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Abstract: Pompe disease is a rare metabolic disorder due to deficiency of the lysosomal acid alpha-
glucosidase (GAA) that causes glycogen accumulation in all tissues with a predominant involvement of 
skeletal muscle. The late onset form of Pompe disease (LOPD) is characterized by a progressive weakness of 
proximal and axial muscles, often mimicking limb-girdle muscular dystrophies or inflammatory myopathies, 
with respiratory distress mainly due to a diaphragmatic weakness. Diagnostic delay is still common, and 
clinicians need a high index of suspicion to recognize this condition because the disorder is quite rare, the 
clinical spectrum is wide, and signs and symptoms are not distinguishable from those in other neuromuscular 
disorders that present in a similar fashion. Diagnostic laboratory tests are quite fast and reliable to detect 
the enzymatic deficiency. Enzyme replacement therapy has been available for several years, and other 
new therapeutic strategies such as gene therapy are underway. Here, we discuss the main diagnostic tools 
currently used for the evaluation of patients with suspected LOPD. 
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Introduction

Pompe disease (glycogen storage disease type II , 
OMIM#232300) is an inherited metabolic disorder due to 
deficiency of acid alpha-glucosidase (GAA) that acts within 
lysosomes and is responsible of glycogen breakdown to 
glucose (1-3).

Glycogen accumulates in the lysosome as well as in 
the cytoplasm leading to tissue damage both directly and 
by affecting different downstream metabolic pathways 
including the autophagic process. Although cardiac and 
skeletal muscles are the main tissues involved, GAA 
deficiency is ubiquitous, and nowadays, Pompe disease is 
considered a multisystem disorder (4-6). 

Based on the age at onset, Pompe disease can manifest 
as a severe infantile form (IOPD) presenting with cardiac 
hypertrophy, respiratory dysfunction and floppiness, and 

as a late onset form (LOPD) that is more benign and 
more heterogeneous with respiratory and skeletal muscles 
involvement (2).

In LOPD, the first clinical manifestation can be 
either proximal muscle weakness or other complains 
such as exercise intolerance, muscle pain or even isolated 
hyperCKemia. The clinical presentations are similar to 
those in other hereditary or acquired muscle disorders 
such as, for example, limb-girdle muscular dystrophies 
(LGMD), other muscle glycogenosis, and inflammatory  
myopathies (7,8). 

For over a decade, enzyme replacement therapy (ERT) 
with recombinant human acid α-glucosidase (rhGAA) 
has been the only specific therapy for the disease. Several 
studies demonstrated the efficacy of ERT mainly in IOPD, 
but it became evident that early initiation of ERT is 
essential to avoid irreversible muscle damage (9,10). 
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A recent European Pompe Consortium (EPOC) listed 
some recommendations on diagnosis and management of 
Pompe disease and proposed the detection of GAA activity 
in dried blood spots (DBS) as a rapid and appropriate first 
line diagnostic test (11). Different studies worldwide have 
shown that this method is very useful for fast screening 
of LOPD high-risk populations and should play a central 
role in the diagnostic algorithm (12-15). To confirm 
the diagnosis, it is also recommended to identify GAA 
deficiency in other tissue such as leucocytes, fibroblasts, or 
skeletal muscle and/or perform Sanger GAA sequencing for 
genetic diagnosis (13).

Detect ion of  lymphocytes  with vacuoles  f i l led 
with glycogen in the blood smear (BSE; blood smear 
examination) has been suggested as a useful tool for Pompe 
diagnosis (16-19). 

The use of muscle biopsy as a diagnostic method for 
Pompe disease has been controversial but, in LOPD, this 
procedure remains an important tool in the diagnostic 
process. The biopsy can show some specific myopathic 
changes with vacuolated myofibers and glycogen 
accumulation inside and outside the vacuoles; however, in 
some cases only minimal abnormalities can be found (20).

The aim of the present review is to discuss the main 
tools currently used in the diagnostic workup of patients 
suspected of having Pompe disease. 

Clinical aspects

The clinical picture of LOPD is rather non-specific. 
It is usually characterized by muscle weakness, often 
more prominent in lower limbs. A restrictive respiratory 
insufficiency, mainly due to diaphragmatic weakness can 
sometime be the first presentation, but it is invariably 
associated with skeletal muscle myopathy (21). The 
increased awareness of the disease has allowed to improve 
the diagnosis, thus reducing the diagnostic delay and 
identifying the patients with mild signs and symptoms such 
as myalgia, fatigue or isolated hyperCKemia. A multisystem 
involvement has been recently reported (22,23). 

Electrophysiological findings

In LOPD, where skeletal muscle involvement is a prominent 
feature, it is useful to perform electrophysiological studies 
to consider differential diagnosis with other neuromuscular 
disorders. So far, few studies have systematically described 
electromyography (EMG) features and their distribution in 

LOPD patients. EMG study revealed a myopathic pattern 
with myotonic discharges (MD) or fibrillation potentials; 
MD seem more common in paraspinal muscles and tensor 
fasciae latae, suggesting that these muscles should be 
included during EMG of suspected cases (24,25).

Laboratory investigations

Routine blood test 

Laboratory examination shows increased levels of muscle 
enzyme such as CK, LDH, AST, and ALT. HyperCKemia 
is often no more than five-fold from reference ranges and 
is usually higher in juvenile patients compared to those 
with a longer disease duration. Elevated CK can be found 
in some presymptomatic patients. On the other hand, some 
symptomatic LOPD patients can have normal CK values.

GAA activity assay

The gold standard in the diagnosis of Pompe disease is the 
detection of GAA deficiency. GAA is a ubiquitous lysosomal 
enzyme and its activity can be assayed in tissues; the use of 
blood-based assays has been increasing over time because 
they are less expensive and less invasive but still reliable and 
accurate (26) (Table 1). 

Dried blood spots (DBS)
GAA activity assay in dry blood spotted (DBS) on filter 
paper is a very cheap, fast and efficient test to use as a first 
choice for screening. DBSs are stable during transport 
and can be easily shipped to specialized laboratories for 
diagnosis (26). Currently two different methods are used 
to analyze DBS samples: fluorometry or tandem mass 
spectrometry. These techniques, applied in different 
laboratories, are both suitable for Pompe diagnosis, even 
when applied in newborn screening programs (NBS). 

Several studies in target populations revealed the key role 
of DBSs in the diagnostic work-up of Pompe disease (12-15). 
In a large cohort of patients with unclassified LGMW and/
or hyperCKemia, the prevalence of adult Pompe disease 
is about 2.0% with slight differences among different 
countries. For instance, the frequency of Pompe disease 
among African-Americans, Dutch, and Taiwanese appears 
to be higher compared to other populations (15).

A false positive DBS test can occur because of 
incorrect blood spotting and sampling and environmental 
circumstances such as high temperature during transport. 
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Although the measurement of neutral maltase activity is 
performed in all DBS assays (an internal control), there 
is still a possibility of a false-positive result; therefore, 
it is recommended that DBS positive results should be 
confirmed using a different sample, e.g., fibroblasts, muscle, 
or GAA Sanger gene sequencing (13).

Leucocytes
GAA activity in mixed leucocytes from whole blood 
samples is a minimally invasive method that can be easily 
performed (26). The shipment of the sample needs to be 
fast because of the drop in enzyme activity during time. 
The use of acarbose to eliminate the interference by 
maltase glucoamylase (MGA) improves the reliability of this 
method. 

GAA activity can be also measured in purif ied 
lymphocytes because isoenzymes [i.e., maltase-glucoamylase 
(MGA)] are absent in these cells (27). This method 
could still give some false-negative data if the sample is 
contamination with neutrophils. However, this method is 
rarely applied. 

Fibroblasts
GAA activity can be measured in cultured skin fibroblasts 
with quite reliable results. Cultured fibroblasts required a 

skin biopsy that is a mini invasive procedure, but the enzyme 
assay can be performed only after growing fibroblasts. This 
can take up to 4–6 weeks with a significant delay in the 
diagnosis. For this reason, nowadays, this method is not 
considered as a first choice diagnostic method but rather as 
a confirmatory test after a DBS positive test (13). 

Quantification of lymphocytes with glycogen-filled vacuoles 
in blood smear [blood smear examination (BSE)]

In Pompe disease, there is a widespread glycogen 
accumulation in all tissues and also in blood cells. Some 
years ago, it was observed that glycogen accumulation was 
present in lymphocytes that presented vacuolization on 
blood smear examination (BSE) (16). 

This finding was confirmed over the years by others 
showing an increase in the number of vacuolated 
lymphocytes in LOPD patients compared to controls; 
the authors proposed to use blood smear examination 
as a possible diagnostic screening procedure (17). A 
recent study demonstrated that evaluation of vacuolated 
lymphocytes in BSE is a powerful test in the differential 
diagnosis of autophagic myopathies (18). More recently we 
confirmed that all vacuoles are periodic acid Schiff (PAS)-
positive and that PAS stain is the preferred method to 

Table 1 Current laboratory diagnostic methods

Method Time Invasive False − False + Pros Cons

Biochemistry

Dried blood spot 
(DBS)

2–4 days No Yes Yes Cheap, fast, easy to 
perform, very useful as a 
screening tool

Biochemical and/or 
genetic confirmation

Fibroblasts 4–6 weeks Yes (minimally) No No Feasible, precise results Long waiting period

Leucocytes 2–4 days No No No Easy to perform Not always precise

Skeletal muscle 2–4 days Yes No No Feasible, precise results, 
moderate waiting period

Only in expert centers, 
usually in adults

Morphology

Blood smear Immediate No No Yes Cheap, fast, suggestive Few studies, confirmation 
needed

Muscle morphology 2–4 weeks Yes Yes Yes If positive, strongly 
suggestive

Only in expert centers, 
confirmation needed

Genetic analysis

GAA sequencing Some weeks No No No Highly reliable if two 
pathogenic mutations

If not conclusive (only one 
mutation) biochemical 
confirmation needed
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detect glycogen storage in LOPD patients’ lymphocytes  
(Figure 1). The presence of vacuolated lymphocytes seems 
very specific for Pompe disease. The number of PAS-
positive lymphocytes in treated and untreated patients is 
quite different; although a small number of patients were 
studied, the difference was significant, suggesting that 
quantification of vacuolated lymphocytes on BSE can be 
considered a possible biomarker in therapeutic trials. These 
data suggest that BSE could be performed as a blood-based 
method in screening programs even before GAA assay 
in DBS which is a more sophisticated technique and not 
available in all diagnostic laboratories (19). However, BSE 
results need to be confirmed by the detection of enzyme 
deficiency and/or genetic analysis. 

Muscle biopsy

In LOPD, muscle biopsy is still an important tool, but 
it should not be the first option for diagnostic purposes. 

Furthermore, different muscle groups and even fibers 
within the same muscle may show high variability in terms 
of muscle damage, the number of vacuolated fibers or 
glycogen storage. 

This heterogeneity makes it difficult to establish a 
correlation between the degree of muscle damage and 
clinical status. In other words, the findings from a single 
biopsy site may be inconclusive.

Morphological aspects
Histochemical studies of muscle biopsy may reveal a 
vacuolization of myofibers with glycogen accumulation 
inside the vacuoles but also free in the cytoplasm. 
Glycogen-f i l led  vacuoles  s ta in  s trongly  for  PAS  
(Figure 2). Acid phosphatase histochemistry reveals positive 
staining in all vacuolated fibers, indicating lysosomal  
dysfunction (20). Muscle fibers may show a widespread 
accumulation of autofluorescent lipofuscin inclusions 
resulting from inefficient lysosomal degradation (28). 

A B

Figure 1 BSE stained with periodic acid–Schiff (PAS): (A) lymphocyte with no vacuoles from a healthy control; (B) vacuolated PAS positive 
lymphocyte from a LOPD patient. Magnification 40×.

A B C

Figure 2 Muscle biopsy of an adult LOPD patient: (A) haematoxylin and eosin (H&E) staining shows some fibers with vacuoles; (B) periodic 
acid–Schiff (PAS) stain reveals very mild glycogen accumulation; (C) acid phosphatase (AP) stain shows increased activity. Magnification 40×.
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Unspecific changes such as fiber size variability, centralized 
nuclei, single fiber necrosis, basophilia and phagocytosis 
can be observed. Glycogen storage and fiber vacuolization 
in LOPD are less pronounced than in the infantile form of 
the disease, and the absence of pathology cannot rule out 
the diagnosis of Pompe disease (Figure 3). It is, however, 
important to emphasize that muscle biopsy can be very 
informative in differential diagnosis with other muscle 
disorders that can mimic Pompe disease (29). Moreover, 
muscle morphological studies are very important for 
understanding the pathogenesis of Pompe disease and the 
mechanisms of skeletal muscle damage. Few studies have 
focused on this issue reporting that ERT positively modifies 
skeletal muscle pathology with evident reduction of PAS-
staining and vacuolated fibers in post-treatment biopsies, 
suggesting the efficacy of ERT in the clearance of lysosomal 
glycogen (30).

Muscle GAA assay
Muscle GAA assay is a reliable test to detect GAA 
deficiency. The values over 35% of reference ranges are not 
suggestive of Pompe disease. A reduction of GAA activity 
in fibroblasts or muscle below 30% is consistent with the 
LOPD diagnosis (2). 

Genetic analysis

In the LOPD diagnostic algorithm, GAA analysis is 
recommended as confirmatory test in DBS positive patients; 
the genetic analysis is also useful for the identification of 
carriers in families with a history of LOPD.

GAA gene is located on 17q25 and spans 20 Kb. It 
contains 20 exons, and the start codon is at nucleotide 

33 in exon 2 (31). Pompe Disease Mutation Database  
(http:/www.pompecenter.nl) is an updated source that 
provides all reported variants throughout the whole gene. 
More than 500 variants are reported and among them, 
374 are pathogenic. Some mutations occur in specific 
populations but most of them are private. In distinct sub-
populations, low enzyme activity has been related to a 
condition of pseudodeficiency due to the c.1726G>A 
(p.G576S) mutation of α-glucosidase (GAA) (32). This 
mutation has been found in the Asian population, namely 
in Japan and Taiwan. Most juvenile and adult Caucasian 
Pompe disease patients harbor the so called “leaky splice” 
mutation c.-32-13T>G in intron 1 of the gene (named 
as IVS1-13T>G) (33,34) in combination with another 
mutation on the second allele. This splice site mutation 
results in alternatively spliced transcripts, including a 
deletion of the first coding exon 2, but low amount of 
normal mRNA is still produced leading to some residual 
enzyme activity. Therefore, patients usually develop less 
severe form with late onset (35). Only few IVS1-13T>G 
homozygous patients have been described suggesting that 
individuals homozygous for this mutation may remain 
asymptomatic. A possible explanation is that modifying 
factors can influence the onset and the course of the  
disease (36). Recently we reported the phenotype and 
biochemical findings of six adult patients with Pompe 
disease demonstrating that homozygosity for c.-32-
13T>G reflects the full adult Pompe disease phenotype  
spectrum (37). 

The clinical presentation in compound heterozygous 
for IVS1 mutation is quite heterogeneous, reinforcing the 
notion that modifying factors can modulate the phenotype. 
Few studies have focused on this issue. Angiotensin-

A B

Figure 3 Muscle biopsy of a juvenile LOPD patient (A) haematoxilin eosin (H&E) staining shows many vacuolated fibers; (B) periodic  
acid–Schiff (PAS) stain shows increased glycogen content within vacuoles. Magnification 40×.
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converting enzyme (ACE) I/D polymorphism and alpha 
actinin 3 (ACTN3) p.R577X polymorphism seem to 
be linked to the disease onset (38). A very recent study, 
looking for cis-acting single nucleotide variants (SNVs) 
in GAA gene, has identified the c.510C>T as a genetic 
modifier of the disease onset in compound heterozygous 
and homozygous IVS1 patients. The c.510 C>T reduced 
leaky wild-type splicing and has been associated with 
clinical manifestations of the disease in homozygotes and an 
earlier onset in the heterozygotes, although some additional 
genetic modifiers have been suggested (36).

The increased and early use of next generation 
sequencing (NGS)-based gene panels as diagnostic tool can 
be extended for the detection of GAA mutations because 
the gene is included in several commercially available NGS 
panels for muscle disorders, thus, facilitating the diagnosis 
even in atypical cases (39).

Final observations

Pompe disease is a progressive disorder and although 
there is an increased awareness among the clinicians, its 
diagnosis is still a challenge and is often delayed, especially 
in LOPD. ERT is fairly effective, but an early diagnosis and 
early initiation of therapy are important to obtain better 
therapeutic responses (40-42). A diagnostic protocol using 
BSE for identification of abnormal cytoplasmic vacuolation 
of lymphocytes and DBS to detect reduced GAA activity 
can be used as fast first-tier screening tests in LOPD high-
risk populations followed by biochemical and genetic 
analysis leading to a timely and accurate diagnosis.
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