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ARTICLE INFO ABSTRACT
ArtiC’f—’ history: Centronuclear myopathy (CNM) is a heterogeneous group of muscle disorders primarily characterized by
Received 28 December 2022 muscle weakness and variable degrees of respiratory dysfunction caused by mutations in MTM1, DNM2,

Revised 6 June 2023

RYRI1, TIN and BIN1. X-linked myotubular myopathy has been the focus of recent natural history studies
Accepted 9 June 2023

and clinical trials. Data on respiratory function for other genotypes is limited. To better understand the
respiratory properties of the CNM spectrum, we performed a retrospective study in a non-selective Dutch

Keywords: CNM cohort. Respiratory dysfunction was defined as an FVC below 70% of predicted and/or a daytime
CentTOHUdeaf myopathy pCO2 higher than 6 kPa. We collected results of other pulmonary function values (FEV1/FVC ratio) and
?;;E;atory function treatment data from the home mechanical ventilation centres. Sixty-one CNM patients were included.

Symptoms of respiratory weakness were reported by 15/47 (32%) patients. Thirty-three individuals

ZIICII\I/I:ZRYRI (54%) with different genotypes except autosomal dominant (AD)-BINI-related CNM showed respiratory
Cohort dysfunction. Spirometry showed decreased FVC, FEV1 & PEF values in all but two patients. Sixteen

Netherlands patients were using HMV (26%), thirteen of them only during night-time. In conclusion, this study
provides insight into the prevalence of respiratory symptoms in four genetic forms of CNM in the
Netherlands and offers the basis for future natural history studies.
© 2023 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction The majority of the corresponding proteins are involved in

membrane trafficking and the formation of structures crucial for

Centronuclear myopathies (CNMs) are a group of inherited excitation-contraction coupling, and are thus essential for normal
neuromuscular  disorders = which are  histopathologically muscle function [6].

characterized by the presence of nuclei in the centre of muscle CNM is clinically characterized by generalized muscle weakness
cells [1]. CNM is clinically and genetically heterogenous, mainly and hypotonia, often also involving the bulbar and respiratory
caused by mutations in MTM1, DNM2, RYRI, TTIN, and BIN1 [2-5]. muscles, leading to nocturnal hypoventilation and/or recurrent

chest infections [7]. The age of onset and disease severity is highly

variable. In male patients with X-linked MTM1 mutations (XL-

* Corresponding author. MTM), early death due to respiratory failure is common [8,9].
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for XL-MTM carriers [10-13]. The high prevalence of respiratory
dysfunction in CNM, occasionally disproportionate to the degree
of limb girdle weakness, emphasizes the importance of early and
regular respiratory screening, even in the absence of suspicious
symptoms.

In the past decades, research on respiratory involvement
in XL-MTM has been abundant [14-20]. However, data on
respiratory function in other CNM genotypes is limited. In a
cross-sectional study focusing on the respiratory function of
14 individuals with CNM, thirteen participants required full-
time, home invasive mechanical ventilation (HMV), and one only
nocturnal non-invasive HMV [21]. Maximal inspiratory pressures
(MIP) were higher in subjects who breathed unsupported at
least 1 hour/day compared to 24-hour MV users. Furthermore,
years of HMV dependence correlated significantly with maximal
expiratory pressure (MEP). However, this study included 10 males
with XL-MTM, but only one patient with DNM2-related CNM, one
patient with RYR1-related CNM, and two patients without genetic
confirmation; age was also highly variable ranging from 1.4 - 27
years. Moreover, there was a selection bias for younger and HMV
patients, related to the predominance of XL-MTM patients [21].

Therefore, we performed a nonselective retrospective study
focusing on the respiratory characteristics of paediatric and adult
CNM patients in the Netherlands. This study was a follow-up
of the retrospective study by Reumers et al. on clinical, genetic,
and histological features of CNM in the Netherlands [13]. Our
main goal was to obtain data on respiratory function, symptoms,
and (HMV) of the Dutch CNM cohort. This study is expected to
provide insights into the natural history of respiratory function and
the use of HMV in the various CNM genotypes prevalent in The
Netherlands.

2. Methods

This retrospective, cross-sectional study was performed at the
Radboudumc Neuromuscular centre, Nijmegen, in collaboration
with the Dutch Neuromuscular centre and the Dutch centres
for HMV. Data collection, with regards to historically performed
genetic testing (in case of presence of symptoms that indicated
a muscle abnormality) and ambulatory status had been collected
before by Reumers et al. [13]. This study identified all Dutch
patients with CNM referred to our centre between 1998 and 2020.
We used the same inclusion criteria and extended the cohort with
recently identified patients up to 2022. The study was approved by
the local ethics committee (Protocol 2017-4022). All participants,
and/or their parents, where applicable, provided written informed
consent.

2.1. Patients

Inclusion criteria were 1) a clinical phenotype of congenital
myopathy with a (likely) pathogenic variant in one of the main
genes associated with CNM: MTM1, DNM2, RYR1, TIN and BINTI;
or 2) a clinical phenotype of congenital myopathy and genetic
confirmation in first degree relative(s). Histological confirmation
was optional, taking into account the evolving primacy of genetic
testing in the current diagnostic setting. Patients were divided into
groups per genotype, including a distinction between male patients
and female manifesting carriers with an MTM1 variant.

2.2. Data collection

All CNM patients were identified through four routes [13]: 1)
the (paediatric) neurology outpatient clinic at the Radboudumc; 2)
the genetics department at the Radboudumc; 3) the Dutch patient
association Spierziekten Nederland, and 4) (paediatric) neurologists
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of the Dutch Neuromuscular Centre. Since the Radboudumc is the
national referral centre for CNM and is acknowledged as such
by the other Dutch neuromuscular centres, this approach was
expected to cover a high proportion of Dutch CNM patients.

The data collection item list was prepared in collaboration
with the Dutch HMV centers. Clinical patient data were stored
in the electronic patient file system of the Radboudumc, and
systematically extracted by the researcher (S.B.). Data were
pseudonymized and stored in a new phase of the existing Castor
database to create an overview of respiratory characteristics of all
known CNM patients in the Netherlands. We collected updated
medical files from all patients by contacting the four HMV-centres
in the Netherlands. In case of missing data, the total number of
patients with available data was mentioned. If not specified the
total number of patients was 61.

2.3. General clinical features

Data on family history, medical history, clinical features and
ancillary investigations were collected in our previous study and
were checked again for correctness. The new data extraction
sheet used the same set of questions concerning epidemiological
and demographic characteristics including year of birth, sex and
most recent weight and height. Furthermore, we included items
concerning the current status of the patient (alive or deceased),
their exact genetic variant, and their age when height and weight
were last measured. Presence of scoliosis (and need for surgical
scoliosis correction) was assessed. The date of diagnosis was
defined as the timepoint when CNM was confirmed, based on
genetical and/or histopathological evidence. Ambulatory status was
subsequently updated to align with most recent measurements and
divided in three separate defined categories: normal, walking with
aids, and utilization of a wheelchair.

2.4. Self-reported symptoms of respiratory muscle weakness and
bulbar muscle weakness

We collected data of reported symptoms of reduced respiratory
muscle strength. We assessed this by the presence of symptoms
suggestive of nocturnal hypoventilation (symptoms presented in
Table 1). Furthermore, we collected data on reported bulbar muscle
weakness, because of the associated risk of aspiration (symptoms
presented in Table 1).

2.5. Measured respiratory dysfunction

Respiratory dysfunction was defined as an FVC under 70% of
predicted and/or a daytime pCO2 higher than 6 kPa (45 mmHg).
Onset of symptoms of respiratory dysfunction was retrieved from
medical files. This category entails results from pulmonary function
tests (e.g. FVC and FEV1 measurements from spirometry, see
Table 2).

We collected both absolute values and values corrected for age,
sex, height as the percentage of the predicted value. In the results,
we plotted the absolute values in a graph with a line indicating
the normal values reported in the literature (Fig. 2) [22,23]. Also,
results of arterial or capillary blood gas tests and transcutaneous
pCO2 measurements during day and night-time were noted. All
pCO2 measurements were transformed to kPa to create a constant
value [24]. MIP & MEP were not included since these tests are
not part of the standard pulmonary function assessment and many
missing data were expected. To check this, we screened for and
indeed detected missing MIP & MEP values in the large majority of
subjects (>90%). Finally, we collected data on possible pulmonary
co-morbidities, such as COPD or OSAS.
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Table 1
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Overview of specific signs of respiratory dysfunction, nocturnal hypoventilation and bulbar weakness per genotype. At the bottom, three defined categories of ambulatory
status were added. Numbers in grey rows indicate the number of patients in whom these data are present, absent or unreported. Numbers in final header shows number of
patients with a known ambulatory status. Results presented in numbers of patients and percentage of total patients in that category in brackets .

Respiratory symptoms and signs

AD-BIN1 (n = 7)

XL-MTM (n = 12)

XL-MTM carriers
(n=13)

AR-RYR1 (n = 10)

DNM2 (n = 19)

Total (n = 61)

Symptoms of nocturnal
hypoventilation

Morning headache

Excessive daytime sleepiness
Nightmares

Shortness of breath in the morning
Frequent awaking in the night
Feeling exhausted when waking up
Symptoms of bulbar weakness

Dysphagia

Dysarthria

Saliva loss

Open mouth

Signs of Resp Dysfunction
FVC < 70% of predicted

A FVC sitting and supine > 20%
Daytime pCO2 > 6kPa
Daytime pCO2 > 45mmHg
Unknown

Ambulatory status

Normal

Walking with aids
Wheelchair-dependant

6/7: absent 1/7
unreported

[=NeNeNeNe)

0
6/7: absent 1/7:
unreported

reported

[=NeleNeNeNe oo Ne o

6 reported
3 (50%)

3 (50%)

0

2/12: present 1/12:

absent 9/12:
unreported
0
1(8.3%)
1(8.3%)
0

0
1(8.3%)

4/12: present 2/12:

absent 6:12:
unreported
2 (16.7%)

0

2 (16.7%)

2 (16.7%)

11 reported
4 (33.3%)

0

2 (16.7%)
1 (8.3%)

7 (58.3%)
7 reported
0

3 (42.9%)
4 (57.1%)

3/13: present 8/13:

absent 2/13:
unreported
1(7.7%)

0

1(7.7%)

0

0

1(7.7%)

1/13: present 8/13:

absent 4/13:
unreported
1(7.7%)
1(7.7%)

0

0

4 reported
1(7.7%)

0

2 (15.4%)

0

1(7.7%)

10 reported
7 (70%)

1 (10%)

2 (20%)

3/10: present 7/10:

absent

1 (10%)

5/10: present 5/10:

absent

5 (50%)

0

2 (20%)

2 (20%)

5 reported
4 (40%)

0

0

0

1 (10%)

9 reported
4 (44.4%)
3 (33.3%)
2 (22.2%)

7/19: present
10/19: absent
2/19: unreported
3 (15.8%)

3 (15.8%)
1(5.3%)

0

2 (10.5%)

6 (31.6%)

8/19: present 9/19:

absent 2/19:
unreported
3(15.8%)

3 (15.8%)

0

2 (10.5%)
13 reported
7 (36.8%)

1 (5.3%)

5 (26.3%)

1 (5.3%)

1 (5.3%)

16 reported
4 (25%)

10 (62.5%)
2 (12.5%)

15: present

5(15.2%)

5 (15.2%)

4 (12.1%)

0

2 (6%)

9 (27.3%)
19: present

11 (33.3%)
4(12.1%)
4(12.1%)

5 (15.2%)
33 reported
16 (48.5%)
1 (3%)

9 (27.3%)

2 (6%)

10 (30.3%)
48 reported
18 (37.5%)
20 (41.7%)
10 (20.8%)

Table 2

Spirometry outcome values per genotype. Columns show either exact values (in case of n = 1), ranges (in case of n = 2 by a *-* or 3 by a ‘+’) or median [IQR]. Empty boxes
mean that there was no data for that category. Pred =% of predicted for age and sex.

AD-BIN1 Pred- XL-MTM Pred-XL- XL-MTM Pred-XL- RYR1 Pred- DNM2 Pred-
(n=1) BIN1 (n=4) MTM carriers MTM (n=25) RYR1 (n=13) DNM2
(n=3) carriers
FVC_sitting (L/s) 6,6 107% 1,31 [0,9] 32,5% 359+ 1,9 80% 1,96 [2,9] 55,3% 2,39 [1,6] 56,8%
(n=1) (n=1) (n=4) (n=2) (n=3) (n=3) (n=5) (n=4) (n=13) (n=12)
FVC_supine (L/s) - - 09(n=1) - 1,6 - 3,8 80% 1,71 + 2,8 54% 2,47 [1,6] 57,5%
(n=2) (n=2) (n=3) (n=3) (n =10) (n=10)
FEV1_sitting (L/s) 5,0 98% 1,22 [0,7] 31% 220+ 1,3 71,7% 1,82 [2,4] 59% 2,17 [1,6] 57,9%
(n=1) (n=1) (n=4) (n=2) (n=3) (n=3) (n=5) (n=4) (n=13) (n=12)
FEV1_supine (L/s) - - 08 (n=1) - 1,3-29 71% 1,49 + 2,1 56,7% 1,96 [1,8] 58%
(n=2) (n=2) (n=3) (n=3) (n =10) (n=10)
FEV1/FVC_sitting (%) 75,8 - 85,7 + 21,7 - 84,1 + 32,1 - 85 [12,4] - 87 [14,1] -
(n=1) (n=3) (n=3) (n=5) (n=13)
FEV1/FVC_supine (%) - - - - 78,1 - 78,4 - 86,5+ 7,8 - 80,7 [22,7] -
(n=2) (n=3) (n =10)
PEF_sitting (L/m) 680 125% 115,8- - 363 + 84 - 220 [365,8] - 299 [133,4] 47%
(n=1) (n=1) 181,2 (n=3) (n=4) (n=12) (n=1)
(n=2)
PEF_supine (L/m) - - - - 319 - 411 - 240 + 377 - 274 [173,2] 32%
(n=2) (n=3) (n=11) (n=1)
PCF (L/m) 635 - 175,0- - - - 350 (n=1) - 150 - 250 -
(n=1) 182,4 (n=2)

(n=2)

2.6. Home mechanical ventilation data

We collected treatment data from the HMV centres, including
details of home mechanical ventilation, air stacking, use of a cough
assist machine, and respiratory strength training.

2.7. Statistical analysis

Data were analysed using IBM SPSS Statistics software (version
25. Armonk, NY: IBM Corp.). Descriptive statistics used were
median with interquartile range (IQR) and frequencies with
percentages (n(%)). For significance tests, Mann-Whitney U test
was applied. Because of the retrospective design of this study,

missing data were frequent. We have indicated the numbers of
different sample sizes in the table and other relevant positions in
the results.

3. Results
3.1. Patients

We identified 61 patients with a CNM diagnosis in the
Netherlands. Forty-eight of them had been included already in our
retrospective clinical study [13], and thirteen additional patients
were identified, including five newly diagnosed patients with CNM
and eight females with XL-MTM. This final group are female
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Genotype

EBint

B XL-MTM male

B XL-MTM female carriers
ORYR1

W onm2

25/61
41,0%
(male and female
XL-MTM patients)

Is the patient

Individuals

BIN1 AL-MTM

AL-MTM
carriers

Genotype

still alive?

M No
M ves

RYR1 DNM2

Fig. 1. A: Genotype prevalence in the Dutch CNM cohorts expressed in absolute numbers of the total and percentage. All mutations in BINT were autosomal-dominant, all
mutations identified in RYR1 were autosomal-recessive. B: Number of alive (highlighted in green) and deceased (highlighted in grey) patients per genotype.

carriers and will be addressed as ‘XL-MTM carriers. Mean age was
33.5 years, ranging from 0 to 81 years.

The distribution of different genotypes is shown in Fig. 1A and
the proportion of alive patients in Fig. 1B. The most common
genotype was MTM1 (n = 25/61, 41%), of which twelve were
male. Nine of these twelve males had passed away due to
respiratory failure (n = 3/12, 25% survival); seven of those nine
died during the first year of life. Five of these nine had been
full-time mechanically ventilated until their death. The other
prevalent genotypes were DNM2 (n = 19/61, 31%), autosomal-
recessive (AR) RYR1 (n = 10/61, 16%) and autosomal-dominant (AD)
BIN1 (n = 7/61, 11%). amongst these genotypes, only one other
DNM2 male patient had passed away, unrelated to respiratory

583

dysfunction, at the age of 61. All BIN1 patients belonged to one
family, which has been reported previously [25]. No individuals
with TTN-CNM were identified.

3.2. Genetic analysis

Genetic confirmation of a known CNM-associated gene had
been established in 49 of the 61 participants (80%, criteria 1). The
other twelve patients were clinically diagnosed and had a family
member with genetic confirmation of CNM (12/61, 20%, criteria 2).
This group included the seven XL-MTM boys that died at a very
young age, and for whom XL-MTM was genetically confirmed in
a first-degree family member. Additional histological confirmation
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was achieved in 32 of 61 patients (52%). Results of genetic analysis
can be found in our previous study [13] and in Supplementary
Table 1.

3.3. Self-reported symptoms of respiratory muscle weakness and
bulbar muscle weakness

Symptoms of respiratory muscle weakness were reported by
15 of 47 patients (data not reported for 14 patients, Fig. 2B).
This included patients of all genotypes including XL-MTM carriers
except AD-BIN1. The most common symptom was a feeling of
exhaustion upon awakening in the morning (n = 6/19, 32%). Other
reported symptoms were frequent awakening at night, morning
headaches, and excessive daytime sleepiness.

Bulbar muscle weakness was prevalent in all genotypes except
AD-BIN1 (n 19/48, 40%). Dysarthria was common in DNM2
individuals (n = 3/19, 16%) and dysphagia in all RYR1 patients with
respiratory insufficiency (n = 5/10, 50%). No statistically significant
differences in sex, age, and other spirometry measurements
were found between individuals with or without nocturnal
hypoventilation (Supplementary Table 3).

3.4. Measured respiratory dysfunction

Respiratory dysfunction was present in thirty-three patients
(n = 33/61, 54%; Fig. 2A). The majority of XL-MTM male (n = 11/12,
92%) and DNM?2 patients (n = 13/19, 68%) showed signs of
respiratory dysfunction, while RYR1 patients (n = 5/10, 50%) and
XL-MTM carriers (n 4/13, 31%) had less severe respiratory
impairment. In the case of DNM2, a minority showed daytime
pCO2 values > 6 kPa (5/19, 26%) (Table 1).

Results of respiratory function tests are summarized in Table 2.
Normal values were found in a single patient with AD-BINI.
On average, FVC and FEV1 were 32.5 and 31%, respectively, of
predicted values in XL-MTM males. In XL-MTM carriers, this
value was 80 and 71.7%, respectively. RYR1 and DNM2-mutated
individuals showed FVC and FEV1 measurements of 55.3% and
59% for RYR1 and of 56.8 and 57.9%, respectively, for DNM2. The
FEV1/FVC ratio, or Tiffeneau index, was between 84 and 87% in
all individuals throughout genotypes except those with AD-BIN1-
related CNM. Supine measurements were overall lower than sitting
measurements.

Transcutaneous pCO2 values were available for 18 of our
61 patients (30%) with a mean pCO2 of 545 + 0,66 kPa
during daytime (n = 18) and 6,05 + 0,86 kPa during night-
time (n 15); in eleven cases these numbers were measured
before commencement of HMV. Five patients (n = 5/18, 28%)
had a daytime kPa value that was above the threshold of 6 kPa
(45 mmHg), in line with one of the criteria for respiratory
dysfunction.

Next, we compared the values of FVC-sitting, FEV1-sitting, and
PEF-sitting with previously reported normal values [22,23] (Fig. 2,
for male and female subjects).

3.5. Home mechanical ventilation

DNM2-CNM (n = 11/19, 58%), and RYR1-CNM patients (n = 6/10,
60%) were most frequently referred. Seven (4 male, 3 carriers)
of the 18 XL-MTM patients who lived longer than 1 year were
referred. None of the AD BIN1 was referred to an HMV-centre.
In total, 24 patients received an invitation for an appointment at
an HMV centre after assessment in a hospital. The mean age of
referral was 31 + 20 years (range 1 - 63). The mean age at which
HMV treatment was initiated was 29 + 21 years (range 1-65). This
difference is explained by the fact that the eight patients that did
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not need to start HMV were older. We also identified a 62-year-
old man who was referred to an HMV centre at 61 but declined
because he did not want to start HMV.

Of those 24 patients, 16 initiated HMV (67% of 24 referred
and 26% of the total of 61) (Fig. 3). Seven male XL-MTM patients
received continuous respiratory support at the hospital from birth
until death in the neonatal period and two alive patients do not
receive HMV, which makes XL-MTM the most prevalent genotype
on ventilation. Fig. 4 shows the distribution amongst the various
genotypes and the number of off-ventilation hours per day. Three
XL-MTM male patients received mechanical ventilation at home in
the past, currently this number is down to one. Other prevalent
genotypes on ventilation were DNM2 with eight patients (n = 8/19,
42%), followed by RYR1 (n = 3/10, 30%).

In total, only three patients (XL-MTM, male 11 years , AR RYR1-
CNM, male 9 years and AD DNM2-CNM, female 13 years) received
daytime and night-time ventilatory support at home, two of whom
could breathe independently for a maximum of two hours. The
other 13 patients have been diagnosed with nocturnal hypercapnia
and only needed nocturnal HMV. Their off-ventilator times differ
from 13 h to 17 h per day.

Fourteen patients (14/16, 88%) received some form of additional
supportive therapy to improve their respiratory function: 11 were
advised to perform air stacking, and two used a cough assist
machine. One patient had started singing as a functional remedy
to improve respiratory function.

3.6. General clinical features

Scoliosis (n = 6/61, 10%) was observed in MTM1 (n = 3) and
DNM?2 patients (n 3), of whom one patient had undergone
surgical correction at the age of 18. Furthermore, 4 patients (7%)
needed a gastrostomy tube.

In our cohort, 20 patients showed at least one pulmonary
co-morbidity (Supplementary Table 2). Most frequent were
pneumonia (n = 7/20, 35%), pneumothorax (n = 5/20, 25%) and
COPD/OSAS (both n = 3/20, 15%).

Our cohort included 6 smokers (30%) and 10 participants that
consumed alcohol regularly (50%, mean 1,3 units per day).
Finally, five patients (25%) have been admitted for a respiratory
tract infection in the preceding five years, often associated with
pneumonia or pneumothorax. One female XL-MTM-carrier was
admitted five times with a total of six episodes of pneumothorax,
while another DNM2-CNM patient was admitted three times with
four episodes of pneumonia. 4 of the 5 pneumothorax patients
were diagnosed for XL-MTM (3 female and 1 male). The final
individual is the same DNM2-male that passed away due to
reasons unrelated to respiratory dysfunction as mentioned in
Section 3.1.

3.7. Ambulation and respiratory dysfunction

Ambulatory status was available for 48 of the 61 patients:
18 (38%) had normal ambulation, 20 (42%) were ambulant with
aids, and 10 (5%) were utilizing a wheelchair (Table 1). Normal
ambulation was present in 4 of 16 (25%) DNM2 patients, none of
the male XL-MTM patients, 7 of 10 (70%) XL-MTM carriers, 4 of
9 (44%) RYR1 and 3 of 6 (50%) AD BIN1 patients. An overview of
genotype combined with ambulatory status is depicted in Fig. 1B.
Out of 38 individuals that had either normal ambulation or were
ambulant with aids, 18 showed signs of respiratory dysfunction
(47%). However, only 10 (26%) patients received HMV, six of
whom were significantly impaired with walking and four of whom
were mildly impaired requiring walking aids. The individuals with
normal ambulation had no signs of respiratory dysfunction.
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FVC sitting (IIs)

FEV1 sitting (I/s)

Peak Expiratory Flow(PEF)-sitting
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Fig. 2. A-C: Diagram of FVC, FEV1 and PEF-measurements found in Dutch individuals distributed by sex and genotype (visualized by shape). The black line shows predicted
normal values at different ages. Genotypes are indicated at the top right of each graph.
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Fig. 4. Visualization of all CNM-patients in the Netherlands, their ventilation status and (where applicable in ventilated patients) the number of hours off-ventilator. Colour

of the box corresponds to genotype of the patients in that category.

4. Discussion

This nationwide retrospective study comprehensively
summarizes respiratory signs and symptoms of the Dutch CNM
cohort. Respiratory dysfunction was found in all genotypes except
AD BIN1. In line with previous studies, most XL-MTM males were
severely affected, resulting in frequent premature death (75%) after
a period of ventilatory support. Symptoms of respiratory muscle
weakness (nocturnal hypoventilation) were also prominent in AD
DNM2- and AR RYRI-related CNM. Pulmonary function studies
showed that FVC, FEV1, and PEF are lower in almost all CNM
patients with a MTM1, DMN2, or RYR1 variant. Finally, we found
sixteen cases who (had) received home mechanical ventilation,
distributed throughout all genotypes except AD-BIN1. These results
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illustrate respiratory features of CNM in the Netherlands in a non-
selective way, and provide preliminary insights into the natural
history of respiratory involvement across different genotypes and
throughout the lifespan.

This study is a follow-up to an earlier study, which was the
first to report the total cohort of CNM patients in the Netherlands
[13]. This initial cohort of 48 was expanded to 61 cases, reflecting
the inclusion of newly diagnosed XL-MTM carriers and other
CNM patients since the publication of the initial study. DNM2-
related CNM was the most common genotype. This corresponds
to previously published findings in Italy and Denmark [26,27]. In
other studies, AR RYR1-related CNM was a more common genotype
[28,29].
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The large proportion of DNM2- and AD BIN1-related CNM in
this cohort limits the direct extrapolations of findings to other
countries. The high prevalence of DNM2-related CNM contradicts
a recent epidemiological model [30], suggesting that MTM1 is
the most common CNM-associated genotype. There are several
reasons for this discrepancy. First, prenatal genetic testing is widely
available in the Netherlands, and abortion is allowed until at
least 24 weeks in case of an affected foetus [13,31]. Moreover,
the Netherlands has a long history to electively discontinue
continuous respiratory support in infants without any prospect
of functional improvement, in contrast to the USA [32] or Japan.
This practice influences death rates and likely skews the functional
outcomes to those with higher level of function (i.e. the stronger
phenotypes). In general, the access to and decision-making around
the range of respiratory support skews the “natural” outcomes
in many rare diseases, and in an age of increasing interventions
there is no such thing as a “natural” history study any longer.
Finally, our centre has both a paediatric and adult neuromuscular
service, therefore including patients of all ages and severities.
We therefore propose that the international variation in access
to and decision-making around the range of respiratory support
should be taken into account in the design of future prospective
studies. Epidemiological expertise can be used to correct for
different practices of prenatal screening and postnatal treatments
in different populations.

Another remarkable finding was the large variability within the
specific genotypes, which might be as or even more relevant than
the differences between the different genotypes. The implication
for future studies would be that scientists should not value
group medians or normal values too much. Run-in periods before
start of the study drug are very important since it enables
to assess the development of respiratory function over time in
individual trial participants. This can take place as standardized
assessment in clinical care or as natural history study preceding
the trial. Bayesian statistical analysis of these natural history
data enable a simulation of the evolution of symptoms for
individual patients over time and to probabilistically compare
these simulated trajectories to measured post-treatment outcomes.
Further research and ongoing dialogue with regulatory authorities
are needed to allow for this and other applications of Bayesian
statistics in orphan disease research [33].

This study included a number of other important clinical
observations. First, it confirmed that XL-MTM in males is the
most severe variant of CNM [9]. The cohort included nine males
with XL-MTM, five of whom died within weeks after start of
continuous ventilatory support, either due to complications (n = 2)
or following withdrawal of ventilation (n = 3). Two survived longer
but not beyond the age of one year. Two other male XL-MTM
patients died at the age of 11 and 40 years, respectively, due to
progressive respiratory weakness. The only other patient that had
passed away was a male DNM2 patient, who died of an unrelated
cause at the age of 61 He did not receive ventilatory support at
the time of death. Next, pneumothorax has only sporadically been
reported in CNM [34-36], however recently three carriers were
described one of whom reported recurrent episodes , one of whom
also included in this study. Finally, respiratory dysfunction was
absent in AD BIN1-related CNM, in contrast with AR BIN1-related
CNM [37].

Next, half of the AR RYRI-related CNM patients (n 5)
showed signs of bulbar weakness, with dysphagia present in all
of them. Bulbar weakness was also a common feature in patients
with RYR1 mutations [5]. This was more frequent than previously
reported [38,39] and has important implications for rehabilitation.
In neuromuscular disorders, bulbar muscle weakness often results
in pharyngeal residue after swallow [40]. Post-swallow residue is
assumed to pose a risk for aspiration on subsequent swallows [41],
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and may subsequently result in reduced respiratory function [42].
Therefore, speech therapist and dieticians should provide optimal
symptomatic management. Symptoms of bulbar weakness has also
been described in research analysing the effects on the quality
of life (QoL) in patients with spinal bulbar muscular atrophy.
They also found problems with swallowing and difficulty talking
and identified numerous symptoms that affected QoL, including
previously unknown symptoms. Similar research for patients with
CNM could benefit clinical care for patients and improve potential
future clinical trials [43].

Furthermore, the assessment of respiratory function based on
spirometry and CO2 in arterial blood gas or transcutaneous pCO2
monitoring was hampered by different protocols used and many
missing data. Supine measurements were frequently missing, in
some patients because sitting FVC, FEV1 & PEF measures were
sufficiently impaired to indicate the need for respiratory support.
In addition, some patients were physically unable to perform
supine tests. Furthermore, we included PCF measurements as a test
to assess cough in patients with respiratory muscle weakness [44],
however, these data were only available in six patients. Next, the
analysis of the predicted FEV1/FVC ratio often resulted in ratios
close to or even higher than 100%, up to a maximum of 115%. This
reflects the respiratory impairment in absence of obstructive lung
disease. To overcome missing data for normalized outcomes, we
used the absolute data of our three most common parameters, FVC,
FEV1, and PEF and compared the results with previously reported
normal values for age and sex (Fig. 2). Finally, pCO2-values were
only available in 18 of the 61 patients. These tests were likely
performed less frequently because spirometry supplied sufficient
information. These observations call for standardisation in clinical
assessments of respiratory function of patients with CNM and
other congenital myopathies, which will be of importance for
quality of care and possibly also for the collection of run-in data
for future trials.

The data collection of referrals to HMV centers provided
additional interesting insights: Twenty-four patients were assessed
at an HMV-centre (39%), and 16 of them initiated HMV after this
referral (26%). We found a indicative link between ambulatory
status and respiratory dysfunction: only four ambulant (with our
without support) individuals received HMV (11%), whereas six
wheelchair-dependant individuals were on HMV (60%) [19].

This study has a number of strengths and limitations. First,
the retrospective design enabled us to include all patients known
at our centre, thus reducing selection bias and inclusion of
a wide range of outcome measures. |Other strengths are the
combination of data on respiratory and bulbar weakness, together
with spirometry values and ambulation status, as well as the close
collaboration with nationwide HMV centers. Based on our findings,
centers of expertise can start or continue collecting data on
respiratory function systematically to provide outcomes for future
studies. However, the study design led to many missing data,
including MIP/MEP values; we had anticipated this and therefore
not included these measurements in the protocol. Furthermore, the
medical history was retrieved from notes in medical files obtained
during history taking and not systematically assessed. This is also
likely to result in incomplete data. Other limitations are the fact
that this was only a Dutch cohort; that the cohort did not include
all genotypes (e.g. not AR BIN1 patients); and that there was a
large variation in measures used in the different Dutch centres.

In conclusion, this retrospective study showed that respiratory
characteristics in CNM vary greatly within and between genotypes
and individuals in the Dutch cohort. The standardisation of
respiratory testing should be promoted in clinical care and
research. This is of great importance in the light of emerging
therapies. Future natural history studies and innovative statistical
methods may help to improve the generalisability of results.



S. Bouma, N. Cobben, K. Bouman et al.
Declaration of Competing Interest

N. Voermans was PI of the phase I/Il Unite-CNM trial for
Dynacure. This has not caused a conflict of interest for this
manuscript. None of the other authors reported a conflict of
interest. The authors received no financial support for the research,
authorship, and/or publication of this article.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Acknowledgements

We would like to thank all neuromuscular neurologists
and clinical geneticists who contributed patients to our study
cohort. Furthermore, we thank Spierziekten Nederland for the
dissemination of information about this study. We also thank
Belinda Cowling from Dynacure inc. for contributing to the
discussion on respiratory function in CNM. Several authors of this
paper are members of the Netherlands Neuromuscular centre (NL-
NMD) and the European Reference Network for rare neuromuscular
diseases (EURO-NMD).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.nmd.2023.06.003.

References

[1] Jungbluth H, Wallgren-Pettersson C, Laporte J. Centronuclear (myotubular)
myopathy. Orphanet ] Rare Dis 2008;3:13.

[2] Ceyhan-Birsoy O, Agrawal PB, Hidalgo C, Schmitz-Abe K, DeChene ET,
Swanson LC, et al. Recessive truncating titin gene, TTN, mutations presenting
as centronuclear myopathy. Neurology 2013;81(14):1205-14.

[3] Jungbluth H, Treves S, Zorzato F, Sarkozy A, Ochala ], Sewry C, et al
Congenital myopathies: disorders of excitation-contraction coupling and
muscle contraction. Nat Rev Neurol 2018;14(3):151-67.

[4] Romero N.B., Bitoun M.Centronuclear Myopathies. Semin Pediatr Neurol.
2011;18(4):250-6.

[5] Wilmshurst JM, Lillis S, Zhou H, Pillay K, Henderson H, Kress W, et al. RYR1
mutations are a common cause of congenital myopathies with central nuclei.
Ann Neurol 2010;68(5):717-26.

[6] Gomez-Oca R, Cowling BS, Laporte J. Common pathogenic mechanisms in
centronuclear and myotubular myopathies and latest treatment advances. Int J
Mol Sci 2021;22(21):47.

[7] Smith BK, Goddard M, Childers MK. Respiratory assessment in centronuclear
myopathies. Muscle Nerve 2014;50(3):315-26.

[8] Beggs AH, Byrne BJ, De Chastonay S, Haselkorn T, Hughes I, James ES, et al.
A multicenter, retrospective medical record review of X-linked myotubular
myopathy: the recensus study. Muscle Nerve 2018;57(4):550-60.

[9] Graham RJ, Muntoni F, Hughes I, Yum SW, Kuntz NL, Yang ML, et al. Mortality
and respiratory support in X-linked myotubular myopathy: a RECENSUS
retrospective analysis. Arch Dis Child 2020;105(4):332-8.

[10] Biancalana V, Scheidecker S, Miguet M, Laquerriére A, Romero NB, Stojkovic T,
et al. Affected female carriers of MTM1 mutations display a wide spectrum
of clinical and pathological involvement: delineating diagnostic clues. Acta
Neuropathol 2017;134(6):889-904.

[11] Hanisch F, Muller T, Dietz A, Bitoun M, Kress W, Weis ], et al. Phenotype
variability and histopathological findings in centronuclear myopathy due to
DNM2 mutations. ] Neurol 2011;258(6):1085-90.

[12] Franken D. Neuromuscular features in XL-MTM carriers: a cross-sectional
study in an unselected cohort of females. Neurology 2022:99.

[13] Reumers SFI, Erasmus CE, Bouman K, Pennings M, Schouten M, Kusters B, et al.
Clinical, genetic, and histological features of centronuclear myopathy in the
Netherlands. Clin Genet 2021;100(6):692-702.

[14] Al-Hashim A, Gonorazky HD, Amburgey K, Das S, Dowling ]J]. Novel intronic
mutation in mtm1 detected by RNA analysis in a case of X-linked myotubular
myopathy. Neurol Genet 2017;3(5):3.

[15] Amburgey K, Tsuchiya E, de Chastonay S, Glueck M, Alverez R, Nguyen CT,
et al. A natural history study of X-linked myotubular myopathy. Neurology
2017;89(13):1355-64.

[16] Annoussamy M, Lilien C, Gidaro T, Gargaun E, Che V, Schara U, et al.
X-linked myotubular myopathy A prospective international natural history
study. Neurology 2019;92(16):E1852-E1E67.

588

Neuromuscular Disorders 33 (2023) 580-588

[17] Graham RJ, Ward E. X-linked myotubular myopathy and pulmonary blebs: not
just a muscle disorder. Muscle Nerve 2019;60(6):E36 -e8.

[18] Duong T, Harding G, Mannix S, Abel C, Phillips D, Alfano LN, et al. Use of
the children’s hospital of philadelphia infant test of neuromuscular disorders
(CHOP INTEND) in X-linked myotubular myopathy: content validity and
psychometric performance. ] Neuromuscul Dis 2021;8(1):63-77.

[19] Gangfuss A, Schmitt D, Roos A, Braun F, Annoussamy M, Servais L, et al.
Diagnosing X-linked myotubular myopathy - a german 20-year follow up
experience. | Neuromuscul Dis 2021;8(1):79-90.

[20] Lawlor MW, Dowling ]J. X-linked myotubular myopathy. Neuromuscul Disord
2021;31(10):1004-12.

[21] Smith BK, Renno MS, Green MM, Sexton TM, Lawson LA, Martin AD, et al.
Respiratory motor function in individuals with centronuclear myopathies.
Muscle Nerve 2016;53(2):214-21.

[22] Nunn AJ, Gregg I. New regression equations for predicting peak expiratory flow
in adults. BMJ 1989;298(6680):1068-70.

[23] Stanojevic S, Wade A, Stocks ], Hankinson ], Coates AL, Pan H, et al. Reference
ranges for spirometry across all ages: a new approach. Am ] Respir Crit Care
Med 2008;177(3):253-60.

[24] Pierce R. Spirometry: an essential clinical measurement. Aust Fam Physician
2005;34(7):535-9.

[25] Kouwenberg C, Bohm ], Erasmus C, van Balken I, Vos S, Kusters B, et al.
Dominant centronuclear myopathy with early childhood onset due to a novel
mutation in BIN1. ] Neuromuscul Dis 2017;4(4):349-55.

[26] Werlauff U, Petri H, Witting N, Vissing J. Frequency and phenotype of
myotubular myopathy amongst danish patients with congenital myopathy
older than 5 years. ] Neuromuscul Dis 2015;2(2):167-74.

[27] Fattori F, Maggi L, Bruno C, Cassandrini D, Codemo V, Catteruccia M, et al.
Centronuclear myopathies: genotype-phenotype correlation and frequency of
defined genetic forms in an Italian cohort. ] Neurol 2015;262(7):1728-40.

[28] Colombo I, Scoto M, Manzur AY, Robb SA, Maggi L, Gowda V, et al
Congenital myopathies: natural history of a large pediatric cohort. Neurology
2015;84(1):28-35.

[29] Natera-de Benito D, Ortez C, Jou C, Jimenez-Mallebrera C, Codina A,

Carrera-Garcia L, et al. The phenotype and genotype of congenital myopathies

based on a large pediatric cohort. Pediatr Neurol 2021;115:50-65.

Vandersmissen I, Biancalana V, Servais L, Dowling ]JJ, Vander Stichele G,

Van Rooijen S, et al. An integrated modelling methodology for

estimating the prevalence of centronuclear myopathy. Neuromuscul Disord

2018;28(9):766-77.

Lord J, McMullan DJ, Eberhardt RY, Rinck G, Hamilton S], Quinlan-Jones E,

et al. Prenatal exome sequencing analysis in fetal structural anomalies

detected by ultrasonography (PAGE): a cohort study. Lancet North Am Ed
2019;393(10173):747-57.

Verhagen AA, Janvier A, Leuthner SR, Andrews B, Lagatta ], Bos AF, et al.

Categorizing neonatal deaths: a cross-cultural study in the United States,

Canada, and The Netherlands. ] Pediatr 2010;156(1):33-7.

[33] Fouarge E, Monseur A, Boulanger B, Annoussamy M, Seferian AM, De Lucia S,
et al. Hierarchical Bayesian modelling of disease progression to inform clinical
trial design in centronuclear myopathy. Orphanet J Rare Dis 2021;16(1):3.

[34] Carstens PO, Schwaibold EMC, Schregel K, Obermaier CD, Wrede A,
Zechel S, et al. X-linked myotubular myopathy and recurrent spontaneous
pneumothorax: a new phenotype? Neurol Genet 2019;5(3):e327.

[35] Reumers SFI, Braun F, Spillane JE, B6hm ], Pennings M, Schouten M, et al.
Spectrum of clinical features in X-linked myotubular myopathy carriers: an
international questionnaire study. Neurology 2021;97(5):e501-ee12.

[36] Yabe T, Itonaga T, Kuga S, Koga H, Kusaba T, Nishida H, et al. An autopsy case
of recurrent pneumothorax and peliosis-like intrapulmonary hematoma with
X-linked myotubular myopathy. Brain Dev 2022;44(3):234-8.

[37] Pfeffer G, Elliott HR, Griffin H, Barresi R, Miller J, Marsh ], et al. Titin mutation

segregates with hereditary myopathy with early respiratory failure. Brain

2012;135(Pt 6):1695-713.

Fusto A, Cassandrini D, Fiorillo C, Codemo V, Astrea G, D’Amico A, et al.

Expanding the clinical-pathological and genetic spectrum of RYR1-related

congenital myopathies with cores and minicores: an Italian population study.

Acta Neuropathol Commun 2022;10(1):54.

Mankad ], Collins M, Thompson S, Bick D, La Pean Kirschner A. Case of

recurrent, severe rhabdomyolysis with chronic pain and dysphagia cause by

novel mutation in RYR1 gene (P5.064). Neurology 2016;86(16 Supplement)

P5.064.

van den Engel-Hoek L, Erasmus CE, van Hulst KC, Arvedson ]C, de Groot IJ,

de Swart BJ. Children with central and peripheral neurologic disorders have

distinguishable patterns of dysphagia on videofluoroscopic swallow study. ]

Child Neurol 2014;29(5):646-53.

Molfenter SM, Steele CM. The relationship between residue and aspiration on

the subsequent swallow: an application of the normalized residue ratio scale.

Dysphagia 2013;28(4):494-500.

[42] Cardasis JJ, MacMahon H, Husain AN. The spectrum of lung disease due to
chronic occult aspiration. In: Ann Am Thorac Soc, 11; 2014. p. 865-73.

[43] Guber RD, Kokkinis AD, Schindler AB, Bendixen RM, Heatwole CR,
Fischbeck KH, et al. Patient-identified impact of symptoms in spinal and bulbar
muscular atrophy. Muscle Nerve 2018;57(1):40-4.

[44] Torres-Castro R, Otto M, Puppo H, Vera R, Barros M, Vilaré ]J. Difference in
assessment of peak cough flow on healthy subjects using mouthpiece and
facemask techniques. Eur Respir ] 2013;42(Suppl 57):P1268.

[30]

[31]

[32]

[38]

[39]

[40]

[41]


https://doi.org/10.1016/j.nmd.2023.06.003
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0001
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0002
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0003
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0005
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0006
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0007
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0008
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0009
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0010
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0011
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0012
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0013
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0014
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0015
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0016
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0017
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0018
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0019
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0020
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0021
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0022
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0023
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0024
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0025
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0026
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0027
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0028
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0029
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0030
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0031
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0032
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0033
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0034
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0035
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0036
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0037
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0038
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0039
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0040
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0041
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0042
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0043
http://refhub.elsevier.com/S0960-8966(23)00151-7/sbref0044

	Respiratory features of centronuclear myopathy in the Netherlands
	1 Introduction
	2 Methods
	2.1 Patients
	2.2 Data collection
	2.3 General clinical features
	2.4 Self-reported symptoms of respiratory muscle weakness and bulbar muscle weakness
	2.5 Measured respiratory dysfunction
	2.6 Home mechanical ventilation data
	2.7 Statistical analysis

	3 Results
	3.1 Patients
	3.2 Genetic analysis
	3.3 Self-reported symptoms of respiratory muscle weakness and bulbar muscle weakness
	3.4 Measured respiratory dysfunction
	3.5 Home mechanical ventilation
	3.6 General clinical features
	3.7 Ambulation and respiratory dysfunction

	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


