UNIVERSITY OF HELSINKI

https://helda.helsinki.fi

Respiratory muscle function in patients with nemaline myopathy

van Kleef, Esmee S.B.

2022-08

van Kleef , ES B, van Doorn ,JL M, Gaytant, M A, de Weerd , W, Vosse , BAH,
Wallgren-Pettersson , C , van Engelen , B G M, Ottenheijm , C A C, Voermans , N C &

Doorduin , J 2022 , ' Respiratory muscle function in patients with nemaline myopathy ',
Neuromuscular Disorders , vol. 32, no. 8, pp. 654-663 . https://doi.org/10.1016/j.nmd.2022.06.009

http://hdl.handle.net/10138/348049
https://doi.org/10.1016/j.nmd.2022.06.009

cc_by
publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Neuromuscular Disorders 32 (2022) 654-663

Contents lists available at ScienceDirect

Neuromuscular
Disorders

Neuromuscular Disorders

journal homepage: www.elsevier.com/locate/nmd

Respiratory muscle function in patients with nemaline myopathy n

Check for
updates

Esmee S.B. van Kleef?, Jeroen L.M. van Doorn?, Michael A. Gaytant®, Willemien de Weerd®,
Bettine A.H. Vosse{, Carina Wallgren-Pettersson®/, Baziel G.M. van Engelen?,
Coen A.C. Ottenheijm?, Nicol C. Voermans®, Jonne Doorduin®*

2 Department of Neurology, Donders Institute for Brain, Cognition and Behaviour, Radboud University Medical Centre, Nijmegen, the Netherlands
b Department of Pulmonary Diseases/Home Mechanical Ventilation, University Medical Center Utrecht, the Netherlands

¢Department of Pediatrics, Beatrix Children’s Hospital, University Medical Center Groningen, the Netherlands

d Department of Pulmonary Diseases, Maastricht University Medical Center, the Netherlands

¢ Folkhdlsan Institute of Genetics, Folkhdlsan Research Center, Helsinki, Finland

fDepartment of Medical and Clinical Genetics, Medicum, University of Helsinki, Helsinki, Finland

& Department of Physiology, Amsterdam UMC (location Vumc), the Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 20 January 2022
Revised 16 June 2022
Accepted 20 June 2022

In this cross-sectional study, we comprehensively assessed respiratory muscle function in various clinical
forms of nemaline myopathy (NM) including non-volitional tests for diaphragm function. Forty-two
patients with NM were included (10 males (25-74 y/o); 32 females (11-76 y/o)). The NM forms were
typical (n=11), mild (n=7), or childhood-onset with slowness of movements (n=24). Forced vital capacity
(FVC) and maximal inspiratory pressure were decreased in typical NM in comparison with childhood-
onset NM with slowness (32.0 [29.0-58.5] vs 81.0 [75.0-87.0]%, p<0.01, and 35.0 [24.0-55.0] vs 81.0 [65.0-
102.5] cmH,0, p<0.01). Eight patients with childhood-onset NM with slowness had respiratory muscle
weakness. There was a low correlation between FVC and Motor Function Measure scores (r=0.48, p<0.01).

Keywords:
Respiratory muscles
Nemaline myopathy

Bi:phragng End-inspiratory diaphragm thickness and twitch mouth pressure were decreased in patients requiring
Spiizsrgsgy home mechanical ventilation compared to non-ventilated patients with normal lung function (1.8 [1.5-

2.4] vs 3.1 [2.0-4.6] mm, p=0.049, and -7.9 [-10.9- -4.0] vs -14.9 [-17.3- -12.6], p=0.04). Our results

show that respiratory muscle weakness is present in all NM forms, including childhood-onset NM with

slowness, and may be present irrespective of the degree of general motor function impairment. These

findings highlight the importance for screening of respiratory function in patients with NM to guide
respiratory management.

© 2022 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

clinical studies, the physiological impact of respiratory muscle
weakness was mostly assessed by spirometry or based on the

1. Introduction

Nemaline myopathy (NM) is a congenital myopathy with
characteristic nemaline rods in the muscle biopsy [1,2] with
clinical manifestation ranging from severe NM to childhood-onset
NM with slowness of movements. Causative mutations in at
least 12 genes have been identified [3-17], with NEB and ACTA1
mutations being the most prevalent worldwide [1,2]. The most
prevalent NM form in the Netherlands is childhood-onset NM with
slowness of movements caused by mutations in the KBTBD13 gene
[18-21].

Respiratory muscle weakness is a common feature in patients
with NM and can lead to respiratory failure [22,23]. In previous
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presence of clinically evident respiratory insufficiency [9,24-28].
A recent NM cohort study also assessed respiratory muscle
strength [29]. These studies did not assess respiratory involvement
in relation to the clinical NM forms, the relationship between
respiratory muscle function and motor function, or specific
measures of diaphragm function and structure. Furthermore,
respiratory muscle weakness in childhood-onset NM with slowness
has not been reported in the cohort studies [20,30,31], although
it was tested in only one study [31]. Detailed knowledge of
respiratory muscle involvement in the different forms of NM is
important for respiratory management and for the development of
outcome measures for clinical trials.

This cross-sectional study comprehensively assessed the degree
of respiratory muscle involvement in different NM forms and
genotypes using global measures of respiratory muscle function

0960-8966/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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(spirometry, respiratory muscle strength testing). Moreover,
compared to previous work we used non-volitional measures of
respiratory muscle function, i.e. ultrasound imaging of diaphragm
and intercostal muscles and twitch mouth pressure (Pmotw) elicited
by magnetic stimulation of the phrenic nerves. Furthermore, we
explored the relationship between respiratory muscle function and
motor function, and included patients with childhood-onset NM
with slowness of movements.

2. Patients and methods
2.1. Study design

This cross-sectional study was performed between October
2018 and September 2020 at the Radboud University
Medical Centre, Nijmegen, the Netherlands. Ethical approval
(NL65214.091.18) was obtained from the local ethical committee
and written informed consent was obtained from all patients or
legal representatives.

2.2. Study population

Recruitment was performed by contacting patients with NM
who had previously visited the outpatient clinic. Moreover,
we reached out to clinicians in neuromuscular centres in the
Netherlands and to patients via the Dutch patient organisation.
The inclusion criteria were genetically confirmed NM or the
combination of an NM clinical phenotype, a biopsy confirming
NM, and a first degree family member with genetically confirmed
NM. The age range included was six to 80 years to increase the
likelihood for patients to be cognitively and physically able to carry
out the tests. Patients with other conditions affecting pulmonary or
respiratory muscle function were excluded. Patient demographics
(age, sex, BMI) and genotype were systematically collected.

2.3. Form of NM and motor function

The form of NM, ambulation, requirement for home mechanical
ventilation (HMV), and spinal deformity were systematically
collected. We used the recently proposed revised classification,
which distinguishes five forms of NM based on the age of onset
and severity [1,2]:

1) severe NM (contractures, fractures, no respiratory effort
or no movements at birth); 2) typical NM (perinatal onset and
motor milestones delayed but reached); 3) mild NM (childhood
or juvenile onset); 4) distal NM (distal weakness); 5) childhood-
onset NM with slowness (slowness of movements and core-
rod histology, caused by the KBTBD13 mutation [18-20]); and 6)
recessive TNNT1 (former Amish) NM. Ambulation was classified as
unaided, using walking aids including intermittent wheelchair use,
or wheelchair-dependent. HMV was categorised as none, nocturnal
non-invasive, nocturnal and daytime non-invasive, and invasive
ventilation. The presence of scoliosis was assessed by physical
examination and by the Adam’s forward bend test [32], and
dichotomized as present or absent. The 32-item Motor Function
Measure (MFM) was used to examine motor function. The total
score is expressed as percentage of the maximum score.

In case the patients were not able or willing to visit the
Radboud University Medical Centre, a limited protocol consisting
of MFM assessment and respiratory muscle strength testing was
performed during home visits.

2.4. Spirometry and respiratory muscle strength testing

Spirometry was carried out with a handheld electronic
spirometer (SpiroUSB, Vyaire Medical, Mettawa, IL, USA connected
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to PC Spirometry software, Spida CareFusion 2.3.0.10 for Windows
7). Forced vital capacity (FVC) and vital capacity (VC) upright and
supine, and forced expiratory volume in the first second (FEV1)
were measured and compared with reference values [33]. Peak
cough flow (PCF) was also measured. Respiratory muscle strength
testing, including maximal inspiratory pressure (MIP), maximal
expiratory pressure (MEP), and sniff nasal inspiratory pressure
(SNIP), 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
[34,35]. Both spirometry and respiratory muscle strength tests
were performed in accordance with the standards of the American
Thoracic Society and the European Respiratory Society [36-38].

2.5. Respiratory muscle ultrasound

Right hemidiaphragm and intercostal muscle thickness and
echogenicity was measured in supine position using an Esaote
MyLab Twice ultrasound machine (Esaote SpA, Genoa, Italy)
equipped with a 3-13 MHz LA533 linear transducer (Esaote SpA,
Genoa, Italy) according to previously described standards [39,40].
The ultrasound probe was placed near the zone of apposition
of the diaphragm, typically in the 8™ or 9™ intercostal space,
on the antero-axillary line. Thickness was measured at resting
end-expiration (DTgg), i.e. at functional residual capacity, and at
maximal end-inspiration (DTg), i.e. at total lung capacity, from
the inner part of the peritoneal layer to the inner part of the
pleural layer. An average value was calculated from three separate
measurements. Thickening ratio (DTR) was calculated as DTg |/
DTge [39] and absolute change in thickness was calculated as
DTg; - DTgg. Thickness of the intercostal muscles was measured
at resting end-expiration (ITgg). Muscle echogenicity was measured
by manually selecting a region of interest, using the trace
method [41], in the diaphragm or intercostal muscular tissue in
the images at end-expiration using custom developed software
in Matlab (R2018a, Mathworks, Natick, MA, USA). Echogenicity
cannot be reliably measured in a diaphragm thickness of less
than 1 mm, leading to exclusion of echogenicity analysis. Three
measurements were averaged to calculate the mean echogenicity
in grey values. Echogenicity evaluates the muscle structure and
increased echogenicity may result from fibrosis, inflammation or
fatty degeneration of the muscle [42]. As the reference values
of echogenicity are dependent of the ultrasound machine and
its settings, standardised scores (z-scores) were calculated as the
number of standard deviations from the predicted value. These
predicted values were calculated using a linear regression equation
including age. This linear regression was obtained from diaphragm
ultrasound images from 83 healthy subjects (2-80 y/o) measured
in our lab with an even distribution of males and females.

2.6. Twitch mouth pressure

Pmotw was measured to obtain a nonvolitional measurement
of diaphragm function. To measure Pporw We used an automated
inspiratory-pressure trigger device, as described previously [43].
The patient wore a nose clip in a seated position and breathed
through a flanged mouthpiece connected to a two-way non-
rebreathing valve with an inflatable balloon connected to the
inspiratory port (Series 9300, Hans Rudolph Inc, Kansas City,
MO, USA). Mouth pressure was recorded from a small port near
the mouthpiece that was connected to a pressure transducer
(MP160 equipped with DA100C and TSD160E, connected to
AcgKnowledge software version 5.0.2, Biopac systems Inc.
Goleta, CA, USA). Two small figure-of-eight coils (D40 Alpha
Branding Iron Coil 4179-00, Magstim, Whitland, UK) were placed
bilaterally on the phrenic nerves at the posterior border of
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the sternomastoid muscle at the level of the cricoid cartilage.
The pulses were simultaneously generated by two magnetic
stimulators (Magstim 2002, Magstim, Whitland, UK). Optimal
coil position and intensity were determined by varying the
position of the coils and increasing the intensity. The stimulations
were automatically delivered at a predetermined inspiratory
pressure trigger of -5 ¢cmH,0 to ensure an open glottis. We
performed five measurements with 30 seconds in between to
avoid twitch potentiation [44]. The highest value was chosen.
The compound muscle action potential of the diaphragm was
recorded using electrodes (MP160 equipped with BIO100C and
MEC110C, connected to AcqKnowledge software version 5.0.2,
Biopac systems Inc. Goleta, CA, USA) positioned at the costal
margin to check for correct stimulation of the diaphragm. Pmo tw
values below -11 cmH,0 were considered abnormal, indicating
diaphragm dysfunction [45].

2.7. Respiratory symptoms

We explicitly asked for the presence of respiratory symptoms
and symptoms of sleep-related hypoventilation as part of
the medical history. We systematically asked about exertional
dyspnoea (dyspnoea when washing, dressing and/or walking),
orthopnoea, and dyspnoea when bending forward. Symptoms
of sleep-related hypoventilation were waking up more often
in comparison with five years ago, restlessness during sleep,
nightmares, morning headache, and daytime sleepiness (all at
multiple days a week).

2.8. Data analysis

The data was stored in Castor EDC (Castor clinical data
management platform, Amsterdam, The Netherlands) and the
statistical analysis was performed using GraphPad Prism software

Table 1
Demographics and characteristics of included patients with nemaline myopathy.
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version 5.03 (GraphPad Software, San Diego, CA, USA). Results are
presented in two different categorisations: form of NM and degree
of respiratory involvement. The latter is based on the presence of
a restrictive lung pattern, i.e. FVC < 80% of predicted, and use of
HMV.

Results are expressed as median [interquartile range (IQR)].
Kruskal-Wallis tests with Dunns post-test analysis were used to
compare the groups. Chi-squared tests were used to compare
categorical data. Spearman tests assessed correlation analyses. A p-
value < 0.05 was considered to be statistically significant.

3. Results
3.1. Patient characteristics

Forty-three female patients and 21 male patients with NM
were identified, of whom five patients did not fulfil the inclusion
criteria because their diagnosis had not been genetically verified.
Seventeen patients declined to participate because of various
reasons, including the visit considered to be too strenuous or time-
consuming. Forty-two patients with NM participated in this study,
including ten male patients (24%; aged 25 to 74 years) and 32
female patients (76%; aged 11 to 76 years).

3.2. Form of NM and motor function

The forms of NM were either typical (n=11), mild (n=7), or
childhood-onset with slowness (n=24). Walking aids were used by
12 patients and six patients were wheelchair-dependent. A total
of 11 patients required HMV. Within this group, seven patients
required only nocturnal non-invasive HMV, two NEB patients
required daytime and nocturnal non-invasive HMV, and two ACTA1
patients required continuous invasive HMV via tracheostomy. The
initial indication for HMV in these 11 patients was sleep-related

Childhood-onset NM with

Typical NM (n=11) Mild NM (n=7) slowness (n=24) Total (n=42) p-value
Genotype (n)
NEB 3 2 - 5
ACTA1 4 1 - 5
TPM2 1 1 - 2
TPM3 1 - - 1
RYR1 - 2 - 2
CFL2 1 - - 1
LMOD3 1 - - 1
MYPN - 1 - 1
KBTBD13 - - 24 24
Female (n (%)) 8 (73%) 5(71%) 19 (79%) 32 (76%) ns
Age (years) 21 [18.0-47.0] 63 [28.0-67.0] 49 [31.0-56.8] 40 [26.5-58.3] ns
BMI (kg/m?) 20.6 [16.6-24.0]* 22.8 [19.4-37.6] 24.7 [23.5-27.2] 24.0 [20.6-26.7] 0.01
MFM (%) 55.0 [49.0-94.0]* 88.0 [72.0-93.0] 90.5 [83.5-95.3] 88.5[66.0-93.3] 0.02
Ambulation (n)
Unaided 2 3 19 24
Walking aids (including intermittent wheelchair use) 3 4 5 12
Wheelchair-dependent 6 - - 6
Mechanical ventilation(n)
None 2 5 24 31
Nocturnal non-invasive 6 1 - 7
Nocturnal and daytime non-invasive 1 1 - 2
Invasive 2 - - 2
Scoliosis (n)
No 5 5 21 31
Yes 6 2 3 11

The data are categorised on the form of NM of the patients. NM form is classified according to Laitila et al. [1]. Data are presented as median [IQR]. * Significant difference
in comparison with childhood-onset NM with slowness. NM, nemaline myopathy. BMI, body mass index. MFM, Motor Function Measure. IQR, interquartile range.
* Significant difference in comparison with childhood-onset NM with slowness. NM, nemaline myopathy. BMI, body mass index. MFM, Motor Function Measure. IQR,

interquartile range.
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Fig. 1. FVC (A), PCF (B), MIP (C) and MEP (D) in patients with a typical, mild or childhood-onset NM with slowness form. The genotypes are represented by different colours
and the horizontal bars represent the median. Significant differences are indicated by p-values of the Dunns post-test. FVC, forced vital capacity. PCF, peak cough flow. MIP,
maximal inspiratory pressure. MEP, maximal expiratory pressure. NM, nemaline myopathy

hypoventilation in seven patients and daytime hypercapnia in
three patients. In one patient it was not specified other than
respiratory insufficiency. Scoliosis was present in 11 patients. Seven
patients were visited at home. The patient demographics and
characteristics subdivided based on NM form are displayed in
Table 1.

3.3. Spirometry and respiratory muscle strength testing

Results of spirometry and respiratory muscle strength testing
are presented in Table 2 and Fig. 1, subdivided based on NM forms.
At group level, patients with a typical form showed a lower FVC,
VC, PCF, MIP, MEP and SNIP in comparison with patients with
childhood-onset NM with slowness. However, a large variation in
the degree of respiratory muscle involvement was observed within
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the three groups. All NEB (n=4) and ACTA1 (n=3) patients and
eight of the 19 KBTBD13 patients had an FVC < 80% of predicted.
FEV1/FVC was above 70% in all patients, thus no obstructive lung
pattern was present. MIP was correlated with FVC (Fig. 2A). There
was a low correlation between MFM scores and FVC (Fig. 2B).

To further characterise the patients, they were subdivided based
on the presence of a restrictive lung pattern, i.e. an FVC of less
than 80% predicted, and requirement for HMV. One ACTA1 patient
was excluded from this subdivision as spirometry could not be
performed due to severe respiratory muscle weakness. MIP and
MEP were decreased in patients requiring HMV compared to non-
ventilated patients with FVC > 80% of predicted (Table 3, Fig. 3A
and 3B). MEP was decreased in comparison with patients with FVC
< 80% of predicted without HMV too.
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Table 2
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Spirometry, respiratory muscle strength tests, diaphragm and intercostal muscle ultrasound, and twitch mouth pressure results in patients with a typical, mild, or a

childhood-onset NM with slowness form.

Childhood-onset NM with

Typical NM (n=11) Mild NM (n=7) slowness (n=24) Total (n=42) p-value
Spirometry
FVC (L) 1.1 [1.0-2.3] 2.3 [1.8-2.9] 3.0 [2.8-3.5] 2.7 [2.2-3.2] <0.01
FVC(% predicted) 32.0 [29.0-58.5]* 69.5 [46.3-82.5] 81.0 [75.0-87.0] 76.5 [53.3-83.5] <0.01
VC (L) 1.1 [0.9-2.2] 2.2 [1.7-2.9] 3.0 [2.8-3.6] 2.8 [2.0-3.3] <0.01
Change VC upright and supine (%) -9.0 [-18.8- -1.3] -2.0 [-10.8- -0.5] -6.0 [-9.0- -2.0] -5.0 [-10.0- -1.5] ns
FEV1/FVC 90.0 [82.0-95.0] 80.5 [72.5-88.8] 80.0 [78.0-88.0] 82.5 [77.8-90.0] ns
PCF (L/min) 179.5 [101.3-307.3]* 324.5 [217.5-428.8] 380.0 [324.0-439.0] 352.0 [228.5-418.0] 0.01
Respiratory muscle testing
MIP (cmH,0) 35.0 [24.0-55.0]* 68.0 [35.0-92.0] 81.0 [65.0-102.5] 72.0 [37.5-94.0] <0.01
MIP(% predicted) 50.0 [32.0-77.0] 103.0 [42.0-122.0] 102.0 [84.3-127.0] 90.5 [49.8-116.5] <0.01
MEP (cmH,0) 36.0 [26.0-63.0]" 80.0 [63.0-123.0] 111.5 [84.0-131.5] 86.5 [42.8-120.0] <0.01
MEP(% predicted) 35.0 [28.0-46.0]* 79.0 [42.0-135.0] 105.0 [87.8-122.0] 88.5 [42.0-115.0] <0.01
SNIP(cmH,0) 34.5 [18.8-60.3]* 55.0 [50.0-83.0] 76.0 [61.8-82.0] 68.0 [48.5-79.5] <0.01
SNIP(% predicted) 36.0 [19.5-63.5]" 59.0 [48.0-102.0] 81.0 [72.3-94.5] 73.0 [50.5-90.0] <0.01
Diaphragm ultrasound
DTgg (mm) 1.4 [1.1-1.7] 1.4 [1.0-2.7] 1.4 [1.1-1.7] 1.4 [1.1-1.7] ns
DTg (mm) 2.4 [1.5-2.8] 3.5 [1.8-5.8] 2.2 [1.9-3.6] 2.3 [1.8-3.7] ns
DTg - DTgg (mm)DTR 0.7 [0.2-1.3]1.5 [1.2-1.9] 1.8 [0.8-3.2]2.1 [1.6-2.6] 0.9 [0.7-1.7] 1.0 [0.6-1.8]1.7 [1.5-2.1] nsns

1.7 [1.5-2.1]

Echogenicity(z-scores) 2.4 [1.5-3.0] 0.6 [-0.2-1.9] 1.2 [0.0-1.9] 1.4 [0.0-2.3] ns
Intercostal muscle ultrasound
ITge (mm) 2.0 [1.8-2.2] 2.5 [1.7-3.4] 2.0 [1.7-2.6] 2.0 [1.8-2.6] ns
Echogenicity(z-scores) 1.4 [0.8-2.6] 0.8 [-0.7-2.1] 1.6 [0.9-2.2] 1.4 [0.6-2.1] ns
Pow (cmH20) -8.7 [-12.2- -4.7]* -10.0 [-10.1- -9.3] -15.2 [-19.3- -10.9] -13.6 [-17.8- -8.8] 0.02

The spirometry and diaphragm and intercostal muscle ultrasound results are obtained from patients who visited the hospital, i.e. 10 patients with a typical, 5 patient
with a mild, and 19 patients with a childhood-onset NM with slowness form. The PCF result of one patient with a typical form is missing. Three patients were excluded
from diaphragm echogenicity measurement due to a diaphragm thickness of less than 1 mm. Pmo,tw was measured in 5, 3 and 17 adult patients, respectively. Data are
presented as median [IQR]. * Significant difference in comparison to patients with childhood-onset NM with slowness. NM, nemaline myopathy. HMV, home mechanical
ventilation. FVC, forced vital capacity. VC, vital capacity. FEV1, forced expiratory volume in first second. PCF, peak cough flow. MIP, maximal inspiratory pressure. MEP,
maximal expiratory pressure. SNIP, sniff nasal inspiratory pressure. DTEE, end-expiratory diaphragm thickness. DTEI, maximal end-inspiratory diaphragm thickness. DTEI-
DTEE, absolute change in diaphragm thickness. DTR, thickening ratio diaphragm. ITEE, end-expiratory intercostal muscle thickness. Pmo,tw, twitch mouth pressure. IQR,
interquartile range.

* Significant difference in comparison to patients with childhood-onset NM with slowness. NM, nemaline myopathy. HMV, home mechanical ventilation. FVC, forced vital
capacity. VC, vital capacity. FEV1, forced expiratory volume in first second. PCF, peak cough flow. MIP, maximal inspiratory pressure. MEP, maximal expiratory pressure. SNIP,
sniff nasal inspiratory pressure. DTgg, end-expiratory diaphragm thickness. DTy, maximal end-inspiratory diaphragm thickness. DTg-DTgg, absolute change in diaphragm
thickness. DTR, thickening ratio diaphragm. ITgg, end-expiratory intercostal muscle thickness. Pmorw, twitch mouth pressure. IQR, interquartile range.
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Fig. 3. MIP (A), MEP (B), Diaphragm Tg; (C), and echogenicity of the diaphragm (D) in patients with FVC > 80% predicted, FVC < 80% predicted without HMV, and FVC < 80%
predicted with HMV. The horizontal bars indicate the median. Significant differences are indicated by p-values of the Dunns post-test. HMV, home mechanical ventilation.
FVC, forced vital capacity. MIP, maximal inspiratory pressure. MEP, maximal expiratory pressure. Tg;, maximal end-inspiratory thickness.

3.4. Diaphragm and intercostal muscle function

At group level, there was no difference in diaphragm and
intercostal muscle thickness, and echogenicity between the
different forms of NM (Table 2). Due to declination and
contraindications for magnetic stimulation, Pme tw Was measured in
a selected number of adult patients (n=25). Pmo,w Was decreased
in typical NM in comparison with childhood-onset NM with
slowness. In Table 3, results of diaphragm and intercostal muscle
measurements are shown in patients with and without restrictive
lung pattern and HMV. There was no difference in DTgg between
groups, but DT, absolute change in thickness, and DTR in patients
requiring HMV were lower in comparison with patients with FVC
> 80% predicted (Fig. 3C). ITgz showed no difference between the
groups. Three patients were excluded from diaphragm echogenicity
measurement due to a diaphragm thickness of less than 1 mm.
There were no differences in echogenicity of the diaphragm and
intercostal muscles between patients, but the majority had a
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higher echogenicity than predicted, indicated by a z-score > 0
(Fig. 3D). Pmoww was decreased in patients requiring HMV in
comparison with patients with FVC > 80% predicted.

3.5. Respiratory symptoms

Table 3 shows the respiratory symptoms in groups with
different degrees of respiratory muscle weakness. Complaints
indicative of respiratory muscle weakness were present in all
patients.

4. Discussion

This study showed that respiratory muscle weakness is
present in a large proportion (59%) of patients with NM of
all clinical forms. In contrast to previous findings, we found
that respiratory muscle weakness is also present in patients
with childhood-onset NM with slowness of movements. There
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Table 3
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Results from respiratory muscle strength testing, diaphragm and intercostal muscle ultrasound, twitch mouth pressure, and respiratory symptoms in patients with FVC >
80% predicted, FVC < 80% predicted without HMV, and FVC < 80% predicted with HMV.

FVC >80% (n=14) FVC <80% no HMV (n=11) FVC <80% + HMV (n=9) p-value
Genotype (n)
NEB - - 4
ACTA1 - 1 2
TPM2 - 1 1
TPM3 - - 1
RYR1 2 - -
CFL2 - - 1
LMOD3 - -
MYPN - 1 -
KBTBD13 11 8 -
NM form (n)
Typical 1 2 7
Mild 2 1 2
Childhood-onset with slowness 11 8 -
Female (n (%)) 11 (79%) 9 (82%) 8 (89%) ns
Age (years) 55 [39.5-59.8] 34 [28.0-58.0] 28 [18.0-60.5] ns
BMI (kg/m?) 26.3 [24.4-32.6] 23.7 [22.2-24.5] 19.4 [16.6-21.9]* <0.01
MFM (%) 90.5 [83.3-96.5] 90.0 [83.0-95.0] 56.0 [49.5-82.0]* T 0.01
Respiratory muscle testing
MIP (cmH,0) 88.5 [77.5-107.3] 68.0 [46.0-84.0] 35.0 [24.0-53.5]* <0.01
MIP(% predicted) 114.0 [102.3-130.8] 96.0 [55.0-103.] 50.0 [32.0-76.5]* <0.01
MEP (cmH,0) 119.5 [87.8-130.5] 99.0 [63.0-105.0] 32.0 [24.0-42.5]* T <0.01
MEP(% predicted) 117.0 [84.3-132.0] 93.0 [42.0-111.0] 35.0 [23.5-43.5]* T <0.01
SNIP (cmH,0) 77.5 [71.3-81.5] 68.0 [55.0-83.0] 20.0 [17.0-57.0]* T <0.01
SNIP(% predicted) 85.5 [71.5-99.0] 77.0 [52.0-95.0] 24.0 [19.0-56.5]* T <0.01
Diaphragm ultrasound
DTgg (mm) 1.4 [1.3-2.0] 1.3 [1.0-1.7] 1.3 [1.0-1.6] ns
DTg (mm) 3.1 [2.0-4.6] 2.2 [1.8-3.7] 1.8 [1.5-2.4]" 0.049
DTg - DTgg (mm)DTR 1.6 [0.7-2.8]1.9 [1.6-2.6] 1.1 [0.7-1.9]1.7 [1.6-2.1] 0.5 [0.2-1.0]*1.4 [1.2-1.7]" 0.020.03
Echogenicity(z-scores) 0.9 [-0.2-2.0] 1.3 [0.3-2.0] 2.2 [1.5-3.0] ns
Intercostal muscle ultrasound
[Tgg (mm) 2.0 [1.7-3.1] 2.1 [1.3-2.6] 1.9 [1.8-2.2] ns
Echogenicity(z-scores) 1.1 [0.5-1.7] 1.9 [0.9-2.4] 1.4 [1.0-2.6] ns
Pow (cmH20) -14.9 [-17.3- -12.6] -9.0 [-19.4- -8.4] -7.9 [-10.9- -4.0]* 0.04
Respiratory symptoms(n (%))
Exertional dyspnoea 5 (36%) 3 (27%) 6 (67%)
Orthopnoea 0 (0%) 1(9%) 3 (33%)
Dyspnoea when bending forward 2 (14%) 3 (27%) 3 (33%)
Waking up more often 6 (43%) 3 (27%) 2 (22%)
Restlessness 4 (29%) 1(9%) 1(11%)
Nightmares 0 (0%) 1(9%) 3 (33%)
Morning headache 3 (21%) 4 (36%) 1(11%)
Daytime sleepiness 6 (43%) 0 (0%) 2 (22%)

Three patients were excluded from diaphragm echogenicity measurement due to a diaphragm thickness of less than 1 mm. Ppow Was measured in 11 patients with FVC
> 80% predicted, 10 with FVC < 80% predicted without HMV, and 4 with FVC < 80% predicted with HMV. Data are presented as median [IQR].

* Significant in comparison to patients with FVC > 80%.

T Significant in comparison to patients with FVC < 80% without HMV. HMV, home mechanical ventilation. FVC, forced vital capacity. NM, nemaline myopathy. BMI,
body mass index. MFM, Motor Function Measure. MIP, maximal inspiratory pressure. MEP, maximal expiratory pressure. SNIP, sniff nasal inspiratory pressure. DTgg, end-
expiratory diaphragm thickness. DT, maximal end-inspiratory diaphragm thickness. DTg-DTg, absolute change in diaphragm thickness. DTR, thickening ratio diaphragm.
ITgg, end-expiratory intercostal muscle thickness. Pmorw, twitch mouth pressure. IQR, interquartile range.

was a low correlation between motor function and the degree
of respiratory muscle weakness in our cohort, indicating that
respiratory muscle function can be compromised independently
of motor performance. Furthermore, we showed, using diaphragm
ultrasound and twitch mouth pressure, that impaired diaphragm
function is a key component of respiratory muscle weakness in
NM.

Respiratory muscle function was most severely compromised
in the typical form of NM. However, within the different forms a
large variability was observed. This variability is partly explained
by distinct differences in respiratory muscle function in relation
to genotypes, but also by variation within genotypes. All patients
with NEB and ACTA1 mutations included had respiratory muscle
weakness and most of these patients required non-invasive or
invasive HMV, which is in accordance with previous studies
[46,47]. In contrast, respiratory muscle function varied widely in
the patients with TPM2, TPM3, RYR1, CFL2, LMOD3, and MYPN
mutations. The adult RYRI patients and the adult LMOD3 patient
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had no respiratory muscle weakness. These findings stand out
from previously described patients with severe or typical NM
forms with respiratory insufficiency [3,5,6], which adds to the
variability of the clinical spectrum of these genotypes. Another
contrasting finding is that the included TPM2 patients showed
respiratory muscle weakness with a high MFM score, while mildly
affected patients with mutations in this gene usually do not have
respiratory muscle weakness [14]. Interestingly, we found mild
respiratory muscle weakness in eight of the 24 patients with the
childhood-onset with slowness form caused by a mutation in the
KBTBD13 gene, which has not been observed in previous cohort
studies [20,30,31]. However, respiratory function tests were not
systematically performed in these studies. A case report assessing
FVC in a patient with a mutation in the KBTBD13 gene did
find respiratory muscle weakness [48]. Overall, the variability in
respiratory muscle weakness between different NM forms and
genotypes in our cohort emphasises the need for regular screening
of respiratory muscle function in all patients with NM.



E.S.B. van Kleef, J.L.M. van Doorn, M.A. Gaytant et al.

Importantly, we found a low correlation between motor
function and spirometry. This may partly be explained by a known
ceiling effect of the MFM in mildly affected patients [49]. However,
20 patients with high MFM scores (90% or more) showed a
broad range of FVC values (48-93% predicted). Moreover, two NEB
patients and one ACTA1 patient with respiratory involvement in
our study had a mild form of NM. This confirms the clinical
observation that the degree of motor function impairment is
not representative for respiratory muscle function in all patients
with NM, as shown previously in case reports [50-52]. The low
correlation could also be caused by the heterogeneity in genotypes.
For example, the TPM2 patients stand out with a high MFM score
and a decreased FVC. Moreover, the correlation is influenced by
a large group of mildly affected KBTBD13 patients. We cannot
exclude that there is a stronger correlation between motor function
and spirometry in specific genotypes or clinical forms of NM. The
monocentric nature of our study and consequently the relatively
low number of patients per genotype or clinical form of NM limits
these subgroup analyses.

Diaphragm and intercostal muscle thickness and echogenicity
did not differ between the different forms of NM. However,
echogenicity of these respiratory muscles was higher than their
predicted normal value in most patients. This finding is in line
with a previous study which found high muscle echogenicity in
peripheral muscles in NM caused by fatty degeneration [53]. A
possible explanation for the lack of difference between the forms
of NM might be that structural changes in the respiratory muscles
precede changes in pulmonary function. In patients receiving HMV
impaired diaphragm function is a key component of impaired
respiratory function, shown by a decreased diaphragm thickness
(end-inspiration) and a decreased Pmotw- In line with these results,
previous post-mortem studies in cases with severe respiratory
insufficency have found a high concentration of nemaline rods
in the diaphragm, indicating an important role of diaphragm
involvement [54,55]. Whether respiratory muscle ultrasound is
suitable as an outcome measure for respiratory function in NM
patients should be evaluated in future studies.

All patients reported respiratory symptoms regardless of the
degree of respiratory muscle weakness. Thus, in our study
respiratory symptoms were not indicative of the severity of
respiratory muscle weakness.

This study has several limitations. First, the number of
patients for each form of NM, except childhood-onset NM with
slowness, was limited. Second, genetically unresolved cases were
not included. Third, no patients with severe NM were included.
This led to a bias towards less severely affected patients. Fourth,
there was a female predominance, which cannot be explained
by a selection bias. This predominance of female patients
was not reported in other studies [24,29]. Hence, because of
this coincidence, these data are more representative for female
patients. Last, were unable to perform a quantitative analysis on
the reported respiratory symptoms, as we did not use a validated
questionnaire.

Given that respiratory muscle weakness is an important feature
in all forms of NM, future longitudinal studies and clinical trials
should evaluate respiratory muscle function as well as general
motor function. Longitudinal studies will be able to determine
the intervals needed for respiratory monitoring by assessing the
progression of respiratory muscle weakness. Relevant outcome
measures for a longitudinal study of nemaline myopathy, including
respiratory outcomes, have also been discussed [56]. Furthermore,
these studies should also focus on which measurements and
corresponding cut-off values can predict the need for HMV.
Interestingly, diaphragm ultrasound has recently been shown as
a novel predictor of nocturnal hypercapnia in slowly progressive
myopathies [57].
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In conclusion, respiratory muscle weakness in NM is present in
all clinical forms and genotypes, and may be present irrespective of
the degree of motor function impairment. Diaphragm dysfunction
was identified as an important contributor to respiratory muscle
weakness. In contrast to previous findings, we also found
respiratory muscles weakness in patients with childhood-onset NM
with slowness of movements. Therefore, screening of respiratory
function is important to guide respiratory management in all
patients with NM.
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