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Abstract: Pompe disease is an autosomal-recessive lysosomal storage disorder characterized by
progressive myopathy with proximal muscle weakness, respiratory muscle dysfunction, and
cardiomyopathy (in infants only). In patients with juvenile or adult disease onset, respiratory muscle
weakness may decline more rapidly than overall neurological disability. Sleep-disordered breathing,
daytime hypercapnia, and the need for nocturnal ventilation eventually evolve in most patients.
Additionally, respiratory muscle weakness leads to decreased cough and impaired airway clearance,
increasing the risk of acute respiratory illness. Progressive respiratory muscle weakness is a major
cause of morbidity and mortality in late-onset Pompe disease even if enzyme replacement therapy
has been established. Practical knowledge of how to detect, monitor and manage respiratory muscle
involvement is crucial for optimal patient care. A multidisciplinary approach combining the expertise
of neurologists, pulmonologists, and intensive care specialists is needed. Based on the authors’ own
experience in over 200 patients, this article conveys expert recommendations for the diagnosis and
management of respiratory muscle weakness and its sequelae in late-onset Pompe disease.
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1. Introduction

Empirical data on the management of respiratory muscle weakness in adults with Pompe disease
are scarce. Clinical recommendations for the care of patients with Pompe disease do not specifically
focus on respiratory issues and standard practice is largely based on guidelines covering chronic
respiratory failure in neuromuscular disease (NMD) in general [1–4]. A recent, more disease-specific
publication provides only limited coverage of practical aspects such as cough assistance, respiratory
muscle training, and ventilation techniques [5]. Lack of treatment guidelines has led to the adoption of
heterogeneous, often local standards of practice. The low prevalence of Pompe disease makes it difficult
to establish a national or international consensus. In order to create comprehensive recommendations
for diagnosis and management of respiratory muscle weakness, the Pompe Disease Respiratory
Care Working Group was formed in 2013, bringing together experts from various clinical disciplines.
The following recommendations provide practical, technical, and, wherever possible, disease-specific
guidance for physicians who care for patients with late-onset Pompe disease (LOPD).

2. Background

Pompe disease is an autosomal-recessive lysosomal storage disorder caused by α-1,4-glucosidase
(GAA) enzyme deficiency. Prevalence ranges between 1:40,000 and 1:100,000 [6]. GAA dysfunction
results in accumulation of glycogen in skeletal and smooth muscle cells, hepatocytes, endothelial cells,
and central nervous system neurons [7]. GAA activity below 1% is associated with early-infantile
disease onset, cardiomyopathy, cardiorespiratory failure, and early death if enzyme replacement
therapy (ERT) is not initiated [8]. Partial reduction of GAA enzyme activity is associated with
late-childhood, juvenile, or adult disease onset, which is mainly characterized by progressive
weakness of the limb girdle and axial muscles. In this article, the term “late-onset Pompe disease”
(LOPD) comprises virtually all disease subtypes other than early-infantile. In LOPD, respiratory
muscle dysfunction may precede limb girdle weakness, and ventilatory support is indicated prior to
wheelchair dependence in about one-third of patients [9]. Affected respiratory muscles comprise the
diaphragm in particular, but also the upper airway, and intercostal and abdominal muscles in advanced
disease [10–12]. Recent evidence shows that diaphragmatic dysfunction cannot only be attributed to
myopathic changes but also to accumulation of glycogen in cervical anterior horn cells and alterations
of both phrenic nerve fibers and neuromuscular junctions, respectively [13,14]. Thus, therapeutic effects
of ERT on diaphragmatic function may be limited since partial clearance of glycogen from myocytes
may be counterbalanced by persisting neuronal pathology. However, long-term ERT has been shown to
slightly improve forced vital capacity in patients with LOPD [15,16]. In untreated patients with LOPD
chronic respiratory failure slowly develops in more than 70% with a mean annual decline of the forced
vital capacity (FVC) of about 1.5% [17]. However, disease progression and diaphragmatic involvement
both are highly variable in LOPD patients with and without ERT making it obligatory to assess and
monitor respiratory muscle strength on an individual basis. Since impairment of respiratory muscle
function is still ongoing in one third of adults on ERT [18] anticipatory management strategies aim to
improve inspiratory muscle function and to early identify the need for ventilatory support. Work-up
of clinically apparent sleep disturbances is crucial since symptoms of sleep-disordered breathing (SDB)
may indicate respiratory muscle weakness [19]. In addition, impairment of cough and airway clearance
is a common finding in patients with respiratory muscle dysfunction since both inspiratory capacity
and expiratory force are reduced.

3. Assessment of Respiratory Muscle Function

3.1. Clinical Presentation

Daytime symptoms suggestive of respiratory muscle weakness include dyspnea on exertion
or rest, dyspnea on immersion in water, and reduced physical capacity. Sleep-related symptoms
include orthopnea, sleep disruption, morning headache, daytime hypersomnolence, and fatigue.
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Alveolar hypoventilation is more likely to occur in the supine position and during rapid eye movement
(REM) sleep when muscle tone is physiologically decreased. Impaired cough predisposes patients to
deep aspiration, mucus obstruction, and pulmonary infections. Reccurent respiratory infections or
prolonged recovery from such illnesses may reflect respiratory muscle weakness even before dyspnea
or sleep-disordered symptoms become apparent. Diaphragmatic dysfunction is usually accompanied
by weakness of the axial musculature and proximal limb muscles leading to hyperlordotic posture and
Trendelenburg’s gait.

3.2. Screening Questionnaires

Disease-specific screening questionnaires for symptoms of respiratory muscle weakness do not
exist. Validated screening questionnaires including the Medical Research Council (MRC) Breathlessness
Scale [20] the Baseline and Transition Dyspnea Index [21] or the Modified Borg Scale [22] can be used to
evaluate dyspnea. However, none of these instruments has been validated for neuromuscular disease
or LOPD in particular. Only the Sleep-Disordered Breathing in Neuromuscular Disease Questionnaire
(SiNQ-5) [23] has been specifically designed for patients with NMD but has not widely been used.

3.3. Clinical Examination

Respiratory rate, speech, and activation of auxiliary respiratory muscles should be assessed in the
upright and supine position. In the latter, paradoxical breathing may be present reflecting advanced
diaphragmatic weakness. With disease progression, patients may be unable to sustain the supine
position without ventilatory support, and long-standing hypercapnia may cause bilateral ankle edema
or clinical signs of cor pulmonale, although this is rare [24].

3.4. Measurement of Respiratory Muscle Function

3.4.1. Pulmonary Function Tests (PFTs)

Normal values for PFTs have been published [25,26]. PFTs usually show restriction with a decrease
in vital capacity (VC) and total lung capacity (TLC). VC is defined as the maximal volume a patient
can exhale or inhale, respectively. Notably, VC does not directly reflect respiratory muscle strength but
depends on inspiratory and expiratory muscle function alongside with the structural features of the
chest wall and the lungs. Various methods of VC testing have been described including VC, forced
and slow VC (all expiratory) or inspiratory VC (IVC). However, these maneuvers all assess the same
parameter in any given individual. VC may differ from FVC only in patients with chronic obstructive
lung disease, and SVC (slow vital capacity) may be superior to FVC if there is a risk of air leakage
due to impaired lip closure or insufficient sealing of the nasopharynx by the velum, respectively.
If respiratory muscle weakness is just emerging, an isolated decrease of VC can be observed while
TLC is still normal [27]. VC should be evaluated in both the upright and supine positions, and a >20%
drop indicates significant diaphragmatic weakness [28]. Decreased IVC is predictive of either SDB
(<60%), or nocturnal hypoventilation (<40%) [28,29] and an IVC < 25% has been shown to be associated
with diurnal respiratory failure in NMD [30]. Expiratory muscle weakness may significantly alter the
upright VC and the expected positional drop of the VC.

3.4.2. Peak Cough Flow (PCF)

PCF can be obtained using a hand-held device. Healthy adults show PCF > 400 L/min.
A PCF < 160 L/min reflects inadequate airway clearance. Values between 160 and 270 L/min predict
susceptibility to respiratory tract infections [31]. PCF should be routinely measured if PCF was
<270 L/min once (or <160 L/min during acute exacerbation) and if impaired cough is clinically apparent.
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3.4.3. Manometry

Maximal inspiratory pressure (MIP), sniff nasal inspiratory pressure (SNIP), and maximal
expiratory pressure (MEP) are volitional measures of respiratory muscle strength. Changes of MIP
and MEP are often detectable before VC and TLC decline. MIP and MEP testing should be performed
according to accepted standards [32]. Reference values and equations have been published [33,34].
All tests should be repeated at least three times. MIP and SNIP are considered complementary rather
than interchangeable, and when both techniques are applied, the highest value measured should be
recorded [35]. The technique that is performed best by a patient should be used for follow-up.

3.4.4. Non-Volitional Tests

Non-volitional measures of diaphragmatic strength include transdiaphragmatic twitch pressure
(Pdi) and twitch mouth pressure (Pmo) after magnetic phrenic nerve stimulation [36]. Since Pdi
is highly correlated to VC, MIP, and MEP in adults with Pompe disease, invasive assessment of
respiratory muscle strength is not advisable in routine clinical settings. Phrenic nerve conduction
studies and needle electromyogram of the diaphragm may yield further information on diaphragmatic
function but have not been evaluated in patients with LOPD. Imaging techniques that help assess
diaphragmatic function include transmission radiography, ultrasound and magnetic resonance (MR)
tomography. Thoracic radiography is widely available but has limited sensitivity and does not allow
for quantification of RMW (respiratory muscle weakness) [32]. Ultrasound can reveal both impaired
excursions and reduced thickness of the diaphragm [37]. MR imaging may potentially be useful to
detect altered diaphragm kinetics in neuromuscular disease including LOPD [38], however, normative
values and clinical validation are still lacking, thus preventing its use in clinical routine to date.

In summary, various complementary methods of respiratory muscle assessment are available
and should be utilized to facilitate the diagnosis of either SDB or daytime respiratory failure in
ventilator-free patients. FVC, MIP, and MEP have been shown predict the need for mechanical
ventilation in LOPD [39] and should be preferred for primary assessment. In addition, the above
measures allow for monitoring of disease progression and proper timing of follow-up visits in both
ventilated and non-ventilated patients (Table 1). For practical reasons, measurement of FVC or IVC in
the upright and supine position is most likely to be readily available, and further methods may be
provided only by specialized centers.

Table 1. Practical recommendations for inspiratory and expiratory muscle testing in LOPD. LLN, lower
limit of normal; MEP, maximal expiratory pressure; MIP, maximal inspiratory pressure; PCF, peak cough
flow; SNIP, sniff nasal inspiratory pressure; TLC, total lung capacity; VC, vital capacity; PFT, pulmonary
function testing; IVC, inspiratory vital capacity; SVC, slow vital capacity; ERV, expiratory reserve
volume; IRV inspiratory reserve volume; TV, tidal volume; TLC, total lung capacity; RV, residual
volume. Normal values are derived from [33].

Test Device/Method LLN Significance Recommendations

MEP Manometer Females 70 cm H2O,
males 100 cm H2O Expiratory muscle strength First-line, at least annually

PCF Peak flow
meter

270 L/min, airway clearance
impaired if 160–270 L/min,
airway clearance impossible
if <160 L/min

Reduced vital capacity
Reduced inspiratory and
expiratory muscle strength

First-line, at least annually
widely available

MIP Manometer Females 70 cm H2O,
males 80 cm H2O Inspiratory muscle strength First-line, at least annually

SNIP Manometer Females 60 cm H2O,
males 70 cm H2O Inspiratory muscle strength

Surrogate of MIP if
weakness of the orbicularis
oris muscle is present

VC Spirometry Upright > 80% of predicted VC,
supine > 80% of upright VC

IRV + TV + ERV (global test of
lung volume and respiratory
muscle performance)

First-line, at least annually



Int. J. Mol. Sci. 2016, 17, 1735 5 of 17

Testing should be carried out by trained staff at baseline (diagnosis) and at least once a year for
routine follow-up. Test intervals should be shorter (e.g., every 3–6 months) if signs and symptoms of
RMW are present or if acute exacerbation has just occurred. A nasal clip is obligatory except for SNIP
testing. Severe RMW is indicated by significant reduction of VC, ERV, or MIP/MEP/SNIP. TLC, RV,
and IC are not helpful for differentiation of severe and mild/moderate RMW.

3.5. Sleep Studies

Sleep-related symptoms should be assessed using standard questionnaires such as the Epworth
Sleepiness Scale [40], the Pittsburgh Sleep Quality Index [41], and the Fatigue Severity Scale [42]
since sleep disruption by nocturnal hypercapnia may contribute to physical exhaustion. However,
self-reported sleep outcomes do not specifically indicate SDB. Nocturnal hypercapnia can be detected
by nighttime blood gases or by the presence of an increased base excess (BE) during the day reflecting
compensatory retention of bicarbonate. A base excess >4 mmol/L has been shown to be a strong
predictor of nocturnal hypoventilation in patients with Duchenne muscular dystrophy [43]. If daytime
pCO2 and BE are normal, early morning blood gases may be more sensitive to unmask nocturnal
hypercapnia by showing either elevated or high-normal pCO2, or an increased BE. Normal daytime
blood gases do not exclude respiratory muscle weakness because compensatory tachypnea may
normalize or even decrease daytime pCO2. Pulse oximetry (PO) detects nocturnal oxygen desaturation.
Hypoventilation is indicated by peripheral oxygen saturation (SpO2) < 90% for five consecutive
minutes or more, a minimal SpO2 < 85%, or SpO2 < 90% for at least 30% of recording time. However,
PO may show normal results if hypoventilation is either mild or short-lasting. In these cases,
hypoventilation may be only unmasked by carbon dioxide (CO2) measurement. For this reason,
PO alone is not recommended as a screening tool for SDB in patients with NMD [44]. Combination of
PO and blood gas analysis may be considered clinically sufficient, practical and cost-effective if
more sophisticated sleep studies are not available or if patients cannot be seen in a specialized
center. Transcutaneous capnography allows non-invasive real-time monitoring of peripheral carbon
dioxide tension (tcCO2). It directly reflects alveolar ventilation and detects periods of nocturnal
hypoventilation (tcCO2 > 50 mmHg) with high sensitivity. Constant increase of tcCO2 during the
course of the night reflects decreased respiratory muscle endurance. Cardiorespiratory polygraphy
(PG) comprises registration of oxygen saturation, nasal and oral airflow, respiratory effort, heart
rate, and body position. It allows for identification of hypopneas, central and obstructive apneas,
nocturnal tachypnea, and prolonged episodes of hypoventilation reflected by persistent desaturation
in the absence of upper airway obstruction. PG should be preferred as a screening tool if concomitant
obstructive sleep apnea is suspected. Combination with blood gas analysis or capnography is strongly
recommended. Cardiorespiratory polysomnography (PSG) combines polygraphy, electrooculogram,
and electroencephalogram with optional videography. It allows for correlation of any respiratory event
with sleep and sleep stages. Combination of PSG and CO2 monitoring detects REM sleep-associated
hypercapnia as the earliest sign of nocturnal hypoventilation, thus yielding the highest sensitivity in
detecting SDB. Reduced REM sleep is a frequent finding in patients with significant respiratory muscle
weakness [29]. Full PSG is generally recommended for baseline evaluation of sleep (Figure 1) [44].

3.6. Daytime Blood Gas Analysis

Daytime blood gases do not necessarily have to be drawn from arterial blood since this procedure
may often be restricted to specialized respiratory units or laboratories, respectively. Blood gases taken
from the arterialized earlobe or serum bicarbonate from a routine electrolyte panel are sufficient and
more readily available. Serum bicarbonate does reflect chronic alveolar hypoventilation in NMD and
other hypoventilation syndromes [45].
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give rise to monitor patients in shorter intervals. a sleep disruption, morning headache, daytime 
hypersomnolence; b dyspnea, orthopnea; c VC < 50% predicted, VC postural drop > 40%, MIP < 60 cm 
H2O, SNIP < 40 cm H2O. VC, vital capacity; RMW, respiratory muscle weakness; paCO2, carbon 
dioxide tension; paO2, oxygen tension; AHI, apnea hypopnea index; SpO2, oxygen saturation; tcCO2, 
transcutaneous carbon dioxide tension; CPAP, continuous positive airway pressure; OSA, obstructive 
sleep apnea; PSG, polysomnography; SNIP, sniff nasal inspiratory pressure; MIP maximum 
inspiratory pressure. 
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Mechanical ventilation has improved survival in NMD with progressive respiratory 
involvement [46]. It comprises non-invasive ventilation (NIV) and tracheostomy invasive ventilation 

Figure 1. Recommendations for sleep studies in patients with LOPD. Isolated nocturnal tachypnea or
lone increase of base excess on early-morning blood gas analysis may both be indicative of nocturnal
hypoventilation but do not justify ventilatory support. However, both scenarios should give rise to monitor
patients in shorter intervals. a sleep disruption, morning headache, daytime hypersomnolence; b dyspnea,
orthopnea; c VC < 50% predicted, VC postural drop > 40%, MIP < 60 cm H2O, SNIP < 40 cm H2O.
VC, vital capacity; RMW, respiratory muscle weakness; paCO2, carbon dioxide tension; paO2, oxygen
tension; AHI, apnea hypopnea index; SpO2, oxygen saturation; tcCO2, transcutaneous carbon
dioxide tension; CPAP, continuous positive airway pressure; OSA, obstructive sleep apnea;
PSG, polysomnography; SNIP, sniff nasal inspiratory pressure; MIP maximum inspiratory pressure.

4. Management

4.1. Mechanical Ventilation

Mechanical ventilation has improved survival in NMD with progressive respiratory
involvement [46]. It comprises non-invasive ventilation (NIV) and tracheostomy invasive ventilation
(TIV). NIV has been shown to effectively correct alveolar hypoventilation and alleviate sleep-related
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symptoms in patients with both infantile-onset and juvenile/adult onset Pompe disease [47–49].
Mechanical ventilation corrects nocturnal hypercapnia and re-sensitizes respiratory centers to CO2

by persistently decreasing plasma bicarbonate levels [50]. Intermittent mechanical ventilation may
influence strength and endurance of respiratory muscles. In addition, it promotes rib cage and
lung expansion which may help prevent atelectasis, ventilation-perfusion mismatch, and infections.
Ventilator-induced diaphragmatic dysfunction due to long-term ventilation has been described in
critically ill patients [51] but has not been investigated in patients with NMD receiving intermittent
ventilatory support.

4.1.1. Non-Invasive Ventilation (NIV)

Indication criteria for NIV in chronic respiratory failure due to NMD can be adopted from existing
guidelines (Table 2) [32]. Conditions promoting or worsening respiratory failure should be ruled out
or treated adequately. Ventilation mode, ventilator settings, and interfaces should be personalized
by experienced personnel according to sleep study results and individual needs. In a few cases sleep
studies may be expendable if daytime hypercapnia or very severe respiratory muscle weakness is
present, but the presence of concomitant obstructive sleep apnea should not be missed regarding its
relevance for pressure settings. Humidification should always be offered. Nasal masks may be more
comfortable, but oronasal interfaces reduce air leakage, and even mouthpieces have successfully been
used in patients with NMD on long-term NIV. Titration of ventilator settings and treatment evaluation
should be performed using PSG and CO2 monitoring. For routine follow-up, serum bicarbonate on
both NIV and spontaneous breathing may be sufficient if NIV is used regularly and patient comfort
is good [52]. Blood gas analysis and sleep studies including capnometry are necessary if serum
bicarbonate is elevated or in case of patient discomfort, recurring symptoms of SDB, or marked
progression of respiratory muscle weakness.

Table 2. General indications and contraindications for the initiation of long-term positive pressure
ventilation in patients with neuromuscular disease [26]. FVC, forced vital capacity; MIP, maximal
inspiratory pressure; SDB, sleep-disordered breathing; paCO2, partial pressure of carbon dioxide;
RMW, respiratory muscle weakness; saO2, oxygen saturation; tcCO2, transcutaneous carbon dioxide
tension; TIV, tracheostomy invasive ventilation.

Mode Non-Invasive Ventilation (NIV) Invasive Ventilation (IV/TIV)

Indications

• Symptoms of SDB or significant inspiratory muscle weakness • Failure of NIV
• Persistent NIV intolerance
• Contraindications to NIV
• NIV > 20 h/day (consider)
• Acute

respiratory compromise

and at least one of the following:

• Daytime hypercapnia (paCO2 ≥45 mmHg)
• Nocturnal hypercapnia (paCO2/tcCO2 > 50 mmHg)
• Nocturnal oxygen desaturation (SaO2) < 90% for at least five

Consecutive minutes
• Overnight increase of pCO2/tcCO2 > 10 mmHg from baseline
• FVC < 50% predicted
• MIP < 60 cm H2O (if rapid deterioration of RMW is present)

Contraindications

Relative • Inadequate caregiver support• Severe dysphagia
• Inadequate caregiver support
• Initial need for full-time ventilation
Absolute
• Persistent upper airway obstruction
• Persistent hypersecretion
• Inability to co-operate
• Inefficient cough (even with assistance)

4.1.2. Tracheostomy Invasive Ventilation (TIV)

Indications and contraindications for invasive ventilation are depicted in Table 2. In case of NIV
failure one should address inadequate ventilator settings, mucus obstruction, or mask intolerance
before tracheostomy is considered. For patients with advanced disease and tetraplegia or with serious
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comorbidities, it may be appropriate to offer palliative care instead of TIV, especially if ceiling of care
is part of an advanced directive. Long-term TIV should be administered by an experienced center with
trained home support technicians. Surgical tracheostomy should be preferred. Continous mandatory
ventilation is obligatory including humidification, and uncuffed or deflated tracheostomy tubes should
be used to support speech and swallowing. Patients should be equipped with two ventilators and
adequate devices necessary for oxymetry, assisted cough, and suction. Caregivers should receive
both comprehensive training and 24/7 online technical support. Follow-up of patients receiving TIV
includes blood gas analysis under ventilation and spontaneous breathing (if possible), oxymetry, and
nocturnal CO2 monitoring, if appropriate. In-hospital evaluation including PFT, blood gas analysis,
and sleep studies is recommended in case of patient discomfort, symptoms suggestive of persistent
hypercapnia, or acute respiratory failure. For patients on long-term NIV or TIV, a second ventilator
should be provided if mechanical ventilation exceeds 16 h a day, and a battery-powered device should
be prescribed in order to maintain mobility (e.g., by attaching it to a wheelchair), and for safety reasons
in case of power cuts.

4.2. Respiratory Muscle Training

Respiratory muscle training (RMT) includes strength and endurance training, and has been
shown to improve respiratory muscle function in healthy adults, patients with cervical spinal
cord injury, and patients with muscular dystrophy [53–55]. Several small studies have shown that
respiratory muscle strength training (RMST) is feasible and improves respiratory muscle strength
in patients with adult Pompe disease and children who survived infantile Pompe disease on
ERT [56–59]. However, evidence is still scarce, and effects of RMT have not yet been investigated
using non-volitional measures of respiratory muscle function. As a preliminary recommendation
RMST may be carried out on a long-term daily basis using handheld pressure-threshold training
devices set to provide a pressure-threshold of 60%–70% of individual MIP and MEP. MIP and MEP
should be regularly re-measured and pressure settings adjusted according to treatment success.
RMST is not recommended for patients with perforated tympanic membranes, oro-facial weakness,
established daytime hypercapnia or thoracic instability. Endurance training as part of RMT has
not been investigated in patients with Pompe disease, but preliminary data on other NMD suggest
beneficial effects [60,61].

4.3. Cough Assistance

As acute respiratory failure (ARF) is a major cause of morbidity and mortality in adult Pompe
disease, the management of decreased airway clearance capacity is of utmost importance if expiratory
muscle weakness is present. Chest physiotherapy and manually-assisted cough (MAC) may be
sufficient only for patients with mild exspiratory muscle weakness. Standard maneuvers include
postural drainage and manual techniques (e.g., abdominal thrust maneuvers, thoracic percussion, and
special breathing gymnastics). MAC techniques should be implemented by trained physiotherapists
or respiratory therapists. MAC efficacy can be improved by voluntary deep breathing or additional
techniques which increase expiratory airflow including hyperinflation or air stacking by means
of a manual insufflator like a bag valve mask [62] or by glossopharyngeal (“frog”) breathing [63].
In ventilated patients, air stacking can be achieved by applying several mandatory breaths in
the volumetric mode while expiration is blocked. Air stacking combined with MAC is generally
recommended if cough assistance is indicated and upper airways are patent in cooperative patients [64].
Insufflation/Exsufflation (I/E) devices offer additional cough support by combining full inflation of
the lungs and rapid delivery of negative airway pressure, which results in a high peak expiratory
flow. I/E devices can be applied either using a face mask or on a tracheostomy tube. They have been
shown to improve PCF and airway clearance resulting in significant risk reduction with regard to
ARF and hospitalization [65]. High frequency chest wall oscillation (HFCWO) and intrapulmonary
percussive ventilation (IPV) promote mucociliary clearance and may help to propel secretions forward
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from the periphery to the central airways. HFCWO uses an inflatable jacket or cuirass to generate
oscillations of the chest wall (5–20 Hz). IPV involves superimposed high frequency mini pressure
bursts applied via a nasal-oral mask to create intrapulmonary vibrations. The superiority of either
technique has not been demonstrated in NMD [66,67]. Practical recommendations on cough assistance
are summarized in Table 3. Contraindications for I/E devices, HFCWO, and IPV include emphysema,
chest wall instability, uncontrolled asthma or heart failure, pneumothorax, and pneumomediastinum.

Table 3. Practical recommendations for cough assistance in patients with LOPD. MAC, manually
assisted coughing; I/E, insufflation/exsufflation; HFCWO, high frequency chest wall oscillation; NIV,
non-invasive ventilation; TIV, tracheostomy invasive ventilation; PCF, peak cough flow; MEP, maximal
expiratory pressure.

Symptoms Mucus obstruction, recurrent desaturations, recurrent pulmonary infections

Testing PCF, MEP

When to start
• PCF < 270 L/min once during stable state independent of symptoms
• PCF < 160 L/min once during acute exacerbation
• MEP < 60 cm H2O with history of impaired airway clearance

Techniques

MAC

• If patient is willing and able to co-operate
• Performed by respiratory therapists or trained caregivers
• Re-evaluate feasibility and effectiveness
• Switch to mechanical techniques if MAC is not feasible or proves ineffective

Air
stacking

• Usually in combination with MAC
• Via bag valve mask in the non-invasive setting
• Via ventilator device (with NIV or TIV, respectively)

I/E

• If MAC/air stacking are not feasible or ineffective
• May be combined with MAC
• Individually titrate optimal pressure settings
• Feasible in both the NIV and TIV setting
• Re-evaluate using PCF as outcome measure
• Start early in case of pulmonary infection

HFCWO

• If MAC/air stacking are either not feasible or ineffective
• If I/E cannot be tolerated
• May be combined with MAC
• Individually titrate frequency and duration
• Feasible in both the NIV and TIV setting
• May be combined with suction
• Start early in case of pulmonary infection

Optional measures Mucolysis Hydration, mucolytics (with caution)
Suction If expectoration cannot be achieved by MAC, I/E, HFCWO alone

4.4. Management of Acute Respiratory Failure

Any condition leading to acute respiratory failure (ARF) in a patient with LOPD is potentially
life-threatening. There is a risk of dramatic physical and mental deterioration if ARF is handled without
taking Pompe disease into account. Patients are at risk of death or loss of motor abilities that can never
be regained. ARF may result from infection, post-surgery complication, or insidious onset progress of
respiratory muscle weakness. In addition, acute worsening of hypercapnia may be caused by either
the use of respiratory depressants and diuretics, or by oxygen supplementation when NIV has not
been established at the same time. Ideally, a multidisciplinary team familiar with both Pompe disease
in general and the individual patient in particular will have planned in advance how to avoid ARF
and how to manage ARF if it occurs. If possible, elective surgery should be performed at specialized
centers in order to avoid secondary transportation. Practical recommendations for management of
ARF in adult Pompe disease patients are summarized in Table 4.
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Table 4. Management of acute respiratory failure (ARF) in patients with LOPD. ERT, enzyme replacement
therapy; ICU, intensive care unit; RICU, respiratory intermediate care unit; NIV, non-invasive ventilation;
TIV, tracheostomy invasive ventilation; I/E, insufflation/exsufflation; HFCWO, high frequency chest
wall oscillation.

• Admission to ICU or RICU [68]
• Broad spectrum antibiotics
• Avoid opiates and paralytics
• Always prefer NIV to TIV if possible
• If TIV is inevitable, aim for early closure of tracheostomy and re-start of NIV
• Aggressively treat airway secretions (I/E, HFCWO, bronchoscopy)
• Start respiratory rehabilitation as early as possible
• Evaluate patients without ventilatory support prior to ARF for NIV indication
• After rehabilitation, reinforce long-term prophylactic measures (e.g., cough assistance, immunizations)
• ERT not to be paused

4.5. Additional Recommendations

4.5.1. Immunizations

Preventing respiratory infections in patients with Pompe disease is clinically important and
vaccines play a crucial preventive role. It is recommended that patients with Pompe disease,
whether or not they are receiving ERT, receive the same vaccinations as subjects of similar age and
comorbidity [69]. Annual influenza vaccination is recommended after emergence of clinically relevant
respiratory muscle impairment. Pneumococcal vaccination should be considered mandatory according
to standard recommendations.

4.5.2. Obstructive Sleep Apnea

Macroglossia and pharyngeal narrowness are risk factors for obstructive sleep apnea (OSA) [70].
Hypertrophy and weakness of the tongue have been described in adult Pompe disease [71,72] and OSA
has been reported in 3 out of 27 patients [28]. Continuous positive airway pressure (CPAP) is the gold
standard for treatment, but since it may cause increased diaphragmatic strain, it should be considered
only in patients with isolated OSA without signs or symptoms of respiratory muscle weakness.
Regular follow-up sleep studies are recommended, and NIV should be started once respiratory muscle
weakness is detected.

4.5.3. Concomitant Pulmonary Disease

Concomitant pulmonary disease should be treated according to disease-specific guidelines.
Patients with chronic obstructive pulmonary disease (COPD) are at high risk of developing early
type 2 respiratory failure since respiratory muscle weakness may be significantly enhanced by
chronic hypoxemia, high ventilatory rate, and increased dead space ventilation. Excessive oxygen
supplementation may lead to both decreased respiratory drive and worsening of ventilation-perfusion
mismatch further promoting hypercapnia. In patients with mild respiratory muscle weakness, REM
sleep-associated hypoventilation is much more likely to occur if COPD is present. In summary, in
patients with Pompe disease and lung disease we recommend more frequent sleep studies and early
initiation of NIV, if indicated. Long-term oxygen treatment should not be implemented without
thorough evaluation of respiratory muscle function and nocturnal ventilation, and it is advisable to
simultaneously start NIV.

4.5.4. Perioperative Management

Recommendations can only be deduced from single case reports, general considerations on
anesthesia in NMD, and own experience. Local anesthesia is generally preferred. If general anesthesia
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is required, patients should be referred to centers experienced in the perioperative care of patients
with NMD. Whereas propofol may be disadvantageous in patients with infantile-onset Pompe disease
and cardiomyopathy [73], there is no evidence that it should not be used in patients with LOPD.
Both ketamine and etomidate can be safely used for induction of general anesthesia [74]. Patients are
more sensitive to neuromuscular blockade, and prolonged weaning should always be anticipated.
The perioperative use of opioids may add to this risk by depressing respiratory drive and increasing
chest wall rigidity. If scoliosis is present, epidural or spinal anesthesia may be difficult to perform and
require special expertise and precautions [75].

4.5.5. Scoliosis

Scoliosis has been reported in one-third of patients with all types of Pompe disease [76] and in
16% of patients with LOPD [77]. Severe scoliosis may impair ventilation increasing the risk of SDB
and daytime hypercapnia. Orthopedic management should aim to reduce pain, sitting instability,
and lung restriction. Patients should be referred to specialized spine centers. Spinal surgery may
be advisable in some patients [78]. Non-surgical treatment includes individualized corsets and
long-term physiotherapy.

4.5.6. Nutrition

Patients with adult Pompe disease, particularly with juvenile disease onset, are prone to underweight
or even cachexia which may add to respiratory muscle dysfunction [79]. Nutritional counseling should
focus on improving BMI, abdominal circumference, body fat content, and hip-waist-ratio. Rarely,
percutaneous endoscopic gastrostomy may be considered in patients with advanced disease or severe
bulbar dysfunction, respectively.

4.5.7. Chronic Pain

In patients with adult Pompe disease and chronic pain requiring long-term analgesia with opioids,
respiratory drive and chest wall compliance may be reduced. Long-term opioid use directly affects
sleep architecture and sleep-related breathing [80] making more frequent sleep studies advisable.

4.5.8. Palliative Care

Initiation of palliative care should be considered in patients who have continuous NIV or invasive
ventilation without durable improvement or any concomitant fatal disease. There are no specific
guidelines for palliative care for patients with Pompe disease or proximal myopathies in general.
However, general recommendations can be adopted from guidelines referring to other types of NMD
associated with chronic respiratory failure.

4.5.9. Patient and Caregiver Education

Patient and caregiver education with regard to respiratory issues is crucial for recognition and
early treatment of any problem related to RMW in patients with Pompe disease. In particular,
patients and caregivers should be regularly informed about potential complications, vaccination
issues, prevention of ARF, and the importance of sleep-related symptoms as indicators of RMW.

5. Methods

The Pompe Respiratory Care Working Group initially met at the 2012 European symposium
“Steps Forward in Pompe Disease” (Berlin, Germany) to establish the need for up-to-date expert
recommendations on respiratory management of adult patients with Pompe disease. The group began
work in 2013 and convened for a two-day meeting in March 2014. Discussions were centered around
defining the optimal tests and treatments for respiratory function in terms of clinical validity and
relevance, accessibility, cost-effectiveness, and reliability. In addition, for each clinical problem or



Int. J. Mol. Sci. 2016, 17, 1735 12 of 17

paraclinical test, any disease-specific evidence available was evaluated. If no evidence with special
regard to Pompe disease was obtainable, expert recommendations and clinical guidelines focusing on
other NMD, or NMD in general, were consulted. All working group members reviewed and approved
the draft and final recommendations.

6. Conclusions

Respiratory muscle involvement is a prominent feature of Pompe disease, substantially affecting
quality of life, morbidity, and mortality. Thus, adult Pompe disease can be considered a “model
disease” for myopathies of adult age, which require close and life-long interdisciplinary co-operation
between neurologists and pulmonologists once diagnosis has been established. Although recent
pharmacotherapeutic approaches have opened promising perspectives for patients with Pompe disease,
respiratory muscle weakness will always affect a large number of patients. Optimal care includes
thorough follow-up of respiratory muscle function and sleep-related breathing. Treatment options aim
to either delay or compensate for significant respiratory muscle weakness in order to improve overall
quality of life and avoid life-threatening complications. Thus, early initiation of adequate treatment is
essential, and it is strongly recommended to link patients to specialized centers.
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ARF Acute respiratory failure
BE Base excess
BIPAP Bilevel inspiratory positive airway pressure
CO2 Carbon dioxide
COPD Chronic obstructive pulmonary disease
CPAP Continuous positive airway pressure
ERT Enzyme replacement therapy
ERV Expiratory reserve volume
FVC Forced vital capacity
GAA α-1,4-glucosidase
HFCWO High frequency chest wall oscillation
IC Inspiratory capacity
ICU Intensive care unit
I/E Insufflation/exsufflation
IPV Intrapulmonary percussive ventilation
IRV Inspiratory reserve volume
IVC Inspiratory vital capacity
LOPD Late-onset Pompe disease
MAC Manually assisted coughing
MEP Maximum expiratory pressure
MIP Maximum inspiratory pressure
NIV Non-invasive ventilation
NMD Neuromuscular disorders
OSA Obstructive sleep apnea
PCF Peak cough flow
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pCO2 Carbon dioxide tension
PFT Pulmonary function testing
Pdi Twitch diaphragmatic pressure
Pmo Twitch mouth pressure
PO Pulse oximetry
PSG Polysomnography
REM Rapid eye movement
RICU Respiratory intermediate care unit
RMW Respiratory muscle weakness
RMST Respiratory muscle strength training
RMT Respiratory muscle training
RV Residual volume
SaO2 Arterial oxygen saturation
SDB Sleep-disordered breathing
SNIP Sniff nasal inspiratory pressure
SpO2 Peripheral oxygen saturation
SVC Slow vital capacity
tcCO2 Transcutaneous carbon dioxide tension
TLC Total lung capacity
TV Tidal volume
VC Vital capacity

References

1. Barba-Romero, M.A.; Barrot, E.; Bautista-Lorite, J.; Gutierrez-Rivas, E.; Illa, I.; Jimenez, L.M.; Ley-Martos, M.;
Lopez de Munain, A.; Pardo, J.; Pascual-Pascual, S.I.; et al. Clinical guidelines for late-onset Pompe disease.
Rev. Neurol. 2012, 54, 497–507. [PubMed]

2. Bembi, B.; Cerini, E.; Danesino, C.; Donati, M.A.; Gasperini, S.; Morandi, L.; Musumeci, O.; Parenti, G.;
Ravaglia, S.; Seidita, F.; et al. Management and treatment of glycogenosis type II. Neurology 2008, 71 (Suppl. 2),
S12–S36. [CrossRef] [PubMed]

3. Cupler, E.J.; Berger, K.I.; Leshner, R.T.; Wolfe, G.I.; Han, J.J.; Barohn, R.J.; Kissel, J.T. Consensus treatment
recommendations for late-onset Pompe disease. Muscle Nerve 2012, 45, 319–333. [CrossRef] [PubMed]

4. Kishnani, P.S.; Steiner, R.D.; Bali, D.; Berger, K.; Byrne, B.J.; Case, L.E.; Crowley, J.F.; Downs, S.; Howell, R.R.;
Kravitz, R.M.; et al. Pompe disease diagnosis and management guideline. Genet. Med. 2006, 8, 267–288.
[CrossRef] [PubMed]

5. Ambrosino, N.; Confalonieri, M.; Crescimanno, G.; Vianello, A.; Vitacca, M. The role of respiratory
management of Pompe disease. Respir. Med. 2013, 107, 1124–1132. [CrossRef] [PubMed]

6. Poorthuis, B.J.; Wevers, R.A.; Kleijer, W.J.; Groener, J.E.; de Jong, J.G.; van Weely, S.; Niezen-Koning, K.E.;
van Diggelen, O.P. The frequency of lysosomal storage diseases in The Netherlands. Hum. Genet. 1999, 105,
151–156. [CrossRef] [PubMed]

7. Filosto, M.; Todeschini, A.; Cotelli, M.S.; Vielmi, V.; Rinaldi, F.; Rota, S.; Scarpelli, M.; Padovani, A.
Non-muscle involvement in late-onset glycogenosis II. Acta Myol. 2013, 32, 91–94. [PubMed]

8. Kishnani, P.S.; Corzo, D.; Nicolino, M.; Byrne, B.; Mandel, H.; Hwu, W.L.; Leslie, N.; Levine, J.; Spencer, C.;
McDonald, M.; et al. Recombinant human acid α-glucosidase: Major clinical benefits in infantile-onset
Pompe disease. Neurology 2007, 68, 99–109. [CrossRef] [PubMed]

9. Hagemans, M.L.; Winkel, L.P.; van Doorn, P.A.; Hop, W.J.; Loonen, M.C.; Reuser, A.J.; van der Ploeg, A.T.
Clinical manifestation and natural course of late-onset Pompe’s disease in 54 Dutch patients. Brain 2005, 128,
671–677. [CrossRef] [PubMed]

10. Prigent, H.; Orlikowski, D.; Laforet, P.; Letilly, N.; Falaize, L.; Pellegrini, N.; Annane, D.; Raphael, J.C.;
Lofaso, F. Supine volume drop and diaphragmatic function in adults with Pompe disease. Eur. Respir. J.
2012, 39, 1545–1546. [CrossRef] [PubMed]

11. Gaeta, M.; Barca, E.; Ruggeri, P.; Minutoli, F.; Rodolico, C.; Mazziotti, S.; Milardi, D.; Musumeci, O.;
Toscano, A. Late-onset Pompe disease (LOPD): Correlations between respiratory muscles CT and MRI
features and pulmonary function. Mol. Genet. Metab. 2013, 110, 290–296. [CrossRef] [PubMed]

12. Berger, K.I.; Chan, Y.; Rom, W.N.; Oppenheimer, B.W.; Goldring, R.M. Progression from respiratory
dysfunction to failure in late-onset Pompe disease. Neuromuscul. Disord. 2016, 26, 481–489. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/22492103
http://dx.doi.org/10.1212/WNL.0b013e31818da93f
http://www.ncbi.nlm.nih.gov/pubmed/19047571
http://dx.doi.org/10.1002/mus.22329
http://www.ncbi.nlm.nih.gov/pubmed/22173792
http://dx.doi.org/10.1097/01.gim.0000218152.87434.f3
http://www.ncbi.nlm.nih.gov/pubmed/16702877
http://dx.doi.org/10.1016/j.rmed.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23587901
http://dx.doi.org/10.1007/s004399900075
http://www.ncbi.nlm.nih.gov/pubmed/10480370
http://www.ncbi.nlm.nih.gov/pubmed/24399865
http://dx.doi.org/10.1212/01.wnl.0000251268.41188.04
http://www.ncbi.nlm.nih.gov/pubmed/17151339
http://dx.doi.org/10.1093/brain/awh384
http://www.ncbi.nlm.nih.gov/pubmed/15659425
http://dx.doi.org/10.1183/09031936.00169011
http://www.ncbi.nlm.nih.gov/pubmed/22654013
http://dx.doi.org/10.1016/j.ymgme.2013.06.023
http://www.ncbi.nlm.nih.gov/pubmed/23916420
http://dx.doi.org/10.1016/j.nmd.2016.05.018
http://www.ncbi.nlm.nih.gov/pubmed/27297666


Int. J. Mol. Sci. 2016, 17, 1735 14 of 17

13. Falk, D.J.; Todd, A.G.; Lee, S.; Soustek, M.S.; ElMallah, M.K.; Fuller, D.D.; Notterpek, L.; Byrne, B.J. Peripheral nerve
and neuromuscular junction pathology in Pompe disease. Hum. Mol. Genet. 2015, 24, 625–636. [CrossRef]
[PubMed]

14. DeRuisseau, L.R.; Fuller, D.D.; Qiu, K.; DeRuisseau, K.C.; Donnelly, W.H., Jr.; Mah, C.; Reier, P.J.; Byrne, B.J.
Neural deficits contribute to respiratory insufficiency in Pompe disease. Proc. Natl. Acad. Sci. USA 2009, 106,
9419–9424. [CrossRef] [PubMed]

15. Toscano, A.; Schoser, B. Enzyme replacement therapy in late-onset Pompe disease: A systematic
literature review. J. Neurol. 2013, 260, 951–959. [CrossRef] [PubMed]

16. Van der Ploeg, A.T.; Clemens, P.R.; Corzo, D.; Escolar, D.M.; Florence, J.; Groeneveld, G.J.; Herson, S.;
Kishnani, P.S.; Laforet, P.; Lake, S.L.; et al. A randomized study of alglucosidase alfa in late-onset
Pompe’s disease. N. Engl. J. Med. 2010, 362, 1396–1406. [CrossRef] [PubMed]

17. Van der Beek, N.A.; Hagemans, M.L.; Reuser, A.J.; Hop, W.C.; van der Ploeg, A.T.; van Doorn, P.A.;
Wokke, J.H. Rate of disease progression during long-term follow-up of patients with late-onset Pompe disease.
Neuromuscul. Disord. 2009, 19, 113–117. [CrossRef] [PubMed]

18. Regnery, C.; Kornblum, C.; Hanisch, F.; Vielhaber, S.; Strigl-Pill, N.; Grunert, B.; Muller-Felber, W.;
Glocker, F.X.; Spranger, M.; Deschauer, M.; et al. 36 months observational clinical study of 38 adult Pompe
disease patients under alglucosidase alfa enzyme replacement therapy. J. Inherit. Metab. Dis. 2012, 35,
837–845. [CrossRef] [PubMed]

19. Boentert, M.; Karabul, N.; Wenninger, S.; Stubbe-Drager, B.; Mengel, E.; Schoser, B.; Young, P. Sleep-related
symptoms and sleep-disordered breathing in adult Pompe disease. Eur. J. Neurol. 2015, 22, 369–376.
[CrossRef] [PubMed]

20. Fletcher, C.M.; Elmes, P.C.; Fairbairn, A.S.; Wood, C.H. The significance of respiratory symptoms and the
diagnosis of chronic bronchitis in a working population. Br. Med. J. 1959, 2, 257–266. [CrossRef] [PubMed]

21. Mahler, D.A.; Wells, C.K. Evaluation of clinical methods for rating dyspnea. Chest 1988, 93, 580–586.
[CrossRef] [PubMed]

22. Kendrick, K.R.; Baxi, S.C.; Smith, R.M. Usefulness of the modified 0–10 Borg scale in assessing the degree of
dyspnea in patients with COPD and asthma. J. Emerg. Nurs. 2000, 26, 216–222. [CrossRef]

23. Steier, J.; Jolley, C.J.; Seymour, J.; Teschler, H.; Luo, Y.M.; Polkey, M.I.; Moxham, J. Screening for
sleep-disordered breathing in neuromuscular disease using a questionnaire for symptoms associated with
diaphragm paralysis. Eur. Respir. J. 2011, 37, 400–405. [CrossRef] [PubMed]

24. Van der Beek, N.A.; van Capelle, C.I.; van der Velden-van Etten, K.I.; Hop, W.C.; van den Berg, B.; Reuser, A.J.;
van Doorn, P.A.; van der Ploeg, A.T.; Stam, H. Rate of progression and predictive factors for pulmonary
outcome in children and adults with Pompe disease. Mol. Genet. Metab. 2011, 104, 129–136. [CrossRef]
[PubMed]

25. Hankinson, J.L.; Odencrantz, J.R.; Fedan, K.B. Spirometric reference values from a sample of the general
U.S. population. Am. J. Respir. Crit. Care Med. 1999, 159, 179–187. [CrossRef] [PubMed]

26. Falaschetti, E.; Laiho, J.; Primatesta, P.; Purdon, S. Prediction equations for normal and low lung function
from the Health Survey for England. Eur. Respir. J. 2004, 23, 456–463. [CrossRef] [PubMed]

27. Gibson, G.J.; Pride, N.B.; Davis, J.N.; Loh, L.C. Pulmonary mechanics in patients with respiratory
muscle weakness. Am. Rev. Respir. Dis. 1977, 115, 389–395. [PubMed]

28. Mellies, U.; Ragette, R.; Schwake, C.; Baethmann, M.; Voit, T.; Teschler, H. Sleep-disordered breathing and
respiratory failure in acid maltase deficiency. Neurology 2001, 57, 1290–1295. [CrossRef] [PubMed]

29. Ragette, R.; Mellies, U.; Schwake, C.; Voit, T.; Teschler, H. Patterns and predictors of sleep disordered
breathing in primary myopathies. Thorax 2002, 57, 724–728. [CrossRef] [PubMed]

30. Toussaint, M.; Steens, M.; Soudon, P. Lung function accurately predicts hypercapnia in patients with
Duchenne muscular dystrophy. Chest 2007, 131, 368–375. [CrossRef] [PubMed]

31. Bach, J.R.; Saporito, L.R. Criteria for extubation and tracheostomy tube removal for patients with ventilatory
failure. A different approach to weaning. Chest 1996, 110, 1566–1571. [CrossRef] [PubMed]

32. American Thoracic Society/European Respiratory Society. ATS/ERS Statement on respiratory muscle testing.
Am. J. Respir. Crit. Care Med. 2002, 166, 518–624.

33. Evans, J.A.; Whitelaw, W.A. The assessment of maximal respiratory mouth pressures in adults. Respir. Care
2009, 54, 1348–1359. [PubMed]

http://dx.doi.org/10.1093/hmg/ddu476
http://www.ncbi.nlm.nih.gov/pubmed/25217571
http://dx.doi.org/10.1073/pnas.0902534106
http://www.ncbi.nlm.nih.gov/pubmed/19474295
http://dx.doi.org/10.1007/s00415-012-6636-x
http://www.ncbi.nlm.nih.gov/pubmed/22926164
http://dx.doi.org/10.1056/NEJMoa0909859
http://www.ncbi.nlm.nih.gov/pubmed/20393176
http://dx.doi.org/10.1016/j.nmd.2008.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19084399
http://dx.doi.org/10.1007/s10545-012-9451-8
http://www.ncbi.nlm.nih.gov/pubmed/22290025
http://dx.doi.org/10.1111/ene.12582
http://www.ncbi.nlm.nih.gov/pubmed/25367349
http://dx.doi.org/10.1136/bmj.2.5147.257
http://www.ncbi.nlm.nih.gov/pubmed/13823475
http://dx.doi.org/10.1378/chest.93.3.580
http://www.ncbi.nlm.nih.gov/pubmed/3342669
http://dx.doi.org/10.1016/S0099-1767(00)90093-X
http://dx.doi.org/10.1183/09031936.00036210
http://www.ncbi.nlm.nih.gov/pubmed/20595146
http://dx.doi.org/10.1016/j.ymgme.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21763167
http://dx.doi.org/10.1164/ajrccm.159.1.9712108
http://www.ncbi.nlm.nih.gov/pubmed/9872837
http://dx.doi.org/10.1183/09031936.04.00055204
http://www.ncbi.nlm.nih.gov/pubmed/15065839
http://www.ncbi.nlm.nih.gov/pubmed/842952
http://dx.doi.org/10.1212/WNL.57.7.1290
http://www.ncbi.nlm.nih.gov/pubmed/11591850
http://dx.doi.org/10.1136/thorax.57.8.724
http://www.ncbi.nlm.nih.gov/pubmed/12149535
http://dx.doi.org/10.1378/chest.06-1265
http://www.ncbi.nlm.nih.gov/pubmed/17296635
http://dx.doi.org/10.1378/chest.110.6.1566
http://www.ncbi.nlm.nih.gov/pubmed/8989078
http://www.ncbi.nlm.nih.gov/pubmed/19796415


Int. J. Mol. Sci. 2016, 17, 1735 15 of 17

34. Kabitz, H.J.; Walterspacher, S.; Mellies, U.; Criee, C.P.; Windisch, W. Recommendations for respiratory
muscle testing. Pneumologie 2014, 68, 307–314. [PubMed]

35. Prigent, H.; Orlikowski, D.; Fermanian, C.; Lejaille, M.; Falaize, L.; Louis, A.; Fauroux, B.; Lofaso, F. Sniff and
Muller manoeuvres to measure diaphragmatic muscle strength. Respir. Med. 2008, 102, 1737–1743. [CrossRef]
[PubMed]

36. Windisch, W.; Kabitz, H.J.; Sorichter, S. Influence of different trigger techniques on twitch mouth pressure
during bilateral anterior magnetic phrenic nerve stimulation. Chest 2005, 128, 190–195. [CrossRef] [PubMed]

37. Boon, A.J.; O’Gorman, C. Ultrasound in the Assessment of Respiration. J. Clin. Neurophysiol. 2016, 33,
112–119. [CrossRef] [PubMed]

38. Mogalle, K.; Perez-Rovira, A.; Ciet, P.; Wens, S.C.; van Doorn, P.A.; Tiddens, H.A.; van der Ploeg, A.T.;
de Bruijne, M. Quantification of Diaphragm Mechanics in Pompe Disease Using Dynamic 3D MRI. PLoS ONE
2016, 11, e0158912. [CrossRef] [PubMed]

39. Johnson, E.M.; Roberts, M.; Mozaffar, T.; Young, P.; Quartel, A.; Berger, K.I. Pulmonary function tests
(maximum inspiratory pressure, maximum expiratory pressure, vital capacity, forced vital capacity) predict
ventilator use in late-onset Pompe disease. Neuromuscul. Disord. 2016, 26, 136–145. [CrossRef] [PubMed]

40. Johns, M.W. A new method for measuring daytime sleepiness: The Epworth sleepiness scale. Sleep 1991, 14,
540–545. [PubMed]

41. Buysse, D.J.; Reynolds, C.F., 3rd; Monk, T.H.; Berman, S.R.; Kupfer, D.J. The Pittsburgh Sleep Quality Index:
A new instrument for psychiatric practice and research. Psychiatry Res. 1989, 28, 193–213. [CrossRef]

42. Krupp, L.B.; LaRocca, N.G.; Muir-Nash, J.; Steinberg, A.D. The fatigue severity scale. Application to patients
with multiple sclerosis and systemic lupus erythematosus. Arch. Neurol. 1989, 46, 1121–1123. [CrossRef]
[PubMed]

43. Hukins, C.A.; Hillman, D.R. Daytime predictors of sleep hypoventilation in Duchenne muscular dystrophy.
Am. J. Respir. Crit. Care Med. 2000, 161, 166–170. [CrossRef] [PubMed]

44. Kushida, C.A.; Littner, M.R.; Morgenthaler, T.; Alessi, C.A.; Bailey, D.; Coleman, J., Jr.; Friedman, L.;
Hirshkowitz, M.; Kapen, S.; Kramer, M.; et al. Practice parameters for the indications for polysomnography
and related procedures: An update for 2005. Sleep 2005, 28, 499–521. [PubMed]

45. Mokhlesi, B.; Tulaimat, A.; Faibussowitsch, I.; Wang, Y.; Evans, A.T. Obesity hypoventilation syndrome:
Prevalence and predictors in patients with obstructive sleep apnea. Sleep Breath. 2007, 11, 117–124. [CrossRef]
[PubMed]

46. Ishikawa, Y.; Miura, T.; Ishikawa, Y.; Aoyagi, T.; Ogata, H.; Hamada, S.; Minami, R. Duchenne muscular
dystrophy: survival by cardio-respiratory interventions. Neuromuscul. Disord. 2011, 21, 47–51. [CrossRef]
[PubMed]

47. Kansagra, S.; Austin, S.; DeArmey, S.; Kazi, Z.; Kravitz, R.M.; Kishnani, P.S. Longitudinal polysomnographic
findings in infantile Pompe disease. Am. J. Med. Genet. A 2015, 167, 858–861. [CrossRef] [PubMed]

48. Kansagra, S.; Austin, S.; DeArmey, S.; Kishnani, P.S.; Kravitz, R.M. Polysomnographic findings in infantile
Pompe disease. Am. J. Med. Genet. A 2013, 161, 3196–3200. [CrossRef] [PubMed]

49. Mellies, U.; Stehling, F.; Dohna-Schwake, C.; Ragette, R.; Teschler, H.; Voit, T. Respiratory failure in Pompe
disease: Treatment with noninvasive ventilation. Neurology 2005, 64, 1465–1467. [CrossRef] [PubMed]

50. Norman, R.G.; Goldring, R.M.; Clain, J.M.; Oppenheimer, B.W.; Charney, A.N.; Rapoport, D.M.; Berger, K.I.
Transition from acute to chronic hypercapnia in patients with periodic breathing: Predictions from
a computer model. J. Appl. Physiol. 2006, 100, 1733–1741. [CrossRef] [PubMed]

51. Levine, S.; Nguyen, T.; Taylor, N.; Friscia, M.E.; Budak, M.T.; Rothenberg, P.; Zhu, J.; Sachdeva, R.; Sonnad, S.;
Kaiser, L.R.; et al. Rapid disuse atrophy of diaphragm fibers in mechanically ventilated humans. N. Engl.
J. Med. 2008, 358, 1327–1335. [CrossRef] [PubMed]

52. Janssens, J.P.; Borel, J.C.; Pepin, J.L.; SomnoNIVGroup. Nocturnal monitoring of home non-invasive
ventilation: The contribution of simple tools such as pulse oximetry, capnography, built-in ventilator
software and autonomic markers of sleep fragmentation. Thorax 2011, 66, 438–445. [CrossRef] [PubMed]

53. Berlowitz, D.J.; Tamplin, J. Respiratory muscle training for cervical spinal cord injury. Cochrane Database
Syst. Rev. 2013, 7, CD008507. [PubMed]

54. Illi, S.K.; Held, U.; Frank, I.; Spengler, C.M. Effect of respiratory muscle training on exercise performance
in healthy individuals: A systematic review and meta-analysis. Sports Med. 2012, 42, 707–724. [CrossRef]
[PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/24715428
http://dx.doi.org/10.1016/j.rmed.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18708281
http://dx.doi.org/10.1378/chest.128.1.190
http://www.ncbi.nlm.nih.gov/pubmed/16002934
http://dx.doi.org/10.1097/WNP.0000000000000240
http://www.ncbi.nlm.nih.gov/pubmed/27035251
http://dx.doi.org/10.1371/journal.pone.0158912
http://www.ncbi.nlm.nih.gov/pubmed/27391236
http://dx.doi.org/10.1016/j.nmd.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26794303
http://www.ncbi.nlm.nih.gov/pubmed/1798888
http://dx.doi.org/10.1016/0165-1781(89)90047-4
http://dx.doi.org/10.1001/archneur.1989.00520460115022
http://www.ncbi.nlm.nih.gov/pubmed/2803071
http://dx.doi.org/10.1164/ajrccm.161.1.9901057
http://www.ncbi.nlm.nih.gov/pubmed/10619815
http://www.ncbi.nlm.nih.gov/pubmed/16171294
http://dx.doi.org/10.1007/s11325-006-0092-8
http://www.ncbi.nlm.nih.gov/pubmed/17187265
http://dx.doi.org/10.1016/j.nmd.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21144751
http://dx.doi.org/10.1002/ajmg.a.37007
http://www.ncbi.nlm.nih.gov/pubmed/25706820
http://dx.doi.org/10.1002/ajmg.a.36227
http://www.ncbi.nlm.nih.gov/pubmed/24123966
http://dx.doi.org/10.1212/01.WNL.0000158682.85052.C0
http://www.ncbi.nlm.nih.gov/pubmed/15851748
http://dx.doi.org/10.1152/japplphysiol.00502.2005
http://www.ncbi.nlm.nih.gov/pubmed/16384839
http://dx.doi.org/10.1056/NEJMoa070447
http://www.ncbi.nlm.nih.gov/pubmed/18367735
http://dx.doi.org/10.1136/thx.2010.139782
http://www.ncbi.nlm.nih.gov/pubmed/20971980
http://www.ncbi.nlm.nih.gov/pubmed/23881660
http://dx.doi.org/10.1007/BF03262290
http://www.ncbi.nlm.nih.gov/pubmed/22765281


Int. J. Mol. Sci. 2016, 17, 1735 16 of 17

55. Winkler, G.; Zifko, U.; Nader, A.; Frank, W.; Zwick, H.; Toifl, K.; Wanke, T. Dose-dependent effects of
inspiratory muscle training in neuromuscular disorders. Muscle Nerve 2000, 23, 1257–1260. [CrossRef]

56. Jones, H.N.; Crisp, K.D.; Moss, T.; Strollo, K.; Robey, R.; Sank, J.; Canfield, M.; Case, L.E.; Mahler, L.;
Kravitz, R.M.; et al. Effects of respiratory muscle training (RMT) in children with infantile-onset Pompe
disease and respiratory muscle weakness. J. Pediatr. Rehabil. Med. 2014, 7, 255–265. [PubMed]

57. Jones, H.N.; Crisp, K.D.; Robey, R.R.; Case, L.E.; Kravitz, R.M.; Kishnani, P.S. Respiratory muscle training
(RMT) in late-onset Pompe disease (LOPD): Effects of training and detraining. Mol. Genet. Metab. 2016, 117,
120–128. [CrossRef] [PubMed]

58. Jones, H.N.; Moss, T.; Edwards, L.; Kishnani, P.S. Increased inspiratory and expiratory muscle strength
following respiratory muscle strength training (RMST) in two patients with late-onset Pompe disease.
Mol. Genet. Metab. 2011, 104, 417–420. [CrossRef] [PubMed]

59. Jevnikar, M.; Kodric, M.; Cantarutti, F.; Cifaldi, R.; Longo, C.; Della Porta, R.; Bembi, B.; Confalonieri, M.
Respiratory muscle training with enzyme replacement therapy improves muscle strength in late—Onset
Pompe disease. Mol. Genet. Metabol. Rep. 2015, 5, 67–71.

60. Estrup, C.; Lyager, S.; Noeraa, N.; Olsen, C. Effect of respiratory muscle training in patients with
neuromuscular diseases and in normals. Respiration 1986, 50, 36–43. [CrossRef] [PubMed]

61. Rassler, B.; Hallebach, G.; Kalischewski, P.; Baumann, I.; Schauer, J.; Spengler, C.M. The effect of respiratory
muscle endurance training in patients with myasthenia gravis. Neuromuscul. Disord. 2007, 17, 385–391.
[CrossRef] [PubMed]

62. Bach, J.R. Mechanical insufflation-exsufflation. Comparison of peak expiratory flows with manually assisted
and unassisted coughing techniques. Chest 1993, 104, 1553–1562. [CrossRef] [PubMed]

63. Feigelson, C.I.; Dickinson, D.G.; Talner, N.S.; Wilson, J.L. Glossopharyngeal breathing as an aid to the
coughing mechanism in the patient with chronic poliomyelitis in a respirator. N. Engl. J. Med. 1956, 254,
611–613. [CrossRef] [PubMed]

64. Pryor, J.A. Physiotherapy for airway clearance in adults. Eur. Respir. J. 1999, 14, 1418–1424. [CrossRef] [PubMed]
65. Tzeng, A.C.; Bach, J.R. Prevention of pulmonary morbidity for patients with neuromuscular disease. Chest

2000, 118, 1390–1396. [CrossRef] [PubMed]
66. Toussaint, M.; de Win, H.; Steens, M.; Soudon, P. Effect of intrapulmonary percussive ventilation on mucus

clearance in duchenne muscular dystrophy patients: A preliminary report. Respir. Care 2003, 48, 940–947.
[PubMed]

67. Chatburn, R.L. High-frequency assisted airway clearance. Respir. Care 2007, 52, 1224–1235; discussion
1235–1237. [PubMed]

68. Corrado, A.; Roussos, C.; Ambrosino, N.; Confalonieri, M.; Cuvelier, A.; Elliott, M.; Ferrer, M.; Gorini, M.;
Gurkan, O.; Muir, J.F.; et al. European Respiratory Society Task Force on epidemiology of respiratory
intermediate care in Europe. Respiratory intermediate care units: A European survey. Eur. Respir. J. 2002, 20,
1343–1350. [PubMed]

69. Esposito, S.; Passera, S. Vaccination in patients with disorders of the muscle and neuromuscular junction.
Expert Rev. Vaccines 2013, 12, 1341–1349. [CrossRef] [PubMed]

70. Nuckton, T.J.; Glidden, D.V.; Browner, W.S.; Claman, D.M. Physical examination: Mallampati score as
an independent predictor of obstructive sleep apnea. Sleep 2006, 29, 903–908. [PubMed]

71. Carlier, R.Y.; Laforet, P.; Wary, C.; Mompoint, D.; Laloui, K.; Pellegrini, N.; Annane, D.; Carlier, P.G.;
Orlikowski, D. Whole-body muscle MRI in 20 patients suffering from late onset Pompe disease:
Involvement patterns. Neuromuscul. Disord. 2011, 21, 791–799. [CrossRef] [PubMed]

72. Dubrovsky, A.; Corderi, J.; Lin, M.; Kishnani, P.S.; Jones, H.N. Expanding the phenotype of late-onset Pompe
disease: Tongue weakness: A new clinical observation. Muscle Nerve 2011, 44, 897–901. [CrossRef] [PubMed]

73. Ing, R.J.; Cook, D.R.; Bengur, R.A.; Williams, E.A.; Eck, J.; Dear Gde, L.; Ross, A.K.; Kern, F.H.; Kishnani, P.S.
Anaesthetic management of infants with glycogen storage disease type II: A physiological approach.
Paediatr. Anaesth. 2004, 14, 514–519. [CrossRef] [PubMed]

74. McFarlane, H.J.; Soni, N. Pompe’s disease and anaesthesia. Anaesthesia 1986, 41, 1219–1224. [CrossRef]
[PubMed]

75. Kim, W.S.; Cho, A.R.; Hong, J.M.; Kim, E.S.; Park, S.C.; Yoon, J.Y.; Kim, T.K. Combined general and epidural
anesthesia for major abdominal surgery in a patient with Pompe disease. J. Anesth. 2010, 24, 768–773.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/1097-4598(200008)23:8&lt;1257::AID-MUS15&gt;3.0.CO;2-M
http://www.ncbi.nlm.nih.gov/pubmed/25260508
http://dx.doi.org/10.1016/j.ymgme.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26381077
http://dx.doi.org/10.1016/j.ymgme.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21641843
http://dx.doi.org/10.1159/000194904
http://www.ncbi.nlm.nih.gov/pubmed/3726285
http://dx.doi.org/10.1016/j.nmd.2007.01.001
http://www.ncbi.nlm.nih.gov/pubmed/17336068
http://dx.doi.org/10.1378/chest.104.5.1553
http://www.ncbi.nlm.nih.gov/pubmed/8222823
http://dx.doi.org/10.1056/NEJM195603292541306
http://www.ncbi.nlm.nih.gov/pubmed/13309645
http://dx.doi.org/10.1183/09031936.99.14614189
http://www.ncbi.nlm.nih.gov/pubmed/10624775
http://dx.doi.org/10.1378/chest.118.5.1390
http://www.ncbi.nlm.nih.gov/pubmed/11083691
http://www.ncbi.nlm.nih.gov/pubmed/14525630
http://www.ncbi.nlm.nih.gov/pubmed/17716388
http://www.ncbi.nlm.nih.gov/pubmed/12449191
http://dx.doi.org/10.1586/14760584.2013.841341
http://www.ncbi.nlm.nih.gov/pubmed/24127832
http://www.ncbi.nlm.nih.gov/pubmed/16895257
http://dx.doi.org/10.1016/j.nmd.2011.06.748
http://www.ncbi.nlm.nih.gov/pubmed/21803581
http://dx.doi.org/10.1002/mus.22202
http://www.ncbi.nlm.nih.gov/pubmed/21953123
http://dx.doi.org/10.1111/j.1460-9592.2004.01242.x
http://www.ncbi.nlm.nih.gov/pubmed/15153218
http://dx.doi.org/10.1111/j.1365-2044.1986.tb13007.x
http://www.ncbi.nlm.nih.gov/pubmed/3468810
http://dx.doi.org/10.1007/s00540-010-0984-4
http://www.ncbi.nlm.nih.gov/pubmed/20617446


Int. J. Mol. Sci. 2016, 17, 1735 17 of 17

76. Roberts, M.; Kishnani, P.S.; van der Ploeg, A.T.; Muller-Felber, W.; Merlini, L.; Prasad, S.; Case, L.E.
The prevalence and impact of scoliosis in Pompe disease: Lessons learned from the Pompe Registry.
Mol. Genet. Metab. 2011, 104, 574–582. [CrossRef] [PubMed]

77. Schuller, A.; Wenninger, S.; Strigl-Pill, N.; Schoser, B. Toward deconstructing the phenotype of late-onset
Pompe disease. Am. J. Med. Genet. Part C 2012, 160, 80–88. [CrossRef] [PubMed]

78. Haaker, G.; Forst, J.; Forst, R.; Fujak, A. Orthopedic management of patients with Pompe disease:
A retrospective case series of 8 patients. Sci. World J. 2014, 2014, 963861. [CrossRef] [PubMed]

79. Kobayashi, H.; Shimada, Y.; Ikegami, M.; Kawai, T.; Sakurai, K.; Urashima, T.; Ijima, M.; Fujiwara, M.;
Kaneshiro, E.; Ohashi, T.; et al. Prognostic factors for the late onset Pompe disease with enzyme replacement
therapy: From our experience of 4 cases including an autopsy case. Mol. Genet. Metab. 2010, 100, 14–19.
[CrossRef] [PubMed]

80. Teichtahl, H.; Wang, D. Sleep-disordered breathing with chronic opioid use. Expert Opin. Drug Saf. 2007, 6,
641–649. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ymgme.2011.08.011
http://www.ncbi.nlm.nih.gov/pubmed/21930409
http://dx.doi.org/10.1002/ajmg.c.31322
http://www.ncbi.nlm.nih.gov/pubmed/22253010
http://dx.doi.org/10.1155/2014/963861
http://www.ncbi.nlm.nih.gov/pubmed/24523658
http://dx.doi.org/10.1016/j.ymgme.2010.01.015
http://www.ncbi.nlm.nih.gov/pubmed/20202878
http://dx.doi.org/10.1517/14740338.6.6.641
http://www.ncbi.nlm.nih.gov/pubmed/17967153
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Background 
	Assessment of Respiratory Muscle Function 
	Clinical Presentation 
	Screening Questionnaires 
	Clinical Examination 
	Measurement of Respiratory Muscle Function 
	Pulmonary Function Tests (PFTs) 
	Peak Cough Flow (PCF) 
	Manometry 
	Non-Volitional Tests 

	Sleep Studies 
	Daytime Blood Gas Analysis 

	Management 
	Mechanical Ventilation 
	Non-Invasive Ventilation (NIV) 
	Tracheostomy Invasive Ventilation (TIV) 

	Respiratory Muscle Training 
	Cough Assistance 
	Management of Acute Respiratory Failure 
	Additional Recommendations 
	Immunizations 
	Obstructive Sleep Apnea 
	Concomitant Pulmonary Disease 
	Perioperative Management 
	Scoliosis 
	Nutrition 
	Chronic Pain 
	Palliative Care 
	Patient and Caregiver Education 


	Methods 
	Conclusions 

