowness in ET cannot simply be explained as a 

secondary effect of tremor itself. Finally, cluster analysis showed that a significant 

proportion of ET patients displayed a combination of movement abnormalities that 

overlapped with those observed in PD.  
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When interpreting our findings, we can exclude that methodological aspects and other 

potential study limitations may have significantly influenced the results. First, patients with 

ET were consecutively recruited, therefore minimizing a possible selection bias. Since ET 

diagnosis is still currently based on clinical criteria (Bhatia et al., 2018), there may be 

difficulties in some cases in the differential diagnosis with other conditions, including 

dystonia and PD. However, the ET patients were followed up in our outpatient clinic for a 

relatively long period, thus minimizing the risk of misdiagnosis. In this regard, all patients 

had bilateral postural and kinetic tremor of the upper limbs, while none had subtle dystonia 

signs or clinically detectable parkinsonian features (Pandey and Bhattad, 2019; Rajput et 

al., 2019). All patients had discontinued all therapies at least 48 hours before the 

experimental evaluation, therefore reducing the possibility that medications affected our 

kinematic measurements. Finally, since demographic (age and gender) features were 

similar between groups it is unlikely that they significantly affected the results.  

The novel finding that emerged from our kinematic analysis was that movement slowness 

in ET was not associated with sequence effect, which instead is a common feature in PD 

(Berardelli et al., 1986, 2001, Bologna et al., 2016a, 2018, 2019b). Since we found no 

significant correlations between slowed finger tapping and postural or kinetic tremor 

severity, as evaluated by clinical rating scores and kinematic techniques, we can exclude 

that movement slowness in ET patients represents a secondary and aspecific effect of 

tremor itself. Moreover, the lack of correlation between movement slowness and postural 

or kinetic tremor severity implies that the two movement abnormalities are due, at least in 

part, to distinct pathophysiological processes (Muthuraman et al., 2015). The lack of a 

possible relationship between tremor severity and movement slowness in ET must be 

confirmed in further investigations comparing repetitive finger movement performance 

with and without treatment.  
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It is well known that cerebellar dysfunction plays a role in the pathophysiology of ET 

(Haubenberger and Hallett, 2018). Hence, it is possible that cerebellar dysfunction is also 

involved in the pathophysiology of movement slowness in ET. This hypothesis is 

supported by the observation that various kinematic parameters, particularly movement 

direction and velocity, are encoded in cerebellar neural activity. In particular, the spike 

firing of Purkinje cells, the main output of the cerebellar cortex, is thought to control 

movement velocity across multiple tasks, including hand kinematics (Ebner, 1998; Ebner 

et al., 2011; Hewitt et al., 2011). Furthermore, several studies have shown that 

degenerative cerebellar disease, cerebellar tumors, and ischemic lesions may be associated 

with movement slowness, which may be due to an inappropriate acceleration time for the 

first agonist burst. In patients in the acute stage of cerebellar stroke, it has been observed 

that voluntary arm movements are mainly characterized by slowness (bradykinesia) and 

not loss of movement coordination (ataxia). Interestingly, the movement slowness in 

patients with cerebellar stroke was associated with lesions in paravermal regions and the 

deep cerebellar nuclei (Hallett et al., 1991a; Diener et al., 1992; Berardelli et al., 1996; 

Konczak et al., 2010; Olivito et al., 2017). One current hypothesis is that in healthy 

subjects the cerebellum is able to prevent dysmetria by adjusting movement duration to 

compensate for changes in movement velocity and that this ability is lost in cerebellar 

disease (Markanday et al., 2018). Due to the well-established role of the cerebellum in 

movement timing, we would have expected movement rhythm abnormalities (as reflected 

by higher CV values) in ET patients as compared to HCs. The lack of significant 

movement rhythm differences between ET patients and HCs possibly indicates that 

additional mechanisms together with altered cerebellar output may be involved in the 

generation of movement slowness in ET. These mechanisms may involve altered 
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oscillating activity in the wider cerebral network, including not only the cerebellum, but 

also the thalamus and the M1  (Muthuraman et al., 2015; Haubenberger and Hallett, 2018). 

In PD, basal ganglia-cortical loops are primarily involved in regulating different movement 

parameters, including speed. As in ET, the cerebellum is thought to be involved in the 

pathophysiology of bradykinesia in PD, which is now considered a network disorder 

(Berardelli et al., 2001, Bologna et al., 2019b). However, different movement 

abnormalities, particularly the lack of sequence effect during repetitive voluntary 

movement in ET as opposed to PD, point toward a different pathophysiological role of the 

cerebellum in the two conditions. Together with cortical motor areas, the cerebellum may 

be involved in the execution of continued and repetitive movements, which play a role in 

movement feedback and compensate for defective basal ganglia function (Bologna et al., 

2019b). 

When performing cluster analysis, we found that almost half of ET patients were 

categorized with normal movement kinematics, similar to HCs. However, the remaining 

half of ET patients were categorized with abnormal movement kinematics, similar to most 

PD patients. Participant categorization into the two ET subgroups was mainly due to the 

presence of movement slowness and altered amplitude and rhythm, while sequence effect 

had less influence on participant categorization. Notably, the movement differences in the 

two ET subgroups could not be simply explained by clinical and demographic 

characteristics. The overlap in movement kinematics we found between a significant 

proportion of ET patients and most PD patients is consistent with previous clinical 

observations (Waln et al., 2015; Espay et al., 2017; Rajput et al., 2019). It is worth noting, 

however, that none of the ET patients enrolled in our study had clinical parkinsonism 

according to current criteria (Postuma et al., 2015a). In our study, patients did not undergo 

DaTscan examination, which would have helped clarify the possible presence of 
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dopaminergic alterations. However, it is impractical to perform DaTscan examinations in 

all patients and the results are not necessarily conclusive. In this regard, DaTscan 

examination can demonstrate a trend of uncertain significance toward a slight 

dopaminergic deficit in the striatum (Waln et al., 2015). Moreover, there is a small 

proportion of patients with a negative DaTscan who may be diagnosed with PD on the 

basis of a positive levodopa response, clinical progression, and imaging and/or genetic 

evidence (Erro et al., 2016). 

It is important to note that the above observations on voluntary movement abnormalities 

are relevant when interpreted in the context of the new tremor classification system (Bhatia 

et al., 2018). Accordingly, the term ET-plus defines tremor with ET characteristics and 

additional neurological signs of unknown significance, including voluntary movement 

abnormalities (Bhatia et al., 2018). ET patients with movement abnormalities detected by 

kinematic analysis may therefore qualify for the definition of ET-plus (Bhatia et al., 2018; 

Louis et al., 2019). Since patients included in this study did not have parkinsonism, our 

findings thus indicate that quantitative measures and kinematic analysis of finger tapping 

allow a better categorization of ET patients. In this regard, kinematic analysis is likely to 

identify a higher proportion of ET-plus patients than clinical examination. Whether 

voluntary movement abnormalities in ET patients, as demonstrated by kinematic analysis, 

could be considered a motor prodrome of PD is an important issue that should be 

addressed in future studies. For example, longitudinal studies are needed to clarify whether 

voluntary movement objectively quantified by kinematic techniques may be an early 

marker predicting the future development of PD in patients with ET. 

Finally, our results are relevant in the development of a more accurate definition of 

bradykinesia and the appropriate use of this term in patients with ET. The term 

bradykinesia has been used previously in a number of clinical and experimental studies in 
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ET patients. However, the use of this term in patients with ET can only be considered 

appropriate when strictly related to its simplest etymological meaning, i.e. movement 

slowness. In contrast, the use of this term may be inappropriate if reference is made to the 

definition of bradykinesia in the context of PD, since in this context the term implies the 

presence of sequence effect. Clarifying this issue goes beyond the purposes of this study. 

In conclusion, our study showed that ET patients as a group have significant movement 

slowness as compared to HCs, possibly due to abnormalities within the cerebello-thalamo-

cortical network. Since no sequence effect was observed in ET, it is likely that the 

pathophysiological processes responsible for altered voluntary motor control in ET differ 

from those in PD. Our results also emphasize that a significant proportion of ET patients 

have movement abnormalities similar to those observed in PD patients. Our findings 

indicate that these patients could therefore be categorized as ET-plus, as supported by 

neurophysiological (though not clinical) evidence. 
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3.2  STUDY 2: BRADYKINESIA IN ALZHEIMER’S DISEASE AND ITS 

NEUROPHYSIOLOGICAL SUBSTRATES 

 

3.2.1 Abstract  

Alzheimer‟s disease is primarily characterized by cognitive decline; recent studies, 

however, emphasize the occurrence of motor impairment in this condition. Here, we 

investigate whether motor impairment, objectively evaluated with kinematic techniques, 

correlates with neurophysiological measures of the primary motor cortex in Alzheimer‟s 

disease.Twenty patients and 20 healthy subjects were enrolled. Repetitive finger tapping 

was assessed by means of a motion analysis system. Primary motor cortex excitability was 

assessed by recording the input/output curve of the motor-evoked potentials and using a 

conditioning-test paradigm for the assessment of short-interval intracortical inhibition and 

short-latency afferent inhibition. Plasticity-like mechanisms were indexed according to 

changes in motor-evoked potential amplitude induced by the intermittent theta-burst 

stimulation. Patients displayed slowness and altered rhythm during finger tapping. 

Movement slowness correlated with reduced short-latency afferent inhibition in patients, 

thus suggesting that degeneration of the cholinergic system may also be involved in motor 

impairment in Alzheimer‟s disease. Moreover, altered movement rhythm in patients 

correlated with worse scores in the Frontal Assessment Battery. This study provides new 

information on the pathophysiology of altered voluntary movements in Alzheimer‟s 

disease.The study results suggest that a cortical cholinergic deficit may underlie movement 

slowness in Alzheimer‟s disease. 

 

3.2.2 Introduction 
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AD is a neurodegenerative condition mainly characterized by cognitive decline (Scheltens 

et al., 2016). However, recent studies have emphasized the occurrence of motor 

impairment in this condition (Scarmeas et al., 2005; Vöglein et al., 2019). A range of 

motor symptoms and signs, including slowed voluntary movement (bradykinesia), have 

been reported in 15-50% of patients with AD (Tsolaki et al., 2001; Scarmeas et al., 2004, 

2005). Motor signs predict cognitive and functional decline (Scarmeas et al., 2005) and 

correlate with the deposition of amyloid-β in the basal ganglia and in other areas (Del 

Campo et al. 2016; Vöglein et al. 2019). It has also been suggested that amyloid-mediated 

degeneration of the cholinergic system may account for AD-related motor impairment 

(Schirinzi et al., 2018). Despite clinical observations, only a limited number of studies 

have quantitatively assessed voluntary movement abnormalities in AD (Roalf et al., 2018; 

Suzumura et al., 2018). Roalf et al. evaluated motor performance by objectively analyzing 

finger tapping and observed a reduced number of taps, a longer inter-tap interval and 

higher intra-individual variability in AD patients than in healthy controls (Roalf et al., 

2018). Suzumura et al. also studied finger dexterity and confirmed abnormalities in 

movement rhythm in AD (Suzumura et al., 2018).  

Since corticospinal output from the M1 is a major pathway for the control of skilled 

movement, it is reasonable to assume that M1 dysfunction in AD contributes to movement 

abnormalities. Studies on animal models of AD have revealed structural and functional 

changes in M1 (Battaglia et al., 2007; Iaccarino et al., 2016). The hypothesis of M1 

involvement in AD is supported by neurophysiological studies in patients based on TMS 

(Di Lazzaro et al., 2002, 2004; Inghilleri et al., 2006; Ferreri et al., 2011, 2016; Guerra et 

al., 2011; Wegrzyn et al., 2013; Cantone et al., 2014; Nardone et al., 2014; Di Lorenzo et 

al., 2016, 2019). Major neurophysiological abnormalities in M1 are decreased 

motor cortical inhibition, defective cholinergic neurotransmission, as detected by reduced 
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short-latency afferent inhibition (SAI), and reduced long-term potentiation (LTP)-like 

plasticity (Di Lazzaro et al., 2002, 2004; Inghilleri et al., 2006; Battaglia et al., 2007; 

Ferreri et al., 2011, 2016; Guerra et al., 2011; Terranova et al., 2013; Wegrzyn et al., 

2013; Cantone et al., 2014; Nardone et al., 2014; Di Lorenzo et al., 2016, 2019; Schirinzi 

et al., 2018). These abnormalities are present in the early disease stages and deteriorate as 

the disease progresses (Ferreri et al., 2011; Trebbastoni et al., 2015).  

To our knowledge, data on possible correlations between voluntary movement 

abnormalities and neurophysiological abnormalities in M1 in AD are lacking. Gaining an 

insight into this issue might provide a better understanding of motor impairment in AD and 

its underlying pathophysiological mechanisms. In the present study, we specifically 

investigated possible relationships between movement kinematics and neurophysiological 

changes in M1 in AD patients. Voluntary movement was objectively assessed during 

repetitive finger tapping (Bologna et al., 2016a, 2018). We evaluated movement 

amplitude, velocity and rhythm, as well as the amplitude and velocity decrement (sequence 

effect) during movement repetition (Bologna et al., 2016a, 2018). We measured M1 

excitability and plasticity at rest using various TMS techniques (Tokimura et al., 2000; 

Huang et al., 2005; Berardelli et al., 2008, Bologna et al., 2017a; Di Lorenzo et al., 2019). 

AD patient data were compared with those from healthy subjects.  

 

3.2.3 Materials and methods  

Participants 

We enrolled twenty patients with mild-to-moderate AD (9 females, mean age ± 1 standard 

deviation: 77.0 ± 8.0; Table 9) and 20 HCs with no overt cognitive or motor disturbances 
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(14 females, mean age ± 1 standard deviation: 71.0 ± 9.4). Current clinical criteria 

(McKhann et al., 2011) were used for AD diagnosis. The patients underwent an accurate 

neurological examination, a complete battery of neuropsychological testing, laboratory 

screening, and brain MRI to rule out other causes of dementia, e.g. dementia with Lewy 

bodies (McKeith et al., 2017). The neuropsychological assessment included the Mini 

Mental State Examination (MMSE) (Folstein et al., 1975), the Frontal Assessment Battery 

(FAB) (Dubois et al., 2000) and the Beck Depression Inventory (BDI-II) (Beck et al., 

1961). In order to detect possible signs of parkinsonism, patients were also examined by 

using the motor section (part III) of the Movement Disorder Society-sponsored revision of 

the Unified Parkinson‟s Disease Rating Scale (UPDRS-III) (Goetz et al., 2008; Antonini et 

al., 2013). All the participants were right-handed, as evaluated by the Handedness 

Questionnaire. Any drugs that are known to affect corticospinal excitability or plasticity 

being taken by patients, including antipsychotics and cholinesterase inhibitors, were 

discontinued at least 72 h prior to the evaluation. Experimental procedures were carried out 

in accordance with the Declaration of Helsinki and international safety guidelines (Rossi et 

al., 2009; Rossini et al., 2015) and approved by the local ethics committee. Written 

informed consent to the study was provided by all participants.  

 

Movement analysis 

Subjects were seated on a chair and performed repetitive finger tapping with the right 

hand. Three trials consisting of 15 seconds of repetitive finger tapping were recorded. 

Participants were requested to start and stop tapping movements by verbal command. To 

avoid fatigue, a ~60-second rest was allowed between trials (Bologna et al., 2016a, 2018). 

In addition, to ensure that participants understood the task, they were instructed to perform 
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one practice trial before the kinematic recordings. Kinematic recordings were made by 

using an optoelectronic system (SMART motion system, BTS Engineering, Italy). Three 

infrared cameras followed the 3D displacement of reflective markers of negligible weight 

with a 5-mm diameter, which were attached to the upper limb (sampling rate of 120 Hz). 

We placed two markers on the tips of the index finger and thumb. To define a reference 

plane and mathematically exclude contaminations of any unwanted hand movements that 

interfered with finger tapping we placed three additional markers were on the hand 

(Bologna et al., 2016a, 2018). Movement analysis was carried out using special software 

(SMART Analyzer, BTS Engineering, Italy). For quantitative purposes, linear regression 

techniques were used to calculate the intercept, which reflects the movement amplitude 

(degree) and velocity (degree/s), and the slope, which reflects the amplitude and velocity 

decrement during movement repetition. The coefficient of variation (CV) of the inter-tap 

intervals (with higher values representing a lower regularity of repetitive movements) was 

also used to measure movement rhythm (Bologna et al., 2016a, 2018). 

 

TMS  

To study cortical excitability, single- and paired-pulse TMS was delivered through a 

MagstimBiStim
2
 and a standard figure-of-eight coil that delivered monophasic pulses 

(Magstim Company Limited, UK). The hotspot of the right first dorsal interosseous (FDI) 

muscle, defined as the optimal scalp position to elicit motor-evoked potentials (MEPs) in 

the muscle, was identified with the handle of the TMS coil positioned at a ~45° angle from 

the midline pointing backward. The resting motor threshold (RMT), active motor threshold 

(AMT), andintensity required to produce MEPs of ≈1 mV in size (1mV MEP) were 

established (Currà et al., 2002). Then, the input-output (I/O) curve was measured by 
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delivering 10 single TMS pulses at six different stimulation intensities (60 pulses in total), 

ranging in 20% increments from 80% to 180% of the RMT. In order to avoid hysteresis 

effects the intensity order was randomized (Bologna et al., 2017a, 2018). Moreover, short-

interval intracortical inhibition (SICI) and SAI were assessed using standardized protocols 

(Tokimura et al., 2000; Berardelli et al., 2008). SICI was tested by delivering paired TMS 

pulses with a subthreshold conditioning stimulus at an intensity of 80% of the AMT, a 

supra-threshold test stimulus at 1mV MEP and an inter-stimulus interval (ISI) of 2 and 4 

ms. For SAI, we performed median nerve stimulation at the wrist using a 0.1ms electrical 

rectangular pulse (Digitimer model DS7; Digitimer, UK) with a bipolar electrode and an 

intensity that induced a painless thumb twitch. The intensity of the TMS was set at 1mV 

MEP, and the ISIs (interval between the median nerve and the cortical stimulation) tested 

were 22 and 24 ms. SICI and SAI were tested in two separate blocks. Fifteen trials were 

acquired for each ISI for both SICI and SAI and randomized with 15 single-pulse stimuli 

delivered at an intensity of 1mV MEP (unconditioned MEPs). SICI and SAI were 

expressed as the ratio between the unconditioned and conditioned MEP. 

We probed cortical plasticity by applying intermittent theta-burst stimulation (iTBS)  

(Huang et al., 2005; Di Lorenzo et al., 2016, Bologna et al., 2017a; Di Lorenzo et al., 

2019). The iTBS protocol was delivered by using a high-frequency biphasic magnetic 

stimulator (Magstim Super Rapid; Magstim Company Limited, UK) connected to a figure-

of-eight coil placed over the FDI hotspot. The stimulation intensity was set at 80% of the 

AMT. The protocol consisted of ten bursts of three pulses at 50 Hz, repeated at 200-ms 

intervals, delivered in short trains lasting 2 seconds, with an 8-second pause between 

consecutive trains (20 trains, 600 pulses in total). Given the limited duration of this 

protocol, we applied iTBS in order to minimize the time required for the experiments in 

patients. 



 
46 

 

MEPs were recorded by using surface electrodes taped in a belly-tendon montage. EMG 

signals were amplified and filtered (20 Hz-1 kHz) using Digitimer D360 (Digitimer, UK), 

stored on a computer (sampling rate of 5 kHz) through an analog-digital converter AD1401 

plus (Cambridge Electronic Design, UK) and then analyzed off-line with a dedicated 

software (Signal version 5.08, Cambridge Electronic Design, UK). The MEP peak-to-peak 

amplitude was measured within a time window of 20-40 ms after the TMS artifact. Traces 

with background EMG activity exceeding 0.1mV in the 200-ms time window preceding 

the TMS artifact were rejected. 

 

Experimental design 

All subjects underwent a single experimental session. After having administered the 

various clinical and neuropsychological scales, kinematic recordings were performed. 

Then, TMS measures were collected: corticospinal (i.e., RMT, AMT and I/O curve) and 

intracortical (SICI and SAI) excitability paradigms were recorded before the iTBS 

protocol. In order to assess M1 plasticity, 15 MEPs evoked by single-pulse TMS at an 

intensity of 1mV MEP were recorded before (T0) and 5 (T1), 15 (T2) and 30 minutes (T3) 

after iTBS. 

 

Statistical analysis 

Differences in age and clinical scores between AD patients and HC were evaluated by 

using the Mann-Whitney U test. Gender differences between patients and HC were 

evaluated by using the Fisher-exact test.  



 
47 

 

Group comparisons on kinematic variables and motor thresholds between groups were 

performed using two-tailed unpaired t-tests. Possible differences in the I/O curve were 

assessed by means of a repeated-measures analysis of variance (rmANOVA) with the 

between-group factor „GROUP‟ (2 levels: AD, HC) and the within-group factor 

„STIMULUS INTENSITY‟ (6 levels: 80%, 100%, 120%, 140% 160% and 180% RMT). A 

rmANOVA with factors „GROUP‟ and „ISI‟ (2 levels: 2 and 4 ms) was used to evaluate 

SICI. The same analysis with factors „GROUP‟ and „ISI‟ (2 levels: 22 and 24 ms) was 

adopted to compare SAI in patients and HC. When evaluating the effects of iTBS, we used 

the factor „TIME POINT‟ (4 levels: T0, T1, T2 and T3) on raw MEP data (peak-to-peak 

amplitude) in HC and AD to demonstrate the effectiveness of this intervention. A 

rmANOVA with factors „GROUP‟ and „TIME POINT‟ (3 levels: T1, T2 and T3) was 

conducted on data recorded at T1, T2 and T3, normalized to T0.  

Pearson‟s coefficient was calculated to evaluate possible correlations between kinematic 

and TMS measures. For this purpose, we computed the steepness of the I/O MEP curve 

(i.e. the slope of the regression line across the scatter plot of the MEP amplitude – Y axis 

vs. the stimulation intensity - X axis) and the average SICI and SAI for the two ISIs tested 

as well as any changes in MEP amplitude after iTBS across the three measurement time 

points (T1, T2 and T3).The possible relationship between cognitive data (i.e. MMSE, FAB 

scores), UPDRS part III scores and neurophysiological measures (kinematic and TMS 

parameters) in AD patients were tested by using Spearman's rank correlation coefficient. 

Unless otherwise stated, the results are indicated as mean values ± 1 standard error of the 

mean. Tukey's honestly significant difference was used for post-hoc analyses in ANOVAs. 

Greenhouse-Geisser corrections were applied whenever we found a violation of sphericity 

in Mauchly‟s tests. The level of significance was initially set at P<0.05. The results of 
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multiple correlations were Bonferroni corrected. The results that did not survive 

Bonferroni‟s correction were considered as a trend. Data were analyzed using 

STATISTICA
®
 (StatSoft, Inc). 

 

3.2.4 Results 

All the study participants completed the experimental procedure, and none reported any 

adverse effects. No difference was found in age (P=0.12), gender distribution (P=0.10) or 

BDI-II scores (P=0.34) between AD patients and HC. As expected, the MMSE and FAB 

scores were significantly lower in AD patients than in HC (MMSE: 19.8 ± 3.6 vs. 28.4 ± 

1.5, P<0.001; FAB: 10.3 ± 4.1 vs. 16.3 ± 2.0, P<0.001). 

 

Finger tapping kinematics 

Finger tapping kinematic parameters are shown in Fig. 3. The analysis revealed lower 

values for movement velocity (P=0.01) in patients than in HC, and higher values for CV in 

patients than in HC (P=0.03). No significant difference emerged between patients and HC 

in the number of movements (P=0.09), movement amplitude (P=0.13), amplitude slope 

(P=0.99) or velocity slope (P=0.52).  

 

TMS measures 

Corticospinal excitability: motor thresholds and I/O curve 



 
49 

 

Motor thresholds were comparable in patients and HC [RMT (AD: 48.6 ± 6.4 vs HC: 47.7 

± 7.3, P=0.69), AMT (AD: 38.5 ± 5.9vs HC: 38.7 ± 4.0, P=0.86), 1mV MEP (AD: 71.1 ± 

14.9vs HC: 67.2 ± 17.2, P=0.45)]. The I/O curve was also similar in the two groups, as 

demonstrated by the non-significant effect of the main factor „GROUP‟ (F1,38=1.75, 

P=0.19) and the lack of any „GROUP‟ x „STIMULUS INTENSITY‟ interaction 

(F5,190=1.17, P=0.33) in the rmANOVA. As expected, the main factor „STIMULUS 

INTENSITY‟ was significant (F5,190=70.58, P<0.001), which indicates that an increasing 

TMS stimulation intensity induces a larger MEP amplitude (Fig. 4, panel A). 

 

Intracortical excitability: SICI and SAI 

When SICI was analyzed, the rmANOVA revealed a significant effect of the main factors 

„GROUP‟ (F1,38=5.81, P=0.02), with less inhibition in AD than in HC, and „ISI‟ 

(F1,38=24.38, P<0.001), for which inhibition was more effective at 2 ms than at 4 ms. The 

„GROUP‟ x „ISI‟ interaction was not significant (F1,38=0.27, P=0.60). When SAI was 

analyzed, the rmANOVA disclosed a significant effect of the main factor „GROUP‟ 

(F1,38=4.56, P=0.03), with higher values (i.e. less inhibition) being detected in patients than 

in HC. The effect of the main factor „ISI‟ was not significant (F1,38=3.28, P=0.08), 

suggesting comparable SAI values at ISIs of 22 and 24 ms, nor was any „GROUP‟ x „ISI‟ 

interaction detected (F1,38=3.22, P=0.08). Differences in SICI and SAI between AD 

patients and HC are shown in Fig. 4, panel B. 

 

M1 plasticity: iTBS after-effects 
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The analysis of the raw data indicated that MEP increased after iTBS in HC (factor „TIME 

POINT‟: F3,57=9.42, P<0.001) but not in AD (factor „TIME POINT‟: F3,57=1.70, P=0.17). 

The post-hoc analysis in HC suggested that MEP facilitation was present at T2 (T0 vs T2: 

P<0.001) and T3 (T0 vs T3: P=0.01), though not at T1 (T0 vs T1: P=0.13). When the 

effect of iTBS was compared in patients and HC, the rmANOVA disclosed a significant 

effect of the main factor „GROUP‟ (F1,38=5.60, P=0.02), with lower values being observed 

in AD patients than in HC. As expected, the factor „TIME POINT‟ was significant 

(F2,76=5.37, P=0.01), thereby confirming the presence of a peak of MEP facilitation at T2. 

There was no „GROUP‟ x „TIME POINT‟ interaction (F2,76=2.97, P=0.06) (Fig. 4, panel 

C). 

 

Correlation analysis 

Neurophysiological (i.e. kinematic and TMS parameters) correlations demonstrated a 

negative relationship between movement velocity and SAI in patients with AD (r= -0.58, 

P=0.008; Fig. 5, panel A). The lower the velocity, the higher (i.e. the less effective) the 

SAI. When the clinical scores were considered, the analysis detected a negative correlation 

between the rhythm of movement (CV) and FAB scores (r= -0.59, P=0.006; Fig. 5, panel 

B). The relationships suggest that the higher the CV (i.e. less rhythmic movement), the 

lower the FAB scores (i.e. greater cognitive impairment). No other neurophysiological or 

clinical-neurophysiological correlations were observed (see Tables 10, 11 and 12). Finally, 

we found no significant correlations between kinematic parameters or neurophysiological 

measures and UPDRS part III scores (R values ranging from -0.02 to 0.29; Ps ranging from 

0.21 to 0.97). 
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3.2.5 Discussion 

Two novel aspects emerge from this study. First, we provide a neurophysiological 

characterization demonstrating that voluntary movement velocity and rhythm in AD are 

abnormal and that M1 excitability and plasticity are altered in this condition. Second, we 

performed a correlation analysis between altered movement kinematics, M1 

neurophysiological abnormalities and clinical scores in AD. We found that movement 

slowness correlated with reduced SAI, thus supporting the hypothesis that AD-mediated 

cholinergic degeneration may account not only for cognitive disturbances but also for 

motor impairment in this condition. Finally, we found a correlation between altered rhythm 

and FAB scores.  

 

Neurophysiological abnormalities 

We found that the velocity of repetitive finger movements was lower in patients than in 

healthy subjects and that the movement rhythm was altered. By providing more objective 

results, our kinematic analysis of repetitive finger movements in AD extends previous 

clinical observations on movement impairment in these patients (Tsolaki et al., 2001; 

Scarmeas et al., 2004, 2005; Schirinzi et al., 2018; Vöglein et al., 2019).Our results are 

also broadly in line with those of other neurophysiological investigations in which a 

quantitative finger movement analysis was performed in AD patients (Roalf et al., 2018; 

Suzumura et al., 2018). Although a full kinematic analysis was not performed in these 

studies (Roalf et al., 2018; Suzumura et al., 2018), the authors did quantify the number and 

the variability of finger movements in patients with AD, observing a certain degree of 

motor dysfunction.  Roalf et al. reported a reduced number of taps, a longer inter-tap 
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interval and higher intra-individual variability compared with healthy controls (Roalf et al., 

2018), while Suzumura et al. detected abnormalities in movement rhythm when they 

assessed finger dexterity (Suzumura et al., 2018). The analysis we performed here of 

repetitive finger tapping, i.e. the most widely used maneuver to assess bradykinesia in the 

clinical setting, did not disclose any significant reduction in amplitude (hypokinesia) or 

any significant decrease in movement amplitude and velocity during finger tapping 

repetition (sequence effect). Notably, hypokinesia and the sequence effect are both 

prominent bradykinesia features in Parkinson's disease (PD) (Espay et al., 2011, Postuma 

et al., 2015b, Bologna et al., 2016a, 2018). The conclusion that we may draw from these 

findings is that bradykinesia features in AD, and their underlying pathophysiological 

mechanisms, differ from those observed in PD. 

When we assessed the TMS parameters of M1, we did not find any differences in motor 

thresholds or in the MEP I/O curve between AD and healthy subjects, which points to a 

similar level of excitability in these two groups. Previous observations in the literature 

have not reported changes in the overall M1 excitability in AD either (Di Lazzaro et al., 

2002; Inghilleri et al., 2006; Nardone et al., 2014). Here we observed that SICI, a 

neurophysiological measure reflecting GABA-A-ergic intracortical inhibition (Berardelli et 

al., 2008; Ferreri et al., 2011), was less effective in patients than in controls. A significant 

reduction in SICI has been often described in previous reports although other studies did 

not find any significant difference in SICI between patients with AD and healthy subjects 

(Nardone et al., 2014). While these discrepancies in SICI may be due to the variable nature 

of this parameter, which may be significantly affected by methodological factors (Orth et 

al., 2003), they may also reflect the considerable clinical heterogeneity of AD. As 

expected, we found a significant decrease in SAI in AD than in healthy controls (Di 

Lazzaro et al., 2002, 2004; Cantone et al., 2014; Nardone et al., 2014; Di Lorenzo et al., 



 
53 

 

2016; Benussi et al., 2017). Because SAI is a well-known indicator of M1 cholinergic 

neurotransmission (Tokimura et al., 2000; Di Lazzaro et al., 2002; Ferreri et al., 2012, p. 

20), SAI reduction in AD is supportive of the hypothesis of cortical cholinergic 

dysfunction in this condition (Cantone et al., 2014; Scheltens et al., 2016; Schirinzi et al., 

2018). Finally, as previously demonstrated in neurophysiological studies in humans and 

animals (Battaglia et al., 2007), we found the lack of M1 LTP-like plasticity in patients, 

which confirms the abnormal responses to rTMS (Inghilleri et al., 2006; Nardone et al., 

2014; Di Lorenzo et al., 2016, 2019) and to paired associative stimulation observed in 

previous studies (Battaglia et al., 2007; Terranova et al., 2013).Taken together, these 

findings support the hypothesis that the disruption of LTP-like plasticity may be 

considered a pathophysiological mechanism in AD. 

 

Correlations between neurophysiological abnormalities as well as with clinical scores   

To our knowledge, no prior study has investigated the relationship between movement 

kinematics and neurophysiological abnormalities, as assessed by TMS, in AD. Here we 

demonstrate a linear correlation between movement velocity and SAI in patients. That is, 

the slower the voluntary movements, the less effective the SAI. In keeping with previous 

studies (Terranova et al., 2013; Di Lorenzo et al., 2016), we did not observe any 

correlation between SAI abnormalities and cognitive scores assessed by MMSE and FAB.  

We may thus rule out that the association between movement velocity and SAI is an 

unspecific finding ascribable to cognitive impairment. Moreover, despite changes in their 

cognitive performance, all the patients were able to understand the instructions of the 

motor task. Thus, our observations indirectly indicate that changes in cholinergic 

interneurons excitability do alter the corticospinal encoding of a specific movement 
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parameter, i.e. movement velocity. In this case, as the cortical cholinergic tone decreases, 

movement slowness develops and gradually deteriorates. It has recently been demonstrated 

that parkinsonian signs, as quantified by UPDRS (part III), in patients with AD correlate 

directly with Aβ42 levels (but not with t-tau and p-tau) in cerebrospinal fluid as well as 

with a reduced SAI (Schirinzi et al., 2018). Thus, together with previous clinical 

observations, our results support the hypothesis of a possible association between 

movement abnormalities and amyloid-mediated degeneration of the cholinergic system. 

The data observed in AD also support the hypothesis that the cholinergic system is one key 

factor involved in motor behavior (MacLaren et al., 2014; Takakusaki et al., 2016). Hence, 

the cholinergic deficit in AD may be associated with various motor disorders, including 

slowed movement of the upper limbs in either the early or intermediate disease stages. An 

alternative hypothesis is that bradykinesia in AD is related to dopaminergic pathway 

abnormalities. Several studies have reported dopaminergic alterations in this condition, 

including dopaminergic neuron loss and reduced levels of dopamine in the ventral 

tegmental area, which projects to various cortical regions, including the prefrontal cortices 

(Nobili et al., 2017; Krashia et al., 2019). Accordingly, movement slowness in AD may be 

due not only to a central cholinergic deficit but also to the coexisting dopaminergic deficit, 

as well as to the abnormal interplay between these two neurotransmitter systems. This 

hypothesis is supported by the well-known existence of relationships between cholinergic 

and dopaminergic systems in both AD and PD. For example, changes of SAI in PD parallel 

the degree of motor impairment, indirectly reflecting dopaminergic loss in this condition 

(Dubbioso et al., 2019). Notably, however, the dopaminergic neurons of the substantia 

nigra pars-compacta are intact in AD (Nobili et al., 2017). The lack of changes in the 

nigrostriatal pathway in the latter condition may explain the difference between 

bradykinesia features in AD and PD. 
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Another prominent movement abnormality we found in AD is altered rhythm. 

Interestingly, we found a negative correlation between altered movement rhythm and 

frontal dysfunction, as assessed by FAB. The higher the movement irregularity (i.e. higher 

CV values), the lower the clinical scores obtained in FAB. The ability to perform rhythmic 

voluntary movements involves an extensive network that includes both the cortical and 

subcortical motor systems. In this study, we tested internally triggered voluntary 

movements. These are generated by specific brain networks (Jahanshahi et al., 1995; 

Gerloff et al., 1998) involving frontal areas, particularly the anterior cingulate cortex, 

whose role in planning and executing motor sequences has previously been thoroughly 

investigated (Blanchard and Hayden, 2014). Thus, the relationship between altered 

movement rhythm and frontal impairment in AD may suggest that the dysfunction in these 

specific areas contributes to attentive and executive deficits, which, in turn, interfere with 

the ability to perform rhythmic voluntary movements. The hypothesis that movement 

rhythm abnormality is not only due to M1 dysfunction is further supported by the lack of 

correlation between CV and TMS measures of M1 excitability and plasticity in AD. 

Finally, in keeping with the findings of a previous study that reported an association 

between abnormal finger dexterity and cognitive scores (Suzumura et al., 2018), we 

observed a trend for a negative correlation between MMSE scores and movement rhythm. 

Taken as a whole, these findings further suggest that objective movement analysis may be 

used as a surrogate marker for cognitive dysfunction in AD. This observation needs, 

however, further confirmation in longitudinal studies. 

 

Study limitations 
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The present study has some limitations that warrant mentioning. Firstly, we did not use a 

neuro-navigation system for the TMS procedures. It should be also borne in mind that this 

study was performed on a sample of patients with a clinical diagnosis of AD without 

biomarker assessment, thus implying the risk of misdiagnosis with other neurodegenerative 

conditions characterized by dementia and parkinsonism (e.g. dementia with Lewy bodies). 

Since M1 excitability deteriorates as the disease progresses (Ferreri et al., 2011; 

Trebbastoni et al., 2015), we cannot assume that the relationships we observed also 

characterize the more advanced disease stages. Further studies on patients in different 

stages of AD, and longitudinal studies on patients with mild cognitive impairment, are 

needed to investigate intra-individual correlations. Moreover, numerous observations 

suggest that altered excitability and plasticity parameters may be a common 

pathophysiological findings in other dementias (Cantone et al., 2014; Benussi et al., 2017). 

Whether such abnormalities in other diseases affect voluntary movement as in AD is an 

area of research that needs to be investigated further. A final comment concerns the lack of 

correlations between kinematic parameters or neurophysiological measures and UPDRS 

part III score. This finding is likely explained by the fact that UPDRS part III scores is a 

proxy of motor impairment and moreover it includes items that are not solely related to 

upper limb bradykinesia. 

In conclusion, the relationship between neurophysiological abnormalities suggests that a 

cortical cholinergic deficit may underlie movement slowness in AD. The correlation 

analysis between clinical and kinematic abnormalities points to a frontal dysfunction that is 

involved in altered movement rhythm in AD. Besides providing a neurophysiological 

insight into motor impairment in AD, the results of our study may help in a better 

understanding of bradykinesia in neurological conditions (Tsolaki et al., 2001; Scarmeas et 

al., 2004, 2005, Bologna et al., 2017b; Vöglein et al., 2019). Notably, in our study we 
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referred to bradykinesia considering its simplest etymological meaning, that is movement 

slowness (Bologna et al., 2019b).  According to the current clinical definition (Postuma et 

al., 2015b), bradykinesia in PD refers to slowness of movement and decrement in 

amplitude or speed as movements are continued (sequence effect). The present study 

demonstrates that the features of bradykinesia in AD are different from those observed in 

PD and that these differences likely reflect specific pathophysiological mechanisms in each 

condition. The results of this study may be helpful in reaching a more accurate definition 

of bradykinesia in both parkinsonian and non-parkinsonian conditions. 
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3.3  STUDY 3: KINEMATIC ASSESSMENT OF BRADYKINESIA IN 

PATIENTS WITH AMYOTROPHICA LATERAL SCLEROSIS 

 

3.3.1 Abstact 

Amyotrophic lateral sclerosis is primarily characterized by a progressive degeneration of 

motor neurons, leading to muscle weakness and motor impairment. There are some clinical 

reports of bradykinesia in this condition, but no studies have objectively assessed the 

movement abnormalities in these patients. Moreover, the relationship between motor 

neurons involvement and movement abnormalities in this condition is largely unknown. 

Here, we aimed to kinematically assess abnormalities of repetitive upper limbs movements 

in patients with amyotrophic lateral sclerosis compared to healthy controls. We also 

investigate possible relationships between altered movement kinematics and 

neurophysiological measures of motor neurons involvement in patients with amyotrophic 

lateral sclerosis. Thirteen patients with a diagnosis of amyotrophic lateral sclerosis and 

thirteen healthy controls were enrolled. Repetitive finger tapping was assessed by means of 

a motion analysis system. Patients also underwent to a motor nerve conduction study, a 

needle electromyography and a central motor conduction time assessment. The kinematic 

variables from the two groups were compared by unpaired t-tests. Possible relationships 

between clinical, kinematic and neurophysiological data were assessed in patients with 

amyotrophic lateral sclerosis. Patients with amyotrophic lateral sclerosis performed less 

movements and they were slower than healthy controls. Patients also showed an altered 

movement rhythm. The number of movements correlated with the amplitude of the 

compound muscle action potential recorded from the first dorsal interosseus and the 

abductor pollicis brevis muscles in patients. Also, the number of movements as well as the 
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altered rhythm it negatively correlted with the denervation activity recorded form the first 

dorsal interosseus muscle. This study provides new information on the evidence of 

bradykinesia in amyotrophic lateral sclerosis, characterized by movement slowness and 

altered movement rhythm without decrement. In amyotrophic lateral sclerosis movement 

slowness likely depends on the lower motor neurons involvement. 

 

3.3.2 Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive neurological disorder characterized 

by degeneration of both upper motor neurons (UMNs) and lower motor neurons (LMNs) 

leading to severe muscle weakness and progressive motor impairment (Brooks et al., 2000; 

de Carvalho et al., 2008; Inghilleri and Iacovelli, 2011). Several clinical reports have 

emphasised the presence of bradykinesia, rigidity and other parkinsonian signs associated 

with sporadic ALS (Williams et al., 1995b; Qureshi et al., 1996; Desai and Swash, 1999; 

D‟Ascenzo et al., 2012; Pupillo et al., 2015), although the pathophysiological basis of 

parkinsonian signs in patients with ALS are still unclear. In this regard, D‟Ascenzo et al. 

described mild to severe bradykinesia in 16 ALS patients but did not find any correlation 

between bradykinesia and the altered striatal (123)I-FP-CIT uptake, concluding that 

movement slowness and postural instability noted in these patients could be mostly 

attributed to spasticity and not to nigrostriatal impairment on DaTSCAN (D‟Ascenzo et al., 

2012).  

Differently form clinical observations, there are only a few neurophysiological studies on 

patients with ALS. Earlier observations demonstrated that ALS patients showed prolonged 

muscles bursts during ballistic elbow movements (Hallett, 1979). More recent studies 
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kinematically assessed the reachable workspace, as a surrogate measure of altered arm 

function in patients with ALS (Oskarsson et al., 2016; de Bie et al., 2017). Most of the 

other neurophysiological studies assessed lip and tongue movements during speech 

(Shellikeri et al., 2016; Kuruvilla-Dugdale and Chuquilin-Arista, 2017) and none of these 

neurophysiological studies have systematically assessed the movement kinematics of the 

upper limbs in patients with ALS. Moreover, no study has yet clearly established a possible 

relationship between UMNs and LMNs involvement, assessed by means standard 

neurophysiological examination, and the motor impairment, including the possible 

occurrence of bradykinesia as objectively analyzed by means of kinematic techniques. 

Here we aim to objectively describe the abnormalities of repetitive movements in patients 

with ALS. We selected repetitive upper limbs movement because are the most useful task 

for detecting bradykinesia in parkinsonian syndromes (Berardelli et al., 2001, Postuma et 

al., 2015a, Bologna et al., 2019b). We also investigated possible relationships between 

altered movement kinematics and clinical and neurophysiological measures of UMNs and 

LMNs involvement. The results of the present study may help in the understanding the 

pathophysiology of upper limbs motor abnormalities in patients with ALS. Finally, our 

results may be interpreted for a better definition of bradykinesia in non parkinsonian 

conditions. 

 

3.3.3 Materials and Methods  

 

Participants 
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Thirteen patients with ALS (7 males, mean age ± 1 standard deviation (SD): 66.3 ± 9.04 

years) and thirteen healthy controls (HCs) (6 males, mean age: 62.07 ± 5.76 years) were 

enrolled in the study (Table 13). All participants were older than 18 years. All of them 

were right-handed, as evaluated by the Edinburgh Handedness Inventory (Oldfield, 1971). 

Patients were diagnosed with definite, probable or probable- laboratory supported ALS 

according to the El Escorial (EE) diagnostic classification (Brooks et al., 2000) and to the 

recent supplementary electrophysiological criteria (de Carvalho et al., 2008). None of the 

patients presented a diagnosis of neuromuscular junction disorders, myopathies, 

neuropathies, primary lateral sclerosis, flail arm syndrome, spinal bulbar muscular atrophy 

and other neurological conditions. All patients underwent brain magnetic resonance 

imaging and laboratory screening to rule out any potential confounding factor. Treatment 

with drugs potentially influencing neural activity, including Riluzole, was discontinued at 

least 72 h prior to the evaluation. A structured questionnaire was administered to 

participants, including the date of birth, gender, years of education, family history of any 

neurodegenerative disease, site of disease onset (spinal or bulbar), disease duration, slow 

vital capacity (SVC). Patients were also evaluated using the ALS Functional Rating Scale-

Revised (ALSFRS-R) (Cedarbaum et al., 1999) and the Medical Research Council (MRC) 

scale for strenght. Their flexors digitorum strength were also evaluated through a 

dynamometer. Clinical evaluation in participants also included the Movement Disorder 

Society-sponsored revision of the Unified Parkinson‟s Disease Rating Scale, part III 

(UPDRS-III) (motor section) (Goetz et al., 2008; Antonini et al., 2013) to assess any 

possible clinical evidence of bradykinesia. Finally, participants were tested for cognitive 

impairment using the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005) 

and the Frontal Assessment Battery (FAB) (Dubois et al., 2000).  The Beck Depression 

Inventory (BDI-II) was also administered (Beck et al., 1961). Finally, the Fatigue Severity 
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Scale (FSS) was performed in participants (Krupp et al., 1989). The study conformed to 

the Declaration of Helsinki and international safety guidelines and was approved by the 

local ethics committee. All subjects provided written informed consent for their 

participation in the study. 

 

Neurophysiological evaluation 

The neurophysiological assessment was performed by an experienced EMG technologist 

blinded to the results of the other measures of interest. It included a routine motor nerve 

conduction study of bilateral median and ulnar nerves (measurements of compound muscle 

action potential - CMAP recorded using pairs of surface electrodes, with recording 

electrode placing on the belly of muscles while reference electrode on the distal tendon). 

The peak-to-peak amplitudes of CMAPs were documented with supramaximal electric 

stimuli of ulnar (with registration both from abductor digiti minimi -ADM- and FDI) and 

median nerves (with registration from abductor pollicis brevis –APB). A needle EMG was 

performed from FDIs and the number of fibrillating points on ten were semi-quantitively 

assessed. The central motor conduction time (CMCT) was assessed wit transcranial 

magnetic stimulation (TMS) by subtracting the latency of the response after cervical 

stimulation from the total latency of the response elicited stimulating the motor cortex in 

the hotspot for FDIs with an eight-shaped coil. The magnetic coil for the root stimulation 

was placed over D1 (Groppa et al., 2012). 

 

Kinematic assessment of upper limbs movement 
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Finger tapping movements were kinematically recorded from both hand using an 

optoelectronic system (SMART motion system, BTS Technology, Italy). Subjects sat 

comfortably on a chair and were asked to tap their index finger repetitively on their thumb 

as widely and quickly as possible for 15 s (Bologna et al., 2016a, 2018). Three finger-

tapping trials were recorded (plus one practice trial before kinematic recording began in 

order to familiarize participants with the motor task). A 60-s rest interval was let between 

trials to avoid fatigue. Three infrared cameras (sampling rate of 120 Hz) followed the 

displacement of reflective markers of negligible weight and a 5-mm diameter taped to the 

participant‟s upper limb. Two markers were placed on the tips of the index finger and 

thumb. Three other markers attached to the hand (one on the head of the 2nd metacarpal 

bone, one on the base of the 2nd metacarpal bone, and one on the base of the 5th 

metacarpal bone) were used to define a reference plane and mathematically exclude 

possible interference of undesired hand movements during finger-tapping recordings 

(Bologna et al., 2016a, 2018). Movement analysis was performed using specialized 

software (SMART Analyzer, BTS Engineering, Italy). The average of the three finger 

tapping trials were included in the analysis. Linear regression techniques to determine the 

intercept reflecting movement amplitude (degree) and velocity (degree/s) were used to 

quantify repetitive finger movement kinematics, as well as the slope representing 

amplitude and velocity decrement during movement repetition. We also used the 

coefficient of variation (CV), as calculated by SD/mean value of the intertap intervals, to 

measure movement rhythm, with higher values indicating lower repetitive movement 

regularity (the higher the CV value, the less rhythmic the movement performed) (Bologna 

et al., 2016a, 2018). The average between the two sides (right and left) were considered for 

each kinematic value.  

 



 
64 

 

Statistical analysis 

The Mann-Whitney U test was used to evaluate possible differences in age and MoCA, 

FAB, and UPDRS-III scores between ALS patients and HCs, while Fisher‟s exact test was 

applied to evaluate possible differences in gender distribution between groups. Unpaired t 

tests were used to compare kinematic variables between ALS and HCS. Pearson‟s 

coefficient was used to test possible correlations between kinematic and 

neurophysiological measures, whereas Spearman's rank correlation coefficient was adopted 

to verify possible relationships between patient clinical data and neurophysiological 

measures (kinematic and neurophysiological parameters). Unless otherwise stated, results 

are presented as mean values ± 1 standard error of the mean. The level of significance was 

set at p<0.05 with the false discovery rate (FDR) subsequently being applied to multiple 

comparisons (Curran-Everett, 2000). Data were analyzed using STATISTICA (TIBCO 

Software Inc., Palo Alto, California, US). 

 

3.3.4 Results 

 

Clinical and demographic data  

All participants completed the study. Age (p=0.1824), gender distribution (p=0.6949) and 

FAB scores (0.5215) did not differ between ALS patients and HCs. MOCA scores were 

lower in patients than in HCs (mean ± SD in ALS: 25.28 ± 2.56; HCs: 27.58 ± 1.30, 

p=0.011). Conversely, BDI score were higher in ALS than in HCs (mean ± SD in ALS: 

12.53 ± 9.92; HCs: 5.46 ± 4.82, p=0.025), as well as the scores obtained at the FSS (mean 
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± SD in ALS: 34.42 ± 9.73; HCs: 22.22 ± 10.01, p=0.003). The mean ± SD of UPDRS-III 

in ALS was: 19.53 ± 15.09 (Table 13). This was due to the presence of speech 

disturbances, slight movement slowness of the upper and/or limbs, gate disorders. Notably, 

none of the patients satisfied the criteria for parkinsonism (Postuma et al., 2015a).  

 

Neurophysiological data  

The mean ± SD of flexors digitorum strength measured by the dynamometer was 15.18 ± 

5.92 Kg in the right side and 17.18 ± 8.74 Kg in the left side. The CMAP amplitude 

recorded from the right FDI was 7.56 ± 5.52 mV; the CMAP amplitude recorded from the 

left FDI in patients was 9.75 ± 5.79 mV. The CMAP amplitude recorded from the right 

APB was 4.3 ± 5.42 mV; the CMAP amplitude recorded from the left APB in patients was 

6.11 ± 6.31 mV. The CMCT was 8.19 ± 3.08 ms (with the right FDI as hot-spot) and 7.67 

± 3.17 ms (with the left FDI as hot-spot). The denervation at the EMG was 4.91 ± 2.27 in 

the right FDI and 4.54 ± 3.32 in the left FDI. 

 

Movement kinematics 

The analysis demonstrated altered movement features in patients with ALS patients 

compared to HCs. The number of movements performed by patients during the 15s tapping 

trials was significantly lower than HCs (ALS patients: 31.75 ± 15.05; HCs: 61.25± 10.18, 

p<0.001) as well as the velocity peak reached by patients (ALS patients: 650.43 ± 251.42 

degrees/s, HCs: 1016.34 ± 212.84 degrees/s, p<0.001). Notably, higher CV values with 

respect to HCs were observed in patients (aMCI patients: 0.12 ± 0.048; HCs: 0.085 ± 
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0.022, p=0.036), representing an altered movement rhythm in ALS. In contrast, movement 

amplitude (ALS patients: 46.12 ± 15.01 degrees, HCs: 46.82 degrees ± 9.21, p=0.88), 

amplitude decrement (ALS patients: -0.43 ± 0.66 degrees/n mov; HCs: -0.12 ± 0.17 

degrees/n mov, p=0.12) and velocity decrement (ALS patients: 4.11 ± 3.60 (degrees/s)/n 

mov, HCs: 4.76 ± 3.28 (degrees/s)/n mov, p=0.63) were all similar between ALS patients 

and HCs (Fig. 6). 

 

Correlation analysis 

The correlation analysis between clinical and neurophysiological data showed that the 

number of movements during the 15s finger tapping and the movement velocity 

significantly correlated with the MRC scale for the inch opposition (R= 0.61, p=0.038 for 

the number of movement; R= 0.78, p=0.02 for the velocity peak) (Fig. 7). The correlation 

analysis between kinematic and neurophysiological data showed that in patients the 

number of movements during the 15s finger tapping significantly correlated with the 

amplitude of the CMAP recorded form the FDI (R= 0.62, p=0.028) and with the amplitude 

of the CMAP recorded form the APB (R= 0.62, p=0.029). Conversely, an inverse 

correlation was found between the total number of movements and the grade of 

denervation from FDI (R= -0.64, p<0.024) (Fig. 8). Finally, the CV correlated to the grade 

of denervation in FDI (R= 0.77, p=0.003). Notably, no correlation were found between 

kinematic data and neurophysiological measures from the ADM, i.e. a muscle not 

specifically involved in the finger tapping task.   

 

3.3.5 Discussion 
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In the present study, we investigated voluntary movement execution in patients with ALS 

through the kinematic analysis of repetitive finger tapping. We also tested whether 

movement abnormalities correlated with clinical and neurophysiological measures of 

UMNs and LMNs impairment. We found that finger tapping in ALS was characterized by 

slowness of movements and altered rhythm as compared to HCs. Movement slowness 

correlated with the amplitude of the CMAP recorded from the muscles involved in the 

task, and it also negatively correlated with the denervation in the FDI. Also, altered rhythm 

correlated with the denervation in the FDI. Our results provide novel evidence of 

bradykinesia in ALS and give an insight into its possible pathophysiological mechanisms, 

indicating that it is possibly related with the LMNs involvement. Our data may be 

interpreted in the context of the terminological controversies on the use of bradykinesia in 

non-parkinsonian conditions.  

We exclude the possibility that the differences in kinematic features of finger tapping 

between patients and HCs were due to differences in the demographic features of the two 

groups because they were well matched in terms of age and gender ratio. All patients had a 

diagnosis of definite, probable or probable- laboratory supported ALS according to the 

current criteria (Brooks et al., 2000), thus excluding a possible biases in the recruitment. 

Finally, we tested patients after the withdrawal of drugs potentially influencing the central 

nervous system activity, thus excluding this confounding factor.  

The observation of bradykinesia, in addition to muscle weakness and motor impairment in 

ALS, is in line with previous studies. Clinical case reports and case series underlined the 

presence of parkinsonian signs in sporadic motor neuron disease patients, which some 

authors referred to as hypokinesia, meaning reduced movement (Desai and Swash, 1999), 

others as bradykinesia, thus indicating slowness of movement in ALS (Williams et al., 

1995a; Qureshi et al., 1996; D‟Ascenzo et al., 2012; Pupillo et al., 2015). A limited 



 
68 

 

number of studies, however, investigated bradykinesia in ALS trough neurophysiological 

techniques, providing an insight into bradykinesia features in ALS. The EMG recording of 

rapid elbow movements in ALS showed a prolongation in the first agonist and antagonist 

bursts (Hallett, 1979). Latest studies mainly focused on lip and tongue movements during 

speech (Shellikeri et al., 2016; Kuruvilla-Dugdale and Chuquilin-Arista, 2017) and only 

few of them assessed the upper limb motor impairment through the evaluation of the 

reachable workspace (Oskarsson et al., 2016; de Bie et al., 2017). Notably, none of the 

previous studies investigated the bradykinesia features in ALS using the assessment of 

repetitive finger movements, which represent the most useful task for the evaluation of 

bradykinesia in parkinsonian conditions, nor of them investigated the correlation between 

bradykinesia and motoneurons involvement.  Here we found specific kinematic 

abnormalities of finger tapping in ALS. These included movement slowness and altered 

rhythm and thus differ from the kinematic features previously observed in PD (Agostino et 

al., 1992, 2003, Bologna et al., 2016a, 2018), i.e. sequence effect, i.e. the progressive 

reduction in amplitude and speed during movement repetition. Interesting, the reduced 

velocity and altered rhythm observed in ALS patients likely resemble the kinematic 

features of bradykinesia in AD (See Study 2). In AD patients, however, the altered rhythm 

correlated with abnormal FAB scores, indicating a possible relationship between voluntary 

movement abnormalities and frontal lobe dysfunction (Dubois et al., 2000; Kume et al., 

2011). In our ALS sample, FAB scores were normal and no correlations were found 

between them and kinematic data.  

We here observed a correlation between movement slowness and altered rhythm (i.e. 

number of movement and CV) and measures of LMN functionality (i.e. amplitude of the 

CMAP recorded from the muscles involved in the task and denervation from the FDI). 

Conversely, there was not relationships between motor abnormalities and measures of 
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UMN involvement. i.e. CMCT, nor correlation between kinematic and neurophysiological 

data recorded from a control muscle, i.e. ADM.  

Overall, our observations may help in the understanding of the pathophysiology of 

parkinsonian signs in patients with ALS, which is still unclear. Some authors stated that 

movement slowness may be a compensation to the muscle weakness able to generate 

sufficient forces to accomplish the movements (Hallett, 1979). Another hypothesis is that 

bradykinesia in ALS may depend on the involvement of M1. In this regard, several studies 

have demonstrated that one of the hypothesized pathogenetic mechanisms of ALS is 

glutamate-driven excitotoxicity in M1 (Zanette et al., 2002). Moreover, sensory-motor 

networks are demonstrated to be impaired in SOD1 ALS mice, which exhibit specific 

delays in acquiring sensory-motor skills even during the first week after birth (Durand et 

al., 2006), and also in humans (Ceccanti et al., 2018). Finally, taking in consideration the 

role of basal ganglia in generating bradykinesia in PD (Berardelli et al., 2001, Bologna et 

al., 2019b), abnormalities in the basal ganglia motor loops may be considered as playing a 

key role in bradykinesia in ALS. Supporting the latter hypothesis, some genetic models of 

ALS share with parkinsonisms the same gene mutation. One example above all is the 

mutation of C9ORF72, the most frequent reason for familiar ALS, which presents 

expanded triplets also in some typical and atypical parkinsonisms (Bourinaris and 

Houlden, 2018; Cali et al., 2019). Other examples are provided by TARDBP (Cannas et 

al., 2013; Khani et al., 2019), TBK1 (Van Mossevelde et al., 2016; Oakes et al., 2017), 

FUS (Wharton et al., 2019). Also in the sporadic ALS patients, the involvement of basal 

ganglia at MRI images (Sharma et al., 2019) and PET (Takahashi et al., 1993) were 

demonstrated. Despite these evidence, however, D‟Ascenzo et al. described mild to severe 

bradykinesia in 16 ALS patients but did not find any correlation between bradykinesia and 

the altered striatal (123)I-FP-CIT uptake, concluding that movement slowness and postural 
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instability noted in these patients could be mostly attributed to spasticity and not to 

nigrostriatal impairment on DaTSCAN (D‟Ascenzo et al., 2012). Accordingly, here we did 

not find the sequence effect in ALS, as opposed to PD, indicating that the defective basal 

ganglia function is not predominant in the genesis of voluntary movement abnormalities in 

ALS. Conversely, our results suggest that movement slowness in ALS is likely related to 

the involvement of the LMNs. Thus, the more the degeneration of the axonal fibers, the 

lower the number of movements and the velocity peak, and the higher the rhythm 

irregularity.   

The differences in MOCA and BDI scores between ALS and HCs we observed in the 

present paper point out the possibility that that altered kinematics may be due to cognitive 

or psychiatric disturbances. The alterations of these function in ALS is in accordance to 

previous reports (Ohta et al., 2017; Prell et al., 2019; Zucchi et al., 2019). Moreover, it is 

well known that the performance of the finger-tapping task as regularly and precisely as 

possible requires a high level of attention (Albert et al., 2011; McLaughlin et al., 2014; 

Kirova et al., 2015) and that cognitive functions, e.g. memory (Rabinowitz and Lavner, 

2014) may contribute to finger tapping alterations. In this regard, despite changes in their 

cognitive performance, all the patients were able to understand the instructions of the 

motor task. Moreover, the lack of correlation between cognitive and psychiatric scores and 

kinematic data makes unlikely that the finger tapping alterations were solely due to these 

cognitive/psychiatric factors.  

Our study has some limitations that must be considered. First, the sample size is relatively 

small, although the objective techniques used to quantify finger tapping movements 

provided accurate and reproducible measurements of motor impairment (Heldman et al., 

2014). Secondly, we here did not investigate the nigrostriatal impairment through a 
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DaTSCAN in patients. In this regard, however, it should be noted that none of the patients 

satisfied the clinical criteria for parkinsonism (Postuma et al., 2015a).  

In conclusion, our study provides new information on fine voluntary movement 

impairment in ALS patients. We found movement slowness and altered movement rhythm 

in patients, possibly correlating with the LMNs denegeneration, and no sequence effect 

during the finger tapping. Future longitudinal studies combining kinematic methods with 

other neurophysiological measures should be assessed to confirm our results and to 

identify neurophysiological abnormalities possibly predicting the clinical course in ALS 

patients. 
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4.  NETWORK PROSPECTIVE  

The observation that movement slowness is present in neurological conditions markedly 

heterogeneous from a clinical and pathophysiological point of view, supports the 

hypothesis that movement slowness can be generated by the predominent 

pathophysiological involvement of different brain areas, although other specific 

mechanisms in each pathological condition may play a role. In this regard, it should be 

considered that there are close interconnections between the cortico-nucleobasal and 

cerebellum-thalamus-cortical systems as well as direct and reciprocal interconnections 

between the basal ganglia and the cerebellum. Again, basal ganglia, cerebellum and 

corticospinal system do not act independently of each other but on the contrary are closely 

interconnected. From a network perspective, it is possible that in each non-parkinsonian 

condition the pathophysiological involvement of a specific node, like basal ganglia, 

cerebellum or corticospinal system prevails, although others nodes in the network may still 

be relevant. The hypothesis of  the network dynsfuntion in non-parkinsonian conditions is 

compatible with a similar model described for bradykinesia in PD and APs (Bologna et al., 

2019b). By assuming the hypothesis of a network dysfunction for bradykinesia in both 

parkinsonian and non-parkinsonian conditions it is therefore possible to hypothesize a 

unifying model. Accordingly, the differential kinematic features in a given condition likely 

depend on a different degree of involvement of each specific node of this same network. 

Consistently with this, for example, the sequence effect may lack in hyperkinetic 

movement disorders because the compensatory role played by the motor loops involving 

the M1 and the cerebellum is still effective (Bologna et al., 2019b).  

The network hypothesis would also explain why movement slowness is a common 

observation in patients with widespread disorders of the central nervous system. This is 

particularly the case in MS and AD, where delayed movement initiation and slowness of 
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voluntary movements execution may be due to various factors, i.e. impairment of specific 

central circuits resulting not only in the abnormalities of motor function, attentional and 

cognitive deficits as well as in delays in motor conduction time along the corticosopinal 

system. In  this regard, movement slowness in patients with diffuse abnormalities of the 

central nervous system may be associated with white matter hyperintensities, lacunes, 

atrophy of the basal ganglia or global cerebral atrophy (Camarda et al., 2019). Again, 

subtle extrapyramidal signs in AD correlated with amyloid-β 42 cerebrospinal fluid levels 

in this and basal ganglia amyloid-β deposition (Schirinzi et al., 2018; Vöglein et al., 2019).  

These findings also suggest an association between movement slowness and amyloid-

mediated degeneration of the cholinergic system (Saunders et al., 2015; Mori et al., 2016). 

Also, the involvement of a complex network including frontal and prefrontal areas in MS 

and AD may explain abnormalities in performing internally generated movements, such us 

finger tapping, for which planning and execution these frontal areas are fundamental (Papa 

et al., 1991; Jahanshahi et al., 1995; Gerloff et al., 1998).  

 

5. TERMINOLOGICAL IMPLICATIONS 

As previously mentioned, although movement slowness is a common movement 

abnormality in conditions not primarily characterized by parkinsonism, the phenomenon of 

the sequence effect has never been clinically or experimentally demonstrated in these 

studies. Through clinical interpretation, the term bradykinesia includes the progressive 

reduction (or gradual hesitations/halts) of repetitive and continuous movements (Postuma 

et al., 2015a). The implication is that the term bradykinesia in conditions not primarily 

characterized by parkinsonism can only be considered appropriate when strictly related to 

its simplest etymological meaning, i.e. movement slowness. In contrast, the use of this 

term may be inappropriate if reference is made to the definition of bradykinesia in the 
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context of parkinsonism since in this context the term implies the presence of sequence 

effect. This issue requires further discussion in dedicated work. 

 

6. GENERAL CONCLUSIONS 

The present thesis demonstrates that movement slowness is a common motor abnormality 

in various neurological conditions not primarily characterized by parkinsonism. The most 

common feature described by clinical and neurophysiological studies is movement 

slowness without sequence effect during the repetition of movement. It should be 

acknowledged, however, that while the sequence effect has been broadly investigated in 

PD and parkinsonisms, but not in all the n-parkinsonian conditions. Moreover, there are 

some cases, for example in the latest staged of PD or in APs patients, where the sequence 

effect is also lacking (Ling et al., 2012, Bologna et al., 2016a). Following the clinical 

criteria, the term bradykinesia includes the progressive reduction (or gradual 

hesitations/halts) of repetitive and continuous movements. The implication is that the term 

bradykinesia in conditions not primarily characterized by parkinsonism can only be 

considered appropriate when strictly related to its simplest etymological meaning, i.e. 

movement slowness. In contrast, the use of this term may be inappropriate if reference is 

made to the definition of bradykinesia in the context of parkinsonism since in this context 

the term implies the presence of sequence effect. 

The evidence of movement slowness in non parkinsonian conditions can be interpreted in 

different ways. On one hand, it may indicates that different brain areas, including the basal 

ganglia, cortical areas and the cerebellum, may in some way generate movement slowness. 

More likely, the observation of bradykinesia in non parkinsonian conditions supports the 

hypothesis that a brain network more than a single area is involved in generating 

bradykinesiain non-parkinsonian diseases and that the differential kinematic features 
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between conditions are a consequence of a different degree of involvement of specific 

nodes. Besides the pathophysiological implication, the present paper may help in drawing 

attention to important terminological issues and help to achieve a new, more accurate, and 

widely-shared definition of bradykinesia in the context of movement disorders and other 

neurological conditions. Notably, in none of the these non-parkinsonian conditions, 

whenever investigated, there is clinical evidence of the sequence effect, whih is instead an 

essential feature of bradykinesia in PD. Thus, there are two striking aspects resulting from 

the present review.The first striking aspect is that in the use of the term bradykinesia in 

non-parkinsonian conditions is questionable, since no reference is made to existing 

bradykinesia definitions. Another striking aspect of the present review is the occurrence of 

the same abnormality, i.e. slowness of voluntary movement, in markedly hetereogeneous 

conditions from clinical perspective with no common pathophysiological background, thus 

making it difficult the interpretation of the possible mechanisms underlying movement 

slowness. 
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8. TABLES 

Study Year Patients Methodology Major Findings/ 

Terminology adopted 

Clinical studies     

Verger and Cruchet 

 

1907 CD Clinical 

description 

‚Bradykinesie 

spasmodique ‛ was 

used to describe the 

slow involuntary 

movements in patients 

Sheehy and 

Marsden 

1982 29 FHD Clinical 

description 

Decreased arm swing 

and increased limb tone. 

No bradykinesia 

Schneider et al. 2007 10 dystonic 

(UL, 

cervical or 

laryngeal) 

Clinical 

description 

Facial hypomimia, 

decreased arm swing. 

No akinesia with 

fatiguing and decrement 

Stamelou et al. 2013  2 DYT1 

dystonia 

Clinical 

description 

Clumsy in foot tapping 

without true 

bradykinesia in 1 patient 

Neurophysiological 

studies 

    

Cohen and Hallett 1988 19 FHD EMG recordings 

of UL movements 

triggering the 

cramps 

Co-contraction of 

agonist and antagonist 

muscles 

Van der Kamp et al. 1989 10 FHD EMG recordings 

of UL movements  

Slower and more 

variable elbow flexions, 

smaller amplitude and 

longer duration of the 

first agonist burst, 

cocontraction of agonists 

and antagonists 

Agostino et al.,  1992 7 FHD Sequential UL 

movements 

Slowness (specifically 

referred as 

bradykinesia) with no 

sequence effect 

Inzelberg et al. 1995 8 ITD Kinematic 

analysis of UL 

reaching 

movements 

Normal RTs. Slowness 

(specifically referred as 

bradykinesia) of 

reaching movements  

Horstink et al.,  1997 10 FHD Pegboard test No bradykinesia 
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Currà et al. 2000 9 GD, 6 

FHD 

Externally 

triggered and 

self-initiated 

sequential rapid 

UL movements 

Prolonged RTs in GD; 

normale RTs in FHD; 

slowness of movement, 

longer pauses between 

movements in both 

groups 

 

Murase et al. 2000 10 FHD RT task (finger 

extension) 

Normal RTs 

Buccolieri et al. 2004 6 FHD, 5 

CD, 5 

multifocal 

dystonia 

RT task (arm 

flexion), EMG 

recordings of UL 

movements 

Normal RTs. Impaired 

muscles relaxation of 

arm flexions 

Jabush et al. 2004 8 FHD Finger 

movements  

Altered timing 

parameters 

MacKinnon et al. 2004 9 FHD RT task and EMG 

recordings of 

ballistic wrist 

movements 

Normal RTs. Reduced 

antagonist muscle 

activity 

Carboncini et al. 2004 CD EMG and 

kinematic 

recordings of 

horizontal arm 

extensions 

Slowness (specifically 

referred as 

bradykinesia) due to the 

reduced recruitment in 

the initial phase of the 

agonist muscle activity 

Prodoehl et al.  

 

2008 18 FHD EMG recordings 

of fast wrist and 

elbow flexions 

movements  

Slowness (specifically 

referred as 

bradykinesia) due to the 

underactivation of the 

first agonist burst 

Gregori et al. 2008 15 CD Kinematic 

recordings of fast 

rotational, flexion 

and extension 

neck movements 

Prolonged movement 

time, reduced peak 

angular velocity and 

amplitude (specifically 

referred as 

bradykinesia) of neck 

movements  

Pelosin et al. 2009 10 CD Kinematic 

recordings of UL 

reaching 

movements 

Impaired reaching 

movements, with altered 

trajectories and lower 

velocity and acceleration 

peaks  

Furuya et al. 2013 17 FHD Finger Stronger keystrokes, 
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movements slowness and rhythmic 

inconsistency. 

Jankowski et al. 2013 18 FHD RT task (finger 

movements) 

Normal RTs 

Simonyan et al. 2013 18 

spasmodic 

dysphonia 

RT task and 

analysis of finger 

tapping  

Prolonged RTs. Normal 

number of taps and 

accuracy 

 

Katschnig-Winter et 

al. 

2014 12 CD Fast UL 

movements 

(using a joystick 

to move a cursor) 

. 

Normal motor 

performance, except for 

an higher peak velocity, 

normal motor sequence 

learning and a 

visuomotor adaptation 

task 

Shaikh et al. 2015 11 CD Head saccades 

recorded by a 

magnetic search 

coil technique 

Longer duration due to 

multiple pauses in the 

trajectory of the head 

movement. No 

appropriateness of the 

terms ‘slowing’ or 

‘bradykinesia’ 

Bologna et al. 2016 13 FHD and 

13 CD 

Kinematic 

recording of UL 

reaching 

movements and 

head movements 

Normal kinematics of 

upper limb reaching 

movements, lower 

amplitude and velocity 

of neck movements in 

CD patients 

Kishore et al. 2018 37 FHD Choice RT tack 

(reaching 

movements) 

Normal RTs 

Conte et al.  2018 24 BPS, 31 

CD, 16 FHD 

EMG and 

kinematic 

recordings of 

ballistic finger 

movements 

Normal root mean 

square amplitude of 

EMG activity and 

normal velocity  

Furuya et al. 2018 20 FHD Sequential finger 

movements 

(strikes of piano 

keys) 

Inconsistent and 

prolonged keypresses 
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Abbreviations: BPS: blepharospams; CD: cervical dystonia; EMG: electromyography; 

FHD: focal hand dystonia: GD: generalized dystonia; ITD: idiopathic torsion dystonia; 

RTs: reaction times; UL: upper limbs 

Table 1. Clinical and neurophysiological results on bradykinesia in dystonia  
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Study Year Patients Methodology Major Findings/ 

Terminology 

adopted Clinical studies     

Hamilton et al. 1908 27 HD Clinical description Slowness of 

movement 

Herz et al 1931 HD Clinical description Slowness and 

irregularity of 

movement 

(specifically referred 

as ‘asynergy’) 

Campbell et al. 1961 2 HD Clinical description 

and pathological 

observation 

Parkinsonism 

Neurophysiological 

studies 

    

Hefter et al. 1987 22 HD Accelerometric 

recordings of finger 

extensions and 

alternating movements 

Slowness of 

movements 

Thompson et al. 1988 10 HD Fast simple wrist 

flexion movements 

Slowness (specifically 

referred as 

bradykinesia) and 

greater movement  

variability 

Agostino et al., 1992 9 HD Sequential UL 

movements 

Slowness (specifically 

referred as 

bradykinesia) with no 

sequence effect 

Bradshaw et al. 1992 18 HD Sequential button 

pressing task 

Prolonged movement 

initiation and 

duration 

Jahanshahi et al. 1993 7 HD RTs (finger 

movements) 

Prolonged RTs 

Georgiou et al. 1995 20 HD Button-presses series  Slowness (specifically 

referred as 

bradykinesia) 

Garcia Ruiz et al.  2000 

and 

2002 

18 HD 

/20 HD 

Different timed tests 

(Pronation-supination, 

finger dexterity, 

movement between 

two points and 

Altered movement 

parameters 

(specifically referred 

as bradykinesia), 

progressively 



 
117 

 

walking test) worsening during 

time 

Johnson et al. 2000 12 HD Bimanual cranking 

task 

Variability and low 

accurancy 

van Vugt et al. 2004 76 HD RT task (finger 

movements) 

Prolonged RTs, 

slowness (specifically 

referred as 

bradykinesia) 

Andrich et al. 2007 42 HD Tapping test Reduced taping rate 

decreasing during 

time 

Hinton et al 2007 29 pre-

HD 

Paced finger-tapping 

task 

Motor timing 

variability 

Bechtel et al. 2010 120 pre-

HD, 123 

HD 

Metronome tapping 

task 

Higher tapping 

variability than 

normal 

Rowe et al. 2010 747 pre-

HD 

Paced tapping task Low timing precision 

Martinez Pueyo et 

al. 

2013 30 HD RT task (finger 

movement) and self-

paced timing precision 

task 

Slowness (specifically 

referred as 

bradykinesia) and 

altered rhythm  

Abbreviations: HD: Hungtington‟s disease; RT: reaction time 

Table 2. Clinical and neurophysiological results on bradykinesia in Hungtington’s 

disease 
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Study Year Patients Methodology Major Findings/ 

Terminology 

adopted Clinical studies     

Hornabrook and 

Nagurney 

197

6 

175 ET Epidemiologic study 3/175 ET presented 

hypokinesis, 

increase in tone and 

poverty of 

associated 

movements 

Geragthy et al. 198

5 

130 ET Clinical description 25 ETPD with 

bradykinesia 

Cleeves at al. 198

8 

237 ET Clinical description 4.2% of patients 

presented 

parkinsonism (2 

patients with UL 

bradykinesia) 

Lou and Jankovic 199

1 

350 ET Clinical description from a 

database 

20.2% of patients 

presented 

parkinsonism 

Koller et al. 199

4 

678 ET Clinical description 6.1% of patients 

presented 

parkinsonism 

Tallòn-Barranco et 

al. 

199

7 

365 ET Clinical description 8.7% of patients 

presented 

parkinsonism 

Fekete at al. 201

3 

2 ET  Clinical description Bilateral UL 

bradykinesia on 

finger tapping hand 

grips, hand 

pronation/supinatio

n as well as on foot 

taps and heel taps 

Jiménez-Jiméeza et 

al. 

201

0 

61 ET Clinical description Slowness in finger 

tapping (specifically 

referred as 

bradykinesia), 

normal values of 

pronation-

supination, 

movement between 

two points and 

walking test 
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Neurophysiologic

al studies 

    

Elble et al. 199

4 

10 ET Timing analysis of rapid 

wrist flexion 

Normal RTs and 

MTs 

Deuschl et al. 200

0 

26 ET Kinematic analysis of 

grasping 

Slowing of the total 

reach-to-grasp 

movement in ET 

with kinetic tremor 

Montgomery et al. 200

0 

8 ET RT task (wrist flexions 

and extensions) 

Decreased 

movement velocity 

(specifically 

referred as 

bradykinesia) and 

tendency toward 

increased RTs 

(specifically 

referred as akinesia) 

Özekmekçi et al. 200

5 

17 ET Movement times around 

metacarpophalangeal,wris

t, elbow, and shoulder 

joints 

Normal movement 

times except for 

slight prolongation 

of shoulder 

movements, 

ascribed to tremor, 

not to bradykinesia 

Duval et al. 200

6 

10 ET Rapid alternating 

movements (fast 

pronation–supination at 

the wrist) 

Increase of 

pronation–

supination cycle 

duration 

(specifically 

referred as 

bradykinesia) 

Farkas et a. 200

6 

34 ET Regularity and the 

maximum frequency of 

auditory paced repetitive 

movements (finger 

tapping and alternating 

hand movements) 

High rhythm 

variability 

 

Heroux et al.  200

6 

31 ET UL dexterity tests Altered measures of 

upper extremity 

function 

Costa et al. 201

0 

18 ET Accelerometric analysis of 

finger-tapping and 

unbounded forearm 

Slowness in 

execution of 

repetitive 
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movements between two 

points  

oscillatory 

movements 

(specifically 

referred as 

bradykinesia) 

Jiménez-Jiménez et 

al. 

201

0 

61 ET Speed for pressing 

repetitively a key, visual 

reaction time and 

movement time 

Impairment of 

speed for pressing 

repetitively a key 

and of visual 

reaction time 

(specifically 

referred as 

bradykinesia); 

normal movement 

time 

Goubault et al. 201

7 

15 ET ‘Counting money’ 

counting task 

Prolonger duration 

of pronation–

supination cycle 

(specifically 

referred as 

bradykinesia) with 

no reduced 

amplitude of 

movement 

Bologna et al. 202

0 

90 ET Kinematic analysis of 

finger tapping 

Slowness of 

movements with no 

sequence effect 

(specifically 

referred as 

bradykinesia) 

Abbreviations: ET: essential tremor; MT: movement time; PD: Parkinson‟s disease;RT: 

reaction time; UL: upper limbs 

Table 3. Clinical and neurophysiological results on bradykinesia in essential tremor 
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Study Year Patients Methodology Major Findings/ 

Terminology 

adopted Clinical studies     

Takiyama et al. 1994 30 genetic 

cerebellar 

patients 

Clinical 

description 

Slowness of 

movements 

Stoodley et al. 2016 18 cerebellar 

stroke patients 

Clinical 

evaluation of UL 

motor functions 

(including finger 

tapping) 

Impaired 

performance in 

patients with anterior 

lobe lesion 

Neurophysiological 

studies 

    

Beppu et al. 1984 15 cerebellar 

patients 

Visuomotor 

tracking 

movements 

(elbow flexions) 

Prolonged RTs, 

altered amplitude of 

the initial peak 

velocity in proportion 

to the target velocity; 

altered smoothness; 

delayed initiation of 

deceleration phase; 

irregular EMG 

activity in the agonist 

muscles and co-

contraction of the 

antagonistic muscles 

Avarello et al. 1988 10 cerebellar 

patients 

Analysis of rapid 

isometric force 

changes 

Slowness of the force 

increasing phases 

Mai et al. 1988 31 chronic 

cerebellar 

disease patients 

Continuous 

measurement of 

finger force 

during different 

tasks 

Slowing of the speed 

in repetitive force 

changes 

Fujita and 

Nakamura 

1989 9 

spinocerebellar 

degeneration 

patients 

Force analysis of 

knee extensor 

muscles  

Longer time from the 

rise of tension to its 

maximum 

Becker et al. 1990 3 cerebellar 

patients 

EMG recordings 

of threwing a 

ball at a target 

Abnormal EMG 

antagonist onset 

times; abnormal 

visual-motor 
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coordination 

Brown et al 1990 9 cerebellar 

patients 

Visually guided, 

step tracking 

movements 

about the elbow 

Short acceleration and 

long deceleration 

durations 

Hallett et al. 1991 13 cerebellar 

patients 

EMG recordings 

of elbow flexion 

movements at 

different angular 

distances 

Prolonged duration 

and acceleration time 

of the first agonist 

burst. 

Hore et al. 1991 9 cerebellar 

patients 

Kinematic and 

EMG recordings 

of large and 

small 

movements at 

the elbow, wrist, 

and finger 

Decreased peak 

accelerations and 

increased peak 

decelerations; more 

gradual buildup; 

prolongation of 

agonist activity and 

delayed onset of 

antagonist activity 

Diener et al. 1992 18 cerebellar 

patients 

Displacements of 

the center of foot 

pressure and 

EMG recordings 

during rising on 

tiptoes 

Tonic EMG activity, 

altered latencies of 

the EMG activity with 

increased time 

interval between 

motor preparation 

and execution, 

increased variability 

Jahanshahi et al. 1993 8 cerebellar 

patients 

RTs (finger 

movements) 

Prolonged simple and 

choice RTs 

Bonnefoi-Kyriacou 

et al. 

1995 12 cerebellar 

patients 

RTs (UL 

movements) 

Prolonged RTs and 

MTs 

Bastian et al. 1996 7 cerebellar 

patients 

Kinamatic 

analysis of 

reaching UL 

movements 

Slowness of 

movement with 

altered wrist paths 

and force torque 

Wild et al. 1997 18 cerebellar 

patients 

Analysis of fast 

goal-directed 

and no targeted 

wrist flexions  

Slowness of 

movements due to a 

decreased 

acceleration peak 

Day et al. 1998 17 cerebellar 

patients 

Kinematic 

analysis of 

reaching arm 

movements 

Prolonged RTs; 

Slowness of 

movement; altered 

spatial paths; lower 
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accurancy; increased 

variability 

Topka et al. 1998 9 cerebellar 

patients 

Kinematic 

analysis of 

reaching arm 

movements 

Deficit in generating 

appropriate levels of 

muscular force 

Konczak et al. 2010 16 cerebellar 

stroke patiens 

Kinematics of 

goal-directed 

and 

unconstrained 

finger-pointing 

movements 

Slowness of 

movements 

(specifically referred 

as bradykinesia) 

Abbreviations: EMG: electromyography; MT: movement time; RT: reaction time; UL: 

upper limbs 

Table 4. Clinical and neurophysiological results on bradykinesia in cerebellar 

disorders 
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Study Year Patients Methodology Major Findings/ 

Terminology 

adopted Clinical studies     

Williams et al.,  1995 1 PMA Clinical description Parkinsonism 

Qureshi et al. 1996 13 ALS Clinical description Bradykinesia 

Desai and Swash 1999 3 ALS Clinical description Hypokinesia 

D’Ascenzo et al 2012 16 ALS with 

predominan 

involvement of 

the upper 

motor neurons 

Clinical description Bradykinesia 

Pupillo et al. 2015 146 ALS Clinical description Bradykinesia 

Neurophysiological 

studies 

    

Hallett et al. 1979 27 ALS EMG recordings of 

rapid elbow 

flexions  

Prolongation of the 

first agonist and 

antagonist bursts 

Oskarsson et al. 2016 10 ALS 3D kinematic 

assessment of the 

reachable 

workspace  

Decreased 

reachable 

workspace, 

reflecting arm 

dysfunction 

Shellikeri et al. 2016 33 ALS 3D electromagnetic 

articulography of 

tongue and jaw 

movements  

Reduced tongue 

movement size and 

speed 

De Bie et al. 2017 10 ALS 3D kinematic 

assessment of the 

reachable 

workspace 

(longitudinal 

evaluation)  

Progressive 

reduction of the 

reachable 

workspace, able to 

quantify declines 

in upper extremity 

ability over time 

Kuruvilla-Dugdale M 

and Chuquilin-Arista 

2017 7 ALS 3D electromagnetic 

articulography of 

orofacial 

movements  

Decreased velocity, 

reduced range of 

movement and 

longer utterance 

durations.  

Abbreviations: ALS: amyiotrophic lateral sclerosis; EMG: electromyography; PMA: 

progressive muscular atrophy 



 
125 

 

Table 5. Clinical and neurophysiological results on bradykinesia in motoneuron 

diseases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
126 

 

Study Year Patients Methodology Major Findings/ 

Terminology adopted 

Clinical studies     

Tsolaki et al.,  2001 126 AD Clinical description Bradykinesia 

Scarmeas et al. 2004 474 AD Clinical description Bradykinesia 

Louis et al.  2005 608 MCI Clinical description Mild bradykinesia 

Scarmeas et al 2005 533 AD Clinical description Bradykinesia-

hypokinesia 

Aggarwal et al. 2006 198 MCI 

and 60 AD 

Clinical description 

(longitudinal cohort 

study) 

Bradykinesia, lower 

extremity motor 

performance and 

parkinsonian gait in 

MCI, inversely related 

to risk of AD 

Israeli-Korn et al 2010 173 MCI Clinical description Limb bradykinesia 

Schirinzi et al. 2018 37 AD Clinical description Mild presence of 

extrapyramidal signs 

Vöglein et al. 2019 433 

autosomal 

dominant 

AD 

Clinical description Bradykinesia 

Neurophysiological 

studies 

    

Kluger et al. 1997 25 MCI and 

25 mild AD 

Nine motor 

function tests 

(including finger 

and toe tapping, 

hand 

dynamometer, 

Purdue Pegboard 

Test, drawing test) 

Slowness in finger 

tapping and impaired 

Hand steadiness in 

AD  

Schröter et al. 2003 39 MCI and 

35 AD 

Kinematic 

handwriting 

analysis 

Low regularity and 

accuracy in AD 

Camarda et al. 2007 11 MCI and 

11 AD 

Kinematic analysis  

of goal-directed 

movement 

Slight motor 

dysfunction in MCI; 

remarkable slowing 

down of pointing in 

AD 

Yan et al. 2008 9 MCI and 9 

AD 

Analysis of 

handwriting 

Slower, less smooth, 

less coordinated, and 
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movement on a 

digitizer 

less consistent 

handwriting 

movements in AD and 

MCI  

Rabinowitz  and 

Lavner 

2014 170 elderly 

participants 

Finger tapping 

analysis through a 

touchpad mounted 

on a pressure 

transducer 

Increased length and 

variability of the 

finger-touch phase in 

participants with MCI 

or dementia compared 

to participants with no 

cognitive impairment 

Roalf et al. 2018 46 MCI and 

131 AD 

Finger tapping 

analysis through a 

highly sensitive 

light-diode finger 

tapper 

Fewer taps than 

healthy controls, with 

longer inter-tap 

interval and higher 

intra-individual 

variability 

Suzumura et al. 2018 15 MCI and 

31 AD 

Finger dexterity 

using a smart 

terminal device 

Abnormal response 

time, rhythm, and 

contact duration in 

AD 

Bologna et al. 2020 20 AD Kinematic analysis 

of repetitive finger-

tapping 

Slowness of 

movement and altered 

rhythm compared 

Colella et al. 2020 14 MCI Kinematic analysis 

of repetitive finger-

tapping 

Altered rhythm 

Abbreviations: AD: Alzheimer disease; MCI: Mild Cognitive Impairment 

Table 6. Clinical and neurophysiological results on bradykinesia in Alzheimer disease 

and Mild Cognitive Impairment 
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Study Year Patients Methodology Major Findings/ 

Terminology adopted 

Clinical studies     

Vieregge et al. 1992 2 MS Clinical 

description 

Bradykinesia 

Maranhão-Filho et 

al. 

1995 1 MS Clinical 

description 

Hypokinesia 

Burn and Cartlidge 1996 1 MS Clinical 

description 

Orofacial bradykinesia, 

general akinesia 

Federlein et al. 1997 1 MS Clinical 

description 

Parkinsonism 

Ozturk et al 2002 1 MS Clinical 

description 

Slow progressive 

bradykinesia 

Folgar et al.  2003 1 MS Clinical 

description 

Parkinsonism 

Barun et al. 2008 2 MS Clinical 

description 

Bradykinesia in one 

case, marked rigidity 

and monolateral rest 

tremor in the other 

Nociti et al. 2008 733 

consecutive 

recruited MS 

patients 

Clinical 

description 

3 patients showed 

parkinsonism 

Drori et al. 2018 22 MS Clinical 

description 

Very mild 

parkinsonian signs in 5 

patients(i.e. rigidity 

and hypomimia). No 

bradykinesia 

Neurophysiological 

studies 

    

Kujala et al. 1994 45 MS Simple and 

choice RTs 

(finger 

movements) 

Prolonged RTs in MS 

patients with cognitive 

deterioration 

Kail et al. 1998 11 MS Choice RTs 

(finger 

movements) 

Prolonged RTs 

De Sonneville et al. 2002 53 MS RTs task  Prolonged RTs 

Morgante et al. 2011 33 MS Simple RTs 

(finger 

movements) 

Prolonged RTs 

Cabib et al. 2015 20 MS Simple RTs Not significantly 
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(finger 

movements) 

prolonged RTs.  

Beste et al. 2018 21 MS Dual Task Impaired accuracy. 

Normal speed of 

responding 

Shribman et al. 2018 39 MS The 

BRadykinesia 

Akinesia 

INcordination 

(BRAIN) test  

The number of taps, the 

mean dwell time on 

each key and the 

variance of travelling 

time between keys 

correlated with EDSS 

scores 

Lubrini et al. 2020 66 MS RTs tasks (finger 

tapping)  

Prolonged RTs 

Abbreviations: EDSS: Expanded Disability Status Scale; MS: multiple sclerosis; RTs: 

reaction times 

Table 7. Clinical and neurophysiological results on bradykinesia in multiple sclerosis 
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 ET (90) PD (84) HCs (84) 

Gender 37F/53M 22F/62M 36F/48M 

Age (years) 68.1±11.46 65.46±9.56 63.95±10.25 

Age at onset (years) 55.41±19.96 61.64±9.52 - 

Disease duration (years) 12.66±12.99 3.5±2.83 - 

Familial history 50 Y/40 N 3 Y/81 N - 

Head tremor 21 Y/69 N - - 

FTMTRS tot 19.10±11.33 - - 

MDS-UPDRS III 5.5±2.62 30.36±13.35 - 

Postural tremor frequency 

(Hz) 

7.72±6.38 - - 

Postural tremor amplitude 

(GRMS^2) 

0.56±0.34 - - 

ET: essential tremor patients; PD: Parkinson‟s disease patients; HCs: healthy controls; F: 

female; M: male; FTMTRS: Fahn-Tolosa-Marin Tremor Rating Scale; MDS-UPDRS III: 

Movement Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating 

Scale motor section (part III). 

 

Table 8. Clinical and demographic features in patients with essential tremor (ET), 

Parkinson’s disease (PD), and healthy controls (HCs) 
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 Age Gender Time to diagnosis  MMSE  FAB  BDI-II UPDRS-III 

        1 81 F 36 22 15 13 3 

2 77 M 1 20 13 4 9 

3 72 M 1 15 10 14 8 

4 75 M 24 23 14 8 1 

5 85 F 36 22 4 21 31 

6 87 M 24 26 15 3 0 

7 83 F 12 24 14 6 5 

8 78 M 24 23 12 16 23 

9 79 F 6 24 10 15 1 

10 60 F 12 20 13 15 7 

11 73 F 4 21 7 16 1 

12 88 F 3 16 8 18 0 

13 76 M 36 20 13 6 1 

14 88 M 60 14 10 0 13 

15 77 F 18 16 3 8 18 

16 71 M 24 13 3 11 7 

17 79 F 12 18 8 13 2 

18 59 M 6 22 12 15 0 

19 71 M 4 20 16 10 5 

20 82 M 24 17 6 7 1 

F = female, M = male; Time to diagnosis is expressed in months and refers to the time 

between the diagnosis of Alzheimer‟s disease and the clinical-neurophysiological 

assessment; MMSE = Mini Mental State Examination; FAB = Frontal Assessment Battery; 

BDI-II = Beck Depression Inventory; UPDRS-III = Unified Parkinson‟s Disease Rating 

Scale, part III. 

Table 9. Clinical and demographic features in patients with characteristics of patients 

with Alzheimer’s disease.  
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 SICI SAI M1 plasticity 

Coefficient of variation 0.07 (0.77) -0.10 (0.68) -0.03 (0.90) 

Velocity intercept -0.14 (0.56) -0.58 (0.008) -0.06 (0.81) 

Pearson‟s correlation coefficient is shown out of brackets, while the P value is shown 

within brackets. Significant correlations are in bold. SICI = short-interval intracortical 

inhibition, average SICI at 2 and 4 ms; SAI = short-latency afferent inhibition, average SAI 

at 22 and 24 ms; M1 plasticity = average changes in MEP amplitude after iTBS across the 

three measurement time points. 

Table 10. Correlations between kinematic and TMS measures in patients with 

Alzheimer’s disease.  
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 MMSE FAB 

Coefficient of variation 0.46 (0.04) -0.59 (0.006) 

Velocity intercept  0.12 (0.62) 0.31 (0.19) 

Spearman‟s rank correlation coefficient is shown out of brackets, while the P value is 

shown within brackets. Significant correlations are in bold. MMSE = Mini Mental State 

Examination; FAB = Frontal Assessment Battery. Note that the corrected alpha level for 

this set of correlations is 0.0125. 

Table 11. Correlations between kinematic and clinical scales in patients with 

Alzheimer’s disease.  
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 MMSE FAB 

SICI -0.03 (0.89) 0.09 (0.69) 

SAI -0.15 (0.52) -0.20 (0.41) 

M1 plasticity  -0.36 (0.12) -0.03 (0.90) 

Spearman‟s rank correlation coefficient is shown out of brackets, while the P value is 

shown within brackets. Significant correlations are in bold. SICI = short-interval 

intracortical inhibition, average SICI at 2 and 4 ms; SAI = short-latency afferent inhibition, 

average SAI at 22 and 24 ms; M1 plasticity = average changes in MEP amplitude after 

iTBS across the three measurement time points. Note that the corrected alpha level for this 

set of correlations is 0.008. 

Table 12. Correlations between TMS measures and clinical scales in patients with 

Alzheimer’s disease.  
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Gender 

Age 

(Years) 

Disease duration  

(months) 
MoCa FAB BDI-II UPDRS-III 

ALSFRS-

R 

1 F 82 48 26 18 14 24 35 

2 F 72 10 26 17 4 23 37 

3 M 68 24 27 17 4 0 48 

4 F 61 29 26 18 5 35 37 

5 M 58 28 25 17 12 7 42 

6 M 63 12 28 16 34 0 39 

7 M 73 60 20 18 5 27 37 

8 M 64 20 27 17 13 8 42 

9 F 64 9 28 17 12 18 40 

10 M 49 8 26 18 2 4 47 

11 M 81 24 26 14 15 28 46 

12 F 65 72 25 18 12 30 34 

13 F 62 40 20 16 31 50 30 

Mean - 66.3 29.53 25.38 17 12.53 19.53 39.31 

SD - 9.04 20.23 2.56 1.51 9.92 15.09 1.51 

ALSFRS-R= ALS Functional Rating Scale-Revised; BDI-II = Beck Depression IInventory, 

part II; F= female; M = male; FAB = Frontal Assessment Battery; MoCA = Montreal 

Cognitive Assessment; UPDRS-III = Unified Parkinson's Disease Rating Scale, part III; 

SD = standard deviation.  

Table 13. Clinical-demographic characteristics of patients with amyotrophic lateral 

sclerosis.  
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9. FIGURES 

 

Figure 1: Kinematic variables of repetitive finger movements in patients with essential 

tremor (ET) and Parkinson's disease (PD) and in healthy controls (HCs). Number of 

movements reflect the movements performed in the 15 sec recording. Amplitude intercept 

is expressed in degrees, amplitude slope in degrees/n mov, velocity intercept in 

degrees/sec, and velocity slope in (degrees/sec)/n mov. Coefficient of variation reflects the 

variability of the inter-tapping intervals (with higher values representing higher movement 

irregularity). Triangles indicate the mean values, boxes indicate ± 1 standard error of the 

mean; whiskers indicate ± 1 standard deviation of the mean. Circles indicate each 

individual value in the three groups. Asterisks indicate P < 0.05 in the post-hoc 

comparisons. 
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Figure 2: Cluster analysis. Kinematic variables of repetitive finger movements in subjects 

in cluster 1 (white squares) and cluster 2 (grey circles). The coefficient of variation (CV) of 

the inter-tap intervals refers to the movement rhythm (with higher values representing 

lower regularity of repetitive movements). The amplitude slope (representing amplitude 

decrement across the 15-s trials) refers to the sequence effect. Velocity slope was not 

included in the cluster analysis because it did not differ between ET patients, PD patients, 

and HCs, as demonstrated by ANOVA. Notably, participant categorization into the two 

groups was mainly due to the presence of movement slowness, reduced movement 

amplitude, and irregular rhythm, while sequence effect had less influence on data 

categorization. 
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Figure 3: Kinematic measures of finger tapping in Alzheimer‟s disease (AD) and healthy 

controls (HC). Dots indicate individual data. White diamonds indicate the average values. 

Horizontal lines denote the median value (50th percentile). The boxes contain the 25th to 

75th percentiles of dataset. Asterisks indicate significant differences between groups at 

post-hoc analyses. 
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Figure 4: TMS measures recorded in Alzheimer‟s disease (AD) and healthy controls (HC). 

Panel A. The input-output curve of MEPs in patients with AD and HC. The y-axis shows 

the MEP amplitude (mV); the x-axis shows the six stimulation intensities tested (80, 100, 

120, 140, 160 and 180 % of the resting motor threshold – RMT). Panel B. Short-interval 

intracortical inhibition (SICI) and short-latency afferent inhibition (SAI) in AD patients 

and HC. The y-axis shows the ratio between conditioned and unconditioned MEP 

amplitudes; the x-axis shows the interstimulus intervals tested (2 and 4 ms for SICI, 22 and 

24 ms for SAI). Panel C. Changes in MEP amplitude after the intermittent theta-burst 

stimulation (iTBS) protocol in AD patients and HC. The y-axis shows MEP amplitudes 

normalized to baseline (T0); the x-axis shows measurements at the four time points: before 

iTBS (T0) and 5 (T1), 15 (T2) and 30 minutes (T3) after iTBS. Asterisks indicate 

significant differences between groups at post-hoc analyses. 
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Figure 5: Neurophysiological and clinical-neurophysiological correlations in patients with 

Alzheimer‟s disease. Panel A. Relationship between movement velocity (i.e. velocity 

intercept) and short-afferent inhibition (SAI). Panel B. Relationship between movement 

rhythm (i.e. coefficient of variation – CV) and Frontal Assessment Battery (FAB) scores. 
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Figure 6: Kinematic variables of repetitive finger movements in patients with amyotroc 

lateral sclerosis - ALS (dark grey) and in healthy controls - HCs (light grey). Data were 

compared by a one-way ANOVAs. Horizontal lines denote the average values. The boxes 

contain the mean value ± 1 SE of the mean. Whiskers contain the mean value ± 1 SD of the 

mean. Asterisks indicate P < 0.05. 
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Figure 7:  Correlation between the number of movements (upper figure) and the velocity 

peak (bottom figure) in amyotrophic lateral sclerosis patients during the finger tapping and 

the MRC score in inch opposition. 
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Figure 8:  Correlation between the number of movements and the compound muscle 

action potential (CMAP) recorded from the first dorsal interosseus (FDI) (upper figure),  

the CMAP recorded from the abductor pollicis brevis (APB) (in the middle) and the 

denervation from the FDI (bottom figure) in patients with amyotrophic lateral sclerosis.  
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10. SUPPLEMENTAL MATIERIAL 

Supplementary Table 1. No difference emerged when comparing kinematic features of 

voluntary movements between the right hand (RH) and left hand (LH) in a subgroup of 50 

ET patients. P values result from unpaired t-tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ET RH ET LH P value 

Number of movements 38.6±12.6 37.6±12.2 0.10 

Coefficient of variation 0.109±0.04 0.108±0.04 0.93 

Amplitude intercept 46.5±11.3 47.8±10.7 0.51 

Amplitude slope -0.08±0.19 -0.08±0.23 0.91 

Velocity intercept 944.5±252.5 938.0±263.9 0.83 

Velocity slope 5.15±4.1 5.37±5.4 0.74 



 
147 

 

 

Supplementary Table 2. No difference emerged when comparing kinematic features of 

finger tapping between PD patients whose most affected side was the right (RH) vs. the left 

(LH). P values result from unpaired t-tests. 

 

 

 PD RH (43) PD LH (41) P value 

Number of movements 42.4±15.5 48.8±15.1 0.07 

Coefficient of variation 0.142±0.06 0.129±0.07 0.33 

Amplitude intercept 40.2±14.7 38.3±12.7 0.54 

Amplitude slope -0.29±0.32 -0.21±0.25 0.19 

Velocity intercept 777.6±293.9 778.5±245.3 0.99 

Velocity slope 6.24±4.8 5.11±4.4 0.27 


