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Introduction

Amyotrophic lateral sclerosis (ALS) was first described by Jean-Martin Charcot [START_REF] Couratier | Epidemiology of amyotrophic lateral sclerosis : a review of literature[END_REF], and is a rare but severe neurodegenerative disease, usually leading to death within 2 to 4 years [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF][START_REF] Kiernan | Amyotrophic lateral sclerosis[END_REF]. Without treatment, involvement of the first-and second-order motor neurons induces palsy of the four limbs, dysphagia and dysarthria, with respiratory failure as the cause of the fatal outcome. Besides these motor issues, other, non-motor symptoms may be a major problem, such as cognitive decline, semantic memory involvement [START_REF] Hervieu-Bègue | Semantic memory assessment in 15 patients with amyotrophic lateral stenosis[END_REF], frontotemporal dementia [START_REF] Canosa | 18F-FDG-PET correlates of cognitive impairment in ALS[END_REF], malnutrition and pain, although the latter is often underestimated by practitioners compared with fatal motor and respiratory failure [START_REF] Handy | Pain in amyotrophic lateral sclerosis : a neglected aspect of disease[END_REF]. In addition, the treatment of pain in ALS is not well managed [START_REF] Andersen | EFNS guidelines on the clinical management of amyotrophic lateral sclerosis (MALS) revised report of an EFNS task force[END_REF] because its underlying mechanisms and assessment are still as yet unclear [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF][START_REF] Brettschneider | Drug therapy for pain in amyotrophic lateral sclerosis or motor neuron disease[END_REF]. Yet, despite this, every practitioner in charge of patients with ALS is familiar with the negative effects of pain on quality of life for both patients and their caregivers [START_REF] Wallace | The evaluation of pain in amhyotrophic lateral sclerosis : a case controlled observational study[END_REF]. To provide a clinical tool for practitioners, the present article reviews what is currently known of the clinical characteristics of pain in ALS, its underlying mechanisms and different treatments according to the mechanisms involved.

Clinical features of pain in ALS

These features are multiple and differ among patients because they depend on the patient's age, duration of disease, and clinical form of the disease and its underlying primary or secondary mechanisms. These differences explain the variable prevalence of cases, ranging from 15% [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF] to 85% [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF][START_REF] Rivera | Prevalence and characteristics of pain in early and late stages of ALS[END_REF][START_REF] Stephens | Pain in amyotrophic lateral sclerosis : patient and physician perspectives and practices[END_REF]. Indeed, a common observation is that pain is less frequent in bulbar forms of ALS [START_REF] Stephens | Pain in amyotrophic lateral sclerosis : patient and physician perspectives and practices[END_REF][START_REF] Chio | Pain in amyotrophic lateral sclerosis : a population-based controlled study[END_REF].

Primary causes of pain

These are induced as a direct result of the neuropathological damage due to the disease.

Cramps and spasticity

Cramps are the most frequent type of pain in ALS, with rates between 25% [START_REF] Caress | Natural history of muscle cramps in amyotrophic lateral sclerosis[END_REF] to 63% [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF]. They usually affect the calf and other distal muscles, but also the abdomen, during the night. They are short-lasting and may be induced by movement and cold temperatures [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF], but they are also often experienced for several months prior to the onset of motor weakness [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF][START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF]. Cramps and fasciculations are due to hyperexcitability of motor units due to axonal sprouting [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF], and are usually associated with muscle denervation as a consequence of involvement of secondorder motor neurons at the level of the anterior horn of the spinal cord [START_REF] Caress | Natural history of muscle cramps in amyotrophic lateral sclerosis[END_REF], as shown by needle electromyography (EMG) tests, with rare giant motor unit potentials. Spasticity can produce paroxysmal, spontaneous, violent and hyperalgic contractures of hypertonic muscles, thereby suggesting involvement of first-order motor neurons. It is estimated to affect close to 6% of patients [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF].

Neuropathic pain

It is surprising to describe neuropathic pain in a disorder of the motor system that usually spares the somatosensory system [START_REF] Soriani | Care management in amyotrophic lateral sclerosis[END_REF]. In fact, only 9% of patients with ALS report neuropathic pain [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF]. It may be spontaneous, presenting as burning feet, tingling, paroxysmal shooting pain and/or numbness, or evoked, with allodynia, hyperalgesia and flashback algesia [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF]. These sensations may be localized to the distal limbs (hands, feet) and either focal (abdomen) or diffuse. This type of pain suggests involvement of the sensory tracts [START_REF] Treede | Neuropathic pain : redefinition and a grading system for clinical and research purposes[END_REF] affecting the posterior columns of the spine in ALS, as shown by familial cases [START_REF] Wakabayashi | Sporadic motor neuron disease with severe sensory neuronopathy[END_REF][START_REF] Isaacs | Amyotrophic lateral sclerosis with sensory neuropathy : part of a multisystem disorder ?[END_REF][START_REF] Pugdahl | Generalised sensory system abnormalities in amyotrophic lateral sclerosis : a European multicenter study[END_REF], sensory evoked potentials [START_REF] Iglesias | Electrophysiological and spinal imaging evidences for sensory dysfunction in amyotrophic lateral sclerosis[END_REF], magnetic resonance imaging (MRI) of the spinal cord [START_REF] Foerster | Multimodal MRI as a diagnostic biomarker for amyotrophie lateral sclerosis[END_REF] and some animal models [START_REF] Guo | Sensory involvement in the SOD1-G93A mouse model of amyotrophic lateral sclerosis[END_REF]. A recent study [START_REF] Isak | Involvement of distal sensory nerves in amyotrophic lateral sclerosis[END_REF] found that sensory nerve conduction was altered in 44% of ALS patients, and up to 50% of patients had small fiber neuropathy [START_REF] Weiss | Small-fiber neuropathy in patients with ALS[END_REF]. The use of skin biopsies may be useful in ALS patients with neuropathic pain to analyze their intraepidermal nerve fibers [START_REF] Lauria | Skin biopsy as a diagnostic tool in peripheral neuropathy[END_REF]. Yet, despite these data, it is still difficult to clarify the relationship between neuropathic pain in ALS and the lesions observed in the sensory system. However, clinical experience has demonstrated positive responses to antiepileptic drugs, but a lack of efficacy of anti-inflammatory drugs for this type of ALS pain [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF][START_REF] Soriani | Care management in amyotrophic lateral sclerosis[END_REF][START_REF] Tard | Clinical features of amyotrophic lateral sclerosis and their pronostic value[END_REF][START_REF] Moisset | Is there pain with neuropathic characteristics in patients with amyotrophic lateral sclerosis ? A cross-sectional study[END_REF].

Secondary pain

This is induced by complications of the disease, and increase in intensity as the disease progresses [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF][START_REF] Soriani | Care management in amyotrophic lateral sclerosis[END_REF][START_REF] Tard | Clinical features of amyotrophic lateral sclerosis and their pronostic value[END_REF]. Nociceptive pain is the main cause, induced by the involvement of non-neural tissue [START_REF] Smart | Clinical indicators of "nociceptive", "peripheral neuropathic" and "central" mechanisms of musculoskeletal pain. A Delphi survey of expert clinicians[END_REF]. In ALS, this type of pain develops from the association of muscle atrophy, long-term reduced mobility, and involvement of smooth tissue, bone, tendon, ligament and joint contractures [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF]. The most frequent joint pain is due to shoulder joint contractures, resulting from muscle weakness, loss of protective muscle sheaths due to atrophy and microtrauma induced by caregivers when helping patients to stand [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF][START_REF] Treede | Neuropathic pain : redefinition and a grading system for clinical and research purposes[END_REF]. Decubitus ulcers (bed sores) are not classic symptoms in ALS despite long periods of immobility. When present, pain appears mainly during their care. Non-invasive ventilation (NIV) using, for example, face or nasal masks, is another secondary pain induced by lesions on the skin around the nose and mouth, reported in ALS patients after beginning NIV. Close to 80% of ALS patients report experiencing this type of pain [START_REF] Hirano | Ventilator dependence and expressions of need : a study of patients with amyotrophic lateral sclerosis in Japan[END_REF][START_REF] Dangers | Relieving dyspnoea by non-invasive ventilation decreases pain thresholds in amyotrophic lateal sclerosis[END_REF], which is usually treated by non-steroidal anti-inflammatory drugs (NSAIDs) [START_REF] Woolf | Central sensitization : implications for the diagnosis and treatment of pain[END_REF].

Unspecified pain

In some patients, it is not possible to identify either neuropathic or nociceptive types of pain except through the association of both organic and psychic pain [START_REF] Treede | Neuropathic pain : redefinition and a grading system for clinical and research purposes[END_REF][START_REF] Moisset | Is there pain with neuropathic characteristics in patients with amyotrophic lateral sclerosis ? A cross-sectional study[END_REF]. This type of pain is known as 'central sensitization' [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF], for which four mechanisms are currently suggested: (i) spontaneous increase in neuronal activation resulting in pain hypersensitivity [START_REF] Woolf | Central sensitization : implications for the diagnosis and treatment of pain[END_REF]; (ii) increased response of cerebral neurons to light stimuli [START_REF] Meyer | Peripheral neural mechanisms of nociception[END_REF]; (iii) hypoxemia, which can stimulate nociceptive inhibitory control [START_REF] Morelot-Panzini | Dyspnea as a noxious sensation : inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF]; and (iv) greater susceptibility to pain by a decrease in pain threshold [START_REF] Dangers | Relieving dyspnoea by non-invasive ventilation decreases pain thresholds in amyotrophic lateal sclerosis[END_REF]. There are also new data [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF] to explain how sensory light stimuli are able to create and amplify responses in nonstimulated nociceptive neurons [START_REF] Woolf | Central sensitization : implications for the diagnosis and treatment of pain[END_REF].

Natural history of pain in ALS

It is important to bear in mind that pain may precede the onset of motor symptoms, by 2 years [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF] in 25% of cases [START_REF] Wallace | The evaluation of pain in amhyotrophic lateral sclerosis : a case controlled observational study[END_REF] and in up to 50% in other patients [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF][START_REF] Vucic | Sensory and automatic nervous system dysfunction in amyotrophic lateral sclerosis[END_REF]. Cramps are the classic initial pain [START_REF] Carvalho | Cramps, muscle pain, and fasciculations : not always benign ?[END_REF] along with low back pain. Similar results are reported even with the use of analgesic drugs 2 years prior to ALS onset [START_REF] D'ovidio | Amyotrophic lateral sclerosis incidence and previous prescriptions of drugs for the nervous system[END_REF].

Usually, there are also no differences in the frequency [START_REF] Wallace | The evaluation of pain in amhyotrophic lateral sclerosis : a case controlled observational study[END_REF][START_REF] Rivera | Prevalence and characteristics of pain in early and late stages of ALS[END_REF] and severity [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF][START_REF] Pizzimenti | Depression, pain and quality of life in patient with amyotrophic lateral sclerosis a cross-sectional study[END_REF] of pain between early and late stages of the disease [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF]. However, recent studies [START_REF] Adelman | Disparities in perceptions of distress and burden in ALS patients and family caregivers[END_REF] have reported the presence of all-day-long moderate-to-severe pain in one patient out of two during the last month of life. In addition, the natural history of pain in ALS associates pain with comorbidities such as depression [START_REF] Pizzimenti | Depression, pain and quality of life in patient with amyotrophic lateral sclerosis a cross-sectional study[END_REF][START_REF] Lepine | The epidemiology of pain in depression[END_REF]. Indeed, pain is more frequent in ALS patients with than without depression [START_REF] Atassi | Depression in amyotrophic lateral sclerosis[END_REF], whereas the same excess of depression is found in patients with ALS and pain [START_REF] Stephens | The role of mental health and self-efficacy in the pain experience of patients with amyotrophic lateral sclerosis[END_REF]. This double association explains the poor quality of life of these patients. Other comorbidities, such as anxiety, apathy [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF][START_REF] Caga | Apathy is associated with poor prognosis in amyotrophic lateral sclerosis[END_REF], and impaired memory [START_REF] Hervieu-Bègue | Semantic memory assessment in 15 patients with amyotrophic lateral stenosis[END_REF] and cognitive functions [START_REF] Couratier | ALS and frontotemporal dementia belong to a common disease spectrum[END_REF], may also arise during the course of the disease.

Pain treatment in ALS

Given the importance of pain in terms of quality of life for patients with ALS, physicians need to be able to identify and reduce the pain quickly or even prevent it (Tables 1 and2). Such strategies are mostly based on clinical experience, with pharmacological treatments being the more efficacious approach for neuropathic and secondary pain. For neuropathic pain [START_REF] Soriani | Care management in amyotrophic lateral sclerosis[END_REF][START_REF] Chio | Amyotrophic lateral sclerosis care in Italy : a nationwide study in neurological centers[END_REF][START_REF] Borasio | Standards of palliative care for patients with amyotrophic lateral sclerosis : results of a European survey[END_REF], gabapentin, pregabalin and tricyclic antidepressants are recommended. For cramps, quinine, benzodiazepine, magnesium and carbamazepine have proved significantly effective [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF]. For severe spasticity, oral or intrathecal baclofen may be efficacious, as well as benzodiazepine and dantrolene [START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF][START_REF] Soriani | Care management in amyotrophic lateral sclerosis[END_REF][START_REF] Chio | Amyotrophic lateral sclerosis care in Italy : a nationwide study in neurological centers[END_REF]. Articular pain such as in the shoulder joints can be relieved by anti-inflammatory drugs and acetaminophen/paracetamol or by intra-articular injections of analgesics or corticosteroids. Finally, in all cases, physiotherapy, massage, daily stretching, therapeutic ultrasound, laser therapy, transcutaneous electrical nerve stimulation (TENS) and acupuncture may also help patients with ALS and pain [START_REF] Chio | Pain in amyotrophic lateral sclerosis[END_REF][START_REF] Hanisch | Characteristics of pain in amyotrophic lateral sclerosis[END_REF].

Conclusion

Pain is a major clinical complaint reported by ALS patients, and physicians need to be trained to identify the different causes, including neuropathic pain, cramps, spasticity and nociceptive pain. In addition, pain may be reported by patients before the first motor symptoms of ALS; it then increases throughout the course of disease and, in most cases, is accompanied by depression, thereby worsening patients' quality of life. Thus, pain is a major challenge in the management of ALS that now requires good clinical practices such as those developed in France, thanks to the creation of specific ALS centers by the Ministry of Health.
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Table 1 -Pharmacological treatment of pain in patients with amyotrophic lateral sclerosis (ALS).

Types of pain