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Abstract Sleep-disordered breathing (SDB) is relatively
common in general population as well as in patients with
neuromuscular disease. SDB comprises a wide spectrum of
disorders varying from simple snoring to complete closure of
the upper airway as seen in obstructive sleep apnoea (OSA). It
includes also other disorders like prolonged hypoxemia,
hypoventilation, and central sleep apnoea (CSA).
Neuromuscular diseases (NMD) form a group of disorders
that can cause significant reduction in the quality and span
of life. The involvement of respiratory system in the context
of these disorders is the most serious complication, and it is
considered as the leading cause of death in those patients.
NMD can affect ventilation, cough, swallowing, and phona-
tion. The involvement of respiratory muscles makes NMD
patients vulnerable to sleep-disordered breathing with a sig-
nificant prevalence of SDB among such patients.
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Introduction

Neuromuscular disease (NMD) is a group of disorders that
can affect any part of the nerve and muscle. These disor-
ders are subdivided into subgroups depending on the site
and the etiology of involvement. Motor neuron disease
(NMD), such as amyotrophic lateral sclerosis (ALS) and
spinal muscular atrophy (SMA), results from the involve-
ment of motor neurons in the brain, spinal cord, and pe-
riphery. NMD also includes peripheral neuropathies such as
Charcot-Marie-Tooth disease (CMT) which affects both
motor and sensory nerves. Muscles can be directly involved
in NMD resulting in muscular dystrophy (MD) such as
Duchenne muscular dystrophy (DMD) and Becker muscu-
lar dystrophy (BMD). The involvement of muscles can also
be in the form of myasthenia gravis (MG) in which neuro-
muscular transmission is affected. The predominant feature
of all these disorders is the progressive deterioration of
muscle strength. NMD can affect all muscles but the most
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serious involvement is that of the respiratory muscles which
can lead to respiratory failure. Despite the introduction of
new techniques to manage respiratory involvement in
NMD, it is still considered the leading cause of death in
this group of patients [1] . Moreover, NMD patients are
especially vulnerable to sleep-disordered breathing (SDB)
due to several factors. Although there could be some dif-
ferences depending on the type of NMD, common features
can be seen in all patients such as nocturnal hypoxemia
mainly during REM sleep. The prognosis in NMD depends
on respiratory muscle strength [2]. However, some respira-
tory indices, such as low nocturnal O2 saturation, were
found to be associated with poor prognosis [3].

Ventilation in normal subjects

The diaphragm is the main muscle involved in ventilation
as it provides almost 70% of inspiratory tidal volume (Vt)
in normal subjects [4]. External intercostal muscles and
accessory muscles play a role during deep inspiration and
in case of increased respiratory load such as during exercise
or even at rest in patients with obstructive or restrictive
lung disease [4]. Internal intercostal muscles and abdominal
muscles support exhalation and aid the cough. The patency
of upper airway is assured by bulbar muscles [4].

As illustrated in Fig. 1, the maintenance of spontaneous
ventilation is guaranteed by the balance between the work
of respiratory muscles and the respiratory load [5]. The
latter is determined by the mechanics of the lungs, thorax,
and the airway. In normal conditions, respiratory muscle
strength exceeds the respiratory load so that normal venti-
lation is preserved during rest, exercise, and sleep. Figure 1
illustrates the balance between the work of respiratory mus-
cles and the respiratory load.

Finally, PaCO2 is determined by CO2 production divided
by Alveolar ventilation [(which in turn equals minute ven-
tilation (tidal volume × respiratory rate) − dead space ven-
tilation)]. Hypercapnia can result when alveolar ventilation
cannot meet the metabolic needs. This can be seen with a
decrease in minute ventilation, an increase in dead space
ventilation or rarely an increase in CO2 production.

Respiratory muscle involvement in NMD

Respiratory muscles are almost always involved in NMD [6].
In conjunction with respiratory muscle weakness, the respirato-
ry load in NMD patients is also increased so that the previous
balance is disturbed. The increase in the respiratory load results
mainly from the following factors:

1. Patients with NMD may be unable to take deep breaths;
thus, lung expansion is significantly limited leading to
chronic microatelctasis and decreased lung compliance
[7].

2. Muscle atrophy, extra-articular contractures and intra-
articular adhesions can cause irreversible degeneration
of the joint cartilage of the rib cage leading to increased
chest wall stiffness [8].

3. The contractility of respiratory muscles can be impaired
due to spinal deformities seen in NMD patients such as
thoracic scoliosis [9].

Moreover, respiratory muscle weakness can increase the
susceptibility of the diaphragm to superimposed fatigue. A
pressure-time-index has been specifically developed for the
diaphragm. This index can be calculated as follows:

Pressure−time index ¼ T i

.
T tot

� �
� Pdi

.
Pdimax

� �

Ti inspiratory time
Ttot total respiratory cycle time
Pdi mean transdiaphragmatic pressure
Pdimax maximal diaphragmatic pressure)

Ballemare and co-workers [10] found that when this index
exceeded 0.15, the diaphragm was more likely to fatigue and
to be unable tomaintain contraction. This index also correlates
well with measurements of oxygen consumption of the dia-
phragm [11].

A pre-existing diaphragmatic weakness (decreased Pdimax)
increases this index, thus favoring the development of dia-
phragmatic fatigue. In order to avoid this, patients tend to have
a breathing pattern that minimizes inspiratory time and
transdiaphragmatic pressure (a rapid shallow breathing). This
pattern decreases the vital capacity (VC) and increases the car-
bon dioxide arterial partial pressure (PaCO2) [12].

In conclusion, with increased respiratory muscles weak-
ness and decreased lung and chest wall compliance, the ability
of patients to have an effective sigh or to breathe deeply is
diminished. This can lead to microatelectasis and in conse-
quence can create a physiologic right to left shunt. As a result,
patients can be caught in a vicious cycle that leads to increased
respiratory load. Figure 2 illustrates the vicious cycle leading
to increased respiratory load.

Fig. 1 Maintenance of spontaneous ventilation guaranteed by the
balance between the work of respiratory muscles and the respiratory load
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With advancing respiratory muscles weakness, airflow de-
creases and alveolar hypoventilation occurs with ongoing
gradual decline in VC [4] and disturbed gas exchange escorted
by ventilation-perfusion mismatch [13]. The decrease in VC
can be undetected until the pressures produced be respiratory
muscles are decreased by up to 50% of predicted value [14].
With further progression of diaphragmatic involvement and
the continuing decline in VC, patients become more suscepti-
ble to sleep-disordered breathing. Alveolar hypoventilation
appears at first during REM sleep [15].With sustained noctur-
nal hypoventilation, the control of breathing will be disturbed
and diurnal hypoventilation develops progressively [16].

The respiratory involvement in NMD results in a restrictive
defect in which VC declines before the reduction in total lung
capacity (TLC) [17]. This early decrease in VC results from
increased residual volume due to the weakness of expiratory
muscles [17]. VC is further reduced in the supine position. A
fall of VC in the supine position of more than 25%with respect
to the sitting position indicates a significant diaphragmatic
weakness and probable nocturnal hypoxemia [18].

Clinical manifestations of respiratory muscle
involvement in NMD

Some respiratory symptoms such as dyspnoea, may only ap-
pear late in the course of these disorders especially in patients
with reduced mobility [13]. Respiratory muscle involvement
can reduce cough quality, predisposing patients to respiratory
tract infections and respiratory failure [6]. Upper airway region
with its complex musculature system achieves sophisticated
functions such as phonation, swallowing, and respiration [19].
The involvement of this region can affect all these functions.
Diaphragmatic weakness can result in orthopnoea and dys-
pnoea when a subject is immersed in water. Dyspnoea when
upright can also result from intercostal muscle weakness.When
patients develop hypoventilation or SDB, they might complain
of restlessness, unrefreshing sleep, vivid dreams, poor concen-
tration, daytime sleepiness, and mood disorders. Hypercapnia

can result in headache, drowsiness, confusion, and poor appe-
tite. Table 1 illustrates the signs, symptoms, and results of pul-
monary function tests used to assess NMD patients.

Physiological changes of breathing during sleep

In normal subjects, sleep can affect respiratory system in different
aspects. First, the tidal volume (Vt) and the respiratory rate de-
crease [20]. In addition, the chemosensitivity of the breathing
control center is diminished [21], with a notable decrease in
hypoxic and hypercapnic ventilatory responses especially during
REM sleep [22]. The pharyngeal dilator activity is also reduced
[23]. These changes are accompanied by the loss of supra-
pontine neural input to the medullary respiratory pattern genera-
tor leading to reduced rhythmic and tonic activation of hypoglos-
sal and phrenic motor neurons (loss of wakefulness respiratory
drive) [24]. All these factors contribute to increase PaCO2 by 2–
4 mmHg during sleep [20]. During REM sleep, muscle atonia
causes a reduction in rib cage contribution to Vt from 44% in
wakefulness to 19% [25]. The diaphragmwhich is innervated by
the phrenic nerve is only slightly affected byREMatonia, where-
as the most suppression is seen in inspiratory laryngeal, expira-
tory pharyngeal, and inspiratory and expiratory intercostal mus-
cle activities [26].

Sleep assessment in patient with NMD

The prevalence of SDB in NMD is importantly significant. It
varies according to the type of NMD disorder and according to
the age of patients. Most of the information about SDB in NMD
children comes from studies describing DMD patients. The larg-
est study on SDB in children with DMD was that of Suresh and
co-workers [27]. They studied 32 DMD children aging from 1 to
15 years. Symptoms related to sleep were reported by 64% of
children. OSA was found in 31% of patients while
hypoventilation was found in 32%. In another study, Pincherle
and co-workers studied 40 patients with myotonic dystrophy
type 1, aged from 18 to 70 years [28]. OSA was present in
55% of patients. As the majority of neuromuscular disorders
have the tendency to progress over time, the prevalence of
SDB might grow larger in more advanced disorders. In general,
polysomnography (PSG) is the gold standard for the assessment
of SDB. As PSG is expensive and not readily available in all
hospitals, other methods to detect SDB were investigated. The
simplest way investigated to assess SDB is overnight oximetry
monitoring. Oxygen desaturation can result from OSA,
hypoventilation or other cardiovascular or respiratory diseases.
With OSA, oximetry traces can show the typical saw-tooth pat-
tern of repeated oxygen desaturation. In hypoventilation, oxime-
try traces will show periods of sustained O2 desaturation.
However, these patterns are not always present so that

Fig. 2 Vicious cycle leading to increased respiratory load
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hypoventilation and OSA cannot be accurately distinguished
from each other with oximetry alone [29]. In addition, in patients
with additional lung obstructive disease, hypercapniamay appear
before oxygen desaturation is detected. Finally it should be men-
tioned that oximetry cannot always detect REM-dependent
desaturation. For example, in ALS patients with diaphragmatic
involvement, REM sleep can be diminished or even absent [30].
Nevertheless, the British Thoracic Society guidelines for respira-
tory management of children with muscular weakness consid-
ered that oximetry alone is an acceptable technique of screening
for hypoventilation in asymptomatic children with NMD when
CO2 monitoring is not available [29].. Oxycapnography, which
involves the use of portable devices that can perform transcuta-
neous carbon dioxide measurement, can be used to monitor ox-
ygen and carbon dioxide during sleep. Periods of sustained
desaturation coupled with sustained hypercapnia during REM
sleep can suggest the presence of hypoventilation.

Some respiratory indices were also investigated as predictors
of SDB. In one study [31], Ragette and co-workers investigated
the patterns and predictors of sleep-disordered breathing in pri-
mary myopathies. They concluded that SDB was unlikely in
patients with a VC >60% of predicted. However, a VC value
<60% of predicted was associated with SBD onset with a sen-
sitivity and specificity of 91 and 89%, respectively. Patients
with VC < 40% of predicted should undergo a capnometry
for further evaluation as this value correlated with continuous
hypercapnic hypoventilation with a sensitivity and specificity
of 94 and 79%, respectively. Authors also found that a
VC < 25%was accompanied by diurnal respiratory failure with
a sensitivity and specificity of 92 and 93%, respectively.
Maximal inspiratory pressure (MIP), which is a measure of
inspiratory muscle strength, was also investigated in the same
study. An MIP value of less than 4.5 kPa (46 cm H2O) corre-
lates with SDB onset with a sensitivity and specificity of 82 and
89%, respectively. MIP of less than 4 kPa (41 cm H2O) was
accompanied by continuous hypoventilation with a sensitivity
and specificity of 95 and 65%, respectively. Diurnal respiratory
failure correlated with MIP value of less than 3.5 kPa (36 cm
H2O) with a sensitivity and specificity of 92 and 55%, respec-
tively. Another study found that in most patients with NMDs
hypercapnia did not develop until the maximal inspiratory pres-
sure at the mouth declined below 30% of normal values [14].

The level of sleep monitoring in NMD patients

According to the American Thoracic consensus statement [32],
PSGwith continuous CO2monitoring is the ideal test to evaluate
sleep in patients with Duchenne muscular dystrophy if available
(no other published consensus statements about other NMD).
When PSG is not available, overnight pulse oximetry with con-
tinuous CO2 monitoring can give a good idea about nocturnal
gas exchange but it cannot detect SDB that is not accompaniedT
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by increased CO2 or desaturation. A simple morning capillary
blood gas on arousal can refer to CO2 retention but it is not as
sensitive as continuous capnography.

Figure 3 (coupled with Table 1) illustrates the general assess-
ment of adult patients with NMD according to the National
Institute for Health and Care Excellence (NICE) published in
February 2016 [33], while Fig. 4 illustrates the general assess-
ment of children patients with NMD according to the British
Thoracic Society guidelines for respiratory management of
children with muscular weakness [29].

Treatment of respiratory involvement in NMD

NIV is considered now the cornerstone in the management of
respiratory involvement in NMD. Survival improvement with
the use of NIV was established in most types of these

disorders [22]. For example, patients with DMD, previously
known to have a median age of death of 18–20 years, might
live now till their 30s or 40s when NIV is introduced [34].In
one study [35], Mellies and co-workers found that NIV has a
positive longtime effect on nocturnal and diurnal gas ex-
change and sleep in NMD patients. They also found that in
non-DMD patients, lung function stayed fairly stable or even
improved slightly. Additionally, a relevant decline in vital ca-
pacity was always accompanied by a progression of scoliosis
in those patients. The European Federation of Neurological
Societies (EFNS) guidelines on the clinical management of
amyotrophic lateral sclerosis-revised report of an EFNS task
force [36] stated that NIV can prolong survival for months
(level A) and may improve the patient’s quality of life (level
C). Another advantage of NIV is that dysphagia might im-
prove significantly with the introduction of NIV using a
mouthpiece [37]. These favorable effects resulted in a

Fig. 3 General assessment of
adult patients with NMD
according to the National Institute
for Health and Care Excellence
(NICE) published in February
2016
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tendency to early initiate NIV before the development of di-
urnal hypercapnia. In one randomized controlled trial [38],
Ward and co-workers found that NMD patients with nocturnal
hypoventilation are likely to deteriorate within 2 years, and
that they may benefit from the introduction of nocturnal NIV
before the development of diurnal hypercapnia. In another
study [39], Villanova and co-workers found that the introduc-
tion of NIV in the presence of nocturnal hypercapnia alone

delayed the development of diurnal hypercapnia till 4–5 years
after NIV. In patients with ALS, the benefits of NIV were
more prominent in those with normal or moderately decreased
bulbar function; however, the available evidence is for offer-
ing NIV to all patients with ALS including those with poor
bulbar function [40]. In the same way, the presence of cardio-
myopathy in a patient with DMD should not delay the use of
NIV. In fact, the improvement of survival of DMD patients

Fig. 4 General assessment of
children patients with NMD
according to the British Thoracic
Society guidelines for respiratory
management of children with
muscular weakness
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during the last three decades has been directly linked to NIV in
addition to the optimal cardiac and supportive management
[41]. Finally, it should be noted that NIV settings should be
established in the sleep laboratory so that nocturnal apneas
and hypopneas could be eliminated.

Sleep-disordered breathing events in patients
with NMD

The type of SDB may sometimes reflect the distribution of
respiratory muscle dysfunction which can vary depending on
the type of NMD. When the upper airway or the intercostal
muscles are involved while the diaphragm is intact, obstruc-
tive events will predominate. On the contrary, the involvement
of the diaphragm with the associated suppression of the inter-
costal and other accessory muscles during REM sleep will
result in nocturnal hypoventilation [42]. The disturbed venti-
latory control will also contribute to the development of
hypoventilation, first during sleep and eventually during
wakefulness. Taking all these abnormalities into account,
one can expect to see central and obstructive events in addition
to hypoventilation in NMD even within the same disease
process.

Diaphragmatic or pseudocentral SDB These events repre-
sent hypopneas that are neither obstructive nor central as the
inspiratory EMG activity is present but only reduced [15]. The
lack of more specific terminology led to the use of the terms
(pseudocentral) or (diaphragmatic) to refer to these events
[43]. Actually, hypoventilation/hypopnea might be the most
common SDB in patients with NMD [22]. These events are
characterized by a saw-tooth pattern of oxygen desaturation
dips during phasic REM sleep. They result from reduced con-
tribution of the rib cage in tidal volume due to impaired inter-
costal muscle activity leading to an increase in the load on the
already weak diaphragm [44, 45]. They are considered as an
early warning sign of respiratory muscle weakness in NMD
[44].

Nocturnal hypoventilation Hypoventilation is the hallmark
of sleep-disordered breathing in NMD. As explained previ-
ously, the ability to maintain adequate ventilation depends
on three main factors: respiratory muscle strength, the load
applied on these muscles, and the adequacy of the central
drive to breathe. As all these factors might be disturbed in
NMD, such patients are at increased risk of developing
hypoventilation. With diaphragmatic involvement progres-
sion and REM-associated reduced activity of intercostal and
accessory respiratory muscles hypoventilation appears first
during REM sleep [15]. With further progression of the dis-
ease, persistent nocturnal hypoventilation can be seen in REM
and NREM sleep once VC falls to below 40% [31]. In patients

with preserved diaphragmatic function, such as those with
type 2 spinal muscular atrophy, mild hypoxemia with mini-
mally increased or even normal PaCO2 might be seen over-
night [46]. Even with normal level of ventilatory drive, some
patients cannot maintain normal PaCO2 as the normal venti-
latory drive is inadequate to face chronic inspiratory muscle
weakness [46].

The prevalence of hypoventilation in NMD varies accord-
ing to the different definitions found in the literature [47].
According to the 2012 American Academy of Sleep
Medicine (AASM) guidelines [48], hypoventilation during
sleep is present if either of the following occurs:

– An increase in the PaCO2 (or surrogate) to >55 mmHg for
>10 min.

– An increase >10 mmHg in PaCO2 (or surrogate) during
sleep (in comparison to an awake supine value) to a value
of more than 50 mmHg for >10 min.

These guidelines recommend the use of end-tidal PCO2

(PETCO2) or transcutaneous PCO2 (PTCCO2) as surrogates to
PaCO2.

In a recent study [47], authors compared the prevalence of
hypoventilation among patients with NMD according to dif-
ferent definitions of hypoventilation found in the literature.
They found that it was 4% when hypoventilation was defined
as a PTCCO2 > 55 mmHg. When defined as an increase in
PTCCO2 > 10 mmHg (in comparison to an awake supine val-
ue) to a value of more than 50 mmHg for >10 min, the prev-
alence was 9%. Other definitions were also used such as peak
PTCCO2 ≥ 49 mmHg (with a prevalence of 28%) and mean
PTCCO2 > 50 mmHg (with a prevalence of 2%). The prog-
nostic value of nocturnal hypoventilation was also studied
recently by Ogna and co-workers [49]. They found that noc-
turnal hypercapnia with daytime normocapnia seems to pre-
dict the need for homemechanical ventilation (HMV) over the
following few years. Nocturnal peak PTCCO2 ≥ 49 mmHg
was the best predictor for the initiation of HMV (with a hazard
ratio of 2.1[95%CI]).

Obstructive sleep apnea-hypopnea syndrome The risk fac-
tors for OSA in NMD patients are generally similar to those in
general population. However, some pathophysiologic features
found in NMD patients, such as bulbar dysfunction and pha-
ryngeal muscle weakness, can predispose to OSA.
Macroglossia, a known risk factor for obstructive sleep apnea
in general population, may also play a role in the pathogenesis
of OSA in NMD patients. Macroglossia can be seen in certain
NMD such as muscular dystrophies [50].

Periodic breathing and Cheyne-Stokes breathing (CSB)
This pattern of central breathing disorders is a specific form
of periodic breathing with waxing and waning amplitude of
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flow or tidal volume. It is characterized by a crescendo-
decrescendo pattern of respiration between central apneas or
central hypopneas [48]. It can be seen in NMD due to cardio-
myopathy accompanying muscle dystrophies [51] or due to
disturbed breathing control as a result of diaphragmatic weak-
ness [28].

Finally and as previously mentioned, there could be some
differences in the pattern of SDB depending on the type of
NMD. For example, in upper motor neuron lesion such as
cerebral palsy, upper airway muscles are mostly affected mak-
ing OSA the most common SDB seen in such patients. [52]. In
brainstem lesions as in Arnold-Chiari malformation, the most
affected muscles are the abdominals and those of the upper
airway. Such patients are particularly vulnerable to central
apnea [52, 53].

Noninvasive ventilation associated sleep-disordered
breathing events

NIV has shown positive effects on the span and quality of life
of NMD patients and has shown to improve SDB in such
patients. However, NIV can also be accompanied by some
SDB events.

These events are not limited to NMD patient, but the fact
that NMD is a common indication of noninvasive ventilation
makes this issue of special importance.

Air leaks Air leaks can lead to some asynchronies such as
autotriggering and prolonged insufflation [54]. They are usu-
ally associated with hypercapnia and can reduce sleep quality
[55].

Asynchrony Patient-machine asynchronies can increase
arousals and desaturations, impair sleep architecture, and re-
duce adherence to the NIV [56, 57].

Prolonged insufflations Prolonged insufflation refers to a
prolonged breath delivery by the machine which exceeds the
subject’s desired inspiratory time [54]. Usually, it is not asso-
ciated with desaturations or arousals [54]. It is more common
in NREM sleep [54].

Ineffective effort It might be the most common asynchrony
in NMD patients who use NIV [58]. It describes an effort to
breathe without subsequent breath delivery from the ma-
chine. On polysomnography, a respiratory effort is seen
without being accompanied by a pressure delivery by the
machine [59]. It is mainly seen in NREM sleep [54] and
can usually lead to reduced REM sleep [58], increased
arousals [60], and reduced tolerance of NIV [58]. In patients
with NMD, ineffective effort of breathing is usually associ-
ated with higher levels of pressure support and higher

respiratory rate, both of which can cause dynamic hyperin-
flation [58]. Lowering pressure support might correct this
disorder [60].

Conclusion

Sleep-disordered breathing seems to be common in patients
with neuromuscular diseases. These disorders can affect pa-
tients with or without noninvasive ventilation. NIV is consid-
ered now a cornerstone in the management of NMD. It should
be considered in patients with nocturnal hypoventilation even
with normal daytime PaCO2. The early introduction of NIV
was found to have positive effects on such patients. However,
NIV can be accompanied by sleep disorders that have a neg-
ative effect on patients’ quality of life. In general, NIV settings
are set empirically during wakefulness so it is highly recom-
mended that a sleep study be performed to test the validity of
these settings during sleep. Sleep assessment is very essential
in the workup of NMD patients and PSG, despite being so-
phisticated and time consuming, remains the gold standard for
the assessment and diagnosis of SDB in both NMD patients
and general population when available. The lack of ability to
perform a complete overnight sleep study with PSG should
not delay the assessment of sleep in NMD patients as other
techniques, even less sensitive, can be used.
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