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Abstract
[bookmark: _Hlk73272580]Progressive respiratory muscle weakness and ineffective cough contributes to morbidity and mortality in children with neuromuscular disorders (NMD). Inspiratory muscle training (IMT) aims to preserve or improve respiratory muscle strength and reduce respiratory morbidity. This study intended to determine the safety and efficacy of IMT in children with NMD. A randomized cross-over study compared three-month intervention (IMT) with control periods (no IMT). Children diagnosed with NMD (5-18 years) performed 30 breaths (at 30% of inspiratory muscle strength (Pimax)) with an electronic threshold device, twice daily. During the control period participants did not perform any IMT. Twenty-three children (median (IQR) age of 12.33 (10.03-14.17) years), mostly male (n=20) and non-ambulant (n=14) participated. No adverse events related to IMT were reported. No difference in median patient hospitalization and respiratory tract infection rates between control and intervention periods (p=0.60; p=0.21) was found. During IMT, Pimax and peak cough flow improved with a mean (SD) of 14.57 (±15.67) cmH2O and 32.27 (±36.60) L/min, compared to 3.04(±11.93)cmH2O (p=0.01) and -16.59 (±48.29) L/min (p = 0.0005) during the control period. Spirometry, functional ability and total health-related quality of life scores following intervention did not show a significant change. Patient satisfaction with IMT was high (median 8/10 (IQR 5-10)) and adherence was good. A three-month IMT programme in children with NMD appears safe and well-tolerated, with significant improvement in respiratory muscle strength and cough efficacy. The use of IMT could be considered as an adjunct to respiratory management in children with NMD.
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1.1 Introduction
Progressive inspiratory muscle weakness is associated with severe respiratory complications in persons with neuromuscular disorders (NMD) 1-4. Sequelae of respiratory muscle weakness include hypoventilation, secretion retention, airway obstruction, increased work of breathing and recurrent lower respiratory tract infections 1-3,5. 
Inspiratory muscle training (IMT) aims to improve inspiratory muscle strength in order to optimise ventilation and cough ability, potentially reducing respiratory morbidity and improving health-related quality of life (HRQoL) 6,7. Inspiratory muscle training appears to be safe in people with NMD, with no serious adverse events, high levels of participant satisfaction and adherence, however results have been variable 8, 9-11. Despite the potential benefits of IMT on pulmonary function and decreased respiratory morbidity, IMT has not yet been included in NMD clinical practice guidelines owing to insufficient evidence of efficacy and safety, particularly in patients with dystrophinopathies 12-16. Furthermore, there is no consensus regarding IMT devices, optimal dosage or frequency for the wide pathophysiological scope of NMD 7,17. Adequately powered clinical trials of IMT among children with NMD are extremely limited, show contradictory findings, lack external validity and generalisability. Therefore, randomized controlled trials are recommended 10,18,19. 
We previously reported that IMT, using a threshold device at an intensity of 30% of inspiratory muscle strength (Pimax), twice a day for six weeks was safe, effective, well tolerated and acceptable among South African (SA) children living with NMD11. This study therefore aimed to establish the safety and efficacy of a three-month IMT programme, as an adjunct treatment strategy, on clinical outcomes in SA children (5-18 years) with NMD, using a randomized controlled, cross-over study design.
1.2 Materials and methods
Patients with a confirmed diagnosis of NMD (5-18 years), from two different provinces in SA (Gauteng; Western Cape) at hospital, school and/or homes, were recruited over two years (2016-2018). Exclusion criteria were: vital capacity (VC) <25% predicted, in the end of life period, concurrent acute respiratory tract infection and/or fever, previous spontaneous pneumothorax, recent lung surgery, and participation in other clinical trials. 

Ethical clearance and permission were provided by the institutional Research Ethics committee (513/2015) and all relevant provincial and government institutions. Informed consent and assent were obtained from caregivers and children. Participants were randomly allocated, using an opaque envelope system to ensure allocation concealment, to either Group 1 (first period control) or Group 2 (first period intervention) (Figure 1).
[Insert Figure 1]
1.2.1 Outcome measures
Baseline and follow-up assessments were performed using a standardized data extraction form. 
Primary outcome measures included any adverse events potentially related to IMT, the number of unscheduled hospitalizations for respiratory complications and acute bacterial or viral respiratory infections during the intervention (IMT) and control periods. 
Secondary outcome measures included functional ability (Brooke, Vignos and MFM scores), pulmonary function and participant adherence to and satisfaction with the IMT protocol. For this manuscript the primary and secondary outcome measures related to pulmonary function are described. 
Spirometry and peak expiratory cough flow (PECF) were assessed for all participants at baseline, after the first period, the second period and for those allocated to Group 1, three months post-monitoring (a third period) (Figure 1). These pulmonary function tests were performed in a relaxed upright sitting position 5,9 and based on the American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines 21. Spontaneous/relaxed (slow vital capacity measured on expiration (EVC)) and forced spirometry (VC, forced expiratory volume in one second (FEV1) and peak expiratory flow (PEF)) were measured with a portable device (MicroLoop; Carefusion) and peak expiratory cough flow (PECF) was measured using a Pediatric Wright Peak Flow Meter with a mouthpiece 2,5,22. 
Inspiratory muscle strength was measured in a sitting position using an electronic handheld mouth pressure meter (MicroRPM; Carefusion) 2,4,5,22. Maximum inspiratory mouth pressure (Pimax) was measured after full expiration (from residual volume), followed by a maximal inspiratory effort which was held for at least one second 22,24,27. To measure SNIP, participants were asked to perform a sniff manoeuvre at the end of tidal volume (FRC)25 with a nasal probe size that ensured complete nasal passage closure, while the other nostril remained open to allow the passage of air 28. At least three spirometry, PECF, Pimax and SNIP efforts were recorded within 20% of each other 21,23,24 and the best value was used for analysis, as recommended 29. Inspiratory muscle strength (Pimax, SNIP) was measured at baseline, every two weeks for three months during IMT and then monthly during the non-training/monitoring period (Figure 1). 
The level of perceived exertion was determined with the OMNI pictorial scale (0-10 point visual analogue scale), recorded before and after every training session, as well as on average over every two weeks during the IMT period 10,30,31. 
1.3 Intervention protocol 
Inspiratory muscle training was performed for 30 breaths, at 30% of Pimax, with an electronic threshold device (Powerbreathe K3, HaB International Ltd, Southam, UK), twice daily, at school (five days a week) or home (five to seven days a week) for a duration of three months, based on previous findings and manufacturer guidelines 11,19. Participants started their training with 10 breaths, three sets twice a day, until they could perform 30 breaths consecutively. Training intensity (cmH2O) was adjusted based on the patients’ Pimax values, measured every two weeks, during the intervention period. During the control period participants did not perform any IMT.
1.4 Data analysis
Descriptive statistics were expressed as mean ± standard deviation (SD) or median and interquartile ranges (IQR) for continuous variables, according to distribution. Frequency distributions (%) were provided where appropriate. To determine differences in continuous variables between IMT (experimental) and no IMT (control) periods, either a student t-test for independent samples or a Mann-Whitney U test was performed depending on normality of distribution. Data were tested for normality using the Shapiro Wilks W and Kolmogorov-Smirnov tests. The dependent student t-test and non-parametric Wilcoxon matched pairs tests were used to test within group changes (comparing pre- and post IMT variables). Change over time was analyzed using repeated measures ANOVA. Statistical significance was accepted as p<0.05.
1.5 Results
Twenty-three participants (median (IQR) age at enrollment 12.33 (10.03-14.17) years; n=20 (87%) male) and IMT naïve completed the trial period and contributed data to the final analysis (Figure 2). 
[Insert Figure 2]
1.4.1 Bio-demographic and functional ability of participants
The majority of participants had a confirmed diagnosis of Duchenne muscular dystrophy (DMD) (n=13, 56.5%) or Spinal Muscular Atrophy (SMA) (n=6, 26.1%) and most were non-ambulant (n=14, 60.9%) (Table 1). At recruitment, one participant with a tracheostomy received mechanical ventilation support during the day and three participants used non-invasive ventilatory support at night (BiPAP), whilst another participant commenced with nocturnal BiPAP during the course of the study (post-IMT). The remaining 18 (78.3%) participants did not receive any ventilatory support during the study period. 
[Insert Table 1]
Seven participants (30.4%) reported co-morbidities such as gastro-oesophageal reflux (n=1), cardiac pathology (n=2) and other associated conditions such as learning disorders (e.g. autism spectrum disorder and/or attention deficit hyperactivity disorder (ADHD)) (n=4), but all could follow instructions. Eight participants also presented with spinal deformities (primarily scoliosis) at the time of intervention. Besides vitamins and supplements such as calcium and vitamin D, at baseline ten participants (43.5%) were taking gluco-corticosteroids (mostly prednisone) daily as part of their chronic medication regime, five (21.7%) were taking medications to support cardiac function and six (26.1%) did not use any chronic medication at the time of recruitment. Two participants started taking corticosteroids during the intervention (IMT) period. A cardiologist cleared participants with cardiac pathology for enrolment into the trial.
Most participants used a wheelchair (manual/power/both) as reflected in the median (IQR) baseline recruitment (Vignos score of 9 (3-9)). Upper limb function was more preserved with baseline median (IQR) Brooke score of 2 (1-3), indicating the ability to raise arms above head only with flexed elbows.
Participants’ weight varied greatly with a median (IQR) of 30.00 (26.00-37.10)kg and a weight for age (WFA) Z-score of -0.73 (-4.05 to 0.23). Ten participants (43.5%) were within the normal body mass index (BMI) range while 13 (56.5%) were severely underweight (Table 1). The median absolute BMI score was 12.70 (10.79-16.03) and Z-score was -4.20 (-6.57 to -0.76). 
At recruitment Group 1 and 2 were well matched for bio-demographics (age, sex, type of NMD, weight and BMI) and pulmonary function (VC, FVC, FEV1; PEF; Pimax; SNIP & PECF) with no significant differences between the groups (Table 2). 
[Insert Table 2]


1.4.2 Adverse events, respiratory tract infections, hospitalizations and perceived level of exertion
No serious adverse events related to IMT during the three-month intervention period were reported. 
Less than a third of participants (7/23, 30.4%) reported nine respiratory tract infections (RTI), requiring antibiotics and/or cough augmentation, during the study period (seven during the intervention and two during the control periods). The majority of RTI (6/7; 85.7%) during the IMT period presented during autumn and winter (April to September), which is the high-risk season for respiratory infections. Six episodes of hospitalization in three participants occurred for respiratory-related conditions during the study period (five during the IMT and one during the non-training period). All hospital admissions occurred during the autumn and winter seasons (April to September). There were no significant differences in the median number of RTI or days of hospitalization per participant between the intervention (IMT) (MDN (IQR): 0.00 (0.00-1.00); 0.00 (0.00-0.00)) compared to control (non-training) MDN (IQR): 0.00 (0.00-0.00); 0.00 (0.00-0.00) periods of the study (p=0.60; p=0.21). 
The perceived levels of exertion related to IMT was low during the first two weeks of IMT (median (IQR) 3 (2-4)), and reduced further (median (IQR) 3 (1-4)) between the 6th and 8th week of intervention (p=0.02). There was no statistically significant difference between the median OMNI score at two weeks of intervention (0-2 weeks) compared to the last two weeks of IMT (10-12 weeks) (Wilcoxon p=0.32). The difference in OMNI score (ΔOMNI) at the end of the intervention (post three months) and after the first two weeks of intervention indicated a decrease in perceived level of exertion (median (IQR) of -1.00 (-2.00 to 0.00).
1.4.3 Pulmonary function
Pulmonary function values (spirometry, PECF and inspiratory muscle strength) for the intervention/training period (IMT) and non-intervention/non-training period and differences between these groups are presented (Table 3).
[Insert Table 3]
There was no significant change between the IMT and non-training periods for lung volumes and flows (VC, FVC, FEV1 and PEF) (Table 3). Mean (SD) inspiratory muscle strength (Pimax) improved by 14.57 (±15.67) cmH2O during the IMT period, compared to a 3.04 (±11.93) cmH2O change during the non-training period (p=0.01), but the change in SNIP was not significantly different between the two periods (p=0.45). Mean (SD) cough ability (PECF) increased during the training period by 32.27 (±36.60)L/min), whilst the mean PECF declined by 16.59 (±48.29) L/min during the non-training period (p=0.0005). The improvements in Pimax, SNIP, and PECF pre-post IMT were maintained for three months following IMT, with no subsequent evidence of decline (Pimax p=0.95; SNIP p=0.14; PECF p=0.17). 
Within-group changes in Pimax and SNIP over the intervention period were statistically significant. Post-hoc t-tests for dependent variables showed significant increases between baseline and six weeks (Pimax p=0.004; SNIP p=0.03) and between baseline and 12 weeks (Pimax p=0.0002; SNIP p=0.01) (Figure 3).
[Insert Figure 3]
[bookmark: _6.6.6__Health-related]1.4.4 Inspiratory muscle training protocol adherence and participant satisfaction
Overall adherence to the IMT programme was good. The total number of training sessions for participants over the three-month IMT period, as noted in their training diaries, ranged from 19 to 170 with a median (IQR) of 95 (64-159). A total of 120-168 training sessions were targeted and the number of training sessions recorded on the Powerbreathe ® devices (dependent on the quality of breaths) ranged from 10 to 169, with a mean (SD) of 96.65 (±48.45). The majority of participants (19/23) had the same number of training sessions noted in their training diary as recorded on the Powerbreathe ® device, confirming the non-significant difference between the self-reported recordings and the device records (p=0.43).
Overall participant satisfaction with the IMT programme on a 10-point visual analogue scale (VAS) was high, with a median (IQR) of 8 (5-10) reported by participants. 


1.5 Discussion
This randomized cross-over trial has shown IMT to be safe and effective in improving inspiratory muscle strength and cough ability, with good patient adherence and high satisfaction levels in children with NMD, similar to the pre-experimental study 11. There was no evidence of IMT causing increased respiratory morbidity, or a decrease in the number of infections or hospitalizations between intervention and control periods. Satisfactory levels of fatigue and exertion during training were reported. 
1.5.1 Participant characteristics
Participants (age, sex, weight, spinal deformity, type of NMD, functional ability and pulmonary function) were similar to those described in other studies of children with a variety of NMD 25,32,33.
The majority of participants were male, as expected, considering most had DMD (n=13), the most common type of NMD reported in the pediatric population 6,9,20,23. Sixty percent (n=14) of participants were already non-ambulant at recruitment, which was expected as most were already in the pre- or adolescent phase (older than 10 years). Despite most participants being non-ambulant, overall cardio-pulmonary function was fair, with the majority (n=22) non-ventilator dependent, similar to other studies 8,13,26,33. Thirteen participants in this cross-over RCT were classified as severely underweight based on BMI Z-scores and the median BMI Z-score (-4.20) which is much lower than reported by Nève et al. (2013) 25 among 33 children with DMD (-0.1 (-4.8 to -6.3)).

1.5.2 Adverse events, hospitalization, respiratory tract infections and perceived level of exertion
Similar to a previous South African case and pre-experimental study 10,11 and another study among children and adults with NMD (DMD; SMA) 9, this study reported no serious adverse events related to IMT. 
Almost a third of participants (7/23) experienced respiratory tract infections requiring antibiotics over both the intervention (IMT) and non-training periods. There was no evidence of a difference in the number of respiratory tract infections or hospitalizations per participant between the training and non-training periods (p=0.21; p=0.60). Although most of the nine respiratory infections reported throughout the study (7/9) occurred during the training period; this phenomenon might be explained by the fact that six of these participants were performing IMT during the high risk season for respiratory tract infections (April to September). 
Although there was a slight decrease in the OMNI score reported at three months (end of IMT intervention) as compared to the first two weeks of training, this was not significant (p=0.32). Reasons for the lack of significant change could include: i) the baseline values reported (after two weeks of IMT) were already relatively low with the majority reporting between two and four out of 10 which indicates “a little tired” to “getting more tired”; ii) the OMNI scale might not be sensitive enough to detect small changes in perceived level of exertion, iii) could be affected by respiratory complications or illness; and iv) some children may have had difficulty understanding the abstract concept of exertion level 30. The lack of fluctuation in level of perceived exertion throughout the IMT period could also indicate appropriate levels of training intensity and that adapting to the individual’s inspiratory muscle strength reduced the risk of fatigue or overexertion.
1.5.3 Pulmonary function
1.5.3.1 Spirometry
Most participants in this cross-over trial were in their pulmonary function decline phase (10-18 years), non-ambulant and with PEF<80% predicted. Similar to other studies 9,26, no significant changes in spirometry (VC, FVC, FEV1 and PEF) were observed pre- to post-intervention nor was there any evidence of a difference in the change in these parameters between the intervention and control periods. This may be partly explained by the sigmoid shape of the pressure-volume curve, which suggests that improvements in inspiratory muscle strength (Pimax, SNIP) may not translate into increased lung volumes 35.
1.5.3.2 Inspiratory muscle strength
This study found a significant improvement in Pimax during the IMT period (14.57 (±15.67) cmH2O) compared to the non-training period (3.04 (±11.93) cmH2O) (p=0.01). This is contrary to the findings by Martin et al. (1986) 34, but similar to that of Gozal and Thiriet (1999) 6 in 21 children with NMD (DMD and SMA III), which reported a similar difference between mean ΔPimax in the IMT (19.8 (±3.8)) versus the non-training group (4.2 (±3.6); p=0.02). Other studies have shown similar increases in Pimax associated with IMT 9,11. 
The IMT and Pimax measurements in this study were both performed at residual volume, implying that measurement and training were of the same motor unit. Therefore, due to specific training and continued improvement over the three months of IMT, true strengthening of inspiratory muscles may have occurred and the effects seen may not solely be due to a learning effect 33, 36. This could also explain why SNIP values did not improve significantly compared to the control period, as measurements for SNIP are taken at functional residual capacity. The SNIP values did, however, show a significant within group improvement over the three-month intervention period (p=0.01). 
The increased Pimax was maintained for three months after participants stopped IMT (p=0.95) which is contrary to some previous reports 15,34, whilst other studies have also reported maintenance of improved inspiratory muscle strength after training cessation 7,8. A previous experimental, long-term IMT study (24 months) also showed that IMT was associated with improved inspiratory muscle strength and endurance (Pimax and 12sMVV), justifying the use of this intervention in children and adolescent with DMD and SMA 20.
1.5.3.3 Cough ability (PECF)
A correlation between airway clearance ability (PECF) and lung volumes has been shown in children four to 18 years of age 37,38. This cross-over study showed a highly significant difference (p=0.0005) between the mean (SD) difference in cough ability (PECF) during IMT (32.27 (±36.60)L/min) and the non-training period (-16.59 (±48.29)L/min). These findings support the theory that improved inspiratory muscle strength translates into improved cough ability. The improved airway clearance ability (PECF) after implementing the three-month IMT programme, could be explained by the increased ability to inhale to sufficient volumes during the inspiratory phase of the cough, because of improved inspiratory muscle strength 18,37,38. 
From these and previous results, it appears that even patients with progressed disease, non-ambulant and/or with decreased oral control and/or ventilated can perform and may benefit from IMT to improve inspiratory muscle strength and cough efficacy with potential symptomatic relief 10. 
1.5.4 Participant adherence and satisfaction
In this study participants were very motivated and showed good adherence throughout the intervention period. The number of training sessions recorded in the training diaries and on the Powerbreathe devices were highly correlated. The overall good participant adherence in this cross-over RCT is similar to other studies conducted among children with NMD 8,26,32; and adults with late-onset Pompe disease 7. This could also be attributed to the high reported level of participant satisfaction with IMT (MDN: 8/10) as well as the generally positive attitude of the parents/caregivers and physiotherapists involved. 
1.5.5 Limitations of the study
Despite the relatively small sample size of 23, this study is comparable to other international respiratory muscle training studies in children with NMD and supported by sample size calculation 6,20,26,34. 
The lack of blinding of assessors to allocation could also have introduced bias. Data were collected by three different individuals (two in the Western Cape and one in Gauteng), which may constitute a risk of bias relating to inter-rater inconsistencies. Confirmation of inter-rater reliability is recommended for future studies.
Inspiratory muscle training might have a positive and clinically relevant effect for children with a wide variety of NMD, however, considering the majority of participants in this study had DMD, this may skew the results of this study and limit external validity. Results from studies primarily consisting of patients with DMD cannot be extrapolated to all other NMD, due to the sex bias and possible cognitive involvement commonly observed in this condition4. These are factors that could influence the outcome of IMT and should be considered in future research. 
As NMD are chronic conditions, larger, longer-term and multisite clinical trials are required to determine the effect of respiratory management such as IMT not only on clinical outcome measures including lung volumes and inspiratory muscle strength, but also respiratory morbidity, HRQoL and patient experience 6,7,18.


1.6 Conclusions
The findings of this cross-over RCT support the use of IMT as a readily available and inexpensive option, which may mitigate the problems associated with inspiratory muscle weakness and poor cough ability which are so evident in this patient cohort. 
This study did not identify evidence of a difference in the number of hospitalizations and respiratory infections requiring antibiotics between IMT intervention and control periods (suggesting non-inferiority compared to no treatment); there were no reported adverse events, and participant satisfaction and adherence were acceptable or high. Inspiratory muscle strength (Pimax) and cough ability (PECF) showed a significant improvement during the intervention compared to control periods, which has clinical relevance for children with NMD. Like other studies, no significant changes were observed between or within groups for spirometry.
The use of IMT therefore appears to be safe, acceptable and effective in improving inspiratory muscle strength and cough efficacy in children with a variety of NMD, including dystrophinopathies, and could be considered as an adjunct to respiratory management. 
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