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Abstract: Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease (MND)
and has emerged, among the disorders, with the largest increase in incidence in Western countries.
Although the typical clinical phenotype of ALS involves simultaneous upper and lower motor
neurons, there is growing evidence that the neurodegeneration during the course of the disease
can also involve other motor and non-motor regions. In this review, we analyzed and discussed
available data from epidemiological population-based studies on extrapyramidal and non-motor
features during the course of ALS.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease (MND),
characterized by progressive degeneration of motor neurons in the cortex, the brainstem,
and the spinal cord [1]. According to recent global burden of disease studies, MND has
emerged in the last decade as the fourth most common cause of death among neurological
disorders in the U.S.A., and among the diseases with the largest increase in absolute num-
bers in Western countries [2]. The typical clinical phenotype of ALS involves simultaneous
upper (UMN) and lower motor neurons (LMN) and is usually fatal within 4 years of onset.
Muscle weakness begins in a discrete body region (usually the face, arm or leg) and ad-
vances steadily over time and space. Less typical forms of the disease are characterized by
much longer survival, or pure UMN or LMN involvement [1]. Clinical phenotypes of ALS
can also involve other motor and non-motor regions. The most frequent is the presence of
cognitive and/or behavioral impairment, which can be observed in up to 50% of patients;
and in about 15%, it leads to the fulfilment of the diagnostic criteria for frontotemporal
dementia (FID) [1,3]. In addition to cognitive dysfunction, other systems can be involved,
including extrapyramidal motor systems, sleep, and the autonomic nervous system [4].
Finally, other regions such as the hypothalamus may be implicated as defects in energy
metabolism including weight loss, hypermetabolism, and hyperlipidemia have been as-
sociated with ALS [5]. Based on these observations, ALS can no longer be considered a
disease limited to the motor system but rather a multisystem neurodegenerative disorder
that involves other motor and non-motor domains [6]. This review aims to describe the
available data from epidemiological studies on extrapyramidal and non-motor features
during the course of ALS.
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2. Extrapyramidal Motor Features

Table 1 includes population-based studies exploring the prevalence and association of
extra-pyramidal and non-motor features in patients with ALS. The concurrence of frank
levodopa-responsive parkinsonism and ALS has been observed endemically in Guam and
the Kii Peninsula, and has been named Guam ALS/Parkinsonism Dementia Complex [7].
Furthermore, the presence of clinical ALS and Parkinson’s disease (PD), outside the known
Guam and Kii Peninsula foci, has been described as a distinct and rare pathological entity,
named Brait-Fahn-Schwartz disease, in which basal ganglia, corticospinal and anterior
horn cell degeneration are merely part of a more encompassing disease [8]. However, mild
parkinsonian features have been reported in patients with ALS [9]. Several studies have
shown imaging [9,10] and pathologic [11,12] evidence of degeneration of substantia nigra
and striatum in ALS.

Table 1. Population-based studies of parkinsonian features in amyotrophic lateral sclerosis.

Author (Year) Domain Study Design, Mean Age, Years Prevalence
Country, n
e  Rigidity: 8.2% of cases vs.
Population-based 2.1% of controls
. . . cross-sectional study, Bradvkinesia and postural
Pupillo et al., (2015) [13]  Parkinsonism NA * radykinesia and postura
P 201 Italy, n =146 ALS and instability: 8.2% of cases vs.
n = 146 healthy controls 2.7% of controls
Population-based e  Parkinsonism: 30.7% of
Calvo et al., (2019) [14] Parkinsonism  prospective study, Italy, 65.1 P
n =101 ALS

The EURALS population-based study, which investigated the presence of parkinson-
ism features in 146 patients with newly diagnosed ALS, showed that patients with ALS have
a higher than expected chance to report parkinsonian features [13]. The odds are almost
five-fold for bradykinesia and six-fold for rigidity. In another prospective population-based
study, about one-third of patients with ALS showed parkinsonism features meeting the di-
agnostic criteria for parkinsonism [14]. In the majority of cases, parkinsonism features were
detected at the time of ALS diagnosis or during the follow-up, but also in the advanced
stages. Patients with ALS and parkinsonism were more frequently male, but they did
not show any other clinical or demographic difference compared with patients with ALS
without parkinsonism signs. The neuropsychological profile did not differ between ALS
with and without parkinsonism. Interestingly, a 1231-FP-CIT SPECT scan demonstrated
that the dopaminergic nigrostriatal pathway was preserved, indicating that parkinsonian
features in patients with ALS are likely to be related to extra-striatal brain pathways dys-
function [14]. In the same study, 18F-[18F]Fluorodeoxyglucose (FDG)-PET and MRI scans
revealed that patients with ALS and parkinsonism have relative hypermetabolism in frontal
regions, hypometabolism in the cerebellum, reduced cortical thickness in the left pre-central
region, increased FA in the retrolenticular part of the internal capsule, and reduced FA
in the sagittal stratum. These neuroimaging findings supported the hypothesis that ALS
patients with parkinsonism have altered neuronal functions in extra-striatal brain regions
involved in motion.

3. Non-Motor Features

A growing body of evidence from recent years suggests that ALS results in a wide
range of non-motor symptoms, which can have a significant impact on patients” quality of
life [4]. The presence of non-motor symptoms in ALS is the clinical demonstration that ALS
is a multisystem disorder. As for other neurodegenerative diseases, non-motor symptoms
in ALS can arise from pathological disease spread of motor areas into neighboring non-
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motor regions of the brain [4]. However, unlike PD [15], non-motor symptoms in ALS
have been poorly defined and their biological substrates have been scarcely investigated
so far. Non-motor symptoms are not strictly correlated to an underlying motor pathology
and can be largely categorized into neuropsychiatric, gastrointestinal, and autonomic
disturbances. [4]. Among the non-motor features, depression, pain, weight changes, fatigue
and cognitive impairment are common in ALS and can contribute to diminished health
outcomes and reduced quality of life [16]. Remarkably, due to a lack of awareness by both
clinicians and patients, some of the non-motor symptoms result to be underreported and
underdiagnosed [15]. Although several case—control studies have investigated non-motor
symptoms in ALS, there have been few population-based clinical studies of the prevalence
of non-motor symptoms [4] (Table 2).

Depression is one of the major cognitive and psychiatric disorders reported by people
with ALS, affecting between 6% and 29% of patients [4]. Roos and colleagues examined
the relative risk of depression among patients with ALS, before and after diagnosis [17],
in a nested case—control study based on Swedish national health and population registers.
They found that patients with ALS had a highly increased risk of depression, even before
diagnosis. Antidepressant use was more common in patients with ALS than in controls,
especially during the year before and the year after diagnosis. Similarly, a population
study in Sweden found a near sixfold increased risk for suicide among ALS patients over a
40-year period. The highest relative risk for suicide was observed within the first year after
the patient’s first period of hospitalization [18]. Population-based studies have also long
corroborated the relationship between psychotic events and ALS. This close association
may underlie the prodromal nature of the extra-motor symptoms in the framework of
ALS pathogenesis. It has been demonstrated, in fact, an increased risk of hospitalization
due to schizophrenic symptoms in the 5 years preceding ALS diagnosis [19,20]. The
risk of hospitalization due to a psychiatric disorder is higher 1 year prior to the onset
of motor symptoms [19,20]. Furthermore, a register-based nested case—control study
showed that family members of ALS patients, especially children, had an increased risk for
manifesting psychiatric disturbances both before and after their relative’s diagnosis [20].
Similarly, aggregation studies suggested neuropsychiatric illnesses and ALS clusters in
families. Two population-based cohort studies showed that the relative risk of developing
a neuropsychiatric condition, such as schizophrenia, psychosis, obsessive-compulsive
disorder, autism, and alcoholism, was significantly higher in first- or second-degree relatives
of ALS patients [21,22]. Whether this can be explained by a shared polygenic risk between
psychiatric diseases and ALS or by genetic pleiotropy of a few variants into several kindreds
spectrum remains to be elucidated. Weight loss is another non-motor feature of ALS and
has been investigated in a population-based setting by Marin and colleagues [23]. At the
time of diagnosis, 50.6% of ALS patients reported a weight loss of more than 5%, and
36.0% of patients reported a weight loss of more than 10%. Furthermore, weight loss was
independently associated with survival. Several observational studies have demonstrated
that sleep disorders are frequent in ALS [24,25]. A recent systematic review showed that
between 50-63% of patients with ALS reported poor sleep quality which was assessed by
the Pittsburgh Sleep Quality Index (PSQI) [24]. This review also highlighted that poor sleep
quality was associated with ALSFRS-R score, anxiety and depression but was not related
to the type of ALS at disease onset and was not always associated with duration of ALS
symptoms. To date, population-based studies of the prevalence of sleep problems in ALS are
unavailable. Such studies are required to shed light on our understanding of sleep disorders
in ALS. Chio and colleagues investigated the prevalence and characteristics of pain in an
epidemiological series of patients with ALS compared with a population-based control [26].
Patients with ALS reported pain more frequently than controls (56.9% vs. 33.1%), with
pain frequency and intensity correlated with a worse functional score and a longer disease
duration [26]. Pain in patients with ALS was more frequently located at the extremities
and interfered with all areas of daily function, but patients reported a greater interference
than controls in the domains of enjoyment of life and relation with other people. Patients
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with ALS were also more frequently prescribed non-opioid analgesics and opioids than
controls. These population-based studies indicated that pain is an under-recognized and
undertreated non-motor symptom in ALS. Population-based studies are lacking regarding
other non-motor features in ALS. Further research is needed to characterize the prevalence
of these features since they can worsen the prognosis and have a significant impact on the
quality of life of patients and caregivers.

Table 2. Population-based studies of non-motor features in amyotrophic lateral sclerosis.

Study Design, Mean Age,

Author (Year) Domain Country, 1 Years Findings
Population-based e  6-fold increased risk for suicide among
Fangetal., Suicide study, Sweden 67.6 ALS patients (SMR 5.8, 95% confidence
(2008) [18] = 6642 ALS ’ interval 3.6-8.8)
e Increased risk of hospitalization for
schizophrenia in the year preceding ALS
(rate ratio 2.95, 95% confidence interval
Turner et al., Psychiatric Record-linkage NA 2.13-4.00). ] o
(2016) [19] disorders study, UK., n = NA e  Increased risk of hospitalization for
depression in the 5-year preceding ALS
(rate ratio 1.50, 95% confidence interval
1.24-1.81).
e Individuals with previous
neurodegenerative or psychiatric
Register-based diseases had a 49% increased risk of ALS
nested case-control (odds ratio 1.49, 95% confidence interval
Longinetti et al., Psychiatric study, Sweden, NA 1.35-1.66)
(2017) [20] disorders n=3648 ALS and Patients with ALS had increased risks of
n = 36,480 healthy other neurodegenerative or psychiatric
controls diseases after diagnosis (hazard ratio
2.90, 95% confidence interval 2.46-3.43)
Marin et al., Weicht 1 Polzuilati(lén-based 9.6 Weight loss > 5%: 50.6% of ALS patients
ei 0ss study, France, . ; %: 36% :
(2016) [23] & e Z” e Weight loss > 10%: 36% of ALS patients
Population-based ) ) )
Chit et al cross-sectional Patients with ALS reported pain more
J Pain study, Italy, n = 160 62.4 frequently than controls

(2012) [26]

(56.9% vs. 33.1%)

ALS and n =160
healthy controls

4. Cognitive Impairment and the Frontotemporal Dementia

Traditionally, ALS has always been considered a disastrous disease that afflicts motor
neurons and leads to devastating immobility whilst cognition remains intact [27]. This
assumption has been debunked in recent years with numerous studies that have demon-
strated the presence of cognitive and behavioral dysfunctions in ALS [6,28-35]. In particular,
an association between ALS and FTD has been increasingly recognized, and with the ad-
vent of new genetic discoveries [29,30], as well as new neuropathological and neuroimages
evidence, the concept of the frontotemporal dementia—motor neuron disease continuum
has progressively emerged. Five population-based studies have explored the presence
of cognitive impairment and frontotemporal dementia—motor neurons (Table 3) [6,31-34].
Evidence has shown that patients with ALS may present executive dysfunction, personality
changes, poor insight, obsessions, aggressiveness, irritability and verbal fluency alteration.
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Table 3. Population-based studies of cognitive features in amyotrophic lateral sclerosis.

Author (Year) Domain Study Design, Mean Age, Findings
Country, n Years
13.8% of ALS patients had FTD
Population-based 34.1% of ALS patients had cognitive
Phukan et al Cognitive cross-sectional study, imop airment (ex.ecutive)
v 08 Ireland, 1 = 160 ALS 63.5 14% of ALS patients had
2011 [34] Impairment and n = 110 healthy nonexecutive cognitive impairment
controls 46.9.1% of ALS patients had no
cognitive impairment
12.6% of ALS patients had FTD
19.7% of ALS patients had cognitive
impairment (executive)
5.5% of ALS patients had
Population-based non-executive cognitive impairment
Montuschi et al., Cognitive cross-sectional study, 7 .60/ ° Of. ALS patients had behavioral
2013 [32] impairment Italy, n = 183 ALS and Impairment
n = 127 healthy controls 6% of ALS patients had
non-classifiable cognitive
impairment
49.7% of ALS patients had no
cognitive impairment
11.8% of ALS patients had FTD
25.2% of ALS patients had cognitive
Elamin et al Cognitive Population-based imp? ronent (exec'utive)
N . . longitudinal study, 63.4 12.3% of ALS patients had
2013 [33] Impairment Ireland. 7 = 186 ALS non-executive cognitive impairment
’ 50.5% of ALS patients had no
cognitive impairment
20.5% of ALS patients had FTD
4.8% of ALS patients had cognitive
and behavioral impairment
16.6% of ALS patients had cognitive
Chio et al Cognitive Population-based 200 ot ALS pati
M o8 cross-sectional study, 65.5 2.0% of ALS patients had
(2019) [31] impairment Ttaly, n = 797 ALS non-executive cognitive impairment
’ 7.9% of ALS patients had behavioral
impairment
48.2% of ALS patients had no
cognitive impairment
Gianferrari Cognitive Populah'on_?aseil 67.01 7.01% of ALS patients had FTD
etal, (2022) [6] impairment cross-sectional study, . .01% o patients ha

Ttaly, n = 1613 ALS

Burke et al.,
(2016) [35]

Social cognition

Population-based
case—control study,
Ireland, n = 106 ALS 60.4
and 7 = 50 healthy
controls

Executive dysfunction impacts on
social cognitive performance

Up to 40% of patients with ALS present with cognitive impairment, whilst between
7-20% of patients with ALS also fulfilled the criteria for frontotemporal dementia at base-
line [6,31-34]. Specifically, the ASL-FTD spectrum is consistent with features of behavioral
variant FTD. The main function found to be predominantly affected is the executive func-
tion which resulted as being impaired in 20-30% of patients with ALS. Non-executive
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cognitive impairment is found in around 2-10% of patients [31-33], whilst 6-13% of pa-
tients showed isolated behavioral impairment. However, depending on the cognitive tests
and tools used in the different studies, 50% of ALS patients may not have any cognitive
deficits [31-33]. Interestingly, decline in cognitive function was faster in patients who were
cognitively impaired at baseline, and normal cognition at baseline was associated with
a tendency to remain cognitively intact, and with slower motor and cognitive progres-
sion [33]. Further longitudinal population-based studies are needed to define the patterns
of cognitive progression in patients with ALS.

A recent population-based cross-sectional study assessed the association of the degree
of severity of motor impairment to that of cognitive impairment in a large cohort (n = 797)
of patients with ALS [31]. According to King staging, the frequency of cases with ALS-FTD
progressively increased from 16.5% in stage 1, to 44.4% in stage 4. On the other hand, the
frequency of ALS patients with cognitive and/or behavioral impairment (without dementia)
increased from King stage 1 to King stage 3 and decreased thereafter, suggesting that
intermediate cognitive categories may represent a transitional condition between normal
cognition and FTD. Furthermore, ALS-FTD was more frequent in patients with bulbar
involvement [31]. These findings indicate that ALS motor and cognitive components may
worsen in parallel, and that cognitive impairment becomes more pronounced when bulbar
function is involved. Previous population-based approaches have also shown that cognitive
dysfunction, especially executive impairment, is associated with worse motor prognosis in
ALS [32,33] and that patients with ALS-FID are typically older, have a lower education
level and shorter survival compared with non-demented ALS [32]. The association between
bulbar involvement and dementia emphasized in these population-based studies [31,32]
support the hypothesis that ALS pathology disseminates in a regional ordered sequence,
through a cortico-efferent spreading model. A recent population-based study explored the
impact of executive dysfunction on social cognitive performance in patients with ALS [35].
The authors found that executive dysfunction mediates performance on social cognition. On
the other hand, the development of motor neuron disease in patients who initially presented
with FTD has been scarcely studied. Interestingly, a clinical and neurophysiological study
on 40 patients with FTD, found that 12.5% of cases had concomitant motor neuron disease
and a further 27.3% of the patients with FTD had clinical evidence of minor motor system
dysfunction such as occasional fasciculations, mild wasting or weakness [36].

A recent population-based study found that FTD at diagnosis was present in 10% of
patients with ALS who underwent genetic analysis; the vast majority of cases (> 70%) did
not carry genetic mutations, whereas 23% had C9orf72 expansion and 2% FUS mutation.
There were no patients with SOD1 gene mutation among those presenting with FTD at
diagnosis [6]. Patients with C9orf72 expansion had a 6-fold higher risk of developing ALS
and FTD, compared with patients without mutations. Data from a population-based register
of patients with ALS in Ireland showed that 50% of patients with C9orf72 repeat expansion
showed co-morbid FTD, compared with 12% of patients without the expansion [37].

5. Conclusions

Our review of available population-based studies confirms a growing body of evidence
that ALS involves a wide range of motor and non-motor symptoms, which can have a
significant impact on patients” quality of life. Some of the non-motor symptoms may
represent the direct consequence of motor dysfunction (e.g., pain and immobility), and
some are not related to the motor dysfunction (e.g., cognitive and behavioral impairment)
and may be localized neuroanatomically elsewhere. Better recognition of these symptoms
may help improve our understanding of the etiopathogenesis of ALS and support the
concept of ALS as a multisystem disorder.

Data from population-based studies indicated that about 7-20% of patients with motor
neuron disease met the criteria for a diagnosis of frontotemporal dementia (ALS-FTD)
at baseline, and cognitive impairment without dementia might be detected in a higher
proportion of patients. Most of the studies have indeed observed that one-half of patients do
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not have cognitive abnormalities. Moreover, cognitive dysfunctions progressively increase
consistently with the severity and diffusion of motor impairment, indicating that motor
and cognitive features may worsen in parallel, and that cognitive impairment becomes
more prominent when bulbar function is involved. Preliminary data seems to indicate
that patients with genetic ALS due to C90rf72 expansion are at higher risk of developing
the spectrum ALS-FTD, although these data need further confirmation. Among the other
non-motor symptoms, depression is the major manifestation encountered by people with
ALSs. Depression can occur even before the diagnosis of MND. Data from population-
based studies also indicated that pain is an under-recognized and undertreated non-motor
symptom in ALS.

Our analysis of available data revealed that the extra-pyramidal involvement is not un-
common during the course of ALS, even at the early stages of the disease. Population-based
studies demonstrated that the prevalence of parkinsonism in patients with ALS is about
one-third, and that patients with ALS at the time of the diagnosis have a 5 to 7-fold higher
risk of showing parkinsonian features. The pathogenesis of extrapyramidal involvement
in ALS is different from Parkinson’s disease and neurodegenerative parkinsonism as the
dopaminergic nigrostriatal pathway seems preserved.

People with ALS experiencing greater frequency of non-motor symptoms report lower
quality of life than those who indicate more severe motor symptoms, suggesting that the
impact of these non-motor symptoms on the daily lives of people with ALS is at least
comparable to the impact of motor symptoms [38,39]. However, non-motor symptoms
have not been consistently evaluated in trials for people with ALS, and when evaluated,
non-motor symptoms were primarily assessed using instruments and impairment cut-offs
that are not adapted for people with ALS [40].

Future population-based studies should focus on evaluating the prevalence and char-
acteristics of other non-motor symptoms, such as sleep disturbances, in people with ALS.
Epidemiological research is essential to provide new data on non-motor and extrapyramidal
features in ALS and to improve policy-making in public health intervention [41,42].

Author Contributions: Conceptualization, D.U. and G.L.; methodology, D.U. and G.L.; data curation,
D.U,, S.Z. and V.G.: writing—original draft preparation, D.U., S.Z. and V.G.; writing—review and
editing, D.U. and G.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work has been supported with the founding of Regione Puglia and CNR for Tecnopolo
per la Medicina di Precisione. D.G.R. n. 2117 of 21.11.2018 (B84118000540002).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kiernan, M.C.; Vucic, S.; Cheah, B.C.; Turner, M.R; Eisen, A.; Hardiman, O.; Burrell, J.R.; Zoing, M.C. Amyotrophic lateral
sclerosis. Lancet 2011, 377, 942-955. [CrossRef]

2. LFeigin, V,; Vos, T.; Alahdab, E; Khatab, K.; Maever, A.; JLMurray, C. Burden of Neurological Disorders Across the US From
1990-2017: A Global Burden of Disease Study. JAMA Neurol. 2021, 78, 165-176. [CrossRef]

3. Shefner, ].M.; Al-Chalabi, A.; Baker, M.R.; Cui, L.Y.; de Carvalho, M.; Eisen, A.; Grosskreutz, J.; Hardiman, O.; Henderson, R.;
Matamala, ].M.; et al. A proposal for new diagnostic criteria for ALS. Clin. Neurophysiol. 2020, 131, 1975-1978. [CrossRef]

4. Fang, T,;Jozsa, F; Al-Chalabi, A. Nonmotor Symptoms in Amyotrophic Lateral Sclerosis: A Systematic Review. Int. Rev. Neurobiol.
2017, 134, 1409-1441. [CrossRef]

5. Dupuis, L.; Pradat, PF; Ludolph, A.C.; Loeffler, J.P. Energy metabolism in amyotrophic lateral sclerosis. Lancet Neurol. 2011, 10,
75-82. [CrossRef]

6.  Gianferrari, G.; Martinelli, I.; Zucchi, E.; Simonini, C.; Fini, N.; Vinceti, M.; Ferro, S.; Gessani, A.; Canali, E.; Valzania, F.; et al.
Epidemiological, Clinical and Genetic Features of ALS in the Last Decade: A Prospective Population-Based Study in the Emilia
Romagna Region of Italy. Biomedicines 2022, 10, 819. [CrossRef]

7. Steele, J.C. Parkinsonism-dementia complex of Guam. Mov. Disord. 2005, 20, S99-5107. [CrossRef]


http://doi.org/10.1016/S0140-6736(10)61156-7
http://doi.org/10.1001/jamaneurol.2020.4152
http://doi.org/10.1016/j.clinph.2020.04.005
http://doi.org/10.1016/bs.irn.2017.04.009
http://doi.org/10.1016/S1474-4422(10)70224-6
http://doi.org/10.3390/biomedicines10040819
http://doi.org/10.1002/mds.20547

Biomedicines 2022, 10, 2537 80f9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Brait, K.; Fahn, S.; Schwarz, G.A. Sporadic and familial parkinsonism and motor neuron disease. Neurology 1973, 23, 990-1002.
[CrossRef]

Desai, J.; Swash, M. Extrapyramidal involvement in amyotrophic lateral sclerosis: Backward falls and retropulsion. J. Neurol.
Neurosurg. Psychiatry 1999, 67, 214-216. [CrossRef]

Takahashi, H.; Snow, B.J.; Bhatt, M.H.; Peppard, R.; Eisen, A.; Calne, D.B. Evidence for a dopaminergic deficit in sporadic
amyotrophic lateral sclerosis on positron emission scanning. Lancet 1993, 342, 1016-1018. [CrossRef]

Geser, F; Brandmeir, N.J.; Kwong, L.K.; Martinez-Lage, M.; Elman, L.; McCluskey, L.; Xie, S.X.; Lee, VM.Y.; Trojanowski, J.Q.
Evidence of multisystem disorder in whole-brain map of pathological TDP-43 in amyotrophic lateral sclerosis. Arch. Neurol. 2008,
65, 636-641. [CrossRef]

Brettschneider, J.; Arai, K.; Del Tredici, K.; Toledo, J.B.; Robinson, J.L.; Lee, E.B.; Kuwabara, S.; Shibuya, K.; Irwin, D.].; Fang,
L.; et al. TDP-43 pathology and neuronal loss in amyotrophic lateral sclerosis spinal cord. Acta Neuropathol. 2014, 128, 423-437.
[CrossRef]

Pupillo, E.; Bianchi, E.; Messina, P.; Chiveri, L.; Lunetta, C.; Corbo, M.; Filosto, M.; Lorusso, L.; Marin, B.; Mandrioli, J.; et al.
Extrapyramidal and cognitive signs in amyotrophic lateral sclerosis: A population based cross-sectional study. Amyotroph. Lateral
Scler. Front. Degener. 2015, 16, 324-330. [CrossRef]

Calvo, A; Chio, A.; Pagani, M.; Cammarosano, S.; Dematteis, F.; Moglia, C.; Solero, L.; Manera, U.; Martone, T.; Brunetti, M.; et al.
Parkinsonian traits in amyotrophic lateral sclerosis (ALS): A prospective population-based study. J. Neurol. 2019, 266, 1633-1642.
[CrossRef]

Chaudhuri, K.R.; Healy, D.G.; Schapira, A.H. Non-motor symptoms of Parkinson’s disease: Diagnosis and management. Lancet
Neurol. 2006, 5, 235-245. [CrossRef]

Pizzimenti, A.; Aragona, M.; Onesti, E.; Inghilleri, M. Depression, pain and quality of life in patients with amyotrophic lateral
sclerosis: A cross-sectional study. Funct. Neurol. 2013, 28, 115-119. [CrossRef]

Roos, E.; Mariosa, D.; Ingre, C.; Lundholm, C.; Wirdefeldt, K.; Roos, PM.; Fang, F. Depression in amyotrophic lateral sclerosis.
Neurology 2016, 86, 2271-2277. [CrossRef]

Fang, F.; Valdimarsdéttir, U.; Fiirst, C.J.; Hultman, C.; Fall, K.; Sparén, P.; Ye, W. Suicide among patients with amyotrophic lateral
sclerosis. Brain 2008, 131, 2729-2733. [CrossRef]

Turner, M.R.; Goldacre, R.; Talbot, K.; Goldacre, M.]. Psychiatric disorders prior to amyotrophic lateral sclerosis. Ann. Neurol.
2016, 80, 935-938. [CrossRef]

Longinetti, E.; Mariosa, D.; Larsson, H.; Ye, W.; Ingre, C.; Almqvist, C.; Lichtenstein, P; Piehl, F.; Fang, F. Neurodegenerative and
psychiatric diseases among families with amyotrophic lateral sclerosis. Neurology 2017, 89, 578-585. [CrossRef]

Byrne, S.; Heverin, M.; Elamin, M.; Bede, P.; Lynch, C.; Kenna, K.; MacLaughlin, R.; Walsh, C.; Al Chalabi, A.; Hardiman,
O. Aggregation of neurologic and neuropsychiatric disease in amyotrophic lateral sclerosis kindreds: A population-based
case—control cohort study of familial and sporadic amyotrophic lateral sclerosis. Ann. Neurol. 2013, 74, 699-708. [CrossRef]
O’Brien, M.; Burke, T.; Heverin, M.; Vajda, A.; McLaughlin, R.; Gibbons, J.; Byrne, S.; Pinto-Grau, M.; Elamin, M.; Pender, N.;
et al. Clustering of Neuropsychiatric Disease in First-Degree and Second-Degree Relatives of Patients with Amyotrophic Lateral
Sclerosis. JAMA Neurol. 2017, 74, 1425-1430. [CrossRef]

Marin, B.; Arcuti, S.; Jesus, P.; Logroscino, G.; Copetti, M.; Fontana, A.; Nicol, M.; Raymondeau, M.; Desport, ].C.; Preux, PM.; et al.
Population-Based Evidence that Survival in Amyotrophic Lateral Sclerosis is Related to Weight Loss at Diagnosis. Neurodegener.
Dis. 2016, 16, 225-234. [CrossRef]

Lucia, D.; McCombe, P.A.; Henderson, R.D.; Ngo, S.T. Disorders of sleep and wakefulness in amyotrophic lateral sclerosis (ALS):
A systematic review. Amyotroph. Lateral Scler. Front. Degener. 2021, 22, 161-169. [CrossRef]

Boentert, M.; Glatz, C.; Helmle, C.; Okegwo, A.; Young, P. Prevalence of sleep apnoea and capnographic detection of nocturnal
hypoventilation in amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry 2018, 89, 418. [CrossRef]

Chio, A.; Canosa, A.; Gallo, S.; Moglia, C.; Ilardi, A.; Cammarosano, S.; Papurello, D.; Calvo, A. Pain in amyotrophic lateral
sclerosis: A population-based controlled study. Eur. J. Neurol. 2012, 19, 551-555. [CrossRef]

Burrell, J.R.; Halliday, G.M.; Kril, ].].; Ittner, L.M.; G6tz, ].; Kiernan, M.C.; Hodges, ].R. The frontotemporal dementia-motor
neuron disease continuum. Lancet 2016, 388, 919-931. [CrossRef]

Al-Chalabi, A.; Hardiman, O. The epidemiology of ALS: A conspiracy of genes, environment and time. Nat. Rev. Neurol. 2013, 9,
617-628. [CrossRef]

Vance, C.; Al-Chalabi, A.; Ruddy, D.; Smith, B.N.; Hu, X.; Sreedharan, J.; Siddique, T.; Schelhaas, H.J.; Kusters, B.; Troost, D.; et al.
Familial amyotrophic lateral sclerosis with frontotemporal dementia is linked to a locus on chromosome 9p13.2-21.3. Brain 2006,
129, 868-876. [CrossRef]

DeJesus-Hernandez, M.; Mackenzie, I.R.; Boeve, B.E.; Boxer, A.L.; Baker, M.; Rutherford, N.].; Nicholson, A.M.; Finch, N.A.;
Flynn, H.; Adamson, J.; et al. Expanded GGGGCC hexanucleotide repeat in noncoding region of COORF72 causes chromosome
9p-linked FTD and ALS. Neuron 2011, 72, 245-256. [CrossRef]

Chio, A.; Moglia, C.; Canosa, A.; Manera, U.; Vasta, R.; Brunetti, M.; Barberis, M.; Corrado, L.; D’Alfonso, S.; Bersano, E.; et al.
Cognitive impairment across ALS clinical stages in a population-based cohort. Neurology 2019, 93, €984-€994. [CrossRef]


http://doi.org/10.1212/WNL.23.9.990
http://doi.org/10.1136/jnnp.67.2.214
http://doi.org/10.1016/0140-6736(93)92878-W
http://doi.org/10.1001/archneur.65.5.636
http://doi.org/10.1007/s00401-014-1299-6
http://doi.org/10.3109/21678421.2015.1040028
http://doi.org/10.1007/s00415-019-09305-0
http://doi.org/10.1016/S1474-4422(06)70373-8
http://doi.org/10.11138/FNeur/2013.28.2.115
http://doi.org/10.1212/WNL.0000000000002671
http://doi.org/10.1093/brain/awn161
http://doi.org/10.1002/ana.24801
http://doi.org/10.1212/WNL.0000000000004179
http://doi.org/10.1002/ana.23969
http://doi.org/10.1001/jamaneurol.2017.2699
http://doi.org/10.1159/000442444
http://doi.org/10.1080/21678421.2020.1844755
http://doi.org/10.1136/jnnp-2017-316515
http://doi.org/10.1111/j.1468-1331.2011.03540.x
http://doi.org/10.1016/S0140-6736(16)00737-6
http://doi.org/10.1038/nrneurol.2013.203
http://doi.org/10.1093/brain/awl030
http://doi.org/10.1016/j.neuron.2011.09.011
http://doi.org/10.1212/WNL.0000000000008063

Biomedicines 2022, 10, 2537 90f9

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Montuschi, A.; Iazzolino, B.; Calvo, A.; Moglia, C.; Lopiano, L.; Restagno, G.; Brunetti, M.; Ossola, L; Presti, A.L.; Cammarosano,
S.; et al. Cognitive correlates in amyotrophic lateral sclerosis: A population-based study in Italy. J. Neurol. Neurosurg. Psychiatry
2015, 86, 168-173. [CrossRef]

Elamin, M.; Bede, P;; Byrne, S.; Jordan, N.; Gallagher, L.; Wynne, B.; O’Brien, C.; Phukan, J.; Lynch, C.; Pender, N.; et al. Cognitive
changes predict functional decline in ALS: A population-based longitudinal study. Neurology 2013, 80, 1590-1597. [CrossRef]
Phukan, J.; Elamin, M.; Bede, P; Jordan, N.; Gallagher, L.; Byrne, S.; Lynch, C.; Pender, N.; Hardiman, O. The syndrome of
cognitive impairment in amyotrophic lateral sclerosis: A population-based study. J. Neurol. Neurosurg. Psychiatry 2012, 83,
102-108. [CrossRef]

Burke, T.; Pinto-Grau, M.; Lonergan, K.; Elamin, M.; Bede, P.; Costello, E.; Hardiman, O.; Pender, N. Measurement of Social
Cognition in Amyotrophic Lateral Sclerosis: A Population Based Study. PLoS ONE 2016, 11, e0160850. [CrossRef]

Burrell, J.R.; Kiernan, M.C.; Vucic, S.; Hodges, ].R. Motor neuron dysfunction in frontotemporal dementia. Brain 2011, 134,
2582-2594. [CrossRef]

Byrne, S.; Elamin, M.; Bede, P.; Shatunov, A.; Walsh, C.; Corr, B.; Heverin, M.; Jordan, N.; Kenna, K.; Lynch, C.; et al. Cognitive
and clinical characteristics of patients with amyotrophic lateral sclerosis carrying a C9orf72 repeat expansion: A population-based
cohort study. Lancet Neurol. 2012, 11, 232-240. [CrossRef]

Ginther, R; Richter, N.; Sauerbier, A.; Chaudhuri, K.R.; Martinez-Martin, P; Storch, A.; Hermann, A. Non-Motor Symptoms in
Patients Suffering from Motor Neuron Diseases. Front. Neurol. 2016, 7, 117. [CrossRef]

Prell, T.; Gaur, N.; Stubendorff, B.; Rodiger, A.; Witte, O.W.; Grosskreutz, J. Disease progression impacts health-related quality of
life in amyotrophic lateral sclerosis. J. Neurol Sci. 2019, 397, 92-95. [CrossRef]

Beswick, E.; Forbes, D.; Hassan, Z.; Wong, C.; Newton, J.; Carson, A.; Abrahams, S.; Chandran, S.; Pal, S. A systematic review of
non-motor symptom evaluation in clinical trials for amyotrophic lateral sclerosis. J. Neurol. 2022, 269, 411-426. [CrossRef]
Logroscino, G.; Urso, D.; Savica, R. Descriptive epidemiology of neurodegenerative diseases: What are the critical questions?
Neuroepidemiology 2022. [CrossRef] [PubMed]

Logroscino, G.; Urso, D.; Tortelli, R. The challenge of amyotrophic lateral sclerosis descriptive epidemiology: To estimate low
incidence rates across complex phenotypes in different geographic areas. Curr. Opin. Neurol. 2022, 35, 678-685. [CrossRef]
[PubMed]


http://doi.org/10.1136/jnnp-2013-307223
http://doi.org/10.1212/WNL.0b013e31828f18ac
http://doi.org/10.1136/jnnp-2011-300188
http://doi.org/10.1371/journal.pone.0160850
http://doi.org/10.1093/brain/awr195
http://doi.org/10.1016/S1474-4422(12)70014-5
http://doi.org/10.3389/fneur.2016.00117
http://doi.org/10.1016/j.jns.2018.12.035
http://doi.org/10.1007/s00415-021-10651-1
http://doi.org/10.1159/000525639
http://www.ncbi.nlm.nih.gov/pubmed/35728570
http://doi.org/10.1097/WCO.0000000000001097
http://www.ncbi.nlm.nih.gov/pubmed/35946801

	Introduction 
	Extrapyramidal Motor Features 
	Non-Motor Features 
	Cognitive Impairment and the Frontotemporal Dementia 
	Conclusions 
	References

