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ABSTRACT
Background  Impaired cough results in airway secretion 
retention, atelectasis and pneumonia in individuals with 
Duchenne muscular dystrophy (DMD). Lung volume 
recruitment (LVR) stacks breaths to inflate the lungs 
to greater volumes than spontaneous effort. LVR is 
recommended in DMD clinical care guidelines but is not 
well studied. We aimed to determine whether twice-daily 
LVR, compared with standard of care alone, attenuates 
the decline in FVC at 2 years in boys with DMD.
Methods  In this multicentre, assessor-blinded, 
randomised controlled trial, boys with DMD, aged 6–16 
years with FVC >30% predicted, were randomised 
to receive conventional treatment or conventional 
treatment plus manual LVR twice daily for 2 years. 
The primary outcome was FVC % predicted at 2 years, 
adjusted for baseline FVC % predicted, age and 
ambulatory status. Secondary outcomes included change 
in chest wall distensibility (maximal insufflation capacity 
minus FVC) and peak cough flow.
Results  Sixty-six boys (36 in LVR group, 30 in 
control) were evaluated (median age (IQR): 11.5 years 
(9.5–13.5), median baseline FVC (IQR): 85% predicted 
(73–96)). Adjusted mean difference in FVC between 
groups at 2 years was 1.9% predicted (95% CI −6.9% to 
10.7%; p=0.68) in the direction of treatment benefit. We 
found no differences in secondary outcomes.
Conclusion  There was no difference in decline in FVC 
% predicted with use of twice-daily LVR for boys with 
DMD and relatively normal lung function. The burden 
associated with routine LVR may outweigh the benefit. 
Benefits of LVR to maintain lung health in boys with 
worse baseline lung function still need to be clarified.
Trial registration number  NCT01999075.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is a progres-
sive neuromuscular disease that presents in child-
hood.1 Respiratory complications are the primary 
cause of morbidity and mortality and consist of 
nocturnal hypoventilation, chest wall restriction 
with loss of lung function and impaired cough 
resulting in retention of airway secretions, atelec-
tasis and pneumonia.2 Respiratory management 
of DMD aims to maintain lung function, support 

respiration with non-invasive ventilation and clear 
the airways of secretions.3–6

Lung volume recruitment (LVR) is an ‘assisted 
inflation’ technique accomplished by stacking 
breaths to inflate the lungs to a volume greater than 
that achieved with spontaneous effort.7–9 Breath 
stacking aims to expand the lungs, reduce atelectasis, 
improve ventilation-perfusion matching, increase 
elastic recoil of the chest wall and increase expira-
tory airflow and airway wall shear forces to remove 
secretions. Regular inflation above spontaneous 
inspiratory capacity is hypothesised to maintain 
‘range of movement’ or flexibility of the chest wall 
and lungs, preventing stiffening and contractures of 
costovertebral and costochondral joints.10 11 Retro-
spective studies in individuals with neuromuscular 
disease indicate LVR slows the decline in FVC,12 13 
maintains maximum insufflation capacity (MIC)—a 
measure of chest wall distensibility—11 14–16 and 
maintains or increases peak cough flow (PCF).11 17 
Only one prospective randomised controlled trial 
of long-term LVR has been published in a cohort of 
people with amyotrophic lateral sclerosis, a more 
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rapidly progressive adult-onset condition.18 No trials of long-
term LVR as the sole intervention exist in children with neuro-
muscular disease.

Despite this lack of robust evidence, several care guidelines 
recommend the use of LVR and similar airway clearance tech-
niques for individuals with neuromuscular weakness.3–6 19 
Although LVR is advocated for airway clearance, there is clinical 
equipoise regarding the benefit of regular routine LVR use. We 
therefore undertook a randomised controlled trial in boys with 
DMD to assess whether LVR, compared with standard of care 
alone, attenuates decline in FVC % predicted at 2 years (primary 
outcome), as well as the effect of LVR on PCF and chest wall 
distensibility (difference between MIC and vital capacity (VC)). 
We hypothesised that routine long-term use of LVR twice daily 
would attenuate FVC decline, maintain chest wall distensi-
bility and compliance (MIC−VC difference) and increase PCF 
(assisted by LVR), compared with usual care in boys with DMD.

METHODS
Trial design and setting
A prospective, multicentre, single blind, randomised controlled 
trial of boys with DMD was conducted (​Clinicaltrials.​gov)).

Participants
Children were identified through neuromuscular clinics. Eligi-
bility criteria included: 6–16 years old, DMD confirmed by 
genetic testing or muscle biopsy, baseline FVC >30% predicted, 
caregiver willing to provide LVR therapy and fluent in English 
or French. As there is clinical equipoise on ideal timing for initi-
ation of regular LVR, we also included boys with normal lung 
function (ie, FVC ≥80% predicted) to evaluate the effect of LVR 
across a spectrum of disease severity.

Reasons for ineligibility included enrolment in other interven-
tion trials, patient-reported regular (daily) LVR or mechanical 
in-exsufflation therapy use (outside of a respiratory infection), 
inability to perform pulmonary function tests, endotracheal or 
tracheostomy tube, increased susceptibility to pneumothorax 
(including uncontrolled asthma or obstructive lung disease) or 
symptomatic cardiomyopathy. A research assistant obtained 
informed written consent/assent for all participants and care-
givers prior to conducting study procedures.

Randomisation
Following baseline assessment, participants were randomised 
to conventional treatment or conventional treatment plus LVR, 
for a 2-year period. Concealed randomisation was conducted 
using an online website housed at the coordinating study site, 
using a minimisation allocation strategy developed using Taves’ 
method.20 The allocation strategy included study site, use of 
systemic glucocorticoids,21 baseline FVC (% predicted),22 degree 
of scoliosis,2 age and ambulatory status. Each treatment arm had 
a 50% chance of allocation when the minimisation scores were 
balanced, otherwise individuals were assigned according to the 
minimisation algorithm with an 80:20 allocation probability. 
Sites were not aware of allocation balance across study centres. 
The research assistant entered the participant’s information at 
the time of randomisation, and a treatment arm was allocated 
immediately. The research assistant informed families of their 
treatment arm and instructed them not to share this information 
with the blinded assessor in order to maintain blinding. Blinding 
was further maintained by not recording treatment allocation in 
the participant’s medical chart.

Study arms
Participants in the control arm received standard of care for 
DMD, which included physiotherapy, nutritional support, 
oral or intravenous antibiotics for respiratory infections, non-
invasive ventilation for sleep-disordered breathing and/or use of 
systemic glucocorticoids.23

Participants and caregivers in the intervention arm were taught 
manual LVR therapy by a respiratory therapist or physiother-
apist during an in-person clinic visit of approximately 30 min 
duration. During the training session, the parent and child were 
given a demonstration and then tried it independently, until the 
clinician felt confident in the family’s ability to properly admin-
ister LVR.

The provided LVR kit for home use comprised a self-inflating 
resuscitation bag, one-way valve, mouthpiece and written 
instructions (LVR kit item number 1034502; Mercury Medical, 
Florida, USA). Therapy consisted of 3–5 sequential bag compres-
sions with a breath-hold between each, delivered by a caregiver 
in coordination with the child’s own inspiration to achieve one 
maximal inflation to MIC, followed by a cough. Insufflation 
volume was individually titrated and determined by clinical eval-
uation. This consisted of visual inspection of chest wall excur-
sion24 and patient comfort, to a maximum of 40 cmH2O due 
to a pressure-release valve.15 24 Three to five maximal inflation 
repetitions were performed in each session.

Participants were advised to conduct LVR twice daily, prior to 
meals or at least 2 hours after. In line with clinical practice, LVR 
technique was re-evaluated at follow-up visits, with additional 
training provided as necessary.

All participants were permitted to use manual and mechan-
ically assisted cough techniques during acute respiratory exac-
erbations, if advised by their physician. Brief use of LVR or 
mechanical in-exsufflator was considered unlikely to affect the 
primary outcome.

Outcome measures
The primary outcome was FVC %-predicted at 2 years. 
Secondary outcome measures included change in MIC−VC (L), 
PCF (L/min), total lung capacity (TLC) (L), maximal inspira-
tory pressure (MIP) (cm H2O) and maximal expiratory pressure 
(MEP) (cm H2O).

Pulmonary function tests were performed every 6 months by 
blinded respiratory therapists or pulmonary function technol-
ogists as part of standard clinical care, according to American 
Thoracic Society recommendations.25 Review of the MIC tech-
nique was conducted at all sites during site onboarding. If fatigue 
prevented repeated manoeuvres, a single trial was included if the 
flow-volume loop met acceptability criteria.25–27 The Stanojevic 
normative equations were used to calculate % predicted values 
for FVC and FEV1.

28 Measurements of MIC, MIP, MEP and PCF 
were performed according to established protocols.17 29–32 TLC 
was measured with plethysmography.

At this visit, the research assistant obtained LVR adherence 
data from children in the intervention arm. Adherence data were 
downloaded from a battery-powered data logger fitted to the 
LVR kit (Omega OM-CP-State101A data logger, OMEGA Engi-
neering, Inc; Stamford, Connecticut, USA). The data logger was 
wired to two pressure switches connected in series (Model 7411–
711, PSF102 Series pressure switch, TLCtDesignFlex Switches, A 
World Magnetics Company; Traverse City, Michigan, USA). The 
data logger measured date-stamped and time-stamped time-at-
pressure, enabling calculation of the number of sessions per day. 
Logger data was supplemented by self-report adherence diaries, 
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collected by the research assistant every 3 months by telephone 
or in-person. Intervention adherence, defined through investi-
gator consensus, was considered as at least one LVR session per 
day on at least 50% of days.

Sample size
The sample size was informed by a survey of Canadian Paediatric 
Respirologists and Neuromuscular Specialists,33 which suggested 
that a 30% relative reduction in decline in FVC % predicted was 
the minimal clinically important difference. Assuming a decline 
in FVC of 12% predicted over 2 years,34 35 a minimal difference 
of 3.6% predicted, a SD of 5.5%35 and a two-sided test, 76 
participants would yield 80% power and type I error of 5%. We 
targeted a sample size of 110 to account for non-compliance, 
crossovers and loss to follow-up.

Statistical methods
Analyses were conducted in R V.4.0.2.36 The primary analysis 
was an analysis of covariance (ANCOVA) multivariable model 
that analysed FVC % predicted at 2 years, adjusted for baseline 
FVC % predicted as a means of assessing change over time. 
Age and ambulatory status were also included in the model as 
they were part of the minimisation strategy. Missing data in an 
intention-to-treat population was addressed with longitudinal 

(time-raster) multiple imputation methods using chained equa-
tions to account for irregularly timed or missing FVC measure-
ments (mice package V.3.11).37 The linear mixed model included 
time as a fixed effect and participant as a random effect (lme4 
package V.1.1.23). A preplanned sensitivity analysis to account 
for treatment adherence used a complier average causal effect 
estimation method that applied a propensity score based on 
overall LVR adherence over the 2-year period (inverse proba-
bility weighting applied to control participants).38 Preplanned 
analyses were also repeated by subgroups, defined as baseline 
MIC−VC difference less than or greater than 10% of the FVC 
to explore whether baseline chest distensibility and recruitment 
volume was associated with a long-term effect. Time to an abso-
lute decrease of 10% in FVC % predicted between control and 
intervention groups was compared using a Cox proportional 
hazards model, adjusting for age and ambulatory status.

Linear mixed models were used for analysis of secondary 
outcomes. The proportion of missing data for TLC, MIC−VC 
and assisted-unassisted PCF did not support imputation and 
descriptive analyses were performed.

RESULTS
Ninety-five boys with DMD were assessed for eligibility; 25 
were excluded (figure 1). We enrolled the remaining 70 boys. 

Figure 1  CONSORT flow diagram. CONSORT, Consolidated Standards of Reporting Trials; LVR, lung volume recruitment; PFT, pulmonary function 
test.
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However, four did not have reliable or reproducible FVC 
measurements at baseline and were subsequently excluded. 
This left 66 participants, of which 36 were randomised to the 
intervention and 30 to control. Fifty-three participants (76%) 
completed the 2-year study. Recruitment occurred between 
December 2013 and September 2016 (predetermined end date); 
the final study visit was in November 2018. Baseline characteris-
tics were similar between groups (table 1). Median age was 11.5 
years (IQR: 9.5–13.5). At baseline, median FVC was 84.8% 
predicted (IQR: 73.3–95.5); 52 participants had MIC−VC 
greater than 10% of FVC. Most participants (59/66, 89%) were 
receiving systemic steroids; the corticosteroid regime was daily 
deflazacort in the majority of cases. Almost one-third (32%) 
were wheelchair assisted; 6% used non-invasive ventilation for 
nocturnal hypoventilation; and no participants used an in-exsuf-
flator. No participants reported new initiation of non-invasive 
ventilation during the follow-up period. One participant in the 
non-LVR arm started using an in-exsufflator for respiratory 
exacerbations during follow-up. Three participants had chest 
infections requiring antibiotics (two in the LVR arm, one in the 
conventional treatment group).

Of 330 planned pulmonary function tests, 47 (14%) were not 
done. Of 283 pulmonary function tests, 217 (77%) were both 
reliable and reproducible. In 50 instances (18%), a single reliable 

measurement was obtained. An additional 16 pulmonary func-
tion tests (6%) were neither reliable nor reproducible and were 
treated as missing.

Twenty (59%) participants were adherent to LVR in year 1, 21 
(62%) in year 2 and 14 (41%) were LVR-adherent in both years. 
There was no crossover between study groups. At each study 
time point, between one and four participants in the control 
arm reported rescue LVR treatment, with a range of 1–11 LVR 
sessions performed per individual.

All 66 children were included in the primary analyses. For the 
primary analysis, the ANCOVA-estimated adjusted mean differ-
ence in FVC between study groups at 2 years was 1.9% predicted 
(95% CI −6.9 to 10.7; p=0.68; R2=0.66; n=66), with the point 
estimate in the direction of treatment benefit. Secondary anal-
yses of FVC % predicted at each time point showed no evidence 
of a time-by-intervention group interaction (p=0.94; R2=0.41; 
n=66; figure 2). In the per-protocol analysis adjusted for adher-
ence, the ANCOVA-estimated adjusted mean difference between 
LVR and standard-of-care groups at 2 years was 2.7% predicted 
FVC (95% CI −8.3 to 13.6; p=0.64; R2=0.68; n=66). Cox 
regression of time to absolute 10% decrease in FVC % predicted 
did not identify a difference between groups (HR 0.7, 95% CI 
0.3 to 1.4; p=0.30; n=66; figure 3).

For MIC−VC, PCF assisted − PCF unassisted and TLC, 
imputation of missing data was not feasible, and observed 
data were used. Change over time in trajectory of MIC−VC 
and PCF assisted unassisted were not different between study 
groups (p=0.79; R2=0.29; n=42 and p=0.88; R2=0.26; 
n=45, respectively; figure  4a, b). No statistical differences 
were detected between study groups over time in MIP (p=1.00; 
R2=0.07; n=66), MEP (p=0.98; R2=0.05; n=66), nor TLC 
(p=0.88; R2=0.69; n=35; figure  4c–e). A secondary anal-
ysis considering change in FVC % predicted over time among 
subgroups with baseline MIC−VC less than or greater than 
10% of the FVC did not detect a difference in the slope of FVC 
% predicted over time (p=0.19; R2=0.67; n=14, and p=0.13; 
R2=0.92; n=12, respectively, online supplemental figure S1a, 
b).

No serious adverse events were reported. One individual in 
the intervention arm experienced a syncopal episode probably 
related to LVR and subsequently withdrew from the study. Two 
individuals had mild chest discomfort resulting in brief interrup-
tions of LVR treatment; one had cough during LVR, which did 
not result in change in LVR use.

Table 1  Baseline characteristics

Variable Overall
Conventional 
treatment*

Conventional 
treatment +LVR*

 �  n=66 n=30 n=36

Age (years), 
median (IQR)

11.5 (9.5–13.5) 11.5 (9.2–13.0) 11.5 (9.5–13.9)

FVC (%-predicted), 
median (IQR)

84.8 (73.3–95.5) 85.6 (73.8–98.8) 84.0 (73.9–92.4)

Wheelchair 
assisted, n (%)

21 (32) 10 (33) 11 (31)

Scoliosis, n (%) 9 (14) 3 (10) 6 (17)

Non-invasive 
ventilation, n (%)

4 (6) 2 (7) 2 (6)

Steroid use, n (%) 59 (89) 27 (90) 32 (89)

*There were no differences in baseline characteristics between the intervention and 
control groups (p>0.05).
LVR, lung volume recruitment.

Figure 2  Secondary analysis of FVC % predicted over time. Marginal 
means by group with 95% CI from mixed effect model of FVC % 
predicted, adjusted for age and ambulatory status, at 6-month intervals. 
LVR, lung volume recruitment.

Figure 3  Kaplan-Meier curve for a single missing data imputation. 
LVR, lung volume recruitment.
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DISCUSSION
In this, to our knowledge, first-ever randomised controlled trial 
of LVR in children with neuromuscular disease, we found no 
difference in FVC % predicted at 2 years of follow-up among 
boys with DMD and relatively normal baseline pulmonary func-
tion using twice-daily LVR in addition to usual care compared 
with usual care alone. As many study participants had normal 
lung function at baseline, it is not surprising that a large 
improvement in the downward trajectory of FVC % predicted 
was not observed with twice-daily LVR. This may be because the 
expected loss of FVC % predicted over a 2-year period is small 
in those with relatively normal lung function at baseline.22 26 34 
The use of systemic glucocorticoids in the majority of our study 
population may have further helped to preserve lung function.21

Our study suggests there may be less benefit of LVR therapy in 
less advanced disease. Current clinical care guidelines for indi-
viduals with DMD recommend implementation of regular LVR 
treatment when there is evidence of weak cough (ie, PCF below 
270 L/min and/or FVC  <60% predicted).4 6 23 As an impact 
on the decline in FVC was not demonstrated in our cohort of 
boys with relatively normal lung function, our results suggest 
that twice-daily LVR may not be necessary when lung function 
is normal, providing novel, high-quality evidence to support 
current clinical care guidelines. This is an important finding as 
LVR represents an additional treatment burden for children and 
families. This is reflected in our study adherence data, where 
only 41% of participants were adherent to LVR across both 
study years. While low, this adherence rate is similar to that 
reported in children prescribed non-invasive ventilation.39 It 

will be necessary to further explore the reasons behind the low 
LVR adherence rates, as LVR likely still has an important role 
in assisting airway clearance during pulmonary exacerbations in 
this population, when pulmonary function may be expected to 
be reduced, as well as for preservation of chest wall compliance.

Furthermore, although differences in FVC % predicted were 
not detected in our study, LVR may be beneficial for maintenance 
of other important aspects of lung function in those with rela-
tively normal lung health. We speculate that long-term regular 
LVR therapy initiated prior to onset of lung function abnormal-
ities may help to preserve distensibility of the chest wall, akin 
to prevention of other joint contractures with the use of range-
of-motion exercises, by preventing stiffening and fixed restric-
tion of the chest wall which maintains the ability to expand the 
chest and lungs.40 Sustained improvements in respiratory system 
compliance may delay the onset of respiratory failure, the need 
for ventilatory support and/or allow adequate non-invasive 
ventilation at lower airway pressures. Improved airway clear-
ance of secretions may also prevent atelectasis and pneumonia. 
Such potential benefits of LVR in those with relatively normal 
lung function will require further exploration. There is thus a 
paradox where clinical benefit of regular LVR likely exists even 
among those with normal lung function, although our study was 
unable to demonstrate it. Future studies may compare measures 
of chest wall compliance or respiratory symptoms over time when 
routine LVR is initiated at different thresholds of lung function 
or age. This may be best accomplished through examination of 
registry data, as lack of clinical equipoise may preclude inclusion 
of individuals with more advanced neuromuscular disease in 

Figure 4  Change in secondary outcomes (MIC−VC (L), PCF-assisted – PCF-unassisted (L/min), MIP (cm H2O), MEP (cm H2O) and TLC (L) over time. 
Marginal means by group with 95% CI from mixed effect model of secondary outcomes, adjusted for age and ambulatory status, at 6-month intervals. 
MEP, maximal expiratory pressure; MIC, maximum insufflation capacity; MIP, maximal inspiratory pressure; PCF, peak cough flow; TLC, total lung 
capacity.
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randomised trials. Understanding of the role of LVR to maintain 
all aspects of lung and chest wall health will be especially crit-
ical as new therapies for DMD appear on the horizon that may 
ultimately change the trajectory of the natural history of disease.

Due to our recruitment of participants with essentially normal 
lung function, despite inclusion criteria of FVC >30% predicted, 
important knowledge gaps remain in those with more advanced 
disease. These include the optimal timing for LVR introduction, 
frequency of use and efficacy in maintaining or improving lung 
function.9 LVR may be more beneficial in boys with lower base-
line lung function and more advanced disease. This was observed 
in our previous retrospective cohort of individuals with more 
advanced disease, although differences in MIC−VC over time 
were not seen between treatment groups in the current study.11

This study has several strengths. We used a rigorous multi-
centre randomised design that incorporated a minimisation 
strategy to ensure well-balanced study groups at baseline. Adher-
ence to LVR therapy was objectively recorded with an in-line 
data logger. Longitudinal follow-up over a 2-year period was 
achieved.

Our study also has limitations. Although we recruited a 
nationally representative sample of boys with DMD, due to 
recruitment challenges (several pharmaceutical trials competed 
for recruitment of the same population), the study sample was 
smaller than planned, meaning our study is likely underpowered. 
Furthermore, low adherence may have limited our ability to 
detect between-group differences. Despite eligibility criteria that 
aimed to recruit individuals with a broad range of baseline lung 
function, most participants had relatively normal lung function. 
This may have been due to existing regular use of LVR or other 
airway clearance therapy in those with lower baseline lung func-
tion, rendering them ineligible for study participation. While 
there were no routinely applied criteria for initiation of regular 
LVR therapy at the time of the study start, guidelines published 
later in the study period may have influenced clinicians’ LVR 
prescription practices,41 thereby decreasing our eligible pool of 
participants. Finally, although our study had a long intervention 
period—that is, 2 years, which is a strength—some data were 
missing. This was mitigated, where possible, by imputation of 
missing values. These limitations highlight the challenges of 
conducting large-scale studies in children with neuromuscular 
disease.

CONCLUSION
In this randomised controlled trial of 66 boys with DMD 
and relatively normal lung function, we found no difference 
in rate of decline in FVC % predicted over 2 years when 
twice-daily LVR was used. This novel, high-quality evidence 
supports clinical guidelines that recommend LVR initiation 
only once lung function is below a certain threshold. There-
fore, in boys with DMD and normal lung function, the treat-
ment burden of twice-daily routine LVR may outweigh the 
therapeutic benefit. However, the benefits of LVR as prophy-
lactic regular therapy for boys with DMD with lower lung 
function still needs further research.
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