Fatigue in hypokinetic, hyperkinetic, and functional movement disorders
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Abstract
The emerging science of fatigue has soundly endorsed the need for its unified definition, shared terminology and increased recognition in neurological illnesses. Nevertheless, the real impact of fatigue remains under-recognized. Fatigue describes a sense of tiredness, lack of energy or need for increased effort often perceived as overwhelming, pervasive, and disabling. It is a common feature of chronic medical conditions and neurological diseases, including Parkinson’s disease (PD) and other hypokinetic, hyperkinetic, and functional movement disorders (FMD). While there is solid evidence for the burden of fatigue in PD, knowledge of fatigue in other movement disorders (MDS) is still limited. Lack of consensus definition, rigorous measures and the high prevalence of potential confounders such as apathy, depression and sleepiness are the main obstacles in studying fatigue in MDS. This review of the prevalence, impact, and clinical correlates of fatigue in common MDS summarizes current hypotheses for the pathophysiological mechanisms underlying fatigue and gives a brief overview of treatment options. Fatigue is a prevalent, disabling, primary non-motor symptom (NMS) in MDS, including atypical and secondary parkinsonisms, dystonia, essential tremor (ET) and a hallmark feature of FMD. We report the hypothesis that fatigue is a perceptual disorder of the sensorimotor system. Given the relevance of this burdensome symptom, fatigue deserves greater clinical and research attention to better understand its manifestation and pathophysiology and to improve diagnosis and treatment.
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1. INTRODUCTION
Fatigue describes an overwhelming sense of tiredness, lack of energy or need for increased effort. It is pervasive, disproportionate to the performed activity, not relieved by rest or sleep and often interferes with mental and/or physical tasks [1,2]. It  affects approximately 2-11% of the general population [3] and many patients with chronic medical conditions or neurological disorders. Fatigue is a frequent complaint in patients with hypokinetic disorders such as Parkinson’s disease (PD). Present in about half of PD patients [4], it is one of the most troublesome and disabling non-motor symptom (NMS), reduces quality of life (QoL), and limits physical and mental performance. In other movements disorders (MDS), however, including atypical parkinsonian syndromes, essential tremor (ET), dystonia, and functional movement disorders (FMD), fatigue might be an underestimated issue. Given the lack of existing evidence, we could not cover chorea and tics or other rarer MDS.  Owing to its clinical presentation, multifactorial mechanisms and several potential confounders (i.e. concomitant depression, pain, apathy, multiple medications or comorbid illnesses), fatigue in PD and other MDS remains elusive, thus limiting treatment options. 
This review gives an up-to-date overview of the epidemiology, pathophysiological mechanisms, current treatment and future perspective of fatigue in hypokinetic, hyperkinetic, and functional movements disorders. The potential unifying features of fatigue in MDS are discussed, emphasizing its importance in clinical practice and research. Literature search has been performed until June 2020. When possible, we referred to the most updated works. Better recognition of fatigue in MDS could help to elucidate its neural underpinnings and to develop tailored treatment strategies.

2. DEFINITION AND MEASURES
Currently, there is no consensus definition of fatigue in PD or other MDS and diagnostic criteria for PD-related fatigue remain a proposal [2]. However, a shared terminology would be central to achieving consistency and scientific progress [2,3,5]. Common definitions are given in Box 1. Essential for a correct taxonomy of fatigue is to distinguish between fatigue and related constructs. Fatigue is a purely perceptive status, with a subjective and extremely individual nature, whereas performance fatigability refers to a decrease in muscle ability to exert force during exercise or work; as such, it is objective and physiologically measurable. Fatigue is a primary, independent symptom, established in the absence of causative factors of secondary fatigue (i.e., medications, chronic pain, physical deconditioning, anemia and so forth) or other NMS (e.g., depression, apathy or sleep disorders) that variably influence its occurrence [3]. Fatigue encompasses mental and/or physical domains, which do not necessarily correlate in severity [6,7]. Mental fatigue can arise from prolonged hypovigilance, sustained hypervigilance, unremitting intellectual activity, persistent emotional tension or it may occur with little or no mental exertion, whereas physical fatigue involves disproportionate physical exhaustion despite the incentive to perform a task. Furthermore, fatigue has also been classified as peripheral (correlated with a dysfunction originating at or distal to a neuromuscular junction) or central (arising from reduced muscle voluntary activation).However, the latter categorization can be confusing and should be used with caution or discarded because it makes inappropriate use of terms to describe performance fatigability and perception of fatigue interchangeably [3]. Efforts in improving consistency of fatigue designation, using a standardized definition is a priority in both clinical and research settings. 

The subjective nature of fatigue eludes rigorous objective measures; reliable biomarkers absent, the only available tools are either questionnaires or self-reports. First-level screening for fatigue in PD can be done using the MDS-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) [8] or the Non-Motor Symptom Assessment Scale (NMSS) during a holistic motor and non-motor assessment [9]. Fatigue in PD should be further evaluated with validated scales [10]. The Fatigue Severity Scale (FSS) [11] is a unidimensional scale recommended for both screening and grading severity in PD [12], also widely employed in multiple sclerosis (MS) trials [13], whereas the Parkinson Fatigue Scale (PFS) and the Functional Assessment of Chronic Illness Therapy-Fatigue (FACIT-F) scale [9] are recommended for screening but only suggested for rating severity. Among multidimensional scales, the Multidimensional Fatigue Inventory (MFI) is the only that distinguishes five subdomains of fatigue (reduced activity, reduced motivation, general, mental, and physical fatigue); it is recommended for rating severity scale [9]. FSS and MFI were also validated in dystonia population, demonstrating satisfactory psychometric properties [34]. 
Importantly, no scale has proven superior to another. Accordingly, in the absence of a single specific clinical scale for fatigue in MDS, it is recommended selecting relevant fatigue measures coherent with the primary objective of the study and the use of multiple fatigue measures [1]. Moreover, none of these scales provide a clearly distinct measure of fatigue, irrespective of concurrent depression, anxiety, or apathy, whose high burden in MDS imposes a careful assessment with specific tools. Hence, it is crucial to address potential confounding symptoms through rigorous selection criteria or through a validated assessment of their severity (i.e. measures for depression, apathy, anxiety and sleep disturbances). 


3. HYPOKINETIC MOVEMENT DISORDERS
3.1 Parkinson’s disease (PD)
Fatigue affects up to half of PD patients [4] and is the single most disabling symptom in one third [15]. Fatigue in PD has been consistently reported as one of the strongest predictors of QoL, also in early stages of the disease [11,15,16]. Fatigue influences multiple areas of daily living (e.g., emotional well-being, mobility, social functioning) and can increase the risk of institutionalization [16]. Fatigue in PD has been correlated with lower functional capacity for exercise, physical conditioning and more sedentary behaviour [17].
There is no clear association between PD-related fatigue and disease severity and progression or dopaminergic therapy. It can occur early in the course of PD or also sometimes in premotor stages [18], does not correlate with motor symptom severity [4], and is only weakly associated with drug-related effects [19]. Nonetheless, there is a close, somewhat inextricable relationship with other NMS such as apathy, anxiety, and disorders of the sleep-weak cycle [20]. From a behavioral perspective, fatigue and apathy share a reduction in self-initiated voluntary actions and deficits in motivational systems. Nevertheless, while motivational dysfunctions related to the activational system may play a greater role in fatigue, directional system deficits may predominate in apathy [21]. Indeed, apathetic patients are not normally interested in performing actions while in fatigue; despite wanting to act, they feel unable. Interestingly, despite this complex interplay with other NMS, many studies have demonstrated how fatigue in PD can occur in isolation with unique qualitative characteristics. Opposite to the prevailing clinical view, depression has recently been reported to have no signiﬁcant effect on fatigue prevalence [4]. This lack of correlation underscores the need to frame fatigue as an independent NMS of PD. 
Specific impairment in the processing of novel stimuli in ventral attention network functioning has been demonstrated in PD patients with fatigue [22], thus suggesting a role for impaired cognition in fatigue, although no measures of global cognition significantly correlated with fatigue [4]. A recent study has also demonstrated that subjective memory decline (defined as memory complaints despite normal objective cognitive performance) and fatigue are associated in PD [23]. Autonomic nervous system dysfunction exacerbates the perception of fatigue [24]. A positive correlation has been reported between fatigue and orthostatic hypotension, and the scores for the two autonomic symptom questionnaires, the Scale for Outcomes in Parkinson's Disease for Autonomic Symptoms (SCOPA-AUT) and the modified version of the Mayo Clinic Composite Autonomic Symptom Score (COMPASS) scale, in particular orthostatic intolerance [25,26]. Cardiac sympathetic denervation (demonstrated with 123I-meta-iodobenzylguanidine (123I-mIBG) scintigraphy) has been linked to fatigue [27–29], as has impairment of the parasympathetic cardiovascular axis, although the deep breathing test scores partially overlapped between the fatigued and the non-fatigued PD patients [28].

3.2 Other parkinsonian syndromes
In the seven studies that explored fatigue in atypical and secondary parkinsonisms [30–36] (Table 1), fatigue resulted a predominant non-motor feature of parkinsonian syndromes, present in up to 80% of patients with multiple system atrophy (MSA), progressive supranuclear palsy (PSP) and vascular parkinsonism (VP), in 70% with dementia with Lewy bodies (DLB) and in almost 55% with corticobasal degeneration (CBD) [31]. Evaluation with the NMSS showed that sleep/fatigue disturbances were among the most commonly affected domains; the prevalence of fatigue (sub-item) was 61.0% in patients with MSA [36] and 68% or 65.8 % in those with PSP [30,33]. The clinical sub-type did not influence fatigue occurrence, and similar rates of prevalence and severity were found in the MSA-P (MSA with predominately parkinsonism), MSA-C (MSA with predominately cerebellar ataxia) [36], PSP-Richardson syndrome (PSP-RS), and PSP-parkinsonism (PSP-P) group [30]. Fatigue and sleep disturbances were correlated with poor QoL in the MSA-P and the MSA-C group [32,36] but not in the PSP group [32]. 
Correlation studies have showed that sleep/fatigue disorders are linked to mood/cognition and urinary dysfunction in MSA-P patients and with mood/cognition and cardiovascular disturbances in MSA-C patients [32]. In patients with PSP, sleep/fatigue was not modulated by age, age at onset, and disease duration. Conversely, fatigue resulted positively correlated with cognitive impairment, PSP-history, disease severity, and severity of bulbar symptoms but not with of parkinsonian symptom severity, as assessed by the UPDRS part III [30,32,37]. 

4. HYPERKINETIC MOVEMENT DISORDERS
4.1 Dystonia
To date, six studies (Table 2) have addressed fatigue in idiopathic dystonia affecting different body parts (generalized, segmental cervical, cranial, and other focal dystonia) [38], cervical dystonia (CD)[39–41], myoclonus dystonia (MD) due to epsilon sarcoglycan (SCGE) mutation [42], dopa-responsive dystonia (DRD) associated to ﻿GTP-cyclohydrolase 1 (GCH-1) mutation [43]. A Standardized tools for fatigue assessment was used in four out of the six studies [38,41–43] and a comprehensive ad hoc NMS questionnaire (﻿Dystonia Non-Motor Symptoms Questionnaire - DNMSQuest) in the other two [39,40]. Severe-to-moderate fatigue was reported in 46% of patients with dystonia and was perceived as one of the three most disabling symptoms in 37% [38]. Fatigue was rated as one of the five most burdensome symptoms and the second most disturbing one after tremor [40]. Fatigue was more prevalent in patients with generalized dystonia, CD, and focal dystonia (not cranial) than in those with segmental and cranial dystonia; between 50% and 70% of patients with CD reported fatigue significantly more often than the controls [38,39,41]. Reduced activity, mental fatigue, and reduced motivation were the domains most severely affected in over 50% of patients, while generalized fatigue was present in 42% and physical fatigue in 36%.
Fatigue has also been noted in other dystonia groups: 58% of those with DRD  [43] and 42% of those with MD [42], although marginally under the cut-off for clinically significant fatigue [42]. Fatigue is a leading cause of diminished QoL in patients with dystonia, in which it affects the physical and mental components of QoL, irrespective of the co-occurrence of depression, pain, and sleep disturbances [38,40–43].
Analysis of clinical correlates has showed a strong correlation between fatigue in all its dimensions and neuropsychiatric comorbidities. While controlling for depression and anxiety, FSS scores remained significant, indicating the independent nature of fatigue in dystonia. Moreover, fatigue was positively correlated with bodily pain and tiredness, and negatively with sleep problems [38]. A weak association was found between fatigue and scores for jerks-tremor in patients with CD [41]. In patients with DRD, age at onset of dystonia and severity of motor symptoms (parkinsonian or dystonic) were associated with fatigue, which was more severe in younger and symptomatic patients than in older or asymptomatic patients [43]. 

4.2 Essential tremor (ET)
Three studies have investigated fatigue in ET [44–46] (Table 2). Fatigue has been described in 30% to 52.5% of patients with ET [44,45]. Almost 100% of ET patients reported disturbances in the domain sleep/fatigue on the NMSS [46]. Fatigue was far more prevalent and severe in patients with ET (prevalence 8-25%) than in the healthy controls [44,45]. Despite the higher rates and scores for fatigue in ET, no significant differences with healthy controls were found after subjects with moderate or severe depression were excluded [46], suggesting that fatigue in ET may be largely modulated by depression. Fatigue was correlated with depression [44,45] and other NMS like sleep quality, pain, and anxiety [44], whereas it was not signiﬁcantly correlated with age at onset, duration of tremor, and tremor severity. Fatigue was also positively correlated with the sleep/fatigue of the NMSS, age and age at disease onset. In general, the prevalence of non-motor abnormalities did not differ for gender, family history of tremor, use of medications, marital status, employment status or comorbidities [44]. Sleep/fatigue disturbances were shown to be predictors of poor emotional well-being [46], and fatigue had negative effects on physical and mental health and QoL. 

5. FUNCTIONAL MOVEMENT DISORDERS (FMD)
Fatigue is one of the most common self-reported symptoms in patients with FMD. Accurate data on its prevalence are lacking, and only one study has directly compared fatigue in FMD in a historical cohort of 217 controls with neuromuscular disorders (NMD) [47]. The prevalence of fatigue, assessed via the Checklist Individual Strength was higher in FMD than in NMD patients (78% and 53%, respectively); the more severely affected subdomains were motivation, concentration, and physical activity. Another study showed that FMD patients were also more severely fatigued than age- and sex-matched healthy controls [48]. Other studies have reported high rates of fatigue among FMD patients, although measures of fatigue were not reported (Table 3). In a feasibility study on rehabilitation, after patients with prominent fatigue were excluded, half (N=30) still rated fatigue as severe to extreme, 45% (N=27) slight to moderate, and absent in only 5% (N=3). In another study that excluded patients with prominent fatigue, the reported prevalence of fatigue was 59.6% in a cohort of 47 patients [49]. Severe fatigue is known to impede good outcome of intense rehabilitation in such patients; when dominant, it was an exclusion criterion in intervention trials [49,50]. Moreover, some patients in the intervention group reported exacerbation of chronic fatigue related to treatment intensity, which resolved spontaneously within days. 
Fatigue significantly affected self-rated health, and fatigue severity affected QoL after adjusting for the overlap with depressive symptoms [47]. Correlation studies in FMD linked depression and anxiety to all fatigue subdomains; motor severity was correlated with fatigue severity and physical activity but not with concentration and motivation.

 6. PATHOPHYSIOLOGY OF FATIGUE: WHAT HAVE WE LEARNT FROM PARKINSON’S DISEASE?
Since the majority of mechanistic studies has been carried out in patients with PD, one of the fundamental question to answer is whether these results might serve as a model to understand the pathophysiology of fatigue in other MDS. To the best of our knowledge, three main pathophysiological mechanisms have been implicated in the genesis of fatigue in PD: (i) cortical-subcortical circuitry abnormalities; (ii) neurotransmitter imbalance; and (iii) neuroinflammatory mechanisms. 
Corticothalamic–basal ganglia network dysfunction is well-recognized in the pathophysiology of many MDS, and basal ganglia-frontal loop impairment has been largely implicated in PD-related fatigue [51]. Imaging studies involving fatigued PD patients have demonstrated reduced perfusion in the frontal lobe and altered connectivity of the supplementary motor area (SMA) [52,53]. Based on these findings, cortical mechanisms of fatigue seem to be related more to impaired motor planning and movement preparation rather than to motor execution. In line with this hypothesis, abnormally greater corticomotor neuronal excitability was reported during and after a fatiguing exercise in PD patients compared to healthy controls [54], suggesting abnormal basal ganglia output to the cortex [55]. Changes of brain connectivity may be a strategy to overcome basal ganglia dysfunction. Advanced magnetic resonance imaging (MRI) studies using voxel-based morphometry have shown increased connectivity in the prefrontal and posterior cingulate cortices within the default mode network in the absence of structural gray or white matter differences in fatigued PD patients [52]. However, it is unclear whether this is a cognitive compensatory mechanism of motor hypoconnectivity or a maladaptive phenomenon [52]. 
Consistent with the negligible association between motor severity and disease duration [4] and the poor response of fatigue to dopaminergic treatment [56], dopaminergic degeneration in the nigrostriatal circuit has been linked with fatigue only in patients with early PD [19,57,58], while a role for extrastriatal dopaminergic dysfunction in the insular cortex has been proposed [58]. In contrast, several studies have suggested that serotonergic dysfunction can lead to the development of fatigue, depression, and anxiety [7], implicating a shared neurobiological mechanism. Serotonergic denervation in the basal ganglia and associated limbic circuits (ventral striatum, thalamus, amygdala, cingulate cortex) was reported in fatigued PD patients [58], and fatigue severity was negatively and significantly correlated with serotonin (5-HT) levels in the cerebral spinal ﬂuid [25]. Notably, serotonergic dysfunction has also been reported in non-PD fatigued patients [59].
Systemic inflammation is a commonly overlooked denominator for fatigue in multiple diseases, including neurological (e.g., MS, PD, amyotrophic lateral sclerosis) and non-neurological disorders (e.g., rheumatoid arthritis, systemic lupus erythematosus). Studies to date have produced conflicting results and no biomarkers have been found. Elevated peripheral cytokines, including tumor necrosis factor alpha and interleukin-6, have been shown in PD patients [60]. Neuroinflammation has been implicated in fatigue per se, and increased levels of proinflammatory mediators have been found to correlate with more severe NMS in PD [61,62]. 
In light of these findings, fatigue seems to be more a disorder of movement preparation rather than of movement execution. Its neural signature could be a perturbation in neurotransmitter balance at the fronto-basal ganglia loop that leads to impairment of the integration of sensory, motor, and affective inputs and results in disruption of the perceptual aspects of movement such as motivation to act or perceived effort [58]. Altered perception of effort is embedded in fatigue definition [3] and refers to the higher prediction of sensory consequences of movement compared to the actual sensory input derived from muscle contraction, with impairment of sensory attenuation. Aberrant sensory attenuation of self-generated movements has been identified as the primary cause of abnormal fatigue and as a disease-independent mediator of fatigue [21]. Importantly, aberrant sensory attenuation is an established correlate of disorders of agency that imply a lack (external attribution) of perceived effort  [63], placing fatigue within the spectrum of agency-related disorders. This hypothesis aligns nicely with recognition of the high levels of fatigue in disorders like FMD, in which the neural underpinning is a disrupted sense of agency among other causes.  Further studies are needed to clarify this hypothesis, identifying reliable biomarkers of fatigue and whether they are disease-specific or common across multiple conditions.

7.  IS TREATMENT POSSIBLE?
Lack of uniformity in the clinical assessment, unclear pathogenic mechanisms, and paucity of compelling evidence have meant scarce recommendations for the treatment of fatigue. To date, few studies exclusively in PD patients, have included fatigue as a primary outcome measure or selected patients according to fatigue severity as measured with fatigue-specific tools. Moreover, fatigue scores barely reaching the cut-off for clinically relevant fatigue may have contributed to the lack of effect for most interventions [56]. As a result, findings are sparse and sometimes conflicting. 
Experimental research has identified a potential role in fatigue treatment for drugs modulating dopaminergic neurotransmission, although no compelling evidence exists so far. Dopaminergic therapy ameliorated motor performance fatigability in patients with PD [54] and slowed progression of fatigue in early PD compared to placebo but without a dose-response effect [19].  In the large ADAGIO study cohort, rasagiline 1 or 2 mg showed a small, albeit statistically significant, effect on fatigue compared to placebo in recently diagnosed drug-naïve PD patients [64]. 
Low rates of fatigue were reported in a large Japanese study that involved patients with mild to moderate PD treated with pramipexole [65] and patients treated with transdermal rotigotine patch; however, fatigue has been reported among the possible side effects of pramipexole therapy [66–68]. 
The clinical efficacy of psychostimulants (caffeine, methylphenidate) in PD-related fatigue is controversial and concerns about long-term use of pharmacological psychostimulants have been raised (drug dependency, psychotic symptoms, behavioral sensitization) [69]. A randomized controlled trial (RCT) on methylphenidate in a small group of PD patients reported lower fatigue scores following a 6-week treatment period [70]. However, no statistically significant differences were found between methylphenidate and placebo on the FSS and the MFI total score, thus a pharmacological benefit is uncertain  [56].
Despite successful clinical application of modafinil for the treatment of daytime sleepiness in PD patients [71], evidence to support its use to treat PD-related fatigue is insufficient [69]. 
Doxepin, a tricyclic antidepressant, was found to considerably reduce fatigue (and insomnia) in PD patients at a  daily dosage of 10 mg [72]; however , because the small sample size (N=12) limits the quality of evidence in this study  these findings need to be confirmed in studies with a larger sample. 
Amantadine, a weak N-methyl-d-aspartate receptor antagonist with antiviral effects, is commonly employed in the treatment of fatigue in multiple sclerosis [5]. It has been only marginally assessed in PD-related fatigue. In the EASED study, administration of Amantadine Extended Release, a long-acting, extended-release capsule formulation of amantadine taken once daily at bedtime, was not found to have a significant effect on fatigue [73].
Common sense and clinical practice might suggest a potential role for physical exercise in treating fatigue, but RCTs and interventional studies have produced conflicting results and no design for an ideal exercise prescription program has been forthcoming. The efficacy of aerobic exercise in PD-related fatigue was demonstrated in a pilot RCT that tested a protocol of home-based treadmill training (20–40 min, four times a week for 6 weeks) [74]. Moreover, high-intensity exercise prescription [75] and aerobic walking, fitness, and motor function [76] effectively reduced fatigue severity in PD patients. However, these results were not supported by the Park-in-Shape study, which found no beneficial effect after 6 months (30–45 min, three times per week) of high-intensity aerobic exercise [77]. A possible explanation for these disappointing results is the ceiling effect of relatively good baseline FSS scores. Poor efficacy of a 12-week, mixed exercise program (aerobic, strength, ﬂexibility) in reducing fatigue in PD patients was also reported in a single-blinded study compared to usual care [78]. Importantly, however, since lack of  mobility and a sedentary lifestyle have been linked to fatigue [78] and could potentially perpetuate fatigue symptoms, assessing the effects of physical exercise in the management of fatigue is warranted.  
In conclusion, high-quality evidence studies are needed to assess the treatment of fatigue in PD and other MDS.

8. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 
Fatigue is a prevalent and disabling NMS in MDS. It is a component of the clinical spectrum of neurodegenerative and secondary parkinsonisms (VP), dystonia (genetic, acquired, focal or generalized), ET (even if it seems to be strictly related to mood disorder) and FMD. Lack of consensus definition, rigorous measures and the high prevalence of potentially confounders challenge fatigue research and clinical recognition in MDS. According to the current evidence, we hypothesize that fatigue might be a perceptual disorder of the sensorimotor system. Therefore, since no specific treatment options are currently recommended, our future activity aims to identify new specific fatigue-related markers using advanced imaging techniques or neurophysiological paradigms. Bursting clinical and experimental research, we believe that comprehension of fatigue phenomenology and pathophysiology will improve the diagnosis and pave the way for new targeted therapeutic options.
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Box 1 

1. Fatigue: subjective overwhelming sense of tiredness, lack of energy or need for increased effort. 
· Mental Fatigue cognitive fatigue that limits initiating and/or endurance in mental activities
· Physical Fatigue physical sense of tiredness that limits initiating and/or endurance of physical tasks
· Primary Fatigue: isolated fatigue not related to secondary causative factors
· Secondary Fatigue: fatigue caused by medical conditions or other non-motor symptoms

1. Performance fatigability: objective decline in performance physiologically measurable during motor or cognitive tasks
· Mental Performance fatigability: cognitive fatigability during mental activities
· Physical Performance fatigability: fatigability during physical tasks
· Central Performance fatigability: fatigability induced by central mechanisms (from brain to spinal cord)
· Peripheral Performance fatigability: fatigability induced by mechanisms above the neuromuscular junction












Table 1. Frequency and severity of fatigue in hypokinetic parkinsonian syndromes

	Study
	Subjects/
Patients
	Age
(Mean ± SD)
	Disease Duration 
(Mean ± SD)
	Measures of Fatigue
	Fatigue Frequency and/or Severity in:

	
	
	
	
	
	PSP
	MSA
	CBD
	VP
	DLB
	PD
	HC

	Colosimo et al., 2010
	N=1302 
· N=30 PSP
· N=34 MSA
· N=11 CBD
· N=83 VP
· N=14 DLB
· N=1130 PD
	
PSP 63.5±8.7
MSA 63.5±8.7
CBD 70.1±10.2
VP 74.2±7.1
DLB 63.5±8.7
PD 67.3±9.4
	
PSP 3.5±3.1
MSA 3.5±1.8 
CBD 2.5±1.1 
VP 4.4±3.4
DLB 4.2±3.1
PD 6.6±5.1
	One-item question:
“Fatigue limiting the patient’s day activities”
	Frequency
N=24, 
80.0%

	Frequency
N=28, 
82.4%
	Frequency
N=10, 
54.6%
	Frequency
N=65, 79.3%

	Frequency
N=6, 
71.4%

	Frequency
N=669, 59.4%

	/

	Radicati et al., 2017
	N=50 PSP 
N=100 PD 
	PSP 69.82±9.04
PD 69.19±8.27
	PSP 3.80±2.06
PD 3.83±2.25
	NMSS
Sleep/fatigue
(domain)
	Frequency
92%
Severity
27.50
	/
	/
	/
	/
	Frequency
89%
Severity
16.25
	/

	
	
	
	
	NMSS Fatigue
(sub-item)
	Frequency
68%
	
	
	
	
	Frequency
67%
	

	Ou et al., 2016
	N=27 PSP 
N=27 PD 
N=27 HC
	PSP 65.1±8.4
PD   65.3±8.4
HC   65.6±8.4
	PSP 3.6±2.1
PD 3.6±1.9
/

	
NMSS
Sleep/fatigue 
(domain)

	Frequency
100%
Severity
12.4±9.5
	/
	/
	/
	/
	Frequency
88.9%
Severity
11.1±9.5
	Frequency
59.3%
Severity
3.0±4.5

	Chaithra et al., 2020
	N=76 
· N=53 PSP-RS
· N=16 PSP-P
· N=7 other PSP

	62.04± 7.10
	2.68±2.10
	





NMSS
Sleep/fatigue
(domain)







	Frequency
82.90%
Severity
7.84±6.44 
(PSP)

Frequency
86.79%
Severity
8.23±6.54 
(PSP-RS)

Frequency
87.50%
Severity
8.19±5.82
(PSP-P)
	/
	/
	/
	/
	/
	/

	
	
	
	
	




NMSS Fatigue 
(sub-item)
	Frequency
65.80%
Severity
3.71±3.78
(PSP)

Frequency
69.81%
Severity
4.28±3.91
(PSP-RS)

Frequency
68.75%
Severity
3.25±3.39
 (PSP-P)
	
	
	
	
	
	

	Wang et al., 2019
	N= 55 MSA 
· N=18 RBD +
· N=37 RBD -









	62.80±10.55
 
	
	





FSS
	
	Severity
21.15 
(11-28)
(MSA)

Severity
21.28
(10-31.25)
(MSA RBD+)

Severity
21.08 
(12-27.05)
MSA RBD-)
	/
	/
	/
	/
	/

	Zhang et al., 2016
	N= 172 MSA 
· N=76 MSA-P
· N=96 MSA-C

	60.03±7.03

	2.72±1.60
	






NMSS
Sleep/fatigue (domain) 



	
	Frequency
N=150, 87.2%
Severity
9.91±7.95
 (MSA)

Frequency
N=68, 89.5% 
Severity
11.22±8.67
 (MSA-P)

Frequency
N= 82, 85.4%
Severity
8.87±7.21 (MSA-C)
	/
	/
	/
	/
	/

	
	
	
	
	



NMSS Fatigue 
(sub-item)
	
	Frequency
N=105,61.0% 
Severity
3.09±3.39
(MSA)

Frequency
N=47,61.8% 
Severity
3.58±3.65
(MSA-P)

Frequency
N=58,60.4%
Severity
2.71 ± 3.14
(MSA-C)
	
	
	
	
	



Table legend: PSP, progressive supranuclear palsy; PSP-RS, PSP-Richardson syndrome; PSP-P, PSP-parkinsonism; MSA, multiple system atrophy; MSA-P, MSA-parkinsonian subtype; MSA-C, MSA cerebellar subtype; RBD, rapid eye movement behaviour disorders; CBD, corticobasal degeneration; VP, vascular parkinsonism; DLB, dementia with Lewy bodies; PD, Parkinson’s disease; HC, healthy controls; NMSS, Non-Motor Symptom Scale; FSS, Fatigue Severity Scale.
























Table 2. Frequency and severity of fatigue in hyperkinetic MDS

	Study
	Subjects/
Patients
	Age
(Mean ± SD)

	Disease Duration
(Mean ± SD) or
Median (range)
	Measures of
Fatigue
	Fatigue Frequency and/or Severity in:

	
	
	
	
	
	GD
	CD
	SD
	CrD
	Other FD
	DRD
	M-D
	ET
	HC

	Wagle Shukla et al., 2016
	N= 91
· 9: GD;
· 18: SD,
· 64: FD
	60 ± 17
	7.5 ±8
	
FSS

	Frequency
56%
Severity
3.9±1.8
	Frequency
50%
Severity
4.1±1.9
	Frequency
39%
Severity
3.5±2.1
	Frequency
38%
Severity
3.7±1.7
	Frequency
67%
Severity
3.6±1.4
	/
	/
	/
	/

	
	
	
	
	MFI

	Severity
	
	
	
	

	
	
	
	
	
	GF 12.6±2.5
PF 13.4±3.2
MF 12.2±1.4
RA 12.8±1.9
RM 12.9±1.8
	GF 12.2±2.8
PF 11.5±2.1
MF 12.5±2.1
RA 12.8±1.5
RM 12.9±2.0
	GF 11.1±2.9
PF 11.7±2.2
MF 7.2±5.3
RA 12.7±1.7
RM 13.5±2.3
	GF 11.8±3.5
PF 11.8±2.8
MF 12.8±2.4
RA 12.7±1.3
RM 12.1±1.5
	GF 12±4.0
PF 11±3.5
MF 11.3±3.2
RA 12±1.0
RM 13.3±2.5
	
	
	
	

	Smit et al., 2017a
	N= 40 CD
	54.1
	13.1 ± 11.2
	
NMS questionnaire

	/
	Frequency
76.3%
	/
	/
	/
	/
	/
	/
	/

	Smit et al., 2017b
	N= 44 CD
N= 43 HC
	CD 54±10.6
HC 54±11.3
	13.3 ± 11.2
/
	FSS
	/
	Severity
4.4±1.7
	/
	/
	/
	/
	/
	/
	Severity
2.7±1.4

	Kingelhoefer et al., 2014
	N= 102 CD
	59.19±1.21
	10.99±7.10
	
NMS questionnaire

	/
	Frequency
51.0 %
	/
	/
	/
	/
	/
	/
	/

	Timmers et al., 2017
	N= 22 DRD
N= 21 HC
	DRD 45.2
HC 46.2
	27.4 (20.8)
/
	FSS
	/
	/
	/
	/
	/
	Frequency
36%
Severity
35.0±16.2
	/
	/
	Frequency
N=5, 24%
Severity
27±14.0

	Timmers et al., 2019
	N= 41 M-D
N= 51 CD
N= 19 DRD
N= 53 HC
	M-D 48.7±15.7
CD 54.2±10.6
DRD 51.1±15.6
HC 53.4±12.9
	M-D 45 (7–73)
CD 10 (1–52)
DRD 40 (18–71)
/
	FSS
	/
	Frequency
73%
Severity
39.6±15.7
	/
	/
	/
	Frequency
58%
Severity
36.9±18.1
	Frequency
42%
Severity
35.0±15.7
	/
	Frequency
15%
Severity
24.0±12.4

	Chandran et al., 2012
	N=50 ET
N=50 HC
	ET 40.7± 16.2
HC 42.3±15.3
	8.4±10.0
/


	
PFS

	/
	/
	/
	/
	/
	/
	/
	Frequency
30% 
Severity
5.8±0.8
	Frequency
8%
Severity
2.5±0.4

	Sengul et al., 2014
	N=45 ET
N=35 HC
	ET 24.55±7.16
HC 24.80±5.43
	4.36±3.94
/


	
FSS

	/
	/
	/
	/
	/
	/
	/
	Frequency
52.5%
Severity
39.05±16.94  
	Frequency
25.0%
Severity
27.34±13.21

	Shalash et al., 2019
	N=40 ET
N=30 HC
	ET 45.20±18.10
HC 43.43±17.27
	10.40±7.86
/
	
NMSS
(Sleep/fatigue domain)

	/
	/
	/
	/
	/
	/
	/
	Frequency
100%
Severity
10.53 ± 6.07
	Frequency
80%
Severity
4.10 ± 3.52



Table legend: GD, generalized dystonia; CD, Cervical dystonia; SD, segmental dystonia; CrD, cranial dystonia; FD, focal dystonia; DRD, Dopa-responsive dystonia; M-D, Myoclonus-dystonia; ET, Essential Tremor; HC, healthy controls; FSS, Fatigue Severity Scale; MFI, Multidimensional Fatigue Inventory; NMS, Non-motor symptom; PFS, Parkinson’s disease fatigue scale; NMSS, Non-Motor Symptoms Scale; GF, General Fatigue; PF, Physical Fatigue; MF, Mental Fatigue; RA, Reduced Activity; RM, Reduced Motivation.
















Table 3. Frequency and severity of fatigue in functional movement disorders (FMDs)

	Study 
	Subjects/patients 
	Age
(Mean ± SD) 
	Disease Duration (Mean ± SD)
	Measures of Fatigue 
	Fatigue frequency and/or severity in:

	
	
	
	
	
	FMDs
	NMDs
	HC

	Věchetová et al., 2018
	N=61 FMD
N=61 HC
	FMD 45.1±13
HC 43.5±12
	5.7±5
	FSS
	Severity
5.4±1
	/
	Severity
3.2±1

	Gelauff et al., 2020
	N=181 FMD
N=217 NMD
	FMD 48 ± 15
NMD 42 ± 10


	n. r.
n. r.

	Fatigue (CIS)
	Severity scores ≥ 35
78%
Motivation
15±10
Concentration
21±15
Physical activity
14±9
	Severity scores ≥ 35
53%
Motivation
11±8
Concentration
12±13
Physical activity
9±8
	


/

	Nielsen et al., 2015
	N=47 FMD
	44.2±14.1
	5.5±6.7
	Self-rating fatigue 
	Frequency
N=28, 59,6%
	/
	/

	Nielsen et al., 2017
	N=60 FMD
	44.2±14.1
	5.8±7.3
	Self-rating fatigue
	Frequency
None
N=3, 5%

Slight to moderate
N=27, 45%

Severe to extreme
N=30, 50%
	/
	/



Table legend: FMDs, Functional Movement Disorders; NMDs, neuromuscular disorders; HC, healthy controls; FSS, fatigue severity scale; CIS checklist individual strength; n.r., not reported. 
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Figure legend
Figure 1. Schematic representation of fatigue-related mechanisms. 
Fatigue might be related to imbalance between sensory attenuation (reduced) and prediction of error (increased) in the pre-movement stage, that ultimately leads to an increased perception of effort due to higher error precision. This might be underpinned by three main mechanisms, including cortico-subcortical dysfunction, neuroinflammation and neurotransmitter imbalance, that are responsible for chronic perceived fatigue.
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