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Abstract

Introduction—Individuals with X-linked myotubular myopathy (XLMTM) and other
centronuclear myopathies (CNMs) frequently have profound respiratory insufficiency that requires
support early in life. Still, few quantitative data exist to characterize respiratory motor function in
CNM.

Methods—We evaluated the reliance upon mechanical ventilation (MV), ventilatory kinematics,
unassisted tidal volumes, and maximal respiratory pressures in 14 individuals with CNMs,
including 10 boys with XLMTM.

Results—Thirteen participants required full-time, invasive MV. Maximal inspiratory pressures
were higher in subjects who breathed unsupported at least 1 hour per day than 24-hour MV users
[33.7 (11.9-42.3) vs 8.4 (6.0-10.9) cm H,0, P<0.05]. Years of MV dependence significantly
correlated with MEP (r=-0.715, P<0.01).

Discussion—Respiratory function in CNMs may be related to deconditioning from prolonged
MYV and/or differences in residual respiratory muscle strength. Results from this study may assist
in evaluating severe respiratory insufficiency in neuromuscular clinical care and research.
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INTRODUCTION

Centronuclear myopathies (CNMs) are a heterogeneous group of inherited muscle disorders
characterized histologically by a predominance of immature, centrally-nucleated muscle
fibers. Despite many similarities in the histological appearance of affected muscles, the
clinical features of CNMs are diverse with regard to age and severity of onset, pattern of
skeletal muscle weakness, and clinical manifestation.! These features differ largely based on
the underlying genetic mutation.?

The most common and severe CNM is X-linked myotubular myopathy (XLMTM), a
disorder characterized by a deficiency of the phosphatase, myotubularin. Most affected
newborns present with profound generalized weakness and typically require immediate
mechanical ventilatory support.2 While mortality approaches 50% within the first 18 months
of life, the disease is thought to be non-progressive in surviving children.* A small minority
of boys may achieve recovery of independent breathing, yet >80% of children who survive
their first year require chronic mechanical ventilation (MV).5:6

The presentation of autosomally-derived CNMs is more variable than that of XLMTM.
Autosomal dominant disorders include mutations of the genes that encode dynamin-2
(DNM2) or the ryanodine receptor (RYR1). Respiratory involvement in DNM2 myopathy
may include a weak cough and restrictive lung disease in severe cases, however external
ventilator use is infrequent. RYRL myopathy is characterized by a higher incidence of early-
onset generalized weakness, bulbar weakness, and respiratory dysfunction. Autosomal
recessive disorders include mutations in the amphyphysin 2 (BIN1) or titin (TTN) gene
sequences. Early-onset BIN1 myopathies result in a higher prevalence of respiratory
insufficiency and requirement for external support. The TTN mutation was recently
identified and appears to manifest a variable weakness pattern and progression of respiratory
symptoms.” It is estimated that approximately 30% of children with histological features of
CNM carry a mutation that has not yet been identified.1:8

There is a high prevalence of respiratory muscle involvement in CNMs, and respiratory
complications are a primary source of morbidity and mortality.* Although respiratory
muscle insufficiency is a common attribute of this diverse group of disorders, the patterns of
respiratory muscle involvement and functional limitations have not been well defined. As
new therapies become available in the future, it is crucial to prospectively evaluate the
mode, extent, and progression of respiratory motor dysfunction in CNMs. A greater
understanding of the baseline respiratory function could enhance clinical decision-making
and facilitate comparisons of function in future therapeutic studies. Therefore, the purpose
of this study is to characterize respiratory motor function in patients with CNMs.

MATERIALS AND METHODS

This study was approved by the University of Florida Institutional Review Board (IRB). Our
evaluation consisted of a history and physical examination, followed by a single session of
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respiratory muscle testing of the breathing pattern with and without mechanical ventilation
(MV) support, peak voluntary cough flow, and maximal respiratory pressures.

Participants

Individuals with a diagnosis of a CNM between the ages of 1 and 65 years were eligible to
participate. Exclusionary criteria included an active fever, presence of resting cardiac
arrhythmias, and changes in medications within the last 7 days. All participants were
attendees at a patient and family conference for CNM and XLMTM. The IRB approved
recruitment via advertisements in the pre-conference literature. Participants 18 years and
older provided their own informed consent. Assent was obtained from participants between
ages 8 and 17 years before any study procedures were performed.

In an interview with participants and their families, an extensive history was obtained,
including the onset and course of ventilatory insufficiency, medical comorbidities and
complications, time to tracheostomy, daily requirement of assisted ventilation, and use of
other respiratory adaptive aids. Families provided contact information to local providers for
the collection of relevant medical records and genetic tests.

Respiratory testing

Prior to the respiratory test session, participants with tracheostomies were suctioned. The
evaluation was conducted while subjects were seated as upright as possible. Participants
were monitored with 3-lead electrocardiography, capnography, and pulse oximetry
throughout the testing. The tracheostomy cuff was inflated when present, and a respiratory
analyzer and combined airflow/CO, sensor (CO,SMO Plus and Capnostat, Respironics,
USA) captured inspiratory and expiratory time, flow, volume, and pressure at a rate of 100
Hz. A data acquisition system (PowerLab 16/30, ADInstruments, USA) was used to record
the electrocardiogram (1000 Hz) and the chest and abdominal respiratory movements
(RespiTrace, CareFusion, USA, recorded at 200 Hz). The piezoelectric respiratory bands
were placed on the chest between the nipple line and the underarms, and on the abdomen
just above the navel. Participants acclimated to the sensors and testing environment for a
minimum of 5 minutes before recordings began. All data were recorded on a password-
protected laptop computer.

Respiratory Measurements with MV—The flow/CO, sensor was placed in series with
the ventilator circuit. The ventilator settings, breathing parameters, and respiratory
kinematics were recorded on full support for a minimum of 15 minutes, after steady state
was verified (determined by stable tidal volumes or plethysmography tracings). The
participants’ abdominal and chest movements were assessed for synchrony during full MV
support and were categorized as synchronous, partially asynchronous, or paradoxical.

Respiratory Pattern without MV—The breathing pattern and respiratory movements
were also measured during periods with the ventilator disconnected. Participants were
returned to their baseline ventilator settings once they reached any of the pre-defined
stopping criteria, which included excessive increases in heart rate or respiratory rate, drop in
oxygen saturation, emergence of arrhythmias, elevated end-tidal CO,, or general distress as
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perceived by the participant, parent or a member of the study team. If participants remained
stable at 10 minutes of unsupported, steady state breathing, they were returned to MV.
Respiratory timing was determined using the synchronized waveforms from the airflow, and
qualitative respiratory movements were again categorized according to synchrony, or partial
or complete asynchrony of chest and abdominal movement.

Voluntary Cough—After a minimum 10-minute rest on full MV support, participants
aged 7 and older were instructed to attempt to voluntarily cough while breathing
spontaneously without MV. Instructions were provided to “pretend you have something
stuck in your chest that you have to get out.” Three voluntary cough attempts were recorded
on full MV, followed by 3-5 trials while disconnected from the ventilator. Between the
unassisted attempts, participants rested for at least 2 minutes on full MV. The cough attempt
with the highest peak flow was recorded. Participants younger than 7 years did not complete
the voluntary cough maneuver, although spontaneous coughs during the recording session
were annotated. If, during the cough effort, the unassisted peak expiratory flow changed
<5% from the average of the preceding 3 control breaths, the cough was considered non-
functional.

Maximal Inspiratory Pressure—Maximal inspiratory pressure (MIP) was the most
negative pressure a participant could voluntarily generate. For the ventilator-dependent
participants, we employed the 20-second inspiratory occlusion technique first described by
Truwit and Marini for use in ICU patients® and later validated in children with acute
ventilator dependence.10 Briefly, participants were disconnected from the ventilator circuit.
A recording manometer was placed in series with a one-way valve that blocked inspiration,
and these were directly attached to the tracheostomy tube. Participants were encouraged to
attempt to exhale and inhale as forcefully as possible for 20 seconds. Peak inspiratory
pressure was typically achieved between 15-20 seconds occlusion. Three efforts were
performed and separated by 3-5 minutes rest on full MV. The best effort was reported.

Participants who were not ventilator-dependent followed ATS-ERS guidelines for maximal
inspiratory pressure from residual volume.1! Strong encouragement was provided to
generate a maximal effort. Three trials within 10% variation were attempted, and the best
effort was reported.

Maximal Expiratory Pressure—Maximal expiratory pressure (MEP) was the highest
positive pressure the participant could voluntarily generate. As with the MIP technique
above, this was assessed for ventilator-dependent participants with a 20-second period of
occlusion, this time with the one-way valve preventing expiratory flow. Participants were
disconnected from the ventilator, and the pressure transducer and one-way valve were
attached directly to the tracheostomy tube. Participants were instructed to inhale and exhale
forcefully for up to 20 seconds. During this time, lung volumes and respiratory efforts
progressively increased, and peak expiratory pressures were again typically reached between
15-20 seconds occlusion. Three efforts were recorded with 3-5 minute rests on the usual
ventilator settings between trials. The effort with the most positive pressure was reported.
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Participants who were not ventilator dependent completed standard MEP maneuvers
according to ATS-ERS guidelines.1? While using a mouthpiece and nose clip, participants
inhaled to total lung capacity, followed by a 3-second maximal expiratory effort. Testers
provided strong verbal encouragement during the maneuver. Three trials were obtained
within a 20% variation and separated by 3 minutes of rest. The best effort was reported.

Data analysis

RESULTS

Demographic and breathing pattern descriptive statistics were summarized as mean and
standard deviation, and the change in breathing pattern during unassisted ventilation was
compared using a t-test (with Bonferonni correction for multiple analyses).

Maximal respiratory pressures were compared to an age-appropriate reference.12-14 We
specifically investigated the following relationships: (1) asynchronies of respiratory
movements and unassisted tidal volume, (2) differences in respiratory motor function
stratified by the daily time spent breathing independently, and (3) relationship between
duration of daytime invasive MV dependence and maximal respiratory pressures. Sub-group
comparisons of time of independent breathing and synchrony did not meet the assumption
for normality. These comparisons were described with median (IQR) and evaluated with
either a Mann-Whitney or Kruskal-Wallis test. Distinctions in off-ventilator breathing and
paradoxical chest movements were evaluated with chi-square tests. Pearson correlation was
used to describe the relationship between the duration of MV dependence and maximal
respiratory pressures. Significance was set at P<0.05.

Fourteen individuals with CNMs consented to participate in the study. Their demographics,
genetic information, and respiratory history are summarized in Table 1. Ten participants had
XLMTM confirmed by sequence analysis. The remaining 4 received diagnoses of confirmed
DNM2 myopathy (n=1), RYR1 myopathy (n=1), CNM with unspecified mutation (n=1),
and CNM with unspecified mutation - presumed XLMTM (n=1). Participant ages ranged
between 19 months and 22 years. The majority of participants had a history of
kyphoscoliosis (n=11). One child had a diagnosis of nonspecific chronic lung disease in the
medical history provided by the primary care provider.

Ventilator use

Notably, 13 of the 14 participants used invasive MV during most or all of the daytime hours.
The remaining participant was ambulatory and required non-invasive MV only during sleep.
Most participants experienced ventilatory failure and tracheostomy at a young age, and 9
required full-time MV since birth. About half (n=7) still required 24-hour MV to support
breathing, while the others (n=6) tolerated 1 or more hours off the ventilator on a routine
basis. Five participants used an uncuffed tracheostomy tube, and the resulting large air leak
limited our ability to accurately measure volumes during full MV support. A minimal
thoracic phase lag was observed in 3 patients with severe kyphoscoliosis during the resting
MV condition.
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Unassisted breathing pattern

All of the MV-dependent participants were able to breathe independently for at least a few
minutes at a time. Due to time limitations, we only recorded up to 10 minutes of unassisted
breathing in each participant. While breathing spontaneously without the ventilator, the air
leak was <20% in all 13 of the participants who used daytime MV, and <10% in 9
participants [% air leak = (inspiratory volume — expiratory volume) / inspiratory volume].
Table 2 summarizes the observed changes in breathing parameters on removal of MV
support for the 8 patients without a cuff leak while on MV. When compared to full MV
support, the unassisted breathing pattern consisted of a significantly increased respiratory
rate and sharply lower tidal volumes for most patients. In addition to the rapid, shallow
breathing pattern, we observed thoracoabdominal asynchrony in some participants when
MV support was removed. Figure 1 illustrates that unassisted tidal volumes were generally
lower in those who demonstrated paradoxical chest and abdominal movements, yet this was
not statistically significant (Kruskal Wallis, P = 0.15). The proportion of participants with
paradoxical movements was not higher in full-time participants (X2=0.66) or in those who
were returned to MV before the maximum off-vent time (X?=0.37). No participants had to
be returned to the ventilator due to arrhythmias; the most common stopping factors were an
elevated heart rate or an increase in end-tidal CO, (from 29.2+4.1 to 33.0£4.2 mm Hg,
P<0.05).

Respiratory pressures and cough function

Maximal inspiratory pressures were below the age- and gender-predicted values in all
patients (18.8+14.2 cm H,0, 23.6+18.9% of predicted value). Likewise, maximal expiratory
pressures were also well below reference values (14.4+10.2 cm H»0, 17.0£13.2% of
predicted value). Figure 2 illustrates the maximal respiratory pressures of participants as a
function of their reported tolerance to independent breathing. The maximal inspiratory
pressure was significantly greater among participants who breathed independently for at
least 1 hour on a routine basis [24 hours MV: 8.4 (6.0-10.9) cm H,0; <23 hours MV: 33.7
(11.9-42.3) cm H,0, Mann-Whitney, P<0.05]. Conversely, the maximal expiratory pressure
did not differ based upon the daily time of unassisted breathing [24 hours MV: 6.9 (6.0—
13.0) cm H,0; <23 hours MV: 18.4 (9.2-31.1) cm H,0, Mann-Whitney, P=0.10]. Figure 3
shows the relationships between the years of MV dependence and the age-predicted
maximal respiratory pressures. Among the 13 participants who used daytime invasive MV,
duration of MV dependence did not significantly correlate with age-predicted MIP (r =
-0.482, P = 0.10). However, the duration of MV dependence was significantly related to
age-predicted MEP (r = -0.715, P<0.01). Only 2 participants were able to demonstrate a
functional voluntary cough. Peak cough flow was 130.2 L/min for the participant who used
non-invasive MV only during sleep, and the participant who underwent tracheostomy at age
16 generated a 52.3 L/min peak cough flow.

DISCUSSION

This observational study provides novel information on the respiratory function of patients
with CNM and the potential influences of growth, maturation, disease progression, and
secondary consequences of the disease. Previous observational studies of CNMs have not
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typically described respiratory motor function beyond a daily requirement for MV.2:4.15.16
In contrast, this evaluation of respiratory motor function in CNM included the following
quantitative measures: unassisted breathing pattern, maximal respiratory pressures,
generation of voluntary cough, and synchrony of thoracoabdominal movements. Respiratory
muscle function tests have been implemented safely in other MV-dependent neuromuscular
diseases,1’~19 and all of the participants similarly tolerated the procedures without
complication. While nearly all participants required full-time MV, there was considerable
variability in respiratory muscle function. This variability in respiratory muscle capacity
should be considered in experimental designs.

We found that participants who routinely spent at least 1 hour per day breathing
independently had a significantly higher MIP than participants who spent less time off the
ventilator. However, the number of years of full-time MV dependence did not significantly
predict MIP. Based upon these data, we hypothesize that a regular respiratory challenge
could preserve residual inspiratory muscle function. It is known that, in the absence of
neuromuscular disease, MV elicits rapid plasticity of the respiratory motor system. These
changes include a rapid decrease in inspiratory drive2? and ventilator-induced diaphragm
dysfunction (VIDD), which is characterized by muscle fiber atrophy and contractile
dysfunction.2! While oxidative stress and systemic inflammation assume major roles in
acute respiratory failure and VIDD, inactivity perpetuates the sequelae. In other clinical
situations, diaphragm activity, whether through reduced MV settings or specific respiratory
exercises, appears to better preserve inspiratory motor function.22-2% It is not known
whether physiological principles of VIDD and the preservation of inspiratory function with
an activity prescription are analogous in ventilator-dependent CNM. Alternatively,
genotype-phenotype associations have been reported for some genetic mutations.12 In other
words, tolerance to unsupported breathing could have been influenced independently by a
genetic mutation associated with a milder clinical presentation. Either of these scenarios is
plausible. In either case, we recommend that medically stable patients maintain their
capacity for breathing when possible to minimize deconditioning effects of continuous high-
level MV. Participants generally had a rapid, shallow unassisted breathing pattern and a low
capacity for prolonged, unassisted breathing. However, many could sustain their minute
ventilation voluntarily with a much-reduced programmed rate and pressure support
(observations on n=13). We suggest an individualized exercise prescription to encompass
short sessions of progressively reduced MV support with close physiological monitoring to
prevent fatigue and hypoventilation.

Although routine periods of unassisted breathing were associated with preservation of MIP,
we did not find this to be the case with MEP. MEP was profoundly decreased from age- and
gender-predicted reference values, and in other neuromuscular diseases it significantly
correlates with cough function.26 Only 2 participants were able to generate a functional
cough. Notably, these participants were the oldest in the study and had the highest maximal
respiratory pressures of the sample. This observation could be related to their CNM subtype;
none of the confirmed XLMTM participants coughed voluntarily (RYR1: n=1, and
unspecified CNM/presumed MTM: n=1). Another distinction is that neither participant
required daytime invasive ventilation during early infancy. While reflexive cough can be
stimulated in neonates, the airway defenses continue to mature for several months after
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birth.2” Hypercapnia and hypoxic events in early infancy alter the maturation of respiratory
control,28:29 put it is not known whether respiratory failure and invasive MV in early
infancy also influences maturation of defensive reflexes. The peak cough flows of the 2
participants were well below the 160L/min threshold for effectiveness and were associated
with chest infections in other neuromuscular diseases.3%:31 Both participants utilized assisted
coughing strategies as part of their routine pulmonary hygiene. The small number of
participants who could voluntarily cough necessitates further study in a larger sample.

Participants with paradoxical respiratory movements tended also to generate smaller
normalized tidal volumes, but this was not statistically significant. We acknowledge that not
all of the subjects were tested until failure; 7 participants did not reach the point of failure
after 10 minutes of unassisted breathing. While the prevalence of paradoxical respiratory
movements was not different in participants who were tested to failure, paradoxical
thoracoabdominal motion results in a higher work of breathing that can limit a patient’s
ability to breathe independently over the longer term.32 Asynchronous movements can be
affected by respiratory compliance, musculoskeletal deformities or contractures, or
asymmetries in the relative strength of the intercostal muscles and diaphragm. These
secondary factors may deteriorate with longitudinal growth and prolonged immobility.

Although the ventilator-dependent CNMs have traditionally been considered non-
progressive, additional respiratory muscle capacity may be lost from ongoing disuse atrophy
and increased chest wall stiffness related to MV, immobility, postural derangements, and
longitudinal growth. In other words, respiratory muscle involvement in CNMs may not be a
static state driven exclusively by the genetic mutation, and function may continue to change
over time. Evidence of this can be seen in the significant relationship between the years of
MYV dependence and MEP.

This study had several limitations worth noting. First, statistical power was likely limited by
the sample size. However, this sample represents a large sample of the living patients in the
US with CNM.2 Further, to our knowledge, this is the largest quantitative study of
respiratory motor function in this rare disease population. This report is additionally limited
by its cross-sectional design. Evaluation of the longitudinal changes in respiratory motor
function in the CNMs would lend additional strength to the study. We also understand that
biases can be introduced when using a sample of convenience. By enrolling participants at a
patient and family conference, we limited our sample to participants who were medically
stable and whose families either had the means to travel long distances to such an event or
resided near the test site. Finally, even though most participants had profound MV
dependence, it may be interpreted that the sample generally included those on the milder end
of the disease spectrum, since many infants with CNMs succumb to respiratory failure in
infancy, and others may have been too sick to travel. Therefore, the data could suggest a
somewhat different respiratory motor function than the overall population of patients with
CNM. Despite these limitations, it is our hope that these data will assist clinicians and
researchers in their efforts to systematically evaluate respiratory motor function.

Looking ahead, investigators should consider the heterogeneity of respiratory motor function
in MV-dependent participants in both clinical management and the design of clinical trials.
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It appears that some dimensions of respiratory motor function may continue to decline over
time, which could be mutation-related due to effects of MV on respiratory control or result
from secondary effects of growth and immobility. However, inspiratory function in
particular could potentially be preserved with routine activity in the form of short periods of
reduced support. Additional longitudinal examination of respiratory motor function is
indicated to further investigate influences of genetic factors, growth, MV, and spontaneous
breathing activity on year-to-year function.
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BIN1 Amphyphysin 2
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DNM?2 Dynamin-2
IQR Interquartile Range
IRB Institutional Review Board
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RYR1 Ryanodine Receptor
TTN Titin
VIDD Ventilator-induced diaphragm dysfunction
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Figure 1.
Unassisted tidal volumes of ventilator-dependent participants with CNM. Thoracoabdominal

movements were classified as fully synchronous, partially asynchronous, or fully
asynchronous (paradoxical) during unassisted ventilation. There was a trend for participants
with greater thoracoabdominal synchrony to generate smaller tidal volumes, but this
difference was not statistically significant (P = 0.15). Black circles represent participants
with XLMTM, while grey squares represent participants with other CNMs.
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Figure 2.

Maximal respiratory pressures in ventilator-dependent participants with CNM. Participants
were grouped according to their routine practice of independent breathing. (A) Maximal
inspiratory pressure was significantly higher in participants who routinely breathed without
MV for at least 1 hour daily (P<0.05). (B) Maximal expiratory pressure also trended higher
among participants with more routine independent breathing, but this difference was not
statistically significant (P = 0.10).
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Figure 3.

Relationship between duration of invasive MV dependence and maximal respiratory
pressures. (A) While predicted maximal inspiratory pressure was generally lower after
prolonged periods of mechanical ventilation, it was not associated significantly with the
duration of ventilator dependence (r = —0.482, P = 0.10). (B) In contrast, duration was
significantly associated with predicted maximal expiratory pressure (r = -0.715, P<0.01).
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Table 2

Breathing pattern on baseline mechanical ventilation and during unassisted breathing in patients with inflated,
cuffed tracheostomies (n=8). Removal of respiratory support revealed a rapid, shallow breathing pattern and
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hypoventilation for most patients.

Respiratory measure

Assisted  Unassisted P

Respiratory rate (breaths/minute) 24+9 3617 <0.01%

Inspiratory time (seconds)

Expiratory time (seconds)

Tidal volume (mL)

Tidal volume (mL/kg)

Minute ventilation (L/min)

1.02+0.24  0.78+0.24 0.10
1.49+0.56  1.05+0.20 0.07
2724127 74+35 <0_005*

9.5+£2.0 3.3x2.7 <0.005"

5.6+1.7 2.7+1.3 <0.01*

*
Reached statistical significance
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