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In spinal muscular atrophy (SMA), respiratory muscles are heterogeneously involved with a weakness of the intercostal muscles, possibly of the abdominal wall muscles, and a relatively spared diaphragm, resulting in cough impairment. An abnormal inspiratory cough phase pattern has been reported in SMA II and III. This short communication analyzed the esogastric pressures during voluntary cough in 49 SMA II and III patients. Four different patterns of coughing, reflecting an increasing degree of respiratory muscle weakness, were identified. The "mild weakness" profile was observed mainly in SMA III, while the "severe weakness" profile, which seems to correspond to the absence of abdominal muscle activity, was observed only in a few patients with SMA II. The cough profiles of 6 patients are presented together with their sniff and maximal static pressures measurements. Different esogastric pressure patterns were observed during these forceful maneuvers, suggesting variable involvement of the intercostal and abdominal muscles, and diaphragm during the evolution of SMA II and III.

Introduction

Spinal muscular atrophy (SMA) is a common genetic neuromuscular disease caused by a deficit of the survival motor neuron (SMN) protein encoded by two closely related genes, SMN1 and SMN2, located on chromosome 5q13. Patients have usually no functional SMN1 gene, although retain at least one copy of the SMN2 gene. The clinical severity of the disease depends on the amount of SMN protein, which is related to the number of copies of SMN2 gene. Patients are classified in four clinical types based on age of onset and achieved motor milestones, but due to the wide phenotypic presentation, there is a continuous spectrum of severity with intermediary forms [START_REF] Mercuri | Childhood spinal muscular atrophy: controversies and challenges[END_REF][START_REF] Munsat | International SMA consortium meeting (26-28[END_REF].

SMA causes a predominantly proximal muscle atrophy and weakness. The respiratory muscles are also involved with a weakness of the intercostal muscles, possibly of abdominal wall muscles, with a relatively spared diaphragm [START_REF] Perez | Thoracoabdominal Pattern of Breathing in Neuromuscular Disorders[END_REF]. This respiratory muscle weakness translates into an impairment of cough, resulting in poor clearance of airway secretions and recurrent pulmonary infections, restrictive lung disease due to poor or insufficient chest wall and lung growth (with bell-shaped chest and pectus excavatum), nocturnal hypoventilation, and finally respiratory failure in the most severe patients [START_REF] Schroth | Special Considerations in the Respiratory Management of Spinal Muscular Atrophy[END_REF]. In addition, abnormal thoraco-abdominal patterns of breathing characterized by asynchronous displacement of ribcage and abdomen as well as a diminished contribution of either compartment to tidal volume have been reported in SMA II and IIIA patients by respiratory inductive plethysmography [START_REF] Perez | Thoracoabdominal Pattern of Breathing in Neuromuscular Disorders[END_REF] and/or opto-electronic plethysmography [START_REF] Lomauro | Alterations of thoraco-abdominal volumes and asynchronies in patients with spinal muscle atrophy type III[END_REF]). An abnormal pattern was also evidenced during the inspiratory cough phase [START_REF] Lomauro | Alterations of thoraco-abdominal volumes and asynchronies in patients with spinal muscle atrophy type III[END_REF], leading to the assumption that SMA patients may present different cough patterns.

The aim of this short communication was to analyze the esophageal and gastric pressure patterns during cough, but also during sniff and maximal static respiratory pressures (MRP) in patients with SMA II and III. Indeed, to our knowledge, no study has investigated the different cough patterns in SMA patients, and no statement has highlighted the particular importance of focusing on esophageal pressure (Pes) measurement (together with gastric pressure, Pgas) during the cough maneuver.

Material and methods

Patients

The respiratory muscle test data of 49 genetically confirmed SMA types II (n=37) and III (n=12) patients, aged between 3 and 21 years old and followed in our center since 2002, were retrospectively reviewed to analyze the cough profiles. The diagnosis of SMA was confirmed by mutation analysis of the SMN1 gene in all patients. We used the functional criteria of the International SMA Consortium for the clinical classification of the patients [START_REF] Munsat | International SMA consortium meeting (26-28[END_REF]: SMA II: onset before 18 months, patients are able to sit but are unable to walk unaided; SMA III: onset during childhood, patients are able to walk unsupported. Moreover, as the onset of lower limb muscular weakness in SMA III patients can be quite variable, a sub-classification into type IIIA (onset of weakness before 3 years) and type IIIB (onset of weakness after 3 years) has been proposed [START_REF] Mercuri | Childhood spinal muscular atrophy: controversies and challenges[END_REF].

The study was approved by the Institutional Review Board of the French learned society for respiratory medicine (Société de Pneumologie de Langue Française), and patients and parents gave their informed consent.

Respiratory muscle tests

An esogastric catheter was inserted pernasally after local anesthesia (lidocaine 2%, AstraZeneca, Rueil-Malmaison, France). This 2.1 mm external diameter catheter mounted pressure transducer system (Gaeltec, Dunvegan, Isle of Skye, UK) has two integral transducers mounted 1 cm (for Pgas) and 21 cm (for Pes) from the distal tip. Transdiaphragmatic pressure (Pdi) was obtained by subtracting on line the Pes signal from the Pgas signal.

The strength of the expiratory muscles was measured by asking the patient to perform a maximal cough [START_REF] Aloui | Whistle and cough pressures in children with neuromuscular disorders[END_REF][START_REF] Man | Cough gastric pressure and maximum expiratory mouth pressure in humans[END_REF]. The peak Pgas value among at least 5 maximal coughs was measured (Pgas cough). The peak value was recorded with Pgas at resting end expiration before cough used as the zero reference point. Concomitant peak Pes value (Pes cough) was measured. The patient was also asked to perform 10 to 20 short, sharp maximal sniffs in order to measure the strength of inspiratory muscles, and the maximum sniff nasal inspiratory pressure (SNIP) was recorded [START_REF] Fauroux | Sniff nasal inspiratory pressure in children with muscular, chest wall or lung disease[END_REF]. Concomitantly, maximal sniff Pes (Sniff Pes), sniff Pgas (Sniff Pgas) and sniff Pdi (Sniff Pdi) were measured. Maximal static inspiratory (MIP) and expiratory (MEP) pressures were measured from residual volume and total lung capacity, respectively. Patients were asked to perform at least 5 maneuvers until two reproducible maneuvers were obtained. The best maneuver was retained for analysis and the mean value that could be maintained for one second was calculated, otherwise the peak value was used [START_REF] Gaultier | Maximal static pressures in healthy children[END_REF]. Concomitant maximal static Pes, Pgas and Pdi were measured. All the measurements were performed in the seated position.

Results

Four different patterns of coughing, reflecting an increasing degree of respiratory muscle weakness, were identified. The "mild weakness" profile was observed only in SMA III (n=7) and SMA II-III patients (n=2), but not in patients with SMA II. The "moderate weakness" profile was observed in 4 SMA II and 4 SMA III patients. The "moderate-severe weakness" profile was observed in 26 SMA II and 1 SMA III patients, while the "severe weakness" profile was observed only in SMA II patients (n=5). The mild, moderate and moderate-severe weakness profiles of cough are presented for 3 SMA III patients (Table 1, Figures 1 and2). The moderate, moderate-severe and severe weakness profiles of cough are presented for 3 SMA II patients (Table 1, Figures 1 and2). The concomitant sniff and MRP measurements of the 6 patients are also showed.

Patient #1 presented a "mild weakness" profile which was characterized by normal cough Pgas and Pes values and a normal cough Pgas profile, indicating an appropriate activity of the global inspiratory and abdominal muscles (Figure 1A top and Table 1). However, despite a normal sniff Pes value, sniff Pgas was reduced, indicating the persistence of an adequate strength of the intercostal muscles but a probable weakness of the diaphragm (Figure 1A middle). MEP and MIP values were reduced (Table 1). Again, while the MEP pattern was normal, Pgas failed to increase during MIP (Figure 1A bottom), confirming the diaphragmatic weakness.

Patient #2 presented a "moderate weakness" profile with a reduced cough Pgas and Pes values, indicating a probable weakness of the abdominal muscles (Figure 1B top). This profile is characterized by the presence of a positive Pgas peak during the inspiratory phase of the cough maneuver (see arrow Figure 1B top), a decrease during the compressive phase, followed by a second peak during the expiratory phase of the cough maneuver. The sniff was characterized by a slightly reduced sniff Pes value but a very low sniff Pgas (16 cmH2O), which reflects a persistent activity of the intercostal muscles but a weakness of the diaphragm. MEP value was also reduced but with a normal pattern on Pgas. MIP was difficult to perform and certainly underestimated. Importantly, there was no increase in the Pgas, confirming the diaphragmatic weakness. Patient #3 had the same profile but as compared to patient #2, cough, sniff, and MRP values were higher (Figure 1C and Table 1). Of note, sniff Pgas was also severely decreased, and Pgas even decreased during MIP instead of increasing (Figure 1C bottom), indicating a probable diaphragmatic weakness.

Patient #4 presented the "moderate-severe weakness" profile, which is characterized by a cough pattern with the first peak of Pgas during inspiration being higher than the peak during the expiratory phase of the cough maneuver. Of note, the peak Pes cough was helpful to determine the expiratory phase of the cough maneuver. All cough, sniff, and MRP pressures were severely reduced (Figure 2A and Table 1). MIP was also certainly underestimated due to the difficulty to perform the maneuver. Interestingly, sniff Pes and sniff Pgas values were of similar amplitude (Table 1), indicating a probable reduced activity of the intercostal muscles with a relatively spared diaphragm. Moreover, a high Pgas peak was recorded during the inspiratory phase of the MEP maneuver (31 cmH2O) followed by a decrease in Pgas during the expiratory phase of MEP (Figure 2A bottom), suggesting weaker abdominal muscles as compared to the "moderate weakness" profile. Patient #5 had also the same profile but, as compared to patient #4, cough, sniff, and MRP values were higher (Figure 2B and Table 1). Contrarily to patient #4, patient #5 had a greater sniff Pes and was able to increase Pgas during the expiratory phase of MEP (Figure 2B bottom), suggesting a higher contribution of intercostal and abdominal muscles, respectively. Patient #6 presented the "severe weakness" profile (Figure 2C). The main finding was the absence of a Pgas peak during the expiratory phase of the cough maneuver, together with the absence of Pgas pressure increase during MEP, suggesting a probable absence of abdominal muscle activity. Indeed, during the cough maneuver, after a first high Pgas peak during inspiration (66 cmH2O), Pgas decreased during the compressive phase with a further decrease during the expiratory phase of the cough maneuver. Importantly, the peak Pes cough was essential to correctly determine the expiratory phase of the cough maneuver on the Pgas tracing.

Similarly, the MEP maneuver was preceded by a huge increase in Pgas during inspiration (85 cmH2O) such as for the cough maneuver. Intercostal muscles and diaphragm had a reduced activity.

Discussion

Four different cough profiles were identified, depending on the contribution of the different respiratory muscles. In the "mild weakness" and "moderate weakness" profiles, the strength of the abdominal muscles seems to be preserved, allowing these muscles to contribute to the coughing process. In the "moderate-severe weakness" profile, the abdominal muscles seem to be weaker and may probably contribute to cough to a lesser extent, while in the "severe weakness" profile, the abdominal muscles are too weak to contribute to the coughing maneuver.

Our study highlights thus the importance of the analysis of Pes, together with the analysis of Pgas during cough, particularly for the "moderate-severe weakness" and "severe weakness" profiles. Sniff and MRP measurements are also important to further assess the weakness of intercostals muscles and diaphragm specifically.

Normal cough usually begins with a deep inspiration (inspiratory phase) followed by a strong increase in abdominal and thoracic pressures as a result of expiratory muscle contraction (including anterolateral abdominal muscles) against a closed glottis (compressive phase). The glottis then opens suddenly, and expiratory flow at the mouth rapidly reaches a high peak followed by a lower, more sustained expiratory flow (expiratory phase). Therefore, an effective cough requires a good coordination between strong inspiratory and expiratory muscles along with a functional glottis. Patients with SMA I and SMA II have been shown to have weak intercostal muscles with a relatively spared diaphragm [START_REF] Lomauro | Alterations of thoraco-abdominal volumes and asynchronies in patients with spinal muscle atrophy type III[END_REF]. However, due to the large spectrum of disease, a various degree of weakness and involvement of the different inspiratory and expiratory muscles may be observed, in particular during maximal maneuvers such as the cough maneuver. This variability may explain the different cough profiles, but also the different concomitant sniff and MRP profiles observed in the present study. Indeed, the "mild weakness" profile was observed mainly in SMA III patients but in none of the SMA II patients followed at our center. The "moderate weakness" profile was observed in both SMA II and III patients, but with weaker cough/sniff/MRP pressures in SMA II patients than SMA III patients. Interestingly, both profiles could be associated with or without diaphragmatic weakness (assessed on sniff Pgas and/or MIP) both in SMA II and III (data not shown). SMA type II or III patients presenting the "moderate-severe weakness" profile had an even greater weakness of the abdominal muscles. The strength of the intercostal muscles was also reduced particularly in SMA II (sniff Pes and MIP), but the diaphragm was relatively spared, even though sniff and MIP pressures were reduced. Finally, the "severe weakness" profile seems to correspond to the absence of any abdominal muscle activity, but together with relatively persistent intercostal and diaphragm activity (sniff test). This profile was observed only in a few patients with SMA II followed at our center. The interesting finding of this study was the presence of an important diaphragmatic weakness in some patients with SMA II or III, as has been previously reported in one case report of a SMA III patient [START_REF] Haas | Diaphragm paralysis and ventilatory failure in chronic proximal spinal muscular atrophy[END_REF].

The cough patterns of patients with the "moderate weakness" and the "severe weakness" profiles were similar to the cough profiles observed in tetraplegic and paraplegic patients, who contract the clavicular portion of the pectoralis major (together with the latissimus dorsi and teres major muscles, and the cranial portion of the serratus anterior) and the diaphragm in order to cough [START_REF] Estenne | Action of the diaphragm during cough in tetraplegic subjects[END_REF]. One could only hypothesize that SMA patients may present comparable adaptive mechanisms, as to our knowledge, no study has measured the electromyographic (EMG) activity of the abdominal external oblique, clavicular portion of the pectoralis major and/or the crural portion of the diaphragm in SMA II and III patients.

Our study has some limitations. We did not separate SMA III patients in IIIA and IIIB. Cough, sniff and MRP were not measured in the supine position, as one could expect different respiratory muscle activity with a different contribution of the muscles in the supine as compared to the sitting position [START_REF] Lomauro | Alterations of thoraco-abdominal volumes and asynchronies in patients with spinal muscle atrophy type III[END_REF]. We were not able to assess thoraco-abdominal displacements nor abdominal, intercostals and diaphragmatic EMG, which could have been very helpful to understand the respective strength and activity of the different respiratory muscles.

Other small variants of these patterns of coughing were present, but we did not present all the tracings. Moreover we did not present the evolution over time of each individual patient. Even if we checked the correct placement of the catheter, we cannot exclude a moderate displacement of the catheter during the different forceful maneuvers. Finally, as these maneuvers required cooperation and coordination, maximal efforts cannot be guaranteed.

In conclusion, our study suggests the presence of a variable strength and contribution of the intercostal and abdominal muscles, and diaphragm during maximal respiratory maneuvers in patients with SMA. Four different cough profiles associated with an increasing severity of respiratory muscle weakness were observed with a grading according to the type of SMA and potentially the age of the patients. A combination of complementary tests to quantify inspiratory and expiratory muscles strength is essential to assess the weakness of the different respiratory muscles. Further studies should assess the respiratory muscle strength during inspiratory and expiratory tests together with thoraco-abdominal displacements and EMG in order to better understand the mechanisms of action of respiratory muscles in patients with SMA II and III. A: patient #4 (SMA II) with the "moderate-severe weakness" profile; B: patient #5 (SMA III) with the "moderate-severe weakness" profile; C: patient #6 (SMA II) with the "severe weakness" profile.

Arrow: inspiratory phase of cough; dashed line: expiratory peak cough; dashed area, maximal static pressures.

Abbreviations: Pes, esophageal pressure; Pgas, gastric pressure; Pdi, transdiaphragmatic pressure; Paw, pressure at the airway opening; MRP: maximal static respiratory pressures. 
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 1 Figure 1. Cough (top), sniff (middle) and maximal static respiratory pressures (bottom)

Figure 2 .

 2 Figure 2. Cough (top), sniff (middle) and maximal static respiratory pressures (bottom)

Table 1 .

 1 Cough, sniff and maximal static pressure measurements in SMA patients. : Pes cough, peak esophageal pressure during maximal cough; Pgas cough, peak gastric pressure during maximal cough; Sniff Pes, esophageal pressure during maximal sniff; Sniff Pgas, gastric pressure during maximal sniff; Sniff Pdi, transdiaphragmatic pressure during maximal sniff; MEP, maximal static expiratory pressure; MIP, maximal static inspiratory pressure; NA, not applicable.

		Patient 1	Patient 2	Patient 3	Patient 4	Patient 5	Patient 6
	Age (years)	8	9	17	12	19	13
	Gender	M	F	F	F	F	M
	SMA type	III	II	III	II	III	II
	Respiratory muscle weakness	Mild	Moderate	Moderate-severe	Severe
	Pes cough (cmH2O)	121	39	58	33	35	47
	Pgas cough						
	inspiratory phase	NA	20	16	33	49	66
	(cmH2O)						
	Pgas cough						
	expiratory phase	128	37	58	26	35	12
	(cmH2O)						
	Sniff Pes (cmH2O)	-86	-55	-86	-28	-70	36
	Sniff Pgas (cmH2O)	15	16	7	27	23	34
	Sniff Pdi (cmH2O)	102	72	92	55	93	70
	MEP (cmH2O)	45	36	80	23	52	28
	MIP (cmH2O)	-45	-28*	-90	-12	-44	-29
	* peak value.						

Abbreviations