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Background: Pompe disease, also denoted as acid maltase or acid α-glucosidase deficiency or glycogen storage disease type II, is a rare, autosomal recessive lysosomal storage disorder. Several reports have previously described Pompe disease in Iran and considering increased awareness of related subspecialties and physicians, the disease's diagnosis is growing.

Objective: This guideline's main objective was to develop a national guideline for Pompe disease based on national and international evidence adapting with national necessities.

Methods: A group of expert clinicians with particular interests and experience in diagnosing and managing Pompe disease participated in developing this guideline. This group included adult neurologists, pediatric neurologists, pulmonologists, endocrinologists, cardiologists, pathologists, and physiatrists. After developing search terms, four authors performed an extensive literature review, including Embase, PubMed, and Google Scholar, from 1932 to current publications before the main meeting. Before the main consensus session, each panel member prepared an initial draft according to pertinent data in diagnosis and management and was presented in the panel discussion. Primary algorithms for the diagnosis and management of patients were prepared in the panel discussion. The prepared consensus was finalized after agreement and concordance between the panel members.

Conclusion: Herein, we attempted to develop a consensus based on Iran's local requirements. The authors hope that disseminating these consensuses will help healthcare professionals in Iran achieve the diagnosis, suitable treatment, and better follow-up of patients with infantile-onset Pompe disease and late-onset Pompe disease.
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INTRODUCTION

Pompe disease, also known as acid maltase deficiency or acid α-glucosidase (GAA) deficiency or glycogen storage disease type II, is an uncommon, autosomal recessive lysosomal storage disorder; it was initially described in a 7-month-old girl who deceased of cardiomyopathy (1).

The disease was recognized as a glycogen storage disorder wherein glycogen had accumulated within all the studied tissue vacuoles (1). The most acceptable classification of Pompe disease is based on the age of onset as the infantile-onset (classic and non-classic) and late-onset (childhood/juvenile and adult) forms. These forms vary according to clinical presentations, the organ involvement severity, and GAA activity levels.

The described frequency of infantile-onset Pompe disease (IOPD) ranges from roughly 1 in 35,000 in the Taiwanese population to 1 in 138,000 in Dutch people (2, 3).

In Iran, Pompe disease is mainly diagnosed and managed by neurologists (pediatrics and adult), pulmonologists, endocrinologists, physiatrist, and cardiologists (4–6). Several reports have previously described Pompe disease in Iran, and progressively, the disease's diagnosis is increasing, considering increased awareness of related subspecialties and physicians. This consensus's main objective was to develop a national consensus for Pompe disease based on national and international evidence adapting with national necessities.


Method

Expert clinicians with specific experience and interests in diagnosing and managing Pompe disease participated in developing this consensus. This group included adult neurologists, pediatric neurologists, pulmonologists, endocrinologists, cardiologists, pathologists, and physiatrists.

The board was divided into two main groups: either IOPD or late-onset Pompe disease (LOPD). Initially, two main groups discussed previously defined subjects in separate groups and then joined together and finalized the main consensus. The main entities included: diagnosis of Pompe disease, treatment and management, rehabilitation and follow-up, and outcome measures.

After developing search terms, four authors carried out a broad literature review, including Embase, PubMed, and Google Scholar, from 1932 to current publications before the main meeting. The authors reviewed the abstracts of the related articles, and the publications were classified according to the level of evidence. The predefined headings and subheadings were distributed between panel members. Before the main consensus session, each panel member prepared a primary draft based on relevant data in diagnosis and management and was presented in the panel discussion.

A 2-day session was held, and the initial draft was discussed in detail. Every person was asked to contribute to the discussion by giving comments. Primary algorithms for the diagnosis and management of patients were prepared in the Panel discussion. The subject was voted and settled in case of disagreement when more than two-thirds of voters polled positively. After the panel, the discussions were continued in virtual group discussions made in WhatsApp messenger, and the prepared consensus was finalized after agreement and concordance between the panel members.




CLINICAL PRESENTATION AND DIAGNOSIS

Clinical manifestations of IOPD vs. LOPD are demonstrated in Table 1.


Table 1. Clinical manifestations of IOPD vs. LOPD.
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Infantile-Onset Pompe Disease

As initially described by JC Pompe in 1932, the classic IOPD is characterized by rapidly progressive muscle weakness, primarily hypertrophic cardiomyopathy, feeding difficulties, and ensuing respiratory insufficiency. The symptoms are presented at roughly 3 months of age, and death happens at the age of 6–9 months, and around 10% of patients live older than 18 months. The onset of symptoms and cardiomegaly before 6 months are in favor of a poor prognosis. In the less common non-classic IOPD, manifesting in the first year of life, patients present with muscle weakness without cardiomegaly (2). These patients have a residual enzyme activity of below 20% (3). In the non-classic or milder form of IOPD, the onset of symptoms is much later (around half of these patients do not manifest until 4–11 months); these patients usually deteriorate more slowly than the classic IOPD patients (7).



Main Clinical Presentations of Infantile-Onset Pompe Disease
 
Neurologic/Musculoskeletal

Patients with classic IOPD usually come to attention during their first 2 months of life with marked muscular hypotonia together with a rapidly progressing muscular weakness. Brain vasculopathy is mainly described in LOPD; however, patients with classic IOPD and brain arteriopathy are also described (8).

Muscle weakness and motor delay are the presenting manifestations in 40% of cases. The common neurologic/musculoskeletal manifestations include absent or delayed motor milestones and, in some patients, even deterioration, poor head control, hypotonia, facial weakness with open mouth posture and tongue protrusion, and generalized muscle weakness mostly involving proximal and truncal muscles; moreover, weakness of distal muscles, calf hypertrophy, and diminished reflexes may be observed (9).

Another clinical feature is hearing loss, recognized as an essential cause of morbidity in infants with classic IOPD (7). It stems from the accumulation of glycogen in the cells of the organ of Corti.



Respiratory

The usual respiratory symptoms consist of sleep apnea, cough, usually wet, respiratory distress, upper respiratory infections, recurrent pneumonia, and eventually, respiratory failure. Respiratory problems combined with recurrent respiratory infections are the first symptoms in higher than one-third of patients (10).



Cardiovascular

Congestive heart failure, cardiomegaly, hypertrophic cardiomyopathy, and rhythm disturbances such as supraventricular tachycardia are often present. The systolic dysfunction in IOPD usually occurs after 5 months of age (11).



Gastrointestinal

The main manifestations include hepatomegaly, feeding and swallowing difficulties, macroglossia, and poor suck failing to thrive. Hepatomegaly may stem from the background of congestive heart failure (12). Feeding difficulties are the first manifestation in half of the cases. Macroglossia is caused by the tongue's muscle fibers infiltrating with glycogen, but it is noted in less than half of patients. Detection of quantitative tongue atrophy by ultrasound may support the differentiation of LOPD from other acquired or hereditary myopathies (13).




Late-Onset Pompe Disease

LOPD, in comparison to IOPD, has significant differences in presentation, severity, organ involvement, and disease progression. The most important and well-known clinical presentation of LOPD is skeletal muscle weakness and respiratory insufficiency. Still, this disease should be considered a multisystem involving disorder rather than a simple myopathy (14).


Neurologic/Musculoskeletal

Muscle involvement in LOPD presents as isolated hyperCKemia, exercise intolerance, mild to severe muscle weakness, and respiratory failure. Besides weakness, other muscular symptoms such as cramps and skeletal pain are also reported in LOPDs (15). The pattern of muscle involvement is also variable, from limb-girdle muscular dystrophy pattern to regional muscle involvement; lower limbs and paraspinal muscles are often involved much earlier than other parts, such as upper limbs and respiratory muscles. Muscles may be involved asymmetrically (16). In lower limbs, the involvement of gluteal muscles (hip extensors and abductors), adductor Magnus (thigh adductors), and Psoas (hip flexor) are more prominent than the other muscles, and this causes waddling gait, difficulty in rising from the chair, and climbing stairs (17).

Apart from muscular involvement, other systems are also involved in LOPD, such as the central nervous system, peripheral nervous system, endocrine, and cardiac. Sensory neural hearing loss is more prevalent in IOPD, but it may occur in LOPDs (18).

There is a risk of developing aneurysmal arteries and secondary subarachnoid hemorrhage in the brain, more prevalent in posterior circulation arteries (19). Other CNS manifestations include cognitive impairment, such as attentive and executive dysfunction, visuoconstructive impairment, and other cortical impairment disabilities (19). Painful paresthesia, numbness, and autonomic dysfunction, small fiber neuropathy, and peripheral nervous system involvement are described in LOPDs (20).

Severe involvement of paraspinal muscles, with structural changes in spinal skeletal bone, may cause rigid spine syndrome (21). Rigid spine syndrome is characterized by the limitations in the flexion of the cervical and thoracolumbar spine with multiple causes, including different muscle and skeletal disorders; LOPD should be considered in the differential diagnosis of the myopathic causes. Other muscles such as the scapular girdle, tongue, and bulbar and facial muscles may be involved less frequently (21).



Respiratory

Weakness of axial muscles is associated with early involvement of the respiratory muscles (intercostal muscles and diaphragm) and associated with signs and symptoms such as ineffective coughing, orthopnea, and exertional dyspnea, which are initial signs of respiratory failure (15). The respiratory consequences of muscle weakness, especially paraspinal muscles, result in restrictive lung disease, reducing vital capacity accompanied by a decrease in forced expiratory volume. Initial signs of respiratory distress present as diminished quality of sleep, daytime drowsiness, fatigue, headaches, and reduced pulmonary reserve. Weakness of respiratory and abdominal wall muscle induces ineffective cough and weakening of secretion clearance and airway protection (15). Other respiratory manifestations include morning headache, sleepiness, and sleep apnea.

A drop in postural forced vital capacity (FVC) (usually >25% decline from the sitting to the supine position) indicates reduced diaphragmatic strength. Increased inspiratory muscle weakness is assessed by maximum inspiratory pressure (MIP) and sniff nasal inspiratory pressure. Impaired coughing efficacy can be evaluated using maximum expiratory pressure (MEP) or peak cough flow (PCF). Weakness of respiratory muscle leads to sleep-disordered breathing and may progress to nighttime hypoventilation (15).



Cardiovascular

Cardiac abnormalities, including arrhythmia, cardiac hypertrophy, or Wolff–Parkinson–White and vascular abnormalities are notably less frequent in LOPD than IOPD (22).



Gastrointestinal

Gastrointestinal symptoms such as dysphagia, abdominal pain, chronic diarrhea, loss of appetite, malabsorption, and weight loss are reported in LOPDs; these improve by enzyme replacement therapy (ERT) (23).



Endocrine

Endocrine abnormality in LOPD is not prevalent, but hypothyroidism may be more frequent in these patients than in the general population (24).




Investigations in Pompe Disease
 
Laboratory Investigations
 
Routine Blood Test

Creatine kinase (CK) rise is a sensitive, although non-specific indicator of Pompe disease. Around 95% of LOPD patients have raised CK. Increased CK can be found in some presymptomatic patients (25).



Tetrasaccharide in Urine

Glc4 is a sensitive, however nonspecific marker for Pompe disease (26, 27). Negative results from Dried blood spot (DBS) and Glc4 would exclude a diagnosis of IOPD, and it can be used as a biomarker (25).




Electrodiagnosis

It seems that in IOPD, the electrodiagnostic findings (nerve conduction study and electromyography) are time-dependent. Nerve conduction study is usually normal in these patients, and electromyographic findings range from myopathies with or without spontaneous activity to neurogenic changes (28); however, abnormal results are more common in LOPD. Such findings include spontaneous activity, such as myotonic discharges, in the absence of noticeable clinical myotonia (29). However, lack of myotonic discharges does not rule out the disease, and enzyme study is recommended for high clinical suspicion. Some adults suggested that myotonic discharge, especially in paraspinal muscles or tensor fasciae latae, is common despite normal findings in limb muscles, hence proposing the importance of paraspinal muscles assessment (28, 29). However, myotonic discharges and complex repetitive discharges of paraspinal muscles are not specific to Pompe disease and may be observed in some other muscle disorders (29).



Enzyme Assays
 
Dried Blood Spot

DBS is a rapid, reliable tool to measure the α-glucosidase activity in a dried blood spot. As a result, it is used as a screening test to assess patients with weakness of limb-girdle muscles or hyperCKemia (15). Its simple application has assisted in the early diagnosis of Pompe disease and its implementation at less advanced disease stages (30). As a screening tool, its variability in detecting LOPD in patients with unclassified limb-girdle muscular dystrophy phenotype or asymptomatic hyperCKemia ranges between 0 and 5% (31–33).

We recommend using DBS in patients with unclassified limb-girdle muscle weakness or asymptomatic hyperCKemia. DBS should be ordered at the initial stages of Pompe disease workup, particularly for an unexplained limb-girdle phenotype.



Leucocytes

GAA activity could be measured in mixed leucocytes from whole blood. The usage of acarbose to remove the interference by maltase glucoamylase improves the technique. Another possibility is to measure GAA activity in purified lymphocytes (2).



Fibroblasts

Another reliable method for GAA activity is measuring its activity in cultured skin fibroblasts. The limitation is that cultured fibroblasts need a skin biopsy that is a mini-invasive method. This measurement can take up to 1 month with a significant delay in the diagnosis. This test is used as a confirmatory assessment after a DBS positive test (15, 25); however, we recommend implementing genetic testing for Pompe disease following a positive DBS.



Blood Smear Examination

It has been demonstrated that assessing vacuolated lymphocytes in a blood smear is a potent marker in diagnosing autophagic myopathies (34). It can be considered a possible biomarker, and some authorities advise ordering blood smear examination to be performed even before GAA assay in DBS (35). Blood smear examination results need to be established by the finding of enzyme deficiency ± genetic analysis.



Muscle Magnetic Resonance Imaging

Muscle magnetic resonance imaging (MRI) findings in Pompe disease are consistent with spine extensors and pelvic girdle involvement and provide information on muscle changes, mainly in the tongue and subscapularis muscle (36). Also, it could be used as a biomarker for the patients' follow-up (37). It is shown that whole-body MRI may be beneficial in measuring muscle involvement in Pompe disease, especially at baseline, and recording disease progression in subjects treated with ERT (38).




Muscle Biopsy

Muscle biopsy is commonly used in the evaluation of neuromuscular patients. It can play a diagnostic or a supporting role in the diagnosis of Pompe disease (39). The procedure is minimally invasive. The muscle specimen must be directly frozen in isopentane, cooled in liquid nitrogen, and shipped on dry ice for histochemical enzyme and immunohistochemical studies.

Muscle biopsy of classic IOPD reveals prominent vacuolar myopathy with fiber size variation. Many muscle fibers contain variable-sized round subsarcolemmal or cytoplasmic vacuoles. These vacuoles are either clear or include fine grayish materials, whereas some are filled by metachromatic debris, end products of autophagy. Periodic acid–Schiff stain shows prominent glycogen excess in almost all muscle fibers, although some vacuoles glycogen content is lost while processing the muscle specimens. Periodic acid–Schiff plus diastase stain reveals the digestion of all glycogen content (Figure 1). Acid phosphatase stain would show reactivity in cytoplasmic vacuoles and indicates their lysosomal origins.


[image: Figure 1]
FIGURE 1. Muscle biopsy of a patient with Pompe disease. (A) Severe cytoplasmic vacuolization with presence of basophilic metachromatic materials (hematoxylin and eosin ×100); (B) Variable sized clear cytoplasmic vacuoles with granular basophilic materials (hematoxylin and eosin ×200); (C) Prominent glycogen excess [periodic acid–Schiff (PAS) ×200]; (D) Complete digestion of PAS + materials (PAS + diastasis ×200).




Genetic Study, Consulting, and Prenatal Diagnosis

Pompe disease is inherited as an autosomal recessive disorder and requires both parents to be the carrier to develop the disease in offspring with a probability of 25% for each child (40).

The GAA gene is positioned in the human chromosome 17q25.2-25.3. It produces an inactive precursor transported to the lysosomal compartment and processed into intermediate and fully active forms (41). More than 580 different acid α-glucosidase gene mutations caused acid α-glucosidase deficiency and resulted in various clinical features, some of them causing a rapidly progressive disease (41). A common mutation in the Caucasian population is c.-32-13T>G splice mutation; it is found in IOPD and LOPD with an allelic frequency from 40 to near 100% in different studies (42, 43). All types of mutations are found in Pompe disease; the most frequent form is missense mutations observed in around half of the patients (42).

GAA analysis is suggested as a confirmatory test in the LOPD diagnostic algorithm. Approaches for identifying mutations include targeted panels, full sequence analysis, whole-exome sequencing, and deletion/duplication analysis (44).

After diagnosing Pompe disease, it is necessary to coordinate care by a team of expert clinicians to manage it (45). Genetic counseling is an imperative component of patients' care. It can be a source of the greatest-need essential information about the condition for patients' families (45). It is recommended to offer genetic counseling to all families with a diseased child and all adult-onset types through newborn screening, clinical diagnosis, or prenatal diagnosis.

Moreover, it is crucial to test siblings of an affected child for carrier detection (12). Carrier detection can be achieved by two foremost genetic approaches, biochemical testing or molecular testing. Pedigree with at least three-generation pedigree should be mapped for each family.

The physician can help the family comprehend the patient's situation, management, and treatment, the possible therapeutic options, including medications, rehabilitations, the expectations for the patient's response to the treatment, and the patient's probable prognosis. Parents of an affected patient should be obligatory carriers; the risk for affected offspring in these families in each pregnancy is 25%. DNA testing is necessary to identify the mutation in affected patients as the index case (12).

Prenatal diagnostic testing and carrier screening could be done by enzyme assay or mutation analysis (12). The prenatal diagnosis could be made by enzyme assay in amniocytes, but enzyme activity is usually lower than in chorionic villus samples (12). When the mutation in proband has been recognized, prenatal diagnostic testing by mutation analysis is more reliable and advantageous than biochemical methods (12).





DIFFERENTIAL DIAGNOSIS OF POMPE DISEASE

Rapid diagnosis of Pompe disease may be challenging due to variable clinical manifestations, wide-ranging phenotypic spectrum, the rarity of the condition, and clinical overlaps with other neuromuscular diseases. The differential diagnosis of Pompe disease is based mainly upon the age of onset of symptoms.

In classic IOPD, Danon disease, fatty acid oxidation disorders, mitochondrial disorders, spinal muscular atrophy type 1, congenital muscular dystrophies, and congenital myopathies are considered as differential diagnoses (12).

In LOPD, the vast differential diagnosis should be considered as limb-girdle muscular dystrophies, myotonic dystrophy type 2, facioscapulohumeral muscular dystrophy, Duchenne and Becker muscular dystrophies, congenital muscular dystrophies, myofibrillar myopathies, congenital myopathies, metabolic myopathies, mitochondrial myopathies, polymyositis with or without fibromyalgia, rigid spine syndrome, spinal muscular atrophies II and III, myasthenia gravis, and congenital myasthenic syndromes (46, 47).



DIAGNOSTIC ALGORITHM

Our proposed diagnostic algorithms for IOPD and LOPD are depicted in Figures 2, 3, respectively.


[image: Figure 2]
FIGURE 2. Diagnostic approach for IOPD. CK, Creatine kinase; CRD, complex repetitive discharge; CXR, chest X-ray; DBS, dried blood spot; EDX, electrodiagnosis; EKG, electrocardiogram; EMG; electromyography; ERT, enzyme replacement therapy; IOPD, infantile-onset Pompe disease; LOPD, late-onset Pompe disease.



[image: Figure 3]
FIGURE 3. Diagnostic approach for LOPD. CK, Creatine kinase; DBS, dried blood spot; EDX, electrodiagnosis; LOPD, late-onset Pompe disease; PFT, pulmonary function test.


We propose that DBS should be suggested as the initial investigation for all floppy infants or infants with a positive family history of Pompe disease, cardiomegaly, hypertrophic cardiomyopathy, feeding, or respiratory problems (Figure 2). If DBS was positive, in the next step, genetic testing for Pompe disease should be performed. Providing that DBS was negative, but clinical and paraclinical findings were highly suggestive of IOPD, we recommend repeating DBS or muscle biopsy if it was not performed before.

For late-onset patients, we suggest ordering DBS for all patients with muscle weakness, axial weakness, or rigidity, especially if accompanied by respiratory dysfunction or in the case of isolated hyperCKemia (Figure 3). After positive DBS, genetic testing is recommended, and if genetic testing was negative, confirmatory tests such as muscle biopsy or fibroblast culture are recommended.



OUTCOME MEASUREMENTS AND FOLLOW-UP

We divide the outcome measurement tools into respiratory and cardiac, motor function and quality of life, and blood tests.


Respiratory Outcome Measurement

The diaphragm is prominently involved in Pompe disease, and its dysfunction causes significant respiratory symptoms (48). Pulmonary function tests (FVC, MIP, and MEP at the upright and supine positions) and polysomnography are suggested to assess these symptoms. A drop in postural FVC (usually >25% from the sitting to the supine position) indicates reduced diaphragmatic strength. Increased inspiratory muscle weakness could be detected by MIP and sniff nasal inspiratory pressure. On the other hand, MEP or PCF could detect impaired coughing efficiency.



Motor Function and Quality of Life Outcome Measurement

The main motor function outcome measurements include manual muscle testing, quantitative muscle testing, a 6-min walk test, or a 10-m walk test. All reports in adults demonstrated that ERT could improve the walking and stabilization of respiratory function, especially in LOPD (49). Moreover, we suggest the Walton and Gardner-Medwin score and the Gait, Stair, Gowers' Maneuver, Chair group tests (G: gait by walking for 10 m, S: climbing four steps on a stair, G: Gower's maneuver, and C: rising from a Chair) that need only a few minutes to perform (50, 51). Quality of life measurement could be conducted by questionnaires such as SF36 for LOPD.



Blood Tests

Blood tests include creatine kinase, alanine transaminase, aspartate transaminase, and antibody titers to anti-recombinant human GAA (rhGAA) immunoglobulin G (IgG).




TREATMENT


Infantile-Onset Pompe Disease

The recommended algorithm for IOPD treatment is demonstrated in Figure 4. Treatment with alglucosidase alfa should be started immediately after positive DBS results or genetic confirmation. ERT may be started in patients with typical cardiorespiratory symptoms if the enzyme is deficient in DBS, even before seeing the genetic result (52). The usual recommended dose is 20 mg/kg alglucosidase alfa every other week; however, a recent study showed that patients treated with higher doses and more frequent injections had a better outcome such as motor, respiratory, and biochemical markers (53, 54).


[image: Figure 4]
FIGURE 4. Treatment approach for IOPD. CRIM, cross-reactive immunologic material; ERT, enzyme replacement therapy; IOPD, infantile-onset Pompe disease.


Before starting ERT, a baseline evaluation of the cardiac, respiratory, and neurologic systems and developmental milestones should be recorded; cross-reactive immunologic material (CRIM) status should also be determined (if accessible). Providing that the CRIM test is not available, its status should be suggested according to the mutation. Alternatively, the anti-myozyme antibody should be measured, if accessible.

The first courses of ERT should be administered in an equipped pediatric center with excellent expertise on IOPD.

Severe life-threatening adverse effects such as cardiac arrest and cardiovascular collapse are more common in patients with an acute or severe disease than in other patients. Hence, ERT must be postponed in patients with acute infections, fever, or other critical illnesses. If the condition is continued, we recommend that ERT be done in an equipped center with an expert team for resuscitation (55).



Cross-Reactive Immunologic Material Status and Immunomodulation

The patients are divided into two groups according to CRIM status: in cases with the complete absence of GAA by Western blot method, they are classified as CRIM-negative, and patients with detectable GAA protein are classified as CRIM-positive (56).

In general, most CRIM-negative patients on ERT have a worse prognosis because of emerging anti-rhGAA IgG antibodies (57). It is demonstrated that after 52 weeks on ERT, 5% of CRIM-positive IOPD patients died or were invasively ventilated compared to around half of CRIM-negative IOPD patients (58).

Some cases of CRIM-positive patients also build anti-rhGAA IgG antibodies such as CRIM-negative patients with an unfavorable prognosis. As a result, patients are classified into three subclasses according to anti-rhGAA IgG antibody titers (57): (1) High and sustained antibody titer, defined as antibody titer > 51,200 on samples at least 6 months on ERT; (2) sustained intermediate titer, defined as titers of ≥12,800 and <51,200 within 12 months on ERT; (3) low titer, defined as antibody titers of <12,800 during 1 year on ERT.

It is recommended to prescribe prophylactic immunomodulation to manage CRIM-negative status, including rituximab, methotrexate, rapamycin, mycophenolate, and intravenous immunoglobulins in various combinations (59). This approach has been more effective and with lower adverse effects in comparison with other therapeutic approaches. Recent studies also proposed novel immunomodulation agents that induce antigen-specific tolerance to ERT rather than systemic immunosuppressive agents (59).

The usually proposed regime includes rituximab 375 mg/m2 weekly for 4 weeks, followed by maintenance therapy, methotrexate 0.5 mg/ kg every week, and intravenous immune globulin 0.5 g/kg prescribed every 4 weeks (56).



Late-Onset Pompe Disease

The most robust evidence for ERT benefits in LOPD originates from a randomized, placebo-controlled, prospective trial of rhGAA (60). In a systematic literature review of LOPD therapy (368 patients from 21 studies), as a minimum, two-thirds were stabilized or had improved CK levels and muscular ± respiratory functions (14). Also, a 5-year prospective study showed a long-term benefit of ERT in Pompe disease (61). ERT with alglucosidase alfa has increased life expectancy and survival in Pompe disease (62). A recent meta-analysis revealed that ERT might have a substantial favorable efficacy in the walking distance in LOPD patients; however, a non-significant amelioration of muscle power (63).

The delay between the first symptoms of the disease and ERT's beginning has shown an inverse relationship with the therapeutic prognosis and clinical outcomes desired (64).

There are two different commercially available rhGAA enzymes: Myozyme® and Lumizyme®. Myozyme® is produced by recombinant DNA technology in a Chinese hamster ovary cell line approved for all patients with Pompe disease in the United States and the European Union (65). Lumizyme® is also produced by recombinant DNA technology but manufacturing on a larger scale, resulting in different product attributes. Currently, there is only one commercially available rhGAA in Iran, i.e., Myozyme.

The recommended dosage of Myozyme is 20 mg/kg bodyweight prescribed every 2 weeks through an intravenous infusion (66).

Incremental administration of infusions is recommended: the injection starts at an initial rate of 1 mg/kg/h and slowly increases by 2 mg/kg/h every 30 min if there are no signs of infusion associated reactions till a maximum rate of 7 mg/kg/h is reached (66).

The total time between reconstitution and completion of the infusion should not surpass 24 h.

Myozyme is well-tolerated, and the most adverse events are considered mild to moderate infusion-related reactions, including fever, urticaria, flushing, agitation, cough, nausea, and vomiting (60). All treatment-related adverse events are seen during infusion or within 2 h after infusion. Anaphylactic reactions are infrequent and are associated with a high titer of anti-rhGAA immunoglobulin E antibody. More infusion-related adverse events were reported for patients who received a higher dose of Myozyme (e.g., 40 mg/kg). Infusion-related adverse events might be managed by slowing or interrupting infusions, antihistamine, acetaminophen, and corticosteroids (60). ERT should be halted if the patient suffers from severe infusion-associated reactions that cannot be sufficiently managed (67).



Recommendations

The recommended algorithm for LOPD treatment is demonstrated in Figure 5.
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FIGURE 5. Treatment approach for LOPD. LOPD, late-onset Pompe disease; MMT, manual muscle testing; PFT, pulmonary function test.



Starting Enzyme Replacement Therapy
 
Presymptomatic Patients (Patients With No Weakness or Respiratory Involvement Whose Diagnosis of Pompe Disease Is Confirmed by Genetic Testing)

ERT is not necessary for presymptomatic patients. However, these patients should be checked every 6 months using the muscle strength test and pulmonary function test. Treatment with ERT should be initiated if there is evidence of weakness or impaired pulmonary function.



Symptomatic Patients

All symptomatic patients (i.e., patients with symptoms or signs of Pompe disease or impaired respiratory function) should start on rhGAA, depending on the patient's clinical status.



Advanced Stages of Disease (Non-ambulatory ± Receive Non-invasive Ventilation While Awake or Invasive Ventilation)

A trial of ERT may be considered in individuals with advanced stages of LOPD at a standard dose if there are predefined skeletal muscle outcomes, which can be assessed, if achieved, would improve the patient's function. In such cases, if the trial of therapy for 1–2 years does not deliver improvement in outcome measures, then the trial should be discontinued. However, if the disease deteriorates after stopping treatment faster than during treatment, restarting ERT can be an option.




Stopping Enzyme Replacement Therapy

rhGAA should be eliminated in the following situations: Severe infusion-associated reactions that cannot be effectively managed; the patient desires to stop ERT; lack of compliance of the patient with regular clinical assessments or infusions; accompanying another life-threatening disease. If no sign of improvement in skeletal muscle ± respiratory function was identified in the first 2 years after the start of treatment, the ERT should also be stopped.

It is recommended that multidisciplinary expert teams make decisions to stop the treatment to permit objective and careful consideration of all pertinent characteristics of the disease and its treatment, such as motor and respiratory functions and quality of life (68).




Future Treatments

Developments in molecular medicine methods look promising for more effective therapeutic approaches. Approaches such as splicing modification by antisense oligonucleotides, stop codon read-through therapy, chaperone therapy, and the use of viral vectors (adeno-associated virus vectors) for gene therapy are encouraging therapeutic options in the future (69, 70).




REHABILITATION

Rehabilitation should be considered the gold standard management in Pompe disease due to its nature, the involvement of several organs, and not complete remission after ERT (12, 66, 71, 72). Patients with Pompe disease, especially LOPD, are classified into presymptomatic, symptomatic, and severe based on the level of progression and disease severity (73, 74). Based on these classifications and complications (including respiratory insufficiency, cardiac, muscle weakness, scoliosis, nutritional, swallowing, and low bone mineral mass), the required rehabilitation will be determined (Table 2).


Table 2. Musculoskeletal, respiratory, and nutritional management of children with Pompe disease.

[image: Table 2]


Musculoskeletal Management

Motor and patient function assessment is recommended every 3–6 months early after diagnosis for children younger than 5 years and annually for children older than 5 years and adults (12, 74) (Table 2). A pulmonologist should visit these patients before exercise tolerance assessment due to their cardiopulmonary morbidity (73).

Exercise intolerance is mainly caused by muscle weakness rather than glycogenosis disorder (75, 76). Limited evidence is available for exercise therapy in these patients (75, 76). The exercise regimen of these patients should be initiated and extended gradually. Mild to moderate exercise (60–70% of maximal effort) is suggested 3–5 days a week (77). In this exercise regimen, stretching exercises should be added, and strenuous or eccentric physical therapy exercises, especially in proximal muscles, flexors, and abductors of the lower limbs, overwork weakness, and disuse atrophy should be avoided (72, 75–77).

After ERT, it seems that a combination of aerobic, resistance, and core stability has been beneficial and safe to ventilator-free patients who could walk alone and improved patient's pain, fatigue, and function (72).



Low Bone Mineral Mass

It is suggested to perform an annual dual-energy X-ray absorptiometry bone mineral density assessment for LOPD child or adult wheelchair or ventilator-dependent patients (72, 78). Moreover, fall risk assessment is suggested for these patients due to high osteoporosis prevalence (71). If necessary, walker and cane use and instructions to prevent falling are advised and add calcium, vitamin D, and bisphosphonates to the patient's regimen (66, 77).



Respiratory Rehabilitation

Based on the disease's course, a pulmonologist visit is suggested every 6–12 months, especially for children with LOPD, and pulmonary function should be assessed (Table 2) (72, 77). In non-cooperative children (older than 4–5 years), indirect tests such as measurement of oxygen saturation at night, blood gas analysis, and transcutaneous monitoring of partial pressure of oxygen and partial pressure of carbon dioxide are suggested (72, 77, 79). Blood gas and pulmonary function tests may be done annually or in case of a change in the patient's condition (77).

A drop in postural FVC (usually >25% from the sitting to the supine position) indicates reduced diaphragmatic strength. When PCF values decline below 270 L/min, use cough assistance such as manually assisted coughing, air stacking, insufflation/exsufflation, and high-frequency chest wall oscillation (66, 73, 80). Patients' nocturnal respiratory disorders may be managed by continuous positive airway pressure or bi-level inspiratory positive airway pressure.



Nutritional and Gastrointestinal Evaluation

Pompe disease is presented with facial hypotonia, macroglossia, weakened tongue muscles, and oral movement impairment. The jaw muscles' fatigue can also cause an increased risk of aspiration and consume low amounts of vitamins, minerals, energy, malnutrition, and the compensatory use of muscle proteins. So speech therapy and swallowing techniques are recommended. Other gastrointestinal symptoms, such as dysphagia, gastroesophageal reflux, gastroparesis, and decreased bowel movement, are observed (12, 77). Videofluoroscopic swallowing assessment is recommended to assess patient condition, especially for aspiration risk (12, 66, 77).

However, the current ordinary care for Pompe disease is administering ERT; the treating physician should pay attention to the patient's exercise and nutrition. We suggest a high-protein and low-carbohydrate nutrition diet and exercise therapy (81). In patients with a motor disability that prevents regular daily activities, the total energy consumption by food must be reduced to evade obesity. Notably, lower total energy intake gives rise to a lower intake of protein and micronutrients. Pompe patients should be assessed regularly for nutritional deficiencies (protein, vitamin D, other vitamins) (51).




FOLLOW-UPS


Infantile-Onset Pompe Disease

We recommend that the patients be visited by the physician every 3 months assessing feeding/swallowing, pulmonary and cardiac examination, and hearing status; however, the time interval may be modified based on the patient's clinical status (Table 3). A closer follow-up is required for patients with cardiac diseases. The physician should be attentive in testing for the hearing status associated with the disease intervening promptly if any hearing impairment is noticed (82). CK and liver function tests should be measured every 6–12 months.


Table 3. Recommended follow-up and assessment in classic infantile Pompe disease (CRIM-positive and CRIM-negative).
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Late-Onset Pompe Disease

We recommend that the patients be visited by the physician every 6 months; however, the time interval may modify based on their clinical status.

The following examinations should be performed in each session (Figure 6): Manual muscle testing, quantitative muscle testing, walking tests, spirometry, and evaluation for needing non-invasive ventilation or ventilator. CK and liver function tests should be measured every 6–12 months and respiratory function every 6–12 months, depending on the age of onset of patients' complaints. The following tests should be ordered at baseline and repeated regularly if clinically indicated: Brain MRI/magnetic resonance angiography, electrocardiography, echocardiography, bone mineral densitometry, and audiology assessment. Asymptomatic vertebral fractures without a history of trauma frequently occur in LOPD. Hence, screening for such fractures should be regularly accomplished regardless of the disease severity (83).


[image: Figure 6]
FIGURE 6. A minimum clinic visits inquiries for each session.


Gastrointestinal manifestations may cause a substantial disease burden on LOPD patients, and it is advised to be evaluated during clinical visits (84).




CONCLUSION

Herein, we attempted to develop a consensus based on Iran's local requirements. The authors hope that disseminating these consensuses will help healthcare professionals in Iran achieve the diagnosis, suitable treatment, and proper follow-up of patients with IOPD and LOPD.



AUTHOR CONTRIBUTIONS

SN and FF organized the panel sessions. FF, MA, MB, BA, MBT, RB, PE, AF, ZH, BH, HM, YN, PS, KS, and SN contributed to consensus preparation, including literature review and writing the initial draft for each section, and also the final manuscript. All authors have read and approved the final manuscript.



REFERENCES

 1. Pompe J. Over idiopathische hypertrophie van het hart. Ned Tijdschr Geneeskd. (1932) 76:304–11.

 2. Hers HG. α-Glucosidase deficiency in generalized glycogen-storage disease (Pompe's disease). Biochem J. (1963) 86:11–16. doi: 10.1042/bj0860011

 3. Wens SC, Schaaf GJ, Michels M, Kruijshaar ME, Van Gestel TJ, in ‘t Groen S, et al. Elevated plasma cardiac troponin t levels caused by skeletal muscle damage in Pompe disease. Circ Cardiovasc Genet. (2016) 9:6–13. doi: 10.1161/CIRCGENETICS.115.001322

 4. Moravej H, Karamizadeh Z, Paran M. The outcome of infantile onset Pompe disease in south of Iran. Iran J Pediatr. (2016) 26:1–4. doi: 10.5812/ijp.4473

 5. Nazari F, Sinaei F, Nilipour Y, Fatehi F, Streubel B, Ashrafi MR, et al. Late-onset pompe disease in Iran: a clinical and genetic report. Muscle Nerve. (2017) 55:835–40. doi: 10.1002/mus.25413

 6. Ashrafi MR, Tavasoli A. Infantile-onset Pompe disease. Iran J Child Neurol. (2012) 6:7–9.

 7. van Capelle CI, Goedegebure A, Homans NC, Hoeve HLJ, Reuser AJ, van der Ploeg AT. Hearing loss in Pompe disease revisited: results from a study of 24 children. J Inherit Metab Dis. (2010) 33:597–602. doi: 10.1007/s10545-010-9144-0

 8. Viamonte M, Tuna I, Rees J. Dilated cerebral arteriopathy in classical Pompe disease: a novel finding. Pediatr Neurol. (2020) 108:117–20. doi: 10.1016/j.pediatrneurol.2020.02.006

 9. Kohler L, Puertollano R, Raben N. Pompe disease: from basic science to therapy. Neurotherapeutics. (2018) 15:928–42. doi: 10.1007/s13311-018-0655-y

 10. Fuller DD, ElMallah MK, Smith BK, Corti M, Lawson LA, Falk DJ, et al. The respiratory neuromuscular system in Pompe disease. Respir Physiol Neurobiol. (2013) 189:241–9. doi: 10.1016/j.resp.2013.06.007

 11. Landis JL, Hyland H, Kindel SJ, Punnoose A, Geddes GC. Pompe disease treatment with twice a week high dose alglucoside alfa in a patient with severe dilated cardiomyopathy. Mol Genet Metab Rep. (2018) 16:1–4. doi: 10.1016/j.ymgmr.2018.05.002

 12. Kishnani PS, Steiner RD, Bali D, Berger K, Byrne BJ, Case L, et al. Pompe disease diagnosis and management guideline. Genet Med. (2006) 8:267–88. doi: 10.1097/01.gim.0000218152.87434.f3

 13. Jones HN, Hobson-Webb LD, Kuchibhatla M, Crisp KD, Whyte-Rayson A, Batten MT, et al. Tongue weakness and atrophy differentiates late-onset Pompe disease from other forms of acquired/hereditary myopathy. Mol Genet Metab. (2021) 133:261–8. doi: 10.1016/j.ymgme.2021.05.005

 14. Toscano A, Schoser B. Enzyme replacement therapy in late-onset Pompe disease: a systematic literature review. J Neurol. (2013) 260:951–9. doi: 10.1007/s00415-012-6636-x

 15. Musumeci O, la Marca G, Spada M, Mondello S, Danesino C, Comi GP, et al. LOPED study: looking for an early diagnosis in a late-onset Pompe disease high-risk population. J Neurol Neurosurg Psychiatry. (2016) 87:5–11. doi: 10.1136/jnnp-2014-310164

 16. Hagemans MLC, Winkel LPF, Van Doorn PA, Hop WJC, Loonen MCB, Reuser AJJ, et al. Clinical manifestation and natural course of late-onset Pompe's disease in 54 Dutch patients. Brain J Neurol. (2005) 128:671–7. doi: 10.1093/brain/awh384

 17. van der Beek NA, de Vries JM, Hagemans ML, Hop WC, Kroos MA, Wokke JH, et al. Clinical features and predictors for disease natural progression in adults with Pompe disease: a nationwide prospective observational study. Orphanet J Rare Dis. (2012) 7:88. doi: 10.1186/1750-1172-7-88

 18. Musumeci O, Catalano N, Barca E, Ravaglia S, Fiumara A, Gangemi G, et al. Auditory system involvement in late onset Pompe disease: a study of 20 Italian patients. Mol Genet Metab. (2012) 107:480–4. doi: 10.1016/j.ymgme.2012.07.024

 19. Musumeci O, Marino S, Granata F, Morabito R, Bonanno L, Brizzi T, et al. Central nervous system involvement in late-onset Pompe disease: clues from neuroimaging and neuropsychological analysis. Eur J Neurol. (2019) 26:442–35. doi: 10.1111/ene.13835

 20. Hobson-Webb LD, Austin SL, Jain S, Case LE, Greene K, Kishnani PS. Small-fiber neuropathy in Pompe disease: first reported cases and prospective screening of a clinic cohort. Am J Case Rep. (2015) 16:196–201. doi: 10.12659/AJCR.893309

 21. Laforêt P, Doppler V, Caillaud C, Laloui K, Claeys KG, Richard P, et al. Rigid spine syndrome revealing late-onset Pompe disease. Neuromuscul Disord NMD. (2010) 20:128–30. doi: 10.1016/j.nmd.2009.11.006

 22. Soliman OII, van der Beek NAME, van Doorn PA, Vletter WB, Nemes A, Van Dalen BM, et al. Cardiac involvement in adults with Pompe disease. J Intern Med. (2008) 264:333–9. doi: 10.1111/j.1365-2796.2008.01966.x

 23. Bernstein DL, Bialer MG, Mehta L, Desnick RJ. Pompe disease: dramatic improvement in gastrointestinal function following enzyme replacement therapy. A report of three later-onset patients. Mol Genet Metab. (2010) 101:130–3. doi: 10.1016/j.ymgme.2010.06.003

 24. Schneider J, Burmeister LA, Rudser K, Whitley CB, Jarnes Utz J. Hypothyroidism in late-onset Pompe disease. Mol Genet Metab Rep. (2016) 8:24–7. doi: 10.1016/j.ymgmr.2016.06.002

 25. Toscano A, Rodolico C, Musumeci O. Multisystem late onset Pompe disease (LOPD): an update on clinical aspects. Ann Transl Med. (2019) 7:1–11. doi: 10.21037/atm.2019.07.24

 26. Piraud M, Pettazzoni M, de Antonio M, Vianey-Saban C, Froissart R, Chabrol B, et al. Urine glucose tetrasaccharide: a good biomarker for glycogenoses type II and III? A study of the French cohort. Mol Genet Metab Rep. (2020) 23:1–11. doi: 10.1016/j.ymgmr.2020.100583

 27. Burton BK, Kronn DF, Hwu W-L, Kishnani PS. Pompe disease newborn screening working group. the initial evaluation of patients after positive newborn screening: recommended algorithms leading to a confirmed diagnosis of Pompe disease. Pediatrics. (2017) 140:S14–23. doi: 10.1542/peds.2016-0280D

 28. American Association of Neuromuscular & Electrodiagnostic Medicine. Diagnostic criteria for late-onset (childhood and adult) Pompe disease. Muscle Nerve. (2009) 40:149–60. doi: 10.1002/mus.21393

 29. Hobson-Webb LD, Dearmey S, Kishnani PS. The clinical and electrodiagnostic characteristics of Pompe disease with post-enzyme replacement therapy findings. Clin Neurophysiol. (2011) 122:2312–7. doi: 10.1016/j.clinph.2011.04.016

 30. Jastrzebska A, Potulska-Chromik A, Łusakowska A, Jastrzebski M, Lipowska M, Kierdaszuk B, et al. Screening for late-onset Pompe disease in Poland. Acta Neurol Scand. (2019) 140:239–43. doi: 10.1111/ane.13133

 31. Gutiérrez-Rivas E, Bautista J, Vílchez JJ, Muelas N, Díaz-Manera J, Illa I, et al. Targeted screening for the detection of Pompe disease in patients with unclassified limb-girdle muscular dystrophy or asymptomatic hyperCKemia using dried blood: a Spanish cohort. Neuromuscul Disord NMD. (2015) 25:548–53. doi: 10.1016/j.nmd.2015.04.008

 32. Ünver O, Hacifazlioglu NE, Karatoprak E, Güneş AS, Sager G, Kutlubay B, et al. The frequency of late-onset Pompe disease in pediatric patients with limb-girdle muscle weakness and nonspecific hyperCKemia: a multicenter study. Neuromuscul Disord. (2016) 26:796–800. doi: 10.1016/j.nmd.2016.09.001

 33. Lukacs Z, Nieves Cobos P, Wenninger S, Willis TA, Guglieri M, Roberts M, et al. Prevalence of Pompe disease in 3,076 patients with hyperCKemia and limb-girdle muscular weakness. Neurology. (2016) 87:295–8. doi: 10.1212/WNL.0000000000002758

 34. Pascarella A, Terracciano C, Farina O, Lombardi L, Esposito T, Napolitano F, et al. Vacuolated PAS-positive lymphocytes as an hallmark of Pompe disease and other myopathies related to impaired autophagy. J Cell Physiol. (2018) 233:5829–37. doi: 10.1002/jcp.26365

 35. Parisi D, Musumeci O, Mondello S, Brizzi T, Oteri R, Migliorato A, et al. Vacuolated PAS-positive lymphocytes on blood smear: an easy screening tool and a possible biomarker for monitoring therapeutic responses in late onset Pompe disease (LOPD). Front Neurol. (2018) 9:880. doi: 10.3389/fneur.2018.00880

 36. Carlier R-Y, Laforet P, Wary C, Mompoint D, Laloui K, Pellegrini N, et al. Whole-body muscle MRI in 20 patients suffering from late onset Pompe disease: involvement patterns. Neuromuscul Disord NMD. (2011) 21:791–9. doi: 10.1016/j.nmd.2011.06.748

 37. Figueroa-Bonaparte S, Llauger J, Segovia S, Belmonte I, Pedrosa I, Montiel E, et al. Quantitative muscle MRI to follow up late onset Pompe patients: a prospective study. Sci Rep. (2018) 8:1–11. doi: 10.1038/s41598-018-29170-7

 38. Fernandes SA, Khan AA, Boggs T, Bowling M, Austin S, Stefanescu M, et al. Quantitative whole-body magnetic resonance imaging in children with Pompe disease: clinical tools to evaluate severity of muscle disease. JIMD Rep. (2021) 57:94–101. doi: 10.1002/jmd2.12174

 39. Feeney EJ, Austin S, Chien Y-H, Mandel H, Schoser B, Prater S, et al. The value of muscle biopsies in Pompe disease: identifying lipofuscin inclusions in juvenile- and adult-onset patients. Acta Neuropathol Commun. (2014) 2:2. doi: 10.1186/2051-5960-2-2

 40. Taglia A, Picillo E, D'Ambrosio P, Rosaria Cecio M, Viggiano E, Politano L. Genetic counseling in Pompe disease. Acta Myol. (2011) 30:179–81.

 41. Cho A, Kim SJ, Lim BC, Hwang H, Park JD, Kim GB, et al. Infantile Pompe disease: clinical and genetic characteristics with an experience of enzyme replacement therapy. J Child Neurol. (2012) 27:319–24. doi: 10.1177/0883073811420295

 42. Peruzzo P, Pavan E, Dardis A. Molecular genetics of Pompe disease: a comprehensive overview. Ann Transl Med. (2019) 7:278. doi: 10.21037/atm.2019.04.13

 43. Vanherpe P, Fieuws S, D'Hondt A, Bleyenheuft C, Demaerel P, De Bleecker J, et al. Late-onset Pompe disease (LOPD) in Belgium: clinical characteristics and outcome measures. Orphanet J Rare Dis. (2020) 15:83. doi: 10.1186/s13023-020-01353-4

 44. Savarese M, Torella A, Musumeci O, Angelini C, Astrea G, Bello L, et al. Targeted gene panel screening is an effective tool to identify undiagnosed late onset Pompe disease. Neuromuscul Disord. (2018) 28:586–91. doi: 10.1016/j.nmd.2018.03.011

 45. Atherton AM, Day-Salvatore D, on behalf of the Pompe Disease Newborn Screening Working Group. The role of genetic counseling in Pompe disease after patients are identified through newborn screening. Pediatrics. (2017) 140:S46–50. doi: 10.1542/peds.2016-0280F

 46. Lévesque S, Auray-Blais C, Gravel E, Boutin M, Dempsey-Nunez L, Jacques P-E, et al. diagnosis of late-onset Pompe disease and other muscle disorders by next-generation sequencing. Orphanet J Rare Dis. (2016) 11:1–10. doi: 10.1186/s13023-016-0390-6

 47. Chu YP, Sheng B, Lau KK, Chan HF, Kam GYW, Lee HHC, et al. Clinical manifestation of late onset Pompe disease patients in Hong Kong. Neuromuscul Disord NMD. (2016) 26:873–9. doi: 10.1016/j.nmd.2016.09.004

 48. Ruggeri P, Lo Monaco L, Musumeci O, Tavilla G, Gaeta M, Caramori G, et al. Ultrasound assessment of diaphragm function in patients with late-onset Pompe disease. Neurol Sci. (2020) 41:2175–84. doi: 10.1007/s10072-020-04316-6

 49. Semplicini C, De Antonio M, Taouagh N, Béhin A, Bouhour F, Echaniz-Laguna A, et al. Long-term benefit of enzyme replacement therapy with alglucosidase alfa in adults with Pompe disease: prospective analysis from the French Pompe Registry. J Inherit Metab Dis. (2020) 43:1219–31. doi: 10.1002/jimd.12272

 50. Angelini C, Semplicini C, Ravaglia S, Moggio M, Comi GP, Musumeci O, et al. New motor outcome function measures in evaluation of late-onset Pompe disease before and after enzyme replacement therapy. Muscle Nerve. (2012) 45:831–4. doi: 10.1002/mus.23340

 51. Angelini C. Exercise, nutrition and enzyme replacement therapy are efficacious in adult Pompe patients: report from EPOC Consortium. Eur J Transl Myol. (2021) 31. doi: 10.4081/ejtm.2021.9798

 52. Yang C-F, Chu T-H, Huang L-Y, Liao H-C, Soong W-J, Niu D-M. AB028. Very early treatment for infantile-onset Pompe disease contributes to better outcomes: 10-year experience in one institute. Ann Transl Med. (2017) 5. doi: 10.21037/atm.2017.s028

 53. Poelman E, van den Dorpel JJA, Hoogeveen-Westerveld M, van den Hout JMP, van der Giessen LJ, van der Beek NAME, et al. Effects of higher and more frequent dosing of alglucosidase alfa and immunomodulation on long-term clinical outcome of classic infantile Pompe patients. J Inherit Metab Dis. (2020) 43:1243–53. doi: 10.1002/jimd.12268

 54. Khan AA, Case LE, Herbert M, DeArmey S, Jones H, Crisp K, et al. Higher dosing of alglucosidase alfa improves outcomes in children with Pompe disease: a clinical study and review of the literature. Genet Med. (2020) 22:898–907. doi: 10.1038/s41436-019-0738-0

 55. Case LE, Bjartmar C, Morgan C, Casey R, Charrow J, Clancy JP, et al. Safety and efficacy of alternative alglucosidase alfa regimens in Pompe disease. Neuromuscul Disord NMD. (2015) 25:321–32. doi: 10.1016/j.nmd.2014.12.004

 56. Messinger YH, Mendelsohn NJ, Rhead W, Dimmock D, Hershkovitz E, Champion M, et al. Successful immune tolerance induction to enzyme replacement therapy in CRIM-negative infantile Pompe disease. Genet Med. (2012) 14:135–42. doi: 10.1038/gim.2011.4

 57. Desai AK, Kazi ZB, Bali DS, Kishnani PS. Characterization of immune response in Cross-Reactive Immunological Material (CRIM)-positive infantile Pompe disease patients treated with enzyme replacement therapy. Mol Genet Metab Rep. (2019) 20:100475. doi: 10.1016/j.ymgmr.2019.100475

 58. Kishnani PS, Goldenberg PC, DeArmey SL, Heller J, Benjamin D, Young S, et al. Cross-reactive immunologic material status affects treatment outcomes in Pompe disease infants. Mol Genet Metab. (2010) 99:26–33. doi: 10.1016/j.ymgme.2009.08.003

 59. Desai AK, Li C, Rosenberg AS, Kishnani PS. Immunological challenges and approaches to immunomodulation in Pompe disease: a literature review. Ann Transl Med. (2019) 7:1–21. doi: 10.21037/atm.2019.05.27

 60. van der Ploeg AT, Clemens PR, Corzo D, Escolar DM, Florence J, Groeneveld GJ, et al. A randomized study of alglucosidase alfa in late-onset Pompe's disease. N Engl J Med. (2010) 362:1396–406. doi: 10.1056/NEJMoa0909859

 61. Kuperus E, Kruijshaar ME, Wens SCA, de Vries JM, Favejee MM, van der Meijden JC, et al. Long-term benefit of enzyme replacement therapy in Pompe disease: a 5-year prospective study. Neurology. (2017) 89:2365–73. doi: 10.1212/WNL.0000000000004711

 62. Güngör D, Kruijshaar ME, Plug I, D'Agostino RB, Hagemans MLC, van Doorn PA, et al. Impact of enzyme replacement therapy on survival in adults with Pompe disease: results from a prospective international observational study. Orphanet J Rare Dis. (2013) 8:49. doi: 10.1186/1750-1172-8-49

 63. Sarah B, Giovanna B, Emanuela K, Nadi N, Josè V, Alberto P. Clinical efficacy of the enzyme replacement therapy in patients with late-onset Pompe disease: a systematic review and a meta-analysis. J Neurol. (2021). doi: 10.1007/s00415-021-10526-5. [Epub ahead of print].

 64. de Vries JM, van der Beek NAME, Hop WCJ, Karstens FPJ, Wokke JH, de Visser M, et al. Effect of enzyme therapy and prognostic factors in 69 adults with Pompe disease: an open-label single-center study. Orphanet J Rare Dis. (2012) 7:73. doi: 10.1186/1750-1172-7-73

 65. Kishnani PS, Corzo D, Nicolino M, Byrne B, Mandel H, Hwu WL, et al. Recombinant human acid [alpha]-glucosidase: major clinical benefits in infantile-onset Pompe disease. Neurology. (2007) 68:99–109. doi: 10.1212/01.wnl.0000251268.41188.04

 66. MENA Pompe Working Group, Al Jasmi F, Al Jumah M, Alqarni F, Al-Sanna'a N, Al-Sharif F, et al. Diagnosis and treatment of late-onset Pompe disease in the Middle East and North Africa region: consensus recommendations from an expert group. BMC Neurol. (2015) 15:205. doi: 10.1186/s12883-015-0412-3

 67. van der Ploeg AT, Kruijshaar ME, Toscano A, Laforêt P, Angelini C, Lachmann RH, et al. European consensus for starting and stopping enzyme replacement therapy in adult patients with Pompe disease: a 10-year experience. Eur J Neurol. (2017) 24:768–e31. doi: 10.1111/ene.13285

 68. van Kooten HA, Harlaar L, van der Beek NAME, van Doorn PA, van der Ploeg AT, Brusse E, et al. Discontinuation of enzyme replacement therapy in adults with Pompe disease: evaluating the European POmpe Consortium stop criteria. Neuromuscul Disord NMD. (2020) 30:59–66. doi: 10.1016/j.nmd.2019.11.007

 69. Colella P, Mingozzi F. Gene therapy for Pompe disease: the time is now. Hum Gene Ther. (2019) 30:1245–62. doi: 10.1089/hum.2019.109

 70. Bellotti AS, Andreoli L, Ronchi D, Bresolin N, Comi GP, Corti S. Molecular approaches for the treatment of Pompe disease. Mol Neurobiol. (2020) 57:1259–80. doi: 10.1007/s12035-019-01820-5

 71. Corrado B, Ciardi G, Iammarrone CS. Rehabilitation management of Pompe disease, from childhood trough adulthood: a systematic review of the literature. Neurol Int. (2019) 11:7983. doi: 10.4081/ni.2019.7983

 72. Iolascon G, Vitacca M, Carraro E, Chisari C, Fiore P, Messina S, et al. The role of rehabilitation in the management of late-onset Pompe disease: a narrative review of the level of evidence. Acta Myol Myopathies Cardiomyopathies. (2018) 37:241–51.

 73. Ambrosino N, Confalonieri M, Crescimanno G, Vianello A, Vitacca M. The role of respiratory management of Pompe disease. Respir Med. (2013) 107:1124–32. doi: 10.1016/j.rmed.2013.03.004

 74. Llerena Junior JC, Nascimento OJ, Oliveira ASB, Dourado Junior MET, Marrone CD, Siqueira HH, et al. Guidelines for the diagnosis, treatment and clinical monitoring of patients with juvenile and adult Pompe disease. Arq Neuropsiquiatr. (2016) 74:166–76. doi: 10.1590/0004-282X20150194

 75. Favejee MM, van den Berg LEM, Kruijshaar ME, Wens SCA, Praet SFE, Pim Pijnappel WWM, et al. Exercise training in adults with Pompe disease: the effects on pain, fatigue, and functioning. Arch Phys Med Rehabil. (2015) 96:817–22. doi: 10.1016/j.apmr.2014.11.020

 76. van den Berg LEM, Favejee MM, Wens SCA, Kruijshaar ME, Praet SFE, Reuser AJJ, et al. Safety and efficacy of exercise training in adults with Pompe disease: evalution of endurance, muscle strength and core stability before and after a 12 week training program. Orphanet J Rare Dis. (2015) 10:87. doi: 10.1186/s13023-015-0303-0

 77. Cupler EJ, Berger KI, Leshner RT, Wolfe GI, Han JJ, Barohn RJ, et al. Consensus treatment recommendations for late-onset Pompe disease. Muscle Nerve. (2012) 45:319–33. doi: 10.1002/mus.22329

 78. van den Berg LEM, Zandbergen AA, van Capelle CI, de Vries JM, Hop WC, van den Hout JM, et al. Low bone mass in Pompe disease: muscular strength as a predictor of bone mineral density. Bone. (2010) 47:643–9. doi: 10.1016/j.bone.2010.06.021

 79. Kishnani PS, Howell RR. Pompe disease in infants and children. J Pediatr. (2004) 144:S35–S43. doi: 10.1016/j.jpeds.2004.01.053

 80. Boentert M, Prigent H, Várdi K, Jones HN, Mellies U, Simonds AK, et al. Practical recommendations for diagnosis and management of respiratory muscle weakness in late-onset Pompe disease. Int J Mol Sci. (2016) 17:1–17. doi: 10.3390/ijms17101735

 81. Slonim AE, Bulone L, Goldberg T, Minikes J, Slonim E, Galanko J, et al. Modification of the natural history of adult-onset acid maltase deficiency by nutrition and exercise therapy. Muscle Nerve. (2007) 35:70–7. doi: 10.1002/mus.20665

 82. Hsueh C-Y, Huang C-Y, Yang C-F, Chang C-C, Lin W-S, Cheng H-L, et al. Hearing characteristics of infantile-onset Pompe disease after early enzyme-replacement therapy. Orphanet J Rare Dis. (2021) 16:348. doi: 10.1186/s13023-021-01817-1

 83. Bertoldo F, Zappini F, Brigo M, Moggio M, Lucchini V, Angelini C, et al. Prevalence of asymptomatic vertebral fractures in late-onset Pompe disease. J Clin Endocrinol Metab. (2015) 100:401–6. doi: 10.1210/jc.2014-2763

 84. Korlimarla A, Lim J-A, McIntosh P, Zimmerman K, Sun BD, Kishnani PS. New insights into gastrointestinal involvement in late-onset Pompe disease: lessons learned from bench and bedside. J Clin Med. (2021) 10:3395. doi: 10.3390/jcm10153395

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Fatehi, Ashrafi, Babaee, Ansari, Beiraghi Toosi, Boostani, Eshraghi, Fakharian, Hadipour, Haghi Ashtiani, Moravej, Nilipour, Sarraf, Sayadpour Zanjani and Nafissi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-12-739931-g005.gif
| vt Sa3r032 e cotemes b sages s |

Fatat i wttng 1 Soman i s S 33 o35

)
et
i

S sy pre——
G

[,,,m_m] | [ROT———— I






OPS/images/fneur-12-739931-g006.gif
[ Motor Functions.

e o sdennt

“Tatwnghunne
Ao gt st v e, Wk G edosor G5 o s 6 -ty
0 gt 5SS G areon g rons

“owne

(oGt

Specch and swallowing dficuties

e
e





OPS/images/fneur-12-739931-g003.gif
Diagnostic approach for LOPD

e opey. Bt et






OPS/images/fneur-12-739931-g004.gif





OPS/images/fneur-12-739931-t003.jpg
Clinical assessments
Feeding/swallowing
Chest X Ray
Electrocardiography
Echocardiography
Holter cardiac monitoring
Auditory
Developmental assessments
Treatment evaluations
ERT antibodies (CRIM-negative)
ERT antibodies (CRIM-positive)
Pulmonary evaluation

Initial
referral

2-4 weeks of age

Assessment time point and frequency

Monthly to 4 months
of age

Every 2 months (4-12
months of age)

Every 3-6 months
(>12 months of age)





OPS/images/fneur-12-739931-t001.jpg
System

Neurological/Musculoskeletal

Respiratory

Cardiac

Gastrointestinal

Endocrine

1o0PD

Muscle weakness, motor delay developmental delay,
absent or delayed motor milestones or even regression,
hypotonia, poor head control, facial weakness with open
mouth posture, tongue protrusion, weakness of proximal
and truncal muscles, as well as distal muscles, calf
hypertrophy, diminished reflexes, hearing loss

Wet cough, respiratory distress, recurrent pneumonia, or
upper respiratory infections, sleep apnea, respiratory
failure

Cardiomegaly, hypertrophic cardiomyopathy, congestive
heart failure, thythm disturbances such as
supraventricular tachycardia

Hepatomegaly, feeding and swallowing difficultes,
macroglossia, poor suck

LoPD

Preciinical hyperCkemia, exercise intolerance, cramps
and skeletal pain, LGMD-like presentation, regional
muscle involvement, paraspinal muscles involvement,
wadding gait, difficulty in arising the chairs and going up
the stairs, sensory neural hearing loss, aneurysmal
arteries and secondary subarachnoid hemorrhage,
cognitive impairment, like attentive and executive
dysfunction, visuoconstructive impairment, painful
paresthesia, autonomic dysfunction, rigid spine
syndrome

Respiratory insufficiency, daytime sleepiness, fatigue,
and other symptoms related to chronic hypoxia and
respiratory failure

Arthythmia, cardiac hypertrophy (less than IOPD)

Chronic diarthea, abdominal pain, loss of appetite

Hypothyroidism





OPS/images/fneur-12-739931-t002.jpg
Symptoms

Musculoskeletal management
(periodic review 3-6 months for
children <5 years and annually for
others)

Respiratory management (periodic
review 6-12 months) inclucing FVC,
the strength of the respiratory muscle
(MIP and MEP), measurement of
oxygen saturation (SaO) at night,
blood gas analysis, and
transcutaneous monitoring of pa0;
and paCO,

Nutritional

Stage 1 Stage 2 Stage 3

Proximal muscle weakness or upright ~ Limb muscle weakness and upright  Loss of ambulation
and supine FVC reduction. and supine FVC reduction or difficuity
in canying out normal activities

~ Evaluation of MMT, function (6MWT), and ~ Evaluation of MMT and disabilty (PEDI, FIM),
disabilty (PEDI, FIM), or ICF. or ICF.

~ Evaluation of deformity: ROM, contracture ~ Assessment of deformity: ROM, contracture

~ Evaluation of scoliosis and hip migration (in ~ Evaluation of scoliosis and hip migration (n
children) children)

- Evaluation of scoliosis ~ DEXA for BMD

~ DEXA for BMD ~ Pain evaluation (VAS)

~ Pain evaluation (VAS) ~ Proper Positioning, active and passive ROM

~ Exercise: Mid to moderate intensity (60-70% ~ Specific stretching for upper and lower imbs
of maximal effort); frequency of 3-5 ~ Use of external device: AFO or TLSO

treatment days per week
~ Stretching for lower imbs
~ Use of external device: AFO or TLSO

~ Influenza and pneumococcal - Influenza and pneumococcal - Influenza  and  pneumococcal
vaccination annually vaccination annually vaccination annually
~ Improvement/stabilization of vital ~ Improvement/stabilzation of vital ~ Reduced ventilation hours (<8/day)
capacity and respiratory muscle capacity and respiratory muscle ~ Change of the type of ventiation
strength tests (MIP/MEP) by strength tests (MIP/MEP) by assistance  (fom  controlled  to
Respiratory muscle training (RMT) Respiratory muscle training (RMT) assisted)
~ Cough training or assistance - Cough training or assistance ~ Cough training or assistance
- Increased PCEF - Sleep and life quality improvement
(manual/mechanical support) by invasive (Tracheostomy) or non-
~ Sleep and life quality improvement invasive ventiation
by non-invasive ventilation ~ Tracheostomy removal

[Continuous positive airway
pressure (CPAP) or Bilevel
inspiratory positive airway

pressure (BIPAP))
~ Monitor growth parameters carefully ~ Consider the items in stage 1
- Provide adequate nutrition consisting of a - Swallowing maneuvers or posture
high protein diet (20-25%) ~ Videofluoroscopic swallowing assessment
~ Vitamins and minerals (including Ca, Vit D) and evaluation for gastroesophageal reflux to
~ Swallowing maneuvers guide management of feeding either orally or

through a feeding tube

~ PEG is indicated for patients with severe
dysphagia, aspiration risk, weight loss (> 10%
in 1 year), and FVC < 40%.

~ Evaluation for constipation





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Recommendations for Infantile-Onset and Late-Onset Pompe Disease: An Iranian Consensus



		Introduction



		Method







		Clinical Presentation and Diagnosis



		Infantile-Onset Pompe Disease



		Main Clinical Presentations of Infantile-Onset Pompe Disease



		Neurologic/Musculoskeletal



		Respiratory



		Cardiovascular



		Gastrointestinal









		Late-Onset Pompe Disease



		Neurologic/Musculoskeletal



		Respiratory



		Cardiovascular



		Gastrointestinal



		Endocrine









		Investigations in Pompe Disease



		Laboratory Investigations



		Routine Blood Test



		Tetrasaccharide in Urine









		Electrodiagnosis



		Enzyme Assays



		Dried Blood Spot



		Leucocytes



		Fibroblasts



		Blood Smear Examination



		Muscle Magnetic Resonance Imaging









		Muscle Biopsy



		Genetic Study, Consulting, and Prenatal Diagnosis













		Differential Diagnosis of Pompe Disease



		Diagnostic Algorithm



		Outcome Measurements and Follow-Up



		Respiratory Outcome Measurement



		Motor Function and Quality of Life Outcome Measurement



		Blood Tests







		Treatment



		Infantile-Onset Pompe Disease



		Cross-Reactive Immunologic Material Status and Immunomodulation



		Late-Onset Pompe Disease



		Recommendations



		Starting Enzyme Replacement Therapy



		Presymptomatic Patients (Patients With No Weakness or Respiratory Involvement Whose Diagnosis of Pompe Disease Is Confirmed by Genetic Testing)



		Symptomatic Patients



		Advanced Stages of Disease (Non-ambulatory ± Receive Non-invasive Ventilation While Awake or Invasive Ventilation)









		Stopping Enzyme Replacement Therapy









		Future Treatments







		Rehabilitation



		Musculoskeletal Management



		Low Bone Mineral Mass



		Respiratory Rehabilitation



		Nutritional and Gastrointestinal Evaluation







		Follow-Ups



		Infantile-Onset Pompe Disease



		Late-Onset Pompe Disease







		Conclusion



		Author Contributions



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Recommendations for
Infantile-Onset and Late-Onset
Pompe Disease: An Iranian
Consensus





OPS/images/fneur-12-739931-g001.gif





OPS/images/fneur-12-739931-g002.gif
(e

|m.., P—

.

st

e )

g









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





