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Abstract: Sleep disordered breathing (SDB) in children with neuromuscular disease (NMD) is more
prevalent compared to the general population, and often manifests as sleep-related hypoventilation,
sleep-related hypoxemia, obstructive sleep apnea, central sleep apnea, and/or disordered control
of breathing. Other sleep problems include, sleep fragmentation, abnormal sleep architecture, and
nocturnal seizures in certain neuromuscular diseases. The manifestation of sleep disordered breathing
in children depends on the extent, type, and progression of neuromuscular weakness, and in some
instances, may be the first sign of a neuromuscular weakness leading to diagnosis of an NMD.
In-lab diagnostic polysomnography (PSG) remains the gold standard for the diagnosis of sleep
disordered breathing in children, but poses several challenges, including access to many children
with neuromuscular disease who are non-ambulatory. If SDB is untreated, it can result in significant
morbidity and mortality. Hence, we aimed to perform a comprehensive review of the literature of
SDB in children with NMD. This review includes pathophysiological changes during sleep, clinical
evaluation, diagnosis, challenges in interpreting PSG data using American Academy of Sleep (AASM)
diagnostic criteria, management of SDB, and suggests areas for future research.

Keywords: neuromuscular disease; obstructive sleep apnea; hypoventilation; non-invasive mode
of ventilation

1. Introduction

Sleep disordered breathing (SDB) in children with neuromuscular disease (NMD) is
highly prevalent compared to the general population. In a study, Labanowski et al. showed
that at least 42% of patients with NMD (only 16% children; with specific NMD diagnoses:
myasthenia gravis, myotonic dystrophy, Duchenne muscular dystrophy, inflammatory
myopathy) at a NMD clinic in New Mexico (altitude 1500 m) had a respiratory disturbance
index of more than 15 [1], which was a higher estimate compared to the general population
in the late 1990s. Although this is overall higher than the general population, the prevalence
of SDB varies based on the type of NMD and the degree of neuromuscular weakness.

SDB manifests as sleep-related hypoventilation, sleep-related hypoxemia, obstructive
sleep apnea (OSA), central sleep apnea (CSA), and/or disordered control of breathing [2].
Other sleep problems include, sleep fragmentation, abnormal sleep architecture, and
nocturnal seizures in children with certain neuromuscular diseases [3]. The manifestation
of sleep disordered breathing in children depends on the extent, type, and progression of
neuromuscular weakness, and in some instances it may be the first sign of a neuromuscular
weakness leading to diagnosis of an NMD [4]. The natural history of SDB is variable
from one disease to another, and from patient to patient depending on the genotype and
phenotype of the NMD [2]. For example, children with DMD often present with SDB such
as obstructive sleep apnea, and then develop hypoventilation during sleep and eventually,
diurnal respiratory failure as neuromuscular weakness progresses [5].
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2. Methods

Using PubMed as our primary search engine, relevant articles with the search phrases
related to the topic of interest, including, “sleep-disordered breathing in children with

i

neuromuscular disease”, “obstructive sleep apnea and Duchenne muscular dystrophy”,

vou

“sleep-disordered breathing and Duchenne muscular dystrophy”, “spinal muscular atrophy

and sleep disordered breathing”, “ventilation in children with neuromuscular disease”,
“outcomes and ventilatory support in children with neuromuscular disease”.

3. Pathophysiology of SDB in Children with NMD

In a typically developing child without NMD, during non-rapid eye movement
(NREM) sleep, there is decrease in minute ventilation, ventilatory response to hypoxia
and hypercapnia, and in the tonic activity of the pharyngeal dilator muscles of the upper
airway [3]. The above changes, result in a reduction in tidal volume, an increase in PaCO,
(2-6 mmHg from baseline awake PaCO,) from awake baseline values, and an increase
in upper airway resistance, respectively (Figure 1) [5,6]. Typically developing children
without NMD are able to overcome the above changes due to inherent muscular strength,
maintaining optimal gas exchange and supporting various body functions during sleep.
However, in children with NMD, the above changes are more pronounced, resulting in gas
exchange abnormalities, such as, hypoxemia and hypercarbia, due to decreased pulmonary
reserve from respiratory muscle weakness [3]. This is also further exacerbated if the patient
has a baseline decrease in pulmonary reserve from spine curvature abnormalities, such as
kyphosis, due to respiratory muscle weakness, and increased respiratory load from central
obesity [3]. Furthermore, children with co-morbid conditions in addition to underlying
NMD, such as, macroglossia, adeno-tonsillar hypertrophy, cranio-facial malformations
(retrognathia, micrognathia) and crowded oropharynx, are at higher risk of increased upper
airway resistance during sleep [7]. Children with bulbar neuromuscular weakness may
have difficulty maintaining a potent airway while asleep, and as a result worsening the
baseline gas exchange abnormalities during sleep [3].
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Figure 1. Pathophysiology of sleep in children with NMD. Up arrows indicate increase and down
arrows indicate decrease.

In rapid eye movement (REM) sleep, we are dependent on the diaphragm for inspira-
tion as there is atonia of the skeletal muscles of respiration (especially, inspiration—external
intercostal muscles) [2]. Hence, children with NMD who have diaphragm weakness, are at
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higher risk for gas exchange abnormalities during REM sleep. Often, the natural history
in most children with NMD is due to gas exchange abnormalities in REM sleep first, if
diaphragm weakness is predominant, followed by abnormalities in NREM sleep, and even-
tually to diurnal/awake gas exchange abnormalities [8]. The initial response to hypoxemia
and hypercapnia is a higher arousal index, which results in decreased total sleep time,
poor sleep quality and sleep fragmentation [5]. This in turn results in daytime fatigue
and sleepiness. Over time, with persistent sleep deprivation and sleep fragmentation, the
chemoreceptor response to hypoventilation is diminished, and therefore, hypoventilation
persists. With progressive weakening of respiratory muscles and diminished chemoreceptor
sensitivity to carbon dioxide, daytime hypoventilation ensues [3].

4. Clinical Features

Typical symptoms associated with SDB include, snoring, pauses in breathing followed
by episodes of gasps for air, frequent awakenings, nocturia, night sweats, and unrefreshed
sleep. Some children may also have associated daytime consequences such as, difficulty
with attention and concentration. Children, unlike adults, can present with failure to thrive
or obesity, due to untreated OSA. Like children who are otherwise healthy, children with
NMD can have OSA, due to adenoidal and tonsillar tissue hypertrophy, and therefore,
a thorough clinical exam of the visible upper airway is important [7]. Other physical
exam findings include, macroglossia relative to the oral cavity, lingual myopathy, crowded
oropharynx [3].

Common screening questions for nocturnal hypoventilation in clinical settings include
presence of early morning headaches and excessive daytime sleepiness [9]. Excessive
daytime sleepiness could be because of poor-quality sleep, due to frequent nighttime
awakenings, which in turn could be from physical discomfort, dyspnea, respiratory events
(obstructive apneas/hypopneas, central apneas), hypoxemia, hypoventilation and/or
spontaneous/non-specific in nature. Often, children with NMD also experience tired-
ness/fatigue from neuromuscular weakness, and therefore, can be confused and over-
lapped with a symptom of daytime sleepiness. Hence, differentiation between fatigue and
sleepiness is important. Children with hypoventilation also have reported vivid dreams and
frequent nightmares [10], and therefore, provide subtle signs to guide further management
strategies.

5. SDB, Specific to Type of NMD

As highlighted above, the extent of SDB and hypoventilation is dependent on the type
and progression of NMD. In children with muscular weakness, such as, Duchenne muscular
dystrophy, a bi-modal distribution is seen. In the earlier age group where respiratory muscle
function is preserved, they tend to present with OSA which is further exacerbated by excess
weight gain, which is a therapeutic side effect from chronic steroid therapy. In the older
children, as respiratory muscle weakness worsens, then, hypoventilation ensues [11]. On
the other hand, children with myotonic dystrophy type 1 exhibit daytime sleepiness that
is likely multifactorial: untreated SDB, elevated periodic limb movement index, central
alveolar hypoventilation, and potentially a central cause for daytime sleepiness. The
SDB described in children with myotonic dystrophy type 1 is typically a combination of
obstructive sleep apnea and central sleep apnea [12,13]. In adults with neuromuscular
weakness and severe cardiomyopathy with heart failure, a central type of sleep disordered
breathing pattern has been reported but not commonly in children with cardiomyopathy [4].

Children with a neuro-muscular junction abnormalities, such as myasthenia gravis,
have been reported to have OSA and central sleep apnea (CSA), due to upper airway
muscular weakness and can progress to fulminant respiratory failure if not treated [2].

Children with a peripheral neuropathy, such as, Charcot Marie Tooth disease, are
at higher risk of SDB, primarily OSA, suggested to be due to phrenic and pharyngeal
neuropathy. The exact mechanism for SDB is unclear [2].
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In children with lower motor neuronopathies, such as, spinal muscular atrophy (SMA),
SDB has been reported. Chacko et al., performed a prospective cohort study in children
with SMA type 1 to 3 under the age of 19 years and described the PSG findings [14].
They reported an increase in respiratory events in REM sleep compared to NREM sleep
across all types of SMA, and this is likely due to the weakness in the skeletal muscles of
respiration, external and internal intercostal muscles. Both central and obstructive events
(central > obstructive) were more common in SMA type 1. Mixed sleep apnea was seen in
SMA types 1 and 2 [14].

Children with upper motor neuronopathies, typically due to hypoxic encephalopathy,
are at higher risk of SDB, due to abnormal tone of the upper airway muscles and decreased
pulmonary reserve due to impaired airway clearance and weakness of the respiratory
muscles to support the thoracic cage [2].

In children with brainstem abnormalities, such as, Arnold Chiari malformation and
myelomeningocele, the respiratory drive may be affected as the respiratory control centers
are located in the brainstem. Therefore, they tend to have a predominance of central events
compared to obstructive events. Lastly, children with spinal cord injuries, are also at high
risk of SDB depending on the level of spinal cord involvement (incomplete or complete) [2].
Both, OSA and CSA, are highly prevalent in patients with spinal cord injuries, and severity
is higher in those with complete spinal cord injuries [15,16]. Those with cervical cord
injuries, specifically, above C4, have weakness of the diaphragm resulting in respiratory
insufficiency while awake as well [15].

6. Evaluation of SDB in Children with NMD

The clinical features of SDB in children with NMD are not specific to a particular
SDB, and children with SDB can be asymptomatic during the daytime [11]. There are also
no questionnaires currently available that are validated for children with NMD to assess
for SDB. However, sleep quality has been assessed in a natural history study using the
Pittsburg Sleep Quality Index (PSQI) in children with DMD that was led by the Cooperative
International Neuromuscular research group. They showed that poor sleep quality assessed
using PSQI independently correlated with decreased FVC and increased body weight,
however correlation with presence and severity of SDB was not assessed [17]. Therefore,
an objective evaluation by performing a polysomnography (PSG) in a pediatric sleep
laboratory to further characterize the type and severity of SDB, and abnormalities during
sleep, is required [18]. Although obtaining a PSG in real-time would be ideal, it is often not
possible as there are several challenges, therefore, surrogate tests are in demand to diagnose
and characterize SDB in children with NMD. However, there has not been a surrogate test
that has shown to accurately diagnose SDB. Some of the surrogate tests commonly used,
include, pulmonary function test (PFT), nocturnal oximetry and nocturnal capnography
monitoring [18].

6.1. Pulmonary Function Tests (PFT)

PFTs are often readily available and accessible in most NMD centers. Frohlich et al.,
performed a retrospective chart review on 50 children with progressive NMD in a single
center tertiary care children’s hospital in Australia [19]. They found a statistically significant
association between hypoventilation during sleep and FVC less than 60% predicted (using
Global Lung Initiative reference equations) and a z-score less than —3.24. The sensitivity
was 78% and specificity was 73% for FVC < 60% predicted or z-score < —3.24 to predict
presence of hypoventilation during sleep. They also demonstrated scoliosis as a factor that
predicted hypoventilation during sleep. Similar results were reported in another cohort
of children with progressive NMD in Canada [20]. In addition, they showed an increase
in residual volume and total lung capacity and a decrease in respiratory muscle function
after a year following onset of hypoventilation during sleep [20]. PFT parameters currently
serve as tests that help with counseling parents and children with NMD to obtain a PSG to
screen for SDB, including sleep related hypoventilation [21].
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6.2. Overnight Oximetry

Overnight oximetry is used as a surrogate diagnostic tool for SDB [18]. The diagnosis
is based on the pattern of oxyhemoglobin desaturations and the duration of time spent with
SpO;, < 90% in children [22]. Typically, if OSA is the predominant clinical process, then a
‘saw-toothed” pattern will be seen with the desaturations, as most desaturations will return
to baseline following an apneic or hypopneic event. If hypoventilation is the predomi-
nant clinical process, then a more sustained desaturation is typically seen (Figure 2) [23].
However, hypoventilation can continue to exist despite normal oxyhemoglobin saturations,
hence, emphasizing the importance of capnography. Other limitations include, variability
in signal averaging times and artefacts related to poor perfusion, and/or movement [3].

Awake — — r— —]
REM -| —_— _|
Stage T —_ - L—[. —_—

Suge 1 1 1

o -

BB P8 5 © 7 s ® L0

10:64 P 11:54 PM 12:54 AM 1:54 AM 284 AM 354 AM e
on
A
cA
cH
o
RERA

{ U R [N TR T SN [N TN TN TN TR T T T T T N T —————

S W [N SN B S BN B Sume Conw Dum Guw B G (e R S e SEm S e m |

EXT T H M L] H H A

1084 PM 164 M 12154 A 1554 AM 2:54 AM 3:54 AM 454 A

Ly pnidl i t--.-‘pl'n- gy i bl .,u,..-.uwi. _

.

0
b
| U NS N N O ) N I N O O O Y O O O R I T A o |
- U N N NN N NN I N N N B B R [ B B N [ R RN R | 3
08 P 4 5 . 7 8 ® !(‘Il'll_
10:54 PM 11:54 P 12:54 AM 1:54 AM 284 AM 3:54 AM 4540
100
0
: 4
£*]
i _ o LR e
3 w 4
%
8
20
e S— { : % : 4
L H - , . * .63 A
10:54 PV 11:54 P 12:54 AM 1:54 AN 2:54 AM 354 AM 454 A

Figure 2. Sleep stages, respiratory events, pulse oximetry and transcutaneous capnography data
taken from the hypnogram of a 17-year old teenager with Duchenne muscular dystrophy who
underwent an overnight in-laboratory polysomnogram in room air. The above figure illustrates
the hypnogram, consisting of sleep stages, respiratory events, trends of pulse oximetry and tran-
scutaneous capnography data of a 17-year old teenager with Duchenne muscular dystrophy who
underwent an overnight in-laboratory polysomnogram in room air. The red arrows indicate sustained
desaturations (lowest SpO, was 84%) and CO, retention during REM sleep. There were obstructive
hypopneas (OH indicated as the green vertical line) and one obstructive apnea (OA indicated as
the red vertical line) that were associated with oxyhemoglobin desaturations and hypercapnia. Ab-
breviations: REM—rapid eye movement, OA—obstructive apnea, MA—mixed apnea, CA—central
apnea, CH—central hypopnea, OH—obstructive hypopnea, RERA—respiratory effort related arousal,
SpO,—Oxyhemoglobin saturation, tcpCOp;—transcutaneous carbon dioxide, mmHg—millimeters of
Mercury, L Off- lights off, L On—lights on.
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6.3. Capnography

Sleep-related hypoventilation has been defined by the “American Academy of Sleep
Medicine Manual for the Scoring of Sleep and Associated Events” released in 2007, as PCO, (ar-
terial PCO, or surrogate marker) above 50 mmHg for more than 25% of total sleep time [24]. In
clinical practice, we use transcutaneous or end-tidal CO, monitoring as part of a polysomnog-
raphy to provide the above measure. However, due to the difficulties in obtaining an in-
laboratory polysomnography, ambulatory transcutaneous capnography has been studied as a
surrogate diagnostic test to evaluate for sleep related hypoventilation [25-27].

Felemban et al. and Griffon et al. showed ambulatory transcutaneous capnography
was feasible but did not study diagnostic accuracy for sleep related hypoventilation [26,27].
Shi et al., on the other hand, showed that ambulatory transcutaneous capnography had
poor diagnostic accuracy compared to end-tidal CO, or transcutaneous CO, monitoring
performed by an in-laboratory polysomnography; however, all families preferred ambu-
latory monitoring compared to in-laboratory evaluation [25]. Hence, further studies are
required to improve diagnostic accuracy of ambulatory transcutaneous capnography as this
would increase access to reliable diagnostic modalities for sleep related hypoventilation in
children with NMD.

6.4. Polysomnography

PSG with capnography performed in a sleep laboratory is considered and remains
the gold standard in the diagnosis of SDB in children with neuromuscular disease [18]. In
addition to providing a diagnosis, a polysomnography also aids in providing information
to aid clinicians to initiate the appropriate respiratory support [28]. This is especially
important in considering initiation of respiratory support in a child who is unable to
perform pulmonary function tests.

In most pediatric sleep centers, PSG provides information regarding sleep stages,
sleep fragmentation, obstructive apnea hypopnea index, central apnea index, respira-
tory rate, periodic limb movement index, single lead EKG data, SpO, data, end-tidal
CO,/transcutaneous CO,, and presence/absence of abnormal behavior during sleep [24].
The emphasis on capnography, either measured as end-tidal carbon dioxide or/and tran-
scutaneous carbon dioxide, is very important in formulating an appropriate treatment plan
regarding choice of respiratory support [18]. The sleep study is then reviewed and scored
based on the criteria published on the “American Academy of Sleep Medicine Manual for
the Scoring of Sleep and Associated Events” [24]. One of the challenges in scoring respi-
ratory events in children with neuromuscular weakness is the lack of thoraco-abdominal
paradox due to muscle weakness during an obstructive event and therefore, can mimic a
central event [5].

Despite valuable information obtained using an overnight PSG, there are several
challenges and limitations regarding access to in-laboratory polysomnography [18]. To
state a few: limited access to pediatric sleep laboratories which can be more challenging to
a child with NMD who is non-ambulatory; high wait times to see a pediatric sleep and/or
pulmonary provider; patient’s sleep at a laboratory may not be representative of their
sleep at home, inability to achieve REM sleep, inability to fall asleep in an environment
outside home, inability to tolerate the various PSG sensors/monitors; inability to fall asleep
due to co-existing sleep disorders such as, insomnia, circadian rhythm disorders [29,30].
An ambulatory polysomnography with capnography would be ideal, but currently not
clinically validated for use in children [29]. Reassuringly, there are a few promising groups
studying the utility of ambulatory polysomnography, which would be clinically useful and
helpful to patients with NMD in the future.

7. Management
7.1. Non-Invasive Ventilatory (NIV) Support

Depending on the type and severity of SDB and severity of hypoventilation (if present),
non-invasive ventilatory (NIV) support can be initiated as continuous positive airway
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pressure (CPAP), bilevel positive airway pressure (BPAP) support, or volume ventilator
support [31]. If there is clinical evidence of respiratory muscle weakness and/or hypoventi-
lation, then initiation of BPAP with a back-up rate or use of a volume ventilator support is
recommended, to optimize ventilation. CPAP therapy alone is considered inappropriate in
children with NMD and respiratory muscle weakness, as it does not support ventilation
and may further stress respiratory muscles worsening fatigue.

In addition to providing the optimal NIV settings; selection of the right mask and fit
is also important [31]. A nasal mask is recommended instead of a full-face mask, as there
is higher risk of aspiration due to inability of the child with neuromuscular weakness to
remove the full-face mask in the event of vomiting. Despite a need to find the optimal mask
fit, there are very few models available for the pediatric population, therefore finding an
appropriate mask is often challenging. There is also a risk for facial deformations such as,
mid-face hypoplasia with use of nasal masks, especially in children when NIV is initiated
in the pre-pubertal years. Other side effects from long term NIV use include: dryness in
the eyes, nose or mouth, skin rash or irritation, nasal congestion, sinus infections, and/or
aerophagia especially with BPAP use [32]. Continued follow-up after initiation of NIV can
help screen for commonly seen side effects and treat them in a timely manner. In children
with NMD, who also have diurnal hypoventilation, then NIV can still be used to provide
ventilatory support continuously [3]. Depending on the patient, NIV support can be given
in the form of mouthpiece ventilation during the daytime, and at night, without using
tracheostomy [3,31]. However, swallowing and secretions control require to be preserved
while initiating mouthpiece ventilation. If not, NIV can still be provided continuously via
nasal mask [33].

There are no established clinical criteria for initiation of NIV support, however, specific
NMD groups have their own clinical guidelines. For example, the indications for initiation
of non-invasive support for a child with DMD include end-tidal carbon dioxide (ETCO;)
or transcutaneous carbon dioxide (TCPCO,) 50 mmHg or more for at least 2% of total sleep
time, 10 mmHg or higher increase of end-tidal carbon dioxide or transcutaneous carbon
dioxide 10 mmHg from awake baseline, if SpO, 88% or lower for at least 2% of total sleep
time or >5 min continuously, or an apnea-hypopnea index of >5 events/hour [22]. Another
group of conference participants recommended initiation of NIV when there are symptoms
of abnormal gas exchange and one of the following: PCO, > 45 mmHg, SpO, < 88% for
>5 min continuously during sleep, or maximal inspiratory pressure < 60 cm of water or
forced vital capacity (FVC) < 50% predicted [21]. There are recommendations provided
based on data obtained from queries to experts in the field of NMD and the respiratory
system, as randomized controlled trials are difficult to perform due to a variety of reasons,
most importantly including, ethical considerations, and low sample size.

Despite presence of objective indicators to initiate NIV, initiation of NIV too early or
before onset of symptoms, can result in poor adherence to NIV [33]. Moreover, children with
NMD who are non-ambulatory, often do not have a daily /bedtime routine that they follow,
and as result have difficulty including NIV in their routine unless clinically symptomatic.
Hence, initiation of NIV with onset of nighttime /daytime symptoms in addition to the
presence of gas exchange abnormalities during sleep is considered to be reasonable time
to initiate NIV support [3]. A randomized controlled trial performed by Ward et al. in
children and adults with congenital NMD or those with chest wall disease and vital
capacity that was less than 50% predicted who had nocturnal hypoventilation and daytime
normocapnia, were randomized to a group that received NIV and to a control group that
did not [34]. However, there was a third group that was created to support patients with
NIV in the control group if they developed any one of the following: worsening nighttime
symptoms, daytime hypercapnia, recurrent respiratory tract infections (>3 episodes per
year), poor growth resulting in failure to thrive and acute respiratory failure resulting
in a hospitalization. All study participants were followed for 24 months, and only one
patient in the control group did not need NIV support at the 24-month follow-up, and
this patient had congenital scoliosis and not a NMD per se, which may have delayed need
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for NIV initiation. About 70% of patients in the control group who completed the study,
required initiation of NIV within 12 months of diagnosis of nocturnal hypoventilation.
However, two of the patients refused NIV support and developed respiratory failure within
12 months. Hence, this study showed that diurnal hypercapnic respiratory failure ensued
within 12-24 months of onset of nocturnal hypoventilation. This can used as a point of
discussion with patients of NMD and their family members when considering initiation of
respiratory support as their disease progresses.

Once NIV has been initiated, a titration PSG or close bedside monitoring is recom-
mended to guide optimal settings [18]. Since an intrinsic lung disease is not expected
to be present in a child with NMD, the goal is to titrate settings to achieve an ETCO,
or TCPCO, between 35 and 45 mmHg and SpO, > 95% without use of supplemental
oxygen [3]. Although the main goals are to optimize gas exchange abnormalities, decrease
cardiac afterload, correct SDB and normalize sleep architecture, the goal to improve overall
quality of life, cannot be more emphasized. This was further elucidated by a qualitative
study performed in children with DMD, who had used respiratory support (mainly iron
lung) to support breathing during sleep [35]. They reported that most caregivers chose the
respiratory support as more of a comfort measure rather than in the hopes of extending life
as most NMDs are progressive or irreversible. This, however, will need to be re-evaluated
as more disease modifying therapies are now available, and many are being studied. Hence,
an informed discussion with families regarding long term ventilation is very important
before initiating NIV support in children with NMD.

Several studies have shown a positive impact of using NIV on the clinical outcomes in
children with NMD. A retrospective review of 835 patients with DMD at a NMD center
in Naples, Italy, performed by Passamano et al. [36], revealed a statistically significant
improvement in the survival rate among DMD patients born between 1981 and 1990,
compared to the patients born between the 1961 and 1970 cohort, and between the 1971 and
1980 cohort. This was attributed to improved airway clearance techniques, introduction of
NIV, and cardiomyopathy management. The average age for respiratory related deaths
was significantly lower in the NIV group (average age 27.9 years; range 23 to 38.6 years
of age) compared to the non-NIV group, which was 17.7 years (range 11.6 to 27.5 years)
in the non-NIV group. A recent systematic review and meta-analysis on the outcomes of
children (0 to 18 years of age) with NMD using long-term NIV support [37], showed a
decrease in mortality compared to supportive care, except in children with SMA type 1,
where invasive mode of ventilation had decreased mortality compared to NIV. However,
children with SMA type 1 who received nusinersen, had a similar mortality rate for the NIV
and invasive mode of ventilation groups. Katz et al. also demonstrated a decrease in the
hospitalizations with initiation of NIV compared to pre-NIV initiation as the participants
served as their own control. The study also showed improvement in the AHI, TC PCO,
levels and desaturation episodes [38]. Similar trends were seen in the cohort analyzed by
Dohna-Schwake et al. from Germany, including a decrease in the number of respiratory
tract infections, including the ones needing antibiotic use, and also an overall decrease in
the hospitalization rates [39]. In a cohort of children with SMA type 1, the investigators
reported to be able to prevent pectus excavatum by using positive inspiratory pressures
and positive end-expiratory pressures, which is promising [40].

With more and more disease modifying drugs being available for pediatric NMDs,
this may reverse the disease process and improve respiratory muscle strength. Hence,
recently, Gurbani et al., have postulated NIV and invasive ventilatory support weaning
strategies in the children with improvement in respiratory muscle strength [28]. This is
a great accomplishment for both the children and families with NMD and researchers in
this field.

Although NIV has proven to show positive outcomes in children with NMD, adher-
ence to NIV remains an issue. Hurvitz and Sunkonkit et al. [41], have shown through
a retrospective analysis of data collected from three major centers caring for fifty-nine
children with DMD and on NIV. They found that those who were older, had a lower FVC,
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and those who were not on deflazacort were associated with adherence to NIV, but were
not statistically significant when included in the multivariable analysis. Hence, further
studies are required to study factors that influence adherence to NIV.

7.2. Ventilatory Support via Tracheostomy

In those children with NMD who are unable to successfully adapt to NIV due to vari-
ous reasons: poor mask fit, inability to tolerate pressures, very poor NIV adherence in the
setting of gas exchange abnormalities while awake, patient preference, inability to control
oral secretions with very high risk of aspiration, tracheostomy can be used to provide
ventilatory support maybe considered [31]. Tracheostomy placement requires additional
caregiver training, which can take several weeks of inpatient hospital stay to accomplish.
The patients also became less independent and more dependent on caregivers for routine
respiratory care, including airway clearance. Phonation also becomes challenging but can
be established in some patients with a speaking valve [31]. The patients are also at higher
risk for respiratory arrest due to mucus plugging.

8. Conclusions and Future Research

SDB is highly prevalent among children with NMD, and therefore utilizing appropriate
screening measures and initiating appropriate respiratory support are important to improve
outcomes and quality of life. As more disease modifying therapies are becoming more
available and accessible, the natural history of children with NMD is likely to change
and therefore, modifications to existing clinical guidelines would be necessary. Some
children with progressive NMD still do not have disease modifying therapies, and therefore,
continued surveillance and early discussion of goals of care continue to remain necessary.
There is also a need for advancements of precision medicine in this field to help tailor
to the needs of every patient as the natural history, severity of muscular weakness, and
resultant disability are variable from one NMD to another, and also variable from one
patient to another.
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