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Abstract.

Background: Respiratory muscle weakness is a common feature in nemaline myopathy. Inspiratory muscle training (IMT)
is an intervention that aims to improve inspiratory muscle strength.

Objective: The aim of this controlled before-and-after pilot study was to investigate if IMT improves respiratory muscle
strength in patients with nemaline myopathy.

Methods: Nine patients (7 females; 2 males, age 36.6 £ 20.5 years) with respiratory muscle weakness and different clinical
phenotypes and genotypes were included. Patients performed eight weeks of sham IMT followed by eight weeks of active
threshold IMT. The patients trained twice a day five days a week for 15 minutes at home. The intensity was constant during
the training after a gradual increase to 30% of maximal inspiratory pressure (MIP).

Results: Active IMT significantly improved MIP from 43 £ 15.9 to 47 & 16.6 cmH,O (p =0.019). The effect size was 1.22.
There was no significant effect of sham IMT. Sniff nasal inspiratory pressure, maximal expiratory pressure, spirometry, and
diaphragm thickness and thickening showed no significant improvements.

Conclusions: This pilot study shows that threshold IMT is feasible in patients with nemaline myopathy and improves
inspiratory muscle strength. Our findings provide valuable preliminary data for the design of a larger, more comprehensive
trial.
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INTRODUCTION nemaline myopathy which in some patients leads to

respiratory failure [4]. The primary aims of mechan-

Nemaline myopathy is a genetically and clinically
heterogeneous congenital myopathy with character-
istic nemaline rods in the muscle biopsy [1, 2]. The
prevalence estimate of the all-age population is 0.20
per 100,000 [3]. Inspiratory and expiratory mus-
cle weakness are common features in patients with
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Nijmegen, The Netherlands. E-mail: Jonne.Doorduin@radboud
umc.nl.

ical ventilation and cough augmentation techniques
are to unload the weakened respiratory muscles and
improve coughing efficacy by increasing lung vol-
ume, respectively [5]. In contrast, there is no evidence
on therapies which improve the respiratory muscle
strength in patients with nemaline myopathy.
Inspiratory muscle training (IMT) is an interven-
tion that aims to improve strength or endurance of
the diaphragm and accessory muscles of inspiration
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by training with a specific training device [6]. The
devices used apply normocapnic hyperpnea, flow
resistive loading, or pressure threshold loading [7].
There is evidence that IMT improves respiratory mus-
cle strength in several conditions, such as chronic
obstructive pulmonary disease, heart failure and in
various neurological conditions, including stroke and
cervical spinal cord injury [8—11]. In the past, skeletal
muscle training in neuromuscular disorders was con-
troversial due to concerns of inducing muscle injury.
However, in the last decade it was demonstrated that
aerobic exercise is safe and only high intensity train-
ing is discouraged due to the risk of muscle injury
[12]. In line with this, multiple IMT studies in neuro-
muscular disorders, i.e. late-onset Pompe disease and
myasthenia gravis, were performed and show a posi-
tive effect on respiratory muscle strength [13-17]. In
contrast, studies in patients with amyotrophic lateral
sclerosis and Duchenne muscular dystrophy failed to
show benefit of IMT on respiratory muscle strength
[18-21].

As the effect of IMT in various neuromuscular dis-
orders is heterogeneous, we cannot extrapolate these
findings to other neuromuscular disorders. Moreover,
congenital myopathies are underrepresented in IMT
studies. With the exception of a case report [22], no
studies on the effects of IMT on inspiratory muscle
strength in patients with nemaline myopathy have
been performed. Therefore, we need to assess the
effect of IMT in nemaline myopathy in a separate
trial. A recent study showed an inspiratory muscle
strength below normal reference range in 96% of
a cohort of patients with nemaline myopathy [23],
hence IMT could be beneficial for these patients.

Therefore, the aim of our pilot study was to
investigate whether an eight week inspiratory IMT
programme is able to improve inspiratory mus-
cle strength in nemaline myopathy patients with
respiratory muscle weakness. In addition, we mea-
sured expiratory muscle strength, spirometry, and
diaphragm thickness and thickening during inspira-
tion (assessed by ultrasound).

PATIENTS AND METHODS

Study design

This controlled before-and-after pilot study was
performed from November 2018 until March 2021 at
the Radboud University Medical Centre, Nijmegen,
the Netherlands. The patients were recruited from a
cohort of 42 patients with nemaline myopathy. Ethi-

cal approval (NL65214.091.18) was obtained from
the local ethics committee and written informed
consent was obtained from all patients or legal
representatives. The study was registered in the Clin-
icalTrials.gov database (NCT03728803).

Study population

The inclusion criteria were genetically confirmed
nemaline myopathy or the combination of a nemaline
myopathy clinical phenotype, a biopsy confirming
nemaline myopathy, and a first degree family member
with genetically confirmed nemaline myopathy. The
age range included was six to 80 years. By exclud-
ing younger and older patients we aimed to increase
the likelihood for the patients to be cognitively and
physically able to carry out the tests and training.
Only patients with respiratory muscle weakness were
included, defined as a maximal inspiratory pressure
(MIP) of less than 70% of predicted values [24, 25].
These levels of reduced MIP correspond to chronic
respiratory failure and could imply the need for res-
piratory support, thus these patients might benefit the
most from IMT. Patients with a history of other con-
ditions that affected pulmonary or respiratory muscle
function, such as chronic obstructive pulmonary dis-
ease, were excluded. Patient demographics (age, sex,
BMI), genotype, form of nemaline myopathy, motor
function, requirement of home mechanical ventila-
tion, and the presence of scoliosis (Adam’s forward
bend test [26]) were systematically collected. Patients
were classified according to the recent classification,
which distinguishes the different forms of nemaline
myopathy based on the age of onset and severity
[1, 2]: 1) severe nemaline myopathy (contractures,
fractures, no respiratory effort or no movements
at birth); 2) typical nemaline myopathy (perinatal
onset and motor milestones delayed but reached);
3) mild nemaline myopathy (childhood or juvenile
onset); 4) distal nemaline myopathy (distal weak-
ness); 5) childhood-onset nemaline myopathy with
slowness (slowness of movements and core-rod his-
tology, caused by mutations in the KBTBD13 gene
[27-29]); and 6) recessive TNNT! (former Amish)
nemaline myopathy.

The 32-item Motor Function Measure (MFM) was
used to examine motor function. This quantitative
scale consists of three different domains; standing
position and transfers (domain 1), axial and proximal
motor function (domain 2); and distal motor function
(domain 3). The total score is expressed as a percent-
age of the maximum possible score (a lower score
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indicating the patient is clinically more affected).
Scoring was conducted in line with the MFM third
edition user manual (2009).

Inspiratory muscle training

The patients trained with a Threshold IMT device
(Threshold IMT, Philips Respironics, Murrysville,
PA, USA). The spring-loaded valve was removed to
create the device for sham IMT. The patients per-
formed eight weeks of sham IMT followed by active
IMT for another eight weeks separated by one week
of rest. Patients were explained that a low intensity
training was compared to a high intensity training.
They were instructed to perform deep and fast inspira-
tions at functional residual capacity. The intensity for
active IMT started at 15% of MIP and was increased
each week by 5% until 30% in week 4. If 15% of the
patient’s MIP was below the lowest intensity of the
device, i.e. 9cm H»O, the patient started at a higher
intensity and reached 30% earlier or started at 30%.
Patients were also included in the training if 9 cm H,O
did not exceed 40% of MIP and the training was not
too strenuous. The intensities were maintained con-
stant during the training to allow comparison between
patients. The training sessions were performed twice
a day five days a week for 15 minutes at home. 10
repetitions were alternated with a recovery time with
a maximum of 90 seconds. The patients filled in a
diary to record their sessions and indicate the rea-
son why they did not (fully) perform a session. They
were called once a week by the researchers to assess
adherence and adverse effects. The measurements of
spirometry, respiratory muscle strength testing, and
diaphragm ultrasound were performed at three sepa-
rate visits: at baseline, post sham IMT and post active
IMT. The patients and researchers were blinded to the
results of the previous visits.

Outcome measures

The primary outcome measure was MIP. Sec-
ondary outcome measures were maximal expiratory
pressure (MEP), sniff nasal inspiratory pressure
(SNIP), forced vital capacity (FVC), peak cough flow
(PCF), and diaphragm thickness and thickening ratio.

Spirometry was carried out with a handheld
electronic spirometer (SpiroUSB, Vyaire Medical,
Mettawa, IL, USA connected to PC Spirometry soft-
ware, Spida CareFusion 2.3.0.10 for Windows 7) and
FVC was compared with reference values [30]. Res-
piratory muscle strength testing was performed with a

handheld electronic manometer (Micro RPM, Micro
Medical, Rhymney, UK connected to Puma software
version 1.4.2) and compared with reference values
[31-33]. Both the spirometry and respiratory mus-
cle strength tests were performed in accordance with
the standards and recommendations of the statement
of the American Thoracic Society and the European
Respiratory Society [34-36]. In situations where a
patient was not able or willing to visit the hospi-
tal, respiratory muscle strength testing was performed
during a home visit.

Diaphragm thickness and thickening were mea-
sured in supine position using an Esaote MyLab
Twice ultrasound machine (Esaote SpA, Genoa,
Italy) equipped with a 3-13MHz LAS533 linear
transducer (Esaote SpA, Genoa, Italy). We used a
previously published and most commonly applied
methodology [37, 38]. The ultrasound probe was
placed at the zone of apposition of the diaphragm,
typically in the 8th or 9th intercostal space, on the
antero-axillary line. Thickness was measured at rest-
ing end-expiration (Tgg), i.e. at expiratory reserve
volume, and at maximal end-inspiration (Tgy), i.e. at
total lung capacity, from the inner part of the peri-
toneal layer to the inner part of the pleural layer.
An average value was calculated from three separate
measurements. Thickening ratio (TR) was calculated
as Tgr/ Tgg [37] and absolute change in thickness was
calculated as Tgy - Tgg.

Sample size calculation

We used MIP for our sample size calculation.
Based on previous studies [13—16, 39], we expected
an increase of at least 10 cmH,O in MIP as a result of
an eight week training programme (6 =10 cmH,0).
Based on previous published work on measurement
of MIP it was estimated that the within-subject SD
(o) of the change in MIP is approximately 15 cmH,0O
[40]. Type I error (o) is 0.05 (2-sided) and the type 11
error (power, 1-3) is 0.80.

The formula for calculation of sample sizes for a
before-and-after trial is:

2
n— w = 18 patients

(3)°

Considering the risk of drop-out we intended to
recruit 5 additional patients.
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Data analysis

The data was stored in Castor EDC (Castor clinical
data management platform, Amsterdam, The Nether-
lands) and the statistical analysis was performed
using IBM SPSS Statistics for Windows version 25.0
(IBM Corporation, Armonk, NY, USA). GraphPad
Prism software version 5.03 (GraphPad Software,
San Diego, CA, USA) was used for visualisations.
Descriptive statistics were presented as mean £ SD.
A one-way repeated measures ANOVA was per-
formed to assess the effect of IMT. Mauchly’s Test
of Sphericity was used to test whether or not the
assumption of sphericity was met. If this assump-
tion was violated the Greenhouse-Geisser correction
was applied. A post-hoc Bonferroni test was per-
formed when significant main effects were observed.
The magnitude of significant post-hoc effects were
determined using Cohen’s measure of effect size for
within-subjects designs (d,) [41]. Cohen’s d, of 0.2
is considered a small effect, 0.5 a medium effect,
and > 0.8 a large effect. The common language effect
size was calculated to express the probability that a
patient has a higher value on one measurement than
the other [42]. A p-value <0.05 was considered to be
significant.

RESULTS

Patients

Respiratory muscle weakness was detected in 15
patients of the cohort of 42 patients with nemaline
myopathy. The MIP of two patients was too low to
perform IMT (40% of MIP <9 cmH»0). One patient
declined participation. Three patients stopped dur-
ing the sham IMT period because of various reasons
(inability to combine the training with school; mental
stress because of the COVID-19 pandemic; inability
to return for the follow-up visits due to COVID-19
restrictions). In total, nine patients completed sham
IMT and active IMT, two of whom were visited
at home. The patient characteristics are shown in
Table 1.

Adherence and adverse effects

Self-reported adherence was 96.9 & 3.8% for sham
IMT and 96.6 4= 4.4% for active IMT. There were sev-
eral mild adverse effects. During sham IMT patients
reported a dry mouth (n = 2), light-headedness (n = 2),
gagging (n=1), and chest pain (n=1). Active IMT
was experienced as strenuous (n=3) and patients

Table 1
Patient characteristics

Scoliosis

Ambulation

Mechanical

Genotype

Clinical
form of nemaline

MI Baseline  Baseline MFM
(kg/ (%)

Sex

Age
(years)

ventilation

MEP
(cmH,0)

MIP
(cmH,0)

myopathy

m?2)

Yes, severe

Wheelchair-dependent

Nocturnal NIV

ACTAI
NEB
TMP3

Typical

64
98

27

52
35

18
23

15
16
18
28

Patient 1

Yes, mild

Unaided
Intermittent wheelchair use

None
Nocturnal NIV
Nocturnal NIV

Mild

Typical

80
4

Patient 2*
Patient 3
Patient 4
Patient 5
Patient 6

No

Yes, severe

94
50
93

55
35

16
21

Wheelchair-dependent

CFL2

Typical

32
63

No

Unaided
Unaided

None

MYPN
KBTBDI3

Mild
Childhood-onset

46
38

22
22

31

No

None

81

35

34

with slowness
Childhood-onset

Yes, mild

Walking aid

None

KBTBDI3

34 59 78

23

59

Patient 7

with slowness

Yes, mild

Intermittent wheelchair use

Nocturnal NIV
Nocturnal and daytime NIV  Intermittent wheelchair use Yes, severe

NEB
NEB

Typical

43

25
23

23

62

66

9) 36.6+20.5 7F2M 206+2.8 38+t11.1 45+183 762+17.2
*Home visit. {Trained at 36% of MIP during active IMT. §Trained at 39% of MIP during active IMT. Results are expressed as mean = SD. BMI, body mass index. MIP, maximal inspiratory

pressure. MEP, maximal expiratory pressure. MFM, Motor Function Measure. NIV, non-invasive mechanical ventilation. IMT, inspiratory muscle training.

Patient 8%
Patient 9*§

Total (n

Mild

72

27

17
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complained of palpitations (n=1), dry mouth (n=1),
gagging (n=1), and fatigue (n=1). No serious
adverse events occurred.

Effect on respiratory muscle function

There was a significant effect of IMT on MIP,
F(1.186,9.489)=5.046, p=0.045, 77p2 =0.387. Post-
hoc analysis indicated a significant increase in MIP
following active IMT (p=0.019) from 43 £15.9
to 47+ 16.6 cmH,O with an absolute difference
of 4434 cmH>O and a relative difference of
11.44+9.8%. The Cohen’s d, effect size was 1.22.
The common language effect size indicates that after
controlling for individual differences, the likelihood
that a patient’s MIP increases after active IMT is 89%.
MIP did not significantly improve after sham IMT
due to a large variation in individual responses. MEP,
SNIP, FVC, PCF, and diaphragm thickness showed
no improvement or decline post sham IMT and post
active IMT. An exception was a decrease of the right
Ty atpostactive IMT from 2.0 £ 0.8to 1.7 £ 0.8 mm
(p=0.038). The results are displayed in Table 2 and
Fig. 1.

DISCUSSION

The main finding of this pilot study is that an eight
week inspiratory muscle training programme in a
cohort of patients with nemaline myopathy with res-
piratory muscle weakness is feasible and improves
MIP with 11%. No consistent effect of IMT was
found on MEP, SNIP, FVC, PCF, or diaphragm thick-
ness. IMT was well tolerated and there were no
serious adverse events.

In accordance with previous studies in patients
with slowly progressive neuromuscular disorders
[13-16,39], IMT in patients with nemaline myopathy
was associated with an increase of MIP. This is the
first study to show this effect in patients with nema-
line myopathy in a relatively short training period,
and the findings add to the evidence for the use of
IMT in neuromuscular disorders to improve inspira-
tory muscle strength. The absolute increase of MIP in
our study (4 cmH,O) is relatively small in comparison
with previous studies in other neuromuscular disor-
ders (increases ranging from 9 to 38 cmH,O) [13-16,
39]. These studies had similar training protocols as
our study, except for sham IMT.

The lack of effect in the sham IMT period in our
study does suggest that the reported increase in inspi-
ratory muscle strength is real. Note that even though

the values of MIP from baseline (38 cmH;O) to post-
sham IMT (43 cmH;0) suggest an increase of 5
cmH; O, this is not statistically significant and related
to a large variation in individual responses. To high-
light this, only five out of nine patients showed an
improvement after sham IMT, in contrast to eight out
of nine patients after active IMT. It might be that the
selection procedure of nemaline myopathy patients
with low values of MIP from the cohort was prone
to regression to the mean from baseline to post-sham
measurement or that there is a learning effect in the
performance of the MIP manoeuvre [43]. However,
we cannot rule out that some patients did have a real
increase in MIP after sham IMT. In previous studies
in patients with neuromuscular disorders [18, 40, 44],
heart failure [45] and chronic obstructive pulmonary
disease [46], an increase in MIP was shown as well
in the sham group. Of note, some of these sham train-
ings used a low resistance instead of none, thus are
more likely to have a training effect. Furthermore, a
study in healthy subjects performing a training con-
sisting of inhalations to total lung capacity has shown
that this leads to an improvement of the vital capac-
ity attributed to the increase of maximal shortening
of the inspiratory muscles [47].

Both MIP and SNIP assess inspiratory muscle
strength, but in the current study IMT only showed an
improvement of MIP. This is in contrast with previous
studies reporting an effect of respiratory muscle train-
ing on SNIP [40, 48, 49]. SNIP evaluates diaphragm
strength more specifically than MIP, as demonstrated
in previous studies where SNIP generated higher
transdiaphragmatic pressures than MIP[50, 51]. IMT
is a nonspecific training method in which all res-
piratory muscles can be recruited to overcome the
imposed load. Thus, it might be that patients in
our study recruited the accessory respiratory mus-
cles more than the diaphragm during training. Note
that no improvements in diaphragm thickening were
found as well. Whether this holds true or SNIP is
less sensitive to detect changes in inspiratory muscle
strength, should be addressed in future studies that
use outcomes measures of transdiaphragmatic pres-
sure. We found that end-inspiratory thickness of the
diaphragm at the right side decreased after IMT, but
not on the left side. Therefore, it is unlikely that this
truly reflects a decrease in diaphragm thickness. As
expected, MEP and PCF did not improve with active
IMT, as IMT specifically targets the inspiratory mus-
cles and not the expiratory muscles. This is in line
with other threshold IMT studies in patients with a
neuromuscular disorder [13-15, 39].
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The minimal clinically important difference for
MIP is unknown in IMT studies in neuromuscular
disorders, therefore it is unclear whether the effect on
MIP in our study is clinically relevant. Furthermore,
there is no effect on pulmonary function measured
by spirometry, which is in line with other studies
on threshold IMT in neuromuscular disorders[16, 18,
19, 39, 52, 53]. A possible explanation is that larger
increases of respiratory muscle strength are needed
to increase pulmonary function. Therefore, in this
pilot study the difference in MIP with the intervention
does not seem to change the severity of the chronic
respiratory failure for a given individual or the
cohort.

The motivation of the patients to perform IMT was
very high with a self-reported adherence of ~97%,
and only mild adverse effects were reported. The
mild adverse effects, the absence of serious adverse
events, and the short training programme probably
contributed to a high adherence. The high adherence
and mild adverse effects are in accordance with previ-
ous IMT studies in neuromuscular disorders [13-16,
18, 19, 39, 53]. In our study, there was a drop-
out of three patients, two of which related to the
COVID-19 pandemic. This exceptional situation pos-

sibly explains why the drop-out rate is higher than
in previous IMT studies (maximum of two patients)
[13-16, 18, 39, 53].

Currently, several mechanical supportive therapies
are available for patients with nemaline myopa-
thy to prevent a decline in respiratory status, like
(non-)invasive mechanical ventilation and cough
augmentation techniques [54]. In addition to these
mechanical supportive therapies, respiratory muscle
training specifically targets the weakened respira-
tory muscles. To date, IMT has not been widely
incorporated into the clinical management of patients
with nemaline myopathy in contrast to mechanical
supportive therapies. The positive results of respira-
tory muscle training in the studies in neuromuscular
disorders should be interpreted with caution as a
systemic review found heterogeneity, small sample
sizes, and a large risk of bias in the published stud-
ies [55]. It is unknown to what extent the results
could be interpreted for nemaline myopathy, as con-
genital myopathies are underrepresented in these
studies. Moreover, the training protocols in the stud-
ies differ greatly making a comparison challenging.
Whether IMT could prevent respiratory insufficiency
or can improve respiratory muscle strength in patients

Table 2

Results of post sham IMT and post active IMT

Baseline Post sham IMT Post active IMT ANOVA (p-value)
Respiratory muscle strength (n=9)
MIP (cmH,0) 38+11.1 43+£159 47+ 16.6% 0.045
MIP (% predicted) 48.1+15.2 53.8+21.6 58.6£21.8 0.054
MEP (¢cmH,0) 45+18.3 50+21.0 44+£17.6 0.206
MEP (% predicted) 45.9+20.7 50.24+20.9 44.7+18.0 0.291
SNIP (cmH;0) 40+17.1 40+19.2 40+184 0.940
SNIP (% predicted) 432+18.6 43.4+21.6 43.94+20.8 0.924
Spirometry (n=7)
FVC (L) 24+12 23+£12 23+£12 0.422
FVC (% predicted) 54.0+£22.7 53.1+224 53.1£21.6 0.511
PCF (L/min) 3145+ 114.6 303.2+£84.5 289.8 £106.3 0.266
Diaphragm ultrasound
Right (n=6)
Tgg (mm) 09+03 1.1£0.3 1.0£0.3 0.317
Tgr (mm) 1.7£0.7 20+0.8 1.7+£0.8* 0.043
Tgr - Teg (mm) 0.8+04 09+0.6 0.7+£05 0.148
TR 1.8+0.4 1.8+£0.6 1.6+0.4 0.363
Left (n=7)
Tgg (mm) 1.3£0.7 1.3+04 12+04 0.861
Tgr (mm) 1.9+1.1 23+12 1.8+£0.8 0.294
Tgr - Teg (mm) 0.7+£04 1.0£1.0 05+05 0.242
TR 1.5+£03 1.8+0.8 14+03 0.205

Spirometry and diaphragm ultrasound were performed in seven patients visiting the hospital and PCF in six patients as the data of one patient
is missing. The right hemidiaphragm of one patient could not be visualised. *Significant post-hoc test: post active IMT vs post sham IMT.
Results are expressed as mean &= SD. MIP, maximal inspiratory pressure. MEP, maximal expiratory pressure. SNIP, sniff nasal inspiratory
pressure. FVC, forced vital capacity. PCF, peak cough flow. Tgg, end-expiration diaphragm thickness. Tgj, end-inspiration diaphragm
thickness. Tgy - Tgg, absolute change in thickness. TR, thickening ratio. IMT, inspiratory muscle training.
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Fig. 1. Result of MIP (A), MEP (B), FVC (C), and PCF (D) at baseline, post sham IMT and post active IMT. The one-way repeated measures
ANOVA was only significant for MIP (p =0.045) and not for MEP (p =0.206), FVC (p =0.422) and PCF (p =0.266). Therefore, the p-values
of the post-hoc tests are only shown for MIP. MIP, maximal inspiratory pressure. MEP, maximal expiratory pressure. FVC, forced vital

capacity. PCF, peak cough flow. IMT, inspiratory muscle training.

with respiratory failure is unknown. Due to this lack
of conclusive evidence, IMT is sparsely applied in
patients with a neuromuscular disorder in clinical
practice and not part of the treatment guidelines.
Nevertheless, it is important to note that exercise
in neuromuscular disorders, with the exception of
high intensity, is generally considered to be safe [12].
Strength training or aerobic exercise programmes
might maximise muscle and cardiorespiratory func-
tion and prevent additional disuse atrophy [56].
Several limitations of this study should be
addressed. First, our sample size was relatively
small and heterogeneous. Patients with different ages,
genotypes and level of ventilatory support were
included. Moreover, the phenotype differed much
between the patients. This makes it difficult to extrap-
olate our results to the entire group of patients with
nemaline myopathy. The intended 18 patients could
not be included because of arelatively low occurrence
of respiratory muscle weakness in the cohort of 42

patients. This can be explained by the fact that in 24
patients nemaline myopathy was caused by variants
inthe KBTBD13 gene, the most common genotype in
the Netherlands [27-29, 57]. This genotype is known
to have relatively spared respiratory muscles [29,
58, 59]. Moreover, the low prevalence of nemaline
myopathy makes recruitment challenging. Second,
we were unable to include patients with severe res-
piratory muscle weakness since their MIP was too
low to overcome the lowest resistance of the IMT
device. Thus, the effect of IMT in severely affected
nemaline myopathy patients remains unknown. As
yet, only a few studies have investigated the effects
of IMT in patients with a neuromuscular disorder
with severe respiratory muscle weakness. Two stud-
ies in Duchenne muscular dystrophy did not find
an improvement of respiratory muscle endurance in
patients with severe respiratory muscle weakness [60,
61]. The studies in patients requiring non-invasive
mechanical ventilation show contradicting results
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ranging from improvement of MIP to no effect [15,
52, 62, 63]. Third, due to the inclusion criterium of
a MIP of less than 70% of predicted values, we did
not study the effect of IMT in patient with nema-
line myopathy with a normal MIP. It is plausible
that the initiation of respiratory muscle training prior
to the manifestation of respiratory muscle weakness
mitigates subsequent decline in respiratory muscle
function. The use of a MIP of less than 70% of
predicted values to indicate respiratory muscle weak-
ness, is not a strict cut-off as there is sparse literature
in neuromuscular disorders to support this. Fourth,
we did not perform a randomised controlled trial as
this was not feasible with the expected number of
inclusions. A cross-over design was not suitable, as
a carry-over effect of active IMT to sham IMT could
not be excluded. However, all patients performed a
sham training period to minimise a possible placebo
effect or an effect of improved technique of test per-
formance.

Future multicentre studies in a larger cohort of
nemaline myopathy patients could assess/ confirm
whether threshold IMT is an intervention that sta-
bilises or improves respiratory muscle strength.
International collaboration is essential to design a
well-powered randomised controlled trial, as dis-
cussed in the ENMC workshop in 2019 [64]. A
future trial should preferably consist of a pro-
longed training programme to assess the long term
effect and the feasibility for patients to train for a
longer period. A larger number of participants would
also allow for better understanding of variability in
genotype/phenotype and age. Moreover, functional
and patient reported outcome measures should be
included. Using electronic devices in these studies
would make it possible to provide the patients with
feedback, monitor the adherence and perform assess-
ments remotely [65].

In conclusion, in our cohort of nemaline myopathy
patients with respiratory muscle weakness, threshold
IMT in an eight week training programme is feasi-
ble and improves inspiratory muscle strength. Our
findings provide valuable preliminary data for the
design of a larger, more comprehensive trial on IMT
in patients with nemaline myopathy.
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