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Pompe disease (OMIN #232300), also known as glycogen storage disease type II or acid 
maltase deficiency, is an autosomal recessive, lysosomal storage disease caused by 
mutations in the GAA	gene. The disease is rare, with an estimated incidence of 1 in 40.000 
births.1,2 It is characterized by partial or total deficiency of the lysosomal enzyme acid	

α-glucosidase and results in glycogen buildup in the lysosome. Patients with this disease 
have progressive muscle weakness.3,4 Since 2006 enzyme replacement therapy (ERT) is 
available for this disease.

This chapter gives an overview of the function of the lysosome and synthesis of lysosomal 
enzymes, the glycogen metabolism pathway, the pathophysiology of Pompe disease and 
its clinical spectrum. Furthermore, we discuss the current knowledge of the effects of ERT, 
the use of patient reported outcomes (PROs) and factors that modify the disease and the 
efficacy of ERT. Finally, the outline and the scope of this thesis are given. 

The lysosome and its enzymes 

The function of the lysosome
The lysosome is a subcellular organelle that contains many hydrolytic enzymes that can 
break down different molecular structures and polymers, such as proteins, lipids, and 
polysaccharides. It was discovered by Christian de Duve in 1955,5 who was awarded the 
Nobel Prize in 1974 for his work. One of the functions of lysosomes is to break down 
material taken up from outside the cell. Such extracellular material is taken up into the 
cell by a process of endocytosis, whereby vesicles are formed by inward folding of the cell 
membrane. These vesicles fuse with early endosomes. Early endosomes mature to the 
late endosome by acidification and the formation of intraluminal vesicles.6 These merge 
with the lysosome, where the materials are degraded.7,8 Membrane components that were 
internalized during endocytosis, such as the manose-6-phosphate (M6P) receptor, are not 
degraded but recycled and transported back to the plasma membrane or Golgi system. 
Another example of recycling in the endocytosis pathway is the separation of the LDL-
receptor from its cholesterol complex in the endosomal/lysosomal compartment. 

Lysosomes are also involved in phagocytosis. Phagocytosis takes place in specialized cells 
such as macrophages. Large particles, like bacteria, old cells and cell debris are taken up 
and degraded by these cells through phagosomes (large phagocytic vacuoles). While 
this process resembles endocytosis, phagosomes are a thousand times bigger than 
endosomes. These phagosomes merge with lysosomes in order to degrade the material in 
the phagosome.9,10
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Besides material from the outside the cell, the lysosome also digests material from inside 
the cell through autophagy. During this process, large double membraned vesicles called 
autophagosomes form around damaged cell organelles, unused cellular components, 
or other substrates, and enclose it. These autophagosomes eventually merge with late 
endosomes and lysosomes in order to degrade and recycle the materials.7,9,11 Some 
materials cannot be digested by the lysosome. Over time, these accumulate in lysosomes 
and impair its function. An example is lipofuscin and its accumulation has been suggested 
to be related to aging.12 While the name “autophagy” was first suggested by Christian de 
Duve in 1963, the genes and exact mechanism involved in this process were elucidated in 
the 1990s by the Japanese researcher Yoshinori Oshumi. He received a Nobel Prize for his 
work in 2016.13,14

Production of lysosomal enzymes
The lysosome contains about 60 enzymes that can degrade different polymers such as 
lipids, polysaccharides, proteins, DNA and RNA. The synthesis of lysosomal enzymes starts 
with transcription of the DNA, i.e. of the gene coding for a specific enzyme, to messenger 
RNA (mRNA). mRNA is translated into protein by ribosomes that are attached to the 
Rough Endoplasmic Reticulum (RER). Newly synthesized lysosomal enzymes are then 
phosphorylated, folded and processed during transport through the RER and the Golgi 
network to the endosomes and lysosomes. For example, en route to the lysosome the 
enzyme acid	α-glucosidase, which is deficient in Pompe disease, matures from a 110kDa 
precursor, via a 95kDA intermediate form, to one of two active forms, the 70kDa and 76kDa 
forms. Both N-terminal and C-terminal processing occurs during the maturation of this 
enzyme.

In the Golgi network, lysosomal enzymes are sorted to endosomes and lysosomes. 
Lysosomal enzymes can also be sorted to the cell surface and excreted. From there they 
reach the endosomes and lysosomes through endocytosis. In both cases, transport of the 
lysosomal enzymes inside the cell is predominantly by clathrin-coated vesicles.9,15 M6P 
residues play an important role in the correct sorting and transport of lysosomal enzymes. 
When lysosomal enzymes are synthesized in the RER they become glycosylated on selected 
asparagine residues. In the Golgi network these oligosaccharides are processed by two 
enzymes called GlcNac-1-phosphotransferase	 and α-N-acetyl-glucosaminidase to expose 
M6P residues. These bind to M6P receptors that help to package the lysosomal enzymes into 
clathrin-coated vesicles that bud from the Golgi network. The vesicles subsequently deliver 
their contents to the late endosomes and lysosomes and, to a smaller degree, the plasma 
membrane (Figure 1).16-20 The importance of the M6P receptors for adequate transport of 
lysosomal enzymes from the Golgi network to the endosomes and lysosomes is shown in 
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I-cell disease. Mutations in the gene coding for the enzyme GlcNAc	1-phosphotransferase, 
needed to generate M6P residues, results in most lysosomal enzymes being excreted 
outside the cell instead of being transported to the lysosomes.21 M6P -receptors are not 
only present in the Golgi network and endosomes, but also on the plasma membrane of 
the cell, allowing the uptake of secreted enzymes. The M6P receptor also has affinity for 
other ligands such as IGF-II and its presence on the cell surface form the basis of ERT.22,23

Lysosomal storage diseases
Diseases such as Pompe disease and mucolipidosis (deficiency of GlcNAc-1-	

phosphotransferase) are lysosomal storage diseases. In general, lysosomal storage diseases 
(LSDs) are diseases in which the lysosomal function is impaired. Around 50 lysosomal 
storage disorders are currently known. Most have an autosomal recessive pattern of 
inheritance. Different types of lysosomal storage diseases are: mucopolysaccharidoses, 
oligosaccharidoses, sphingolipidoses, mucolipidoses, lipid storage diseases, glycogen 
storage disorder type II, and lysosomal transporter defects.24

Glycogen metabolism

Glycogen and its synthesis
In Pompe disease, glycogen accumulates in the lysosome due to a defect in the lysosomal 
enzyme acid	α-glucosidase (GAA). Glycogen is a polysaccharide of glucose that serves as a 
form of energy storage. Glycogen can consist of  thousands of glucose repeats, and forms a 

Figure 1 | Pathways of synthesis and transport of lysosomal enzymes. 
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large structure or ‘granule’ in the cytoplasm of the cell, as shown in Figure 2. These can have 
a diameter ranging from 10 to 40 nm. Glycogen in synthesized by the enzyme glycogen	

synthase.	 This enzyme converts UDP-glucose into glycogen (UDP-glycose is synthesized 
from glucose by UDP	 glucose	 phosphorylase). At the core of every glycogen	 granule the 
enzyme glycogenin is present. Glycogenin acts as a primer for the synthesis of glycogen 
and is needed to bind the fi rst glucose molecules. Glycogen	synthase requires at least four 
glycose residues in the glycogen chain to perform its function thereafter.25 Glucose residues 
are linked through α-1,4-glycosidic bonds by glycogen	synthase. Glycogen	branching	enzyme	

creates branches by forming α-1,6-glycosidic bonds (fi gure 3).

Glycogen is an important source of energy since it can be broken down to glucose in a 
fast and controlled manner. As such, it is an important buff er to maintain blood glucose 
levels and an important energy source in muscle tissue, especially when sudden activity 
requires additional energy. The main storage sites of glycogen are the liver and skeletal 
muscle. Glycogen stored in the liver is mainly used to maintain blood-glucose levels, while 
in the muscle it is solely used for the energy requirements of the muscle itself.25,26

Figure 2 | Schematic overview of a glycogen granule. Glycogenin is displayed as the enzyme in the 
middle. By	Mikael	Häggström,	used	with	permission.
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Figure 3 | Molecular structure of glycogen.

Breakdown of glycogen in the cytoplasm
Glycogenolysis is the breakdown of glycogen to glucose. The main enzyme involved in this 
process is glycogen	 phosphorylase. This enzyme cleaves the α-1,4-glycosidic bond of the 
terminal glucose residue resulting in a glucose-1-phosphate molecule. When four glucose 
groups are left on a glycogen branch three groups are transferred to a different branch by 
glycogen	 debranching	 enzyme. Next, the enzyme amylo-a-1,6-glucosidase cleaves the last 
glucose group at the α-1,6-glycosidic bond, removing the branch entirely and resulting in 
the production of a glucose molecule. Figure 3 shows the two different glycosidic bounds 
which are cleaved. The glucose molecule resulting from cleavage by amylo-a-1,6-glucosidase 
can be phosphorylated to glucose-6-phosphate by the enzyme hexokinase. The glucose-1-
phosphate molecule resulting from cleavage by glycogen	 phosphorylase, is converted to 
glucose-6-phosphate by phosphoglucomutase	(figure 4). 

Glucose-6-phosphate can be used for various processes. It can be used in the pentose 
phosphate pathway, lipogenesis, used for aerobic or anaerobic respiration, for glucose 
synthesis in the liver, or again more in glycogen synthesis. The main pathways are displayed 
in figure 4. Diseases resulting from mutations in the enzymes involved in the breakdown 
(and in some cases the synthesis) of glycogen are known as glycogen storage diseases.16,25-28

Breakdown of glycogen in the lysosome
In addition to the breakdown of glycogen in the cytoplasm, which is the main pathway 
for glycogenolysis, glycogen can also be broken down in the lysosome. Glycogen enters 
the lysosome through autophagy.29-31 Autophagosomes enclose glycogen granules and 
fuse with lysosomes to degrade the content. Once in the lysosome, the enzyme acid	

α-glucosidase (GAA) breaks down glycogen to glucose molecules. GAA can cleave both 
the α-1,4 and α-1,6 bounds of the glycogen polymer. The degradation of glycogen in the 
lysosome is displayed in Figure 4. 
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Pompe disease

Pompe disease is a lysosomal storage disease and a glycogen storage disease. It was first 
described in 1932 by the Dutch pathologist Johannes Cassianus Pompe in his publication 
titled “Over	idiopathische	hypertrophie	van	het	hart” in the Dutch journal “Nederlands	Tijdschrift	

voor	Geneeskunde”. In this paper he described his findings from an autopsy performed on a 
7-month old girl showing an enlarged heart. After further examination he identified vacuolar 
deposits of glycogen in the heart and other tissues, and hypothesized that these findings 
were part of a systemic disorder of glycogen metabolism.32 A defect in the breakdown 
of glycogen is characteristic for glycogen storage diseases. The pathophysiological 
mechanism of the disease remained unknown until Henri G. Hers, a colleague of dr. de Duve 
who discovered the lysosome, identified that the lysosomal enzyme acid	α-glucosidase was 
responsible for the breakdown of glycogen in the lysosome.  Deficiency of this enzyme 
causes glycogen to build up in the lysosome, making Pompe disease both a glycogen 
storage disorder as well as a lysosomal storage disease.33 Pompe disease is not the only 
disease that is both a lysosomal storage disease and glycogen storage disease. In Danon 
disease the fusing of the autophagosome and the lysosome is impaired due to a deficiency 
in the lysosomal	 associated	 membrane	 protein-2	 (LAMP-2) gene. This disease resembles 
Pompe disease as it is characterized by large intercellular vacuoles and leads to muscle 
weakness and cardiomyopathy.34 

Acid α-glucosidase deficiency
Accumulation of glycogen in lysosomes is mainly seen in muscle tissue, but can take 
place in other tissues as well.35,36 As a result of this accumulation the size and number of 
lysosomes increase. With increasing size, the lysosomal membrane is prone to rupture 
causing degradative enzymes to be released into the cytoplasm and resulting in cell 
damage.37,38 The subsequent muscle damage may not only be caused by rupturing of 
enlarged lysosomes. It has been suggested that the autophagic and/or endocytic pathways 
are involved as well.39 Mouse studies have shown defects in the acidification of endosomes, 
a large increase of vesicles involved in the endocytic and/or autophagic pathways, and a 
slowdown of trafficking in the overcrowded cell.40 These findings show that the endocytic 
and/or authophagic pathways become impaired. Impairment of these pathways leads to 
problems with all metabolic processes in the cell, as organelles and other structures are 
not properly recycled. Furthermore, a buildup of vesicles and/or of products that should 
be broken down or recycled, also called autophagic buildup, potentially interferes with 
the architecture of the muscle and metabolic processes. All in all, the processes described 
above lead to impairment of the cells function and ultimately destruction of, mainly, muscle 
tissue.41 
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Figure 4 | Cytoplasmic and lysosomal glycogen metabolism. 

This figures displays both glycogen synthesis and breakdown in the cytoplasm and glycogen breakdown in 
the lysosome. On the left is displayed how glycogen is synthesized or degraded and eventually enters different 
pathways in the cytoplasm. On the right, lysosomal degradation of glycogen is displayed. Glycogen is taken up by 
autophagosomes, which fuse with lysosomes. Normally glycogen gets degraded to glucose in the lysosome by 
acid	α-glucosidase (GAA). When this enzyme is deficient glycogen accumulates in the lysosome as shown by the 
multiple glycogen polymers depicted in the lysosome.

Genetics of Pompe disease
Pompe disease results from pathological sequence variations in the gene coding for the 
enzyme acid α-glucosidase (GAA), which is located on chromosome 17q25.2-q25.3 and 
encodes 20 exons. Pompe disease inherits in an autosomal recessive way. For the disease 
to manifest, both alleles need to carry a pathogenic variant in the GAA gene.42 As of May 
2016, more than 500 variants of the GAA gene have been identified, the majority of which 
are pathogenic (www.pompecenter.nl). 

In the Dutch population, the three most common pathological variants are c.-32-13T>G (also 
referred to as ‘IVS1’), c.2481+102_2646+31del (deletion of exon 18) and c.525delT.43,44 In total, 
63% of Dutch patients carry one or two of these mutations.45 The c.2481+102_2646+31del 
mutation embodies the deletion of the entire exon 18. This is an ‘in-frame’ deletion, which 
implies that it does not change the DNA reading frame. As a consequence a shorter enzyme 
is produced which is not functional and not transported to the lysosome.46,47 The deletion 
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of a single nucleotide at location c.525 causes a frameshift, which results in a premature 
stop codon that ends transcription of DNA. This gives rise to unstable messenger RNA and 
therefore no production of protein takes place at all.48 When both alleles carry mutations 
that produce no functional enzyme at all (so called ‘null’ mutations), the patient has the 
most severe form of the disease which is referred to as the classic-infantile phenotype (see 
below for further description).44,46-50 

The IVS1 mutation, on the other hand, results in a milder phenotype and is never associated 
with the classic infantile phenotype. This mutation, located in intron 1, affects the splicing of 
messenger RNA (mRNA). Splicing is the process during the transcription of DNA to mRNA, 
in which intronic (i.e. non-coding) regions are skipped so that only exons are transcribed to 
mRNA. The IVS1 variant results in exon 2 being incorrectly skipped in 80 to 90% of the mRNA 
created. Nevertheless, since 10-20% of the mRNA is formed correctly a small proportion 
of functional enzyme is produced. While too low, these patients have some residual acid	

α-glucosidase activity left resulting in a less severe phenotype.51-56

When no GAA enzyme nor a precursor of it is formed, a patient’s immune system may 
recognize GAA as foreign. Such patients are said to be cross reactive immunological material 
(CRIM) negative and are for example those with homozygote c.525delT mutations. In patients 
who produce some functional enzyme (e.g. those with IVS-1), and those in whom an, albeit 
inactive, precursor protein is generated (e.g. the deletion of exon 18) the immune system 
can recognize GAA as non-foreign, and these are referred to as CRIM positive. However, also 
CRIM positive patients may elicit antibody formation when ERT with recombinant human acid	

α-glucosidase is applied. CRIM status is determined by the combination of GAA mutations of 
the patient. Of all classic-infantile patients around 1/3th are CRIM negative. All patients with 
milder forms of Pompe disease are per definition CRIM positive.57-59

Clinical spectrum of Pompe disease

Clinical spectrum
As mentioned above, not all mutations result in a total deficiency of acid α-glucosidase. 
Patients who do not produce any functional enzyme are at the most severe end of the 
clinical spectrum and are referred to as having ‘classic-infantile’ Pompe disease. Patients with 
some residual enzyme activity (below 20-30% of normal) have a milder phenotype, which 
was first described by dr. Engel in 1973 as acid maltase deficiency.60 This phenotype is now 
referred to as non-classic or late-onset and has a broad age range of disease onset. The 
full spectrum of Pompe disease is displayed in figure 5.61 The combination of mutations 
determines whether a patient has complete absence of functional enzyme, or whether low 
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levels of functional enzyme are produced. Besides this, no clear-cut genotype-phenotype 
relations exist to fully explain the broad clinical variation observed in non-classic patients. 

Figure 5 | Clinical spectrum of Pompe disease (adapted from Güngör and Reuser61).

Clinical characteristics of classic-infantile Pompe disease
Patients with the classic-infantile form of the disease are characterized by a rapidly 
progressive phenotype. These children develop symptoms within the first months of 
life, commonly consisting of feeding problems, failure to thrive, and general hypotonia. 
Hypertrophic cardiomyopathy is a key characteristic observed in these patients and the 
majority die within the first year of life due to cardiorespiratory failure.62-64 Patients are unable 
to achieve motor milestones (being able to sit or stand) and frequently have decreased 
weight despite interventions like feeding through a nasogastric tube.62,64

Clinical characteristics of children and adults with non-classic forms of Pompe 
disease
In patients who have some residual enzyme activity disease progression is slower compared 
to classic-infantile patients.65-67 The disease can manifest at any age, from birth to late 
adulthood. Characteristic symptoms in these children and adults are (limb-girdle) muscle 
weakness, walking problems, and respiratory problems.66,68-70 Fatigue is also commonly 
reported. Other identifying features, seen in some 25 to 66% of patients are ptosis, bulbar 
muscle weakness, scapular wining, scoliosis, and increased lumbar lordosis. Over time, 
muscle weakness progresses and patients start having problems to participate in daily life 
situations, have reduced quality of life, and become dependent on a wheelchair and/or 
ventilator.69,71-77 Furthermore, compared to the general population, patients with Pompe 
disease have poorer survival.78 

A small group of these patients develop symptoms similar to the ‘classic-infantile’ phenotype, 
but have a slightly later disease onset. They can present in the first year of life and some of 
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these patients also have hypertrophic cardiomyopathy. Without treatment they do survive 
past the age of 1 year, but not beyond childhood. Slonim et al. have described these patients 
as ‘atypical’ infantile patients.79  

Enzyme Replacement Therapy

The first efforts to develop a treatment for Pompe disease started in the 1960s when acid	

α-glucosidase extracted from Aspergillus Niger was administered to a patient.80-82 This attempt 
and subsequent ones using human sources of the enzyme were not successful.83 Produced 
enzymes proved to be too immunogenic and not enough enzyme could be produced to 
achieve adequate doses. Around 1980 the focus shifted to bone marrow transplantations, 
but this was unsuccessful too.84-86 In 1984 the quest to find a treatment for Pompe disease 
made a leap forward when studies showed that adding phosphorylated mannose residues 
to acid	α-glucosidase could increase the cellular uptake targeting the M6P receptor.87 The M6P 
receptor was discovered by Elizabeth Neufeld when studying I-cell disease (mucolipidosis).88 
She discovered that this disease is caused by a deficiency of the enzyme that uncovers 
M6P groups on lysosomal enzymes. The lack of these M6P groups results in these enzymes 
being secreted out of the cell instead of being transported to the lysosome. Most cells have 
M6P receptors on its plasma membrane to facilitate the uptake of lysosomal enzymes (as 
discussed above in the section on lysosomal enzymes) and will therefore also facilitate the 
uptake of Enzyme Replacement Therapy (ERT) tagged with M6P.17-20 

In 1984 researchers from the Erasmus MC started to explore the potential of the M6P receptor 
as target for ERT in Pompe disease. In 1988 the GAA gene was cloned which opened the 
way for biotechnological production of recombinant	human	GAA (rhGAA). This discovery was 
followed by their generation of a knock-out mouse model, production of rhGAA in the milk 
of transgenic mice and rabbits and, in 1999, the first trials in humans.87,89-106 Parallel research 
in other universities using enzyme derived from Chinese Hamster Ovaria cells (CHO)107 and 
collaboration with industry ultimately led to the market approval of alglucosidase alfa in 
2006. Pompe disease thereby became the first treatable metabolic myopathy.

Effects of enzyme replacement therapy in classic-infantile Pompe disease
The first trials with ERT were performed in patients with the classic-infantile phenotype. 
Positive effects were observed: hypertrophic cardiomyopathy reduced or resolved, 
survival and ventilator-free survival improved, and patients started to achieve motor 
milestones.89,95,108-114 Also, a reduction of glycogen storage and improvement of the muscle 
architecture was observed in muscle biopsies of these patients.89,95,96



1

19|General introduction

Despite these large improvements, there are still a number of infants who die whilst being 
treated with ERT. Also, long-term survivors are not free of symptoms: about half of the classic-
infantile patients who are treated become ventilator-dependent, a large number does 
not learn to walk, and most retain some level of residual muscle weakness.89,96,97,109,110,114-116 
Several studies have focused on elucidating the reasons behind this and on improving the 
response to treatment. Some of these report that starting ERT at a younger age improves its 
effect,109,117-119 while others have tried to achieve this by reducing the immune response to 
ERT and increasing the dose of ERT.120

Enzyme replacement therapy in children and adults
Since the registration of ERT in 2006, many studies have been performed and published on 
the effects of ERT in children and adults with Pompe disease. The first and only randomized 
clinical trial was performed in 60 patients receiving ERT and 30 receiving a placebo for 78 
weeks. Starting in 2005, this trial demonstrated ERT to improve lung function and distance 
walked during the 6 Minute Walk Test (6MWT) compared to placebo.121 Many observational 
studies have since found similar positive effects in patients. Around 50 studies have been 
published so far, mostly from Europe. With a few exceptions, follow-up did not exceed 3-4 
years.122-130 Most of these studies concern adult patients only, or include a few children. 
Studies on the effects of ERT specifically in children are rare.127,131-136 In the discussion we 
will further discuss the results of these studies in the light of our findings of longer-term 
treatment with ERT.

Modifying factors for the natural course of disease and response to ERT

Studies on the effects of ERT, both in infants as well as in children and adults, indicate that 
some patients benefit more from treatment than others. While on group level muscle 
strength improves, some patients still have declining muscle strength.130 Also without 
treatment there is a large variation in terms of disease progression and how severely 
patients are affected by the disease, especially in those with the non-classic phenotype. 
This variation cannot be explained by the combination of	GAA mutations. Multiple factors 
may underlie these variations and it is important to gain insight into these factors as this can 
help to understand the disease better as well as improve treatment.

For classic-infantile patients, it has so far been suggested that an early start treatment plus 
a positive CRIM status combined with the absence of antibodies against the treatment are 
the most important factors predicting treatment success.58,59,111,119,137-142 Another important 
factor of influence on the outcome of patients is the dosing of ERT. An increased dose has 
shown to have positive effects in patients.120
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Patients with the non-classic phenotype have a very broad disease spectrum. The variation 
in disease onset and severity, observed within these patients, cannot be explained on the 
basis of the mutation alone. Other factors must therefore play a role in the progression and 
severity of the disease.65,68,143-146 One of these factors is the disease duration, i.e. time since 
onset of symptoms or diagnosis. This has been shown to be more important determinant 
of disease severity than the age of the patient.72 Furthermore, one of our studies suggest 
that male gender, along with longer disease duration and muscle weakness, is associated 
with a poorer lung function and faster decline.73 This gender difference was also described 
in a study on phenotypic variation within families carrying the c.-32-13T>G/‘null’ mutations, 
where male patients were often more severely affected than their female siblings.147 
Nevertheless, even given these suggestions It is still poorly understood why there is broad 
phenotypical variation in Pompe disease.

Also the effect of treatment can vary greatly between ‘non-classic’ patients.130 Since these 
patients are per definition CRIM positive, antibodies are usually not a problem.134,148 It has 
been suggested that an early start of treatment is associated with an better outcome.149 
As in infants, a higher dose is likely to be more effective, but other factors remain to be 
elucidated. Identification of these factors could be the basis for personalization of the 
treatment for Pompe disease. 

It is likely that genetic background factors may play a role in the observed variation. Factors 
that have been suggested to influence both the phenotype and effects of ERT in Pompe 
patients are polymorphisms in the angiotensin-converting-enzyme (ACE), alpha actinin 3 
(ACTN3) and peroxisome proliferative activated receptor alpha (PPARα).150 After an initial 
study the ACE and ACTN3 polymorphism seemed most promising to have an influence 
on disease severity and the efficacy of a treatment.150-153 The studies on the effect of these 
polymorphisms so far are not conclusive and therefore more research is needed. 

Importance of patient reported outcomes and the IPA survey

The use of patient reported outcome measures (PROs) is becoming increasingly important 
in studying the impact a disease has on patients and the effects of treatments. While clinical 
outcome measures like laboratory tests or the 6MWT are obtained through healthcare 
professionals, PROs are directly obtained from the patient. They can therefore provide in-
depth information on various aspects of the patients’ lives and functioning.154 Regulatory 
bodies like the Food and Drug Administration (FDA) and the European Medicines Agency 
(EMA) recognize the value of PROs in the process of registration of new drugs.155 



1

21|General introduction

In 2002, the Erasmus MC and the International Pompe Association (IPA) initiated a survey 
amongst Pompe patients in 13 different countries. The aim of this survey was to collect 
information directly from the patients to study the natural course of disease. When ERT 
became available this could also be used to study its effects. By recruiting patients directly 
through the national patient organizations, this survey was able to reach a large number 
of patients. At present, the survey has included a total of 458 patients (Figure 6) from 13 
countries who have been followed for a median period of 5.2 years (range 0 - 15 years). As 
such, the cohort has become much larger than in any of the clinical studies. This survey is 
unique in the research on Pompe disease and resulted in a large, consistent, dataset and 
multiple publications.

Figure 6 | Cumulative number of subjects participating in the IPA survey.
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Scope and outline of the thesis 

Over the years great progress has been made in elucidating the natural course of Pompe 
disease, in developing ERT, and in studying its effects. The Erasmus MC is one of the 
international centers with the longest track record on studies on Pompe disease and has 
played a large role in the development of ERT for this disease. By following patients both 
with clinical outcome measures and with PROs through the “IPA/ Erasmus MC Pompe 
survey”, this center has had a major contribution towards the current knowledge on the 
disease and its treatment. Yet, there are still remaining questions that need answers. For 
example, much of the research so far has focused on classic-infantile and adult patients, 
while there is only limited information on patients who present with the disease during 
childhood, both in terms of their natural disease progression and the effects of ERT. Also, 
little is known about factors that modify disease progression or the effect of treatment. This 
research often requires larger numbers of patients than those seen in many of the individual 
treatment centers.

In this thesis we aim to further the understanding of Pompe disease and its treatment, and 
seek answers on some of the important questions that have so far remained unanswered. 
Furthermore we share our experience on the long term use of the “IPA/ Erasmus MC Pompe 
survey” so it can serve as an example to be applied in other rare diseases. 

This thesis had multiple aims.
1 To provide information on the natural course of patients who present with Pompe 

disease during childhood.
2 To describe the long-term effects of ERT both in adult patients and children, and 

determine whether ERT can reduce the need for a wheelchair or respiratory support.
3 To study whether the ACE polymorphism influences disease severity and/or the 

effect of ERT in children and adults with Pompe disease, and investigate what 
factors influence patients’ walking performance. 

4 To share our experience of using the “IPA/ Erasmus MC Pompe survey” and its 
contribution to the research on Pompe disease and discuss how it can serve as an 
example for other rare diseases.

Chapter 2 describes the clinical status of untreated patients who presented with Pompe 
disease during childhood. The long-term effect of ERT in children with Pompe disease is 
investigated in chapter 3, while chapter 4 discusses the long-term effects in adult patients. 
In chapter 5 we study factors that influence walking performance in untreated patients, 
including muscle force, BMI and invasive ventilator use. In chapter 6 we investigate the 
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influence of the ACE polymorphism on disease severity and the effect of ERT. Chapter 7 
provides an overview of the information obtained so far through the “IPA/ Erasmus MC 
Pompe survey” regarding the natural course of disease and the effects of ERT. In chapter 8 we 
study how ERT affects the risk of patients becoming wheelchair and ventilator dependent. 
Finally, in chapter 9 we discuss the results of these studies, placing them in a broader 
perspective. Also in this chapter we discuss our experience of using the “IPA/ Erasmus MC 
Pompe survey” in a sustainable way for over 15 years and make recommendations on how 
such PROs can contribute to other rare diseases. Finally, we provide our conclusions and 
future perspectives for research in Pompe disease in this chapter.
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Abstract

Background
As little information is available on children with non-classic presentations of Pompe 
disease, we wished to gain knowledge of specific clinical characteristics and genotypes. 
We included all patients younger than 18 years, who had been evaluated at the Pompe 
Center in Rotterdam, the Netherlands, between 1975 and 2012, excluding those with the 
classic-infantile form. None were treated with enzyme replacement therapy at the time of 
evaluation. We collected information on first symptoms, diagnosis, use of a wheelchair and/
or respirator, and enzyme and mutation analysis and assessed muscle strength, pulmonary 
function, and cardiac parameters. 

Results
Thirty-one patients participated. Median age at symptom onset was 2.6 years (range 0.5-
13y) and at diagnosis 4.0 years. Most first problems were delayed motor development 
and problems related to limb-girdle weakness. Fatigue, persistent diarrhea and problems 
in raising the head in supine position were other first complaints. Ten patients were 
asymptomatic at time of diagnosis. Five of them developed symptoms before inclusion in 
this study. Over 50 percent of all patients had low or absent reflexes, a myopathic face, and 
scoliosis; 29% were underweight. Muscle strength of the neck flexors, hip extensors, hip 
flexors, and shoulder abductors were most frequently reduced. Pulmonary function was 
decreased in over 48% of the patients; 2 patients had cardiac hypertrophy. Patients with 
mutations other than the c.-32-13T>G were overall more severely affected, while 18 out of 
the 21 patients (86%) with the c.-32-13T>G/’null’ genotype were male. 

Conclusions
Our study shows that Pompe disease can present with severe mobility and respiratory 
problems during childhood. Pompe disease should be considered in the differential 
diagnosis of children with less familiar signs such as disproportional weakness of the neck 
flexors, unexplained fatigue and persistent diarrhea and unexplained high CK/ASAT/ALAT.  
Disease presentation appears to be different from adult patients. The majority of affected 
children with GAA genotype c.-32-13T>G/’null’ appeared to be male.
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Background

Pompe disease, also known as acid maltase deficiency or glycogen storage disease type 
2 (OMIM 232300), is a lysosomal storage disorder that presents as a progressive myopathy 
in which deficiency of the enzyme acid α-glucosidase (EC 3.2.1.20) causes glycogen 
to accumulate in lysosomes. Ultimately, this leads to cell destruction.1-3 In 1932, J.C. 
Pompe first described the classic-infantile form of the disease.4 Classic infantile patients 
characteristically present shortly after birth with generalized and severe muscle weakness 
and with hypertrophic cardiomyopathy. They do not reach major milestones like walking 
and usually die within their first year of life.5, 6 Later, other forms were reported and Pompe 
disease appeared to be a continuous spectrum of closely related phenotypes with the 
classic-infantile form at the most severe end of the spectrum. In the literature, milder 
phenotypes are referred to as childhood, juvenile, adult and late-onset. Patients with these 
non-classic variants of Pompe disease usually have no hypertrophic cardiomyopathy and 
present with a more slowly progressive limb-girdle muscle weakness, which eventually 
results in wheelchair dependency, respirator need, and shortened life expectancy.3, 7-17

While many publications have described the natural history of the disease in classic-
infantile and adult Pompe patients,5, 6, 12, 14-16 there is little information on presenting signs 
and symptoms in children who do not fulfill the criteria of classic-infantile Pompe disease.18

To gain knowledge of the presentation of Pompe disease in children and to describe their 
specific clinical characteristics, we set up an observational study to collect information on 
disease symptoms, the distribution and severity of muscle weakness, physical limitations, 
lung function, cardiac structure and function, and genotypes of 31 children diagnosed with 
a non-classical presentation of Pompe disease.

Methods

Subjects
This observational study included all patients under the age of 18 years who had been 
diagnosed at or referred to the Pompe Center at Erasmus MC University Medical Center 
between 1975 and 2012. These patients came from the Netherlands and abroad, and had 
been diagnosed by measurement of the acid α-glucosidase activity in cultured fibroblasts, 
leukocytes or muscle biopsy specimens, and by mutation analysis. Patients with classic-
infantile Pompe disease were not included in this study.
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Thirty-one patients participated in this cross-sectional study. They were evaluated as part 
of studies approved by the Institutional Review Board (n=28) or as part of routine clinical 
evaluation (n=3). Medical history was obtained at first visit. Per patient, the following data 
were collected: gender, current age, geographic origin, first symptoms, age at first symptoms, 
age at diagnosis, wheelchair use, respiratory support, specific clinical findings (e.g. facial 
muscle weakness, bulbar muscle weakness, scoliosis, contractures, or muscle atrophy); 
functional impairments, spirometry and weight and height. Low body weight was defined 
as weight corrected for height if under 2SD for peers. Blood tests included measurement of 
creatine kinase (CK), aspartate aminotransferase (AST), alanine aminotransferase (ALT), and 
lactate dehydrogenase (LDH). A pediatrician and child neurologist performed clinical and 
neurological examinations in all patients. Only natural course data were included. None of 
the patients had been treated with enzyme replacement therapy.

Muscle-strength testing
Muscle strength was assessed by hand-held dynamometry (HHD) (n=24) and manual 
muscle-strength testing (MMT) (n=24).19, 20 The following muscle groups were tested 
with HHD: neck flexors, shoulder abductors, elbow flexors, wrist extensors, hip flexors, hip 
abductors, knee extensors, knee flexors, and foot dorsal flexors. HHD scores (Newton) were 
expressed as percentages of the reference values (50th percentile) for healthy peers.20 All 
percentages were cumulated and divided by 9 to obtain a total HHD sum score expressed 
in percentage of normal. 

MMT was performed according to the Medical Research Council guidelines21 for the 
following muscle groups: neck flexors, neck extensors, deltoid muscles, biceps, triceps, 
wrist extensors, hip flexors, hip extensors, hip abductors, hip adductors, knee flexors, knee 
extensors, and foot dorsal and plantar flexors.

Lung function testing
Lung function testing was performed by spirometry with the patients in upright-seated 
position (n=28), and supine position (n=23) according to ATS/ERS standards.22 The highest 
outcome of three reproducible tests was used for analysis. The results were expressed as 
percentage of predicted and as a z-score, due to the paradigm shift towards z-scores, based 
on reference values corrected for age, length, gender and race.23 A percentage lower than 
80% of predicted and a z-score below -1.64 were considered abnormal. Two patients were 
too young for reproducible spirometry to be reliable. Because of poor lung function six 
other patients were unable to perform testing in a supine position and one of them in 
either sitting or supine position.
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Cardiac assessment
In all patients, conventional Doppler, and 2D M-mode tracings were performed by an 
experienced sonographer (JP) according to the recommendations of the American Society 
of Echocardiography (Sonos 5500 ultrasound system, Philips, Best, the Netherlands). Standard 
12-lead electrocardiograms were also made and analyzed by a pediatric cardiologist.

Enzymatic and molecular assays
Acid α-glucosidase activity was measured in leukocytes24 and in cultured skin fibroblasts13 
according to standard procedures, and was expressed in nmol/hr/mg protein. The protein 
concentrations of cell homogenates was measured as described previously.25

Genomic DNA was isolated from blood or cultured fibroblasts, and mutation analysis of 
the GAA	 gene was performed according to standard procedures.13, 26 The severity of the 
mutations were rated using the format of Kroos et	al.27, and were examined for their effect on 
enzyme activity, quantity, and quality, in transfected cells after site directed mutagenesis.26 
In case of splice site mutations, the effect of the mutation was examined using real-time 
PCR in mRNA, isolated from the patients’ fibroblasts.27

Statistics
Demographic and clinical data were summarized using descriptive statistics including 
mean, SD, median, ranges, and percentages. As the data were not normally distributed, 
differences between groups were analyzed using a Mann-Whitney test. P-values < 0.05 
were considered statistically significant. All statistical analyses were performed using SPSS 
for Windows version 21.

Results

Symptom onset and diagnosis
Thirty-one children participated in this cross-sectional study. Table 1 shows the patient 
characteristics and genotype. Twenty-two patients were male, nine were female. There 
were 17 patients from the Netherlands, 4 from Belgium, 5 from Germany, 3 from Greece, 1 
from Great Britain, and 1 from the United States.
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Table 1 | Patient characteristics. 

Pt Sex Onset(y)1 Diagnosis(y)1 Examination(y)1 Wheelchair(y) Ventilator(y) FVC z-score 
sitting (%pred)

FVC z-score 
supine (%pred)

MRC % CK
U/l

GAA activity 
(nmol/h/mg) π

Allele 1 Allele 2

1* M 0.5 2.5 10.04 Yes (11) No -0.25 (97%) -1.12 (87%) 65% 530 9.1 c.-32-13T>G (pm) c.525delT (vs)

2@p F 0.8 0 0.1 No No Too young Too young n.a. 358 Deficient c.-32-13T>G (pm) c.2135T>C (ls)

3 F 0.8 1.1 8.9 No No 0.21 (102%) 0.1 (101%) 89% 1871 13.3 c.-32-13T>G (pm) c.923A>C (pls)

4@ M 0.8 2 2.4 No No Too young Too young n.a. 1353 13 c.-32-13T>G (pm) c.2135T>C (ls)

5 M 0.8 2.3 9.5 No No -1.53 (82%) -1.71 (80%) 98% 550 15.4 c.-32-13T>G (pm) c.525delT (vs)

6 M 1 2 8.2 Partially (4) No -3.47 (59%) -4.36 (48%) 79% 3078 4.5 c.-32-13T>G (pm) c.1051delG (vs)

7 M 1 2 13.7 No At night (12) -4.08 (54%) -5.4 (39%) 87% 548 17.9 c.-32-13T>G (pm) c.525delT (vs)

8 M 1.5 2 13.3 No No -0.91 (90%) -1.76 (80%) 93% 1595 16 c.-32-13T>G (pm) c.2481+102_2646+31del (vs)

9*p M 2 1 6.6 No No -0.97 (89%) -1.4 (84%) 94% 763 11 c.-32-13T>G (pm) c.525delT (vs)

10 M 2.5 3 13 No No -3.01 (66%) -4.09 (54%) 84% 1960 8.6 c.-32-13T>G (pm) c.2331+2T>A (vs)

11& M 5 10.8 10.8 No No 0.2 (102%) -0.29 (97%) 97% 588 11.9 c.-32-13T>G (pm) c.525delT (vs)

12 F 5 7.8 7.8 No No 0.62 (108%) 0.35 (104%) 100% 1003 11.6 c.-32-13T>G (pm) c.2331+2T>A (vs)

13p M 5 2 7.6 No At night (5) -1.77 (78%) -1.72 (79%) 100% 436 Deficient c.-32-13T>G (pm) c.1062C>G (pls)

14 M 7 10 10.7 Yes (22) At night (16) -2.22 (75%) Unable 80% 540 8,9 c.-32-13T>G (pm) c.1548G>A (pls)

15p M 8 4 15.8 No No -2.65 (70%) -3.05 (65%) 93% 1424 7.8 c.-32-13T>G (pm) c.1441T>C (pls)

16p M 12 8 14.6 No No -2.43 (71%) Unable 82% 1808 Deficient c.-32-13T>G (pm) c.307T>G + c.271G>A (pls)

17 M 13 14 14.3 No No -1.68 (81%) -1.77 (80%) 95% 2935 6.2 c.-32-13T>G (pm) c.1933G>A (pls)

18p M no symptoms 4 5.2 No No -1.41 (82%) -1.96 (76%) 97% 677 Deficient c.-32-13T>G (pm) c.2481+102_2646+31del (vs)

19&p M no symptoms 13.1 13.1 No No -0.69 (92%) -1.77 (80%) 100% 614 Deficient c.-32-13T>G (pm) c.525delT (vs)

20$p M no symptoms 14 15.2 No No 3 (135%) 1.72 (120%) n.a. 1409 Deficient c.-32-13T>G (pm) c.307T>G (pls)

21$p M no symptoms 16 17.1 No No 1.29 (115%) -0.25 (97%) n.a. 1506 Deficient c.-32-13T>G (pm) c.307T>G (pls)

22 M 0.5 1 1.3 Yes (4) Died (10†) -4.77 (45%) ~ Unable n.a. 586 Deficient c.1798C>T (ls) c.525delT (vs)

23 F 1 1.9 12.5 Yes (6) Yes (6) Ventilator Ventilator 10% 1381 Deficient c.875A>G (pm) unknown/ r.0?

24 M 2 2.9 2.9 Yes (6) Died (6†) -5.29 (33%) ~ Unable n.a. 1046 Deficient unknown c.1645G>A (pm)

25 M 2.7 3.5 5.9 No No 0.34 (104%) 0.04 (100%) 87% 908 2.8 c.1634C>T (ls) c.2481+102_2646+31del (vs)

26# F 4 4 8.1 No No 0.01 (100%) -0.63 (92%) 98% 572 2.3 c.-32-3C>G (ls) c.1551+1G>A (vs)

27# M 5 5 10.1 No No -1.38 (84%) -2.55 (71%) n.a. 774 1.7 c.-32-3C>G (ls) c.1551+1G>A (vs)

28 F 6 7 9.9 Partially (9) At night (8) -6.36 (30%) -6.88 (25%) 82% 979 0.3 c.1829C>T (ls) c.1912G>T (pls)

29 F 6.5 11.6 12.7 No No -2.36 (73%) -2.89 (67%) 79% 776 8.4 unknown (r.spl 2%) c.525delT (vs)

30 F 10 11 16.4 Yes (16) Yes (12) -8.07 (13%) Unable 72% 1560 3.4 c.-32-3C>A (ls) c.877G>S+c.271G>A (pls)

31! F no symptoms 15 15.9 No No 1.33 (116%) 1.2 (115%) 100% 1040 2.5 c.861C>T (r.spl=<5%) c.925G>A (pls)

Patients are listed by age of onset and are subdivided into two groups: those who carry the c.-32-13T>G mutation 
and those who do not. *, #, $, &, @: Siblings; p patients who were diagnosed pre-symptomatically; 1: Age at 
onset, age at diagnosis, age at examination expressed in years (y); π: GAA activity was deficient in all patients. 
Only results obtained in cultured fibroblasts and performed with the same method at Erasmus MC are reported;  
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Table 1 | Patient characteristics. 

Pt Sex Onset(y)1 Diagnosis(y)1 Examination(y)1 Wheelchair(y) Ventilator(y) FVC z-score 
sitting (%pred)

FVC z-score 
supine (%pred)

MRC % CK
U/l

GAA activity 
(nmol/h/mg) π

Allele 1 Allele 2

1* M 0.5 2.5 10.04 Yes (11) No -0.25 (97%) -1.12 (87%) 65% 530 9.1 c.-32-13T>G (pm) c.525delT (vs)

2@p F 0.8 0 0.1 No No Too young Too young n.a. 358 Deficient c.-32-13T>G (pm) c.2135T>C (ls)

3 F 0.8 1.1 8.9 No No 0.21 (102%) 0.1 (101%) 89% 1871 13.3 c.-32-13T>G (pm) c.923A>C (pls)

4@ M 0.8 2 2.4 No No Too young Too young n.a. 1353 13 c.-32-13T>G (pm) c.2135T>C (ls)

5 M 0.8 2.3 9.5 No No -1.53 (82%) -1.71 (80%) 98% 550 15.4 c.-32-13T>G (pm) c.525delT (vs)

6 M 1 2 8.2 Partially (4) No -3.47 (59%) -4.36 (48%) 79% 3078 4.5 c.-32-13T>G (pm) c.1051delG (vs)

7 M 1 2 13.7 No At night (12) -4.08 (54%) -5.4 (39%) 87% 548 17.9 c.-32-13T>G (pm) c.525delT (vs)

8 M 1.5 2 13.3 No No -0.91 (90%) -1.76 (80%) 93% 1595 16 c.-32-13T>G (pm) c.2481+102_2646+31del (vs)

9*p M 2 1 6.6 No No -0.97 (89%) -1.4 (84%) 94% 763 11 c.-32-13T>G (pm) c.525delT (vs)

10 M 2.5 3 13 No No -3.01 (66%) -4.09 (54%) 84% 1960 8.6 c.-32-13T>G (pm) c.2331+2T>A (vs)

11& M 5 10.8 10.8 No No 0.2 (102%) -0.29 (97%) 97% 588 11.9 c.-32-13T>G (pm) c.525delT (vs)

12 F 5 7.8 7.8 No No 0.62 (108%) 0.35 (104%) 100% 1003 11.6 c.-32-13T>G (pm) c.2331+2T>A (vs)

13p M 5 2 7.6 No At night (5) -1.77 (78%) -1.72 (79%) 100% 436 Deficient c.-32-13T>G (pm) c.1062C>G (pls)

14 M 7 10 10.7 Yes (22) At night (16) -2.22 (75%) Unable 80% 540 8,9 c.-32-13T>G (pm) c.1548G>A (pls)

15p M 8 4 15.8 No No -2.65 (70%) -3.05 (65%) 93% 1424 7.8 c.-32-13T>G (pm) c.1441T>C (pls)

16p M 12 8 14.6 No No -2.43 (71%) Unable 82% 1808 Deficient c.-32-13T>G (pm) c.307T>G + c.271G>A (pls)

17 M 13 14 14.3 No No -1.68 (81%) -1.77 (80%) 95% 2935 6.2 c.-32-13T>G (pm) c.1933G>A (pls)

18p M no symptoms 4 5.2 No No -1.41 (82%) -1.96 (76%) 97% 677 Deficient c.-32-13T>G (pm) c.2481+102_2646+31del (vs)

19&p M no symptoms 13.1 13.1 No No -0.69 (92%) -1.77 (80%) 100% 614 Deficient c.-32-13T>G (pm) c.525delT (vs)

20$p M no symptoms 14 15.2 No No 3 (135%) 1.72 (120%) n.a. 1409 Deficient c.-32-13T>G (pm) c.307T>G (pls)

21$p M no symptoms 16 17.1 No No 1.29 (115%) -0.25 (97%) n.a. 1506 Deficient c.-32-13T>G (pm) c.307T>G (pls)

22 M 0.5 1 1.3 Yes (4) Died (10†) -4.77 (45%) ~ Unable n.a. 586 Deficient c.1798C>T (ls) c.525delT (vs)

23 F 1 1.9 12.5 Yes (6) Yes (6) Ventilator Ventilator 10% 1381 Deficient c.875A>G (pm) unknown/ r.0?

24 M 2 2.9 2.9 Yes (6) Died (6†) -5.29 (33%) ~ Unable n.a. 1046 Deficient unknown c.1645G>A (pm)

25 M 2.7 3.5 5.9 No No 0.34 (104%) 0.04 (100%) 87% 908 2.8 c.1634C>T (ls) c.2481+102_2646+31del (vs)

26# F 4 4 8.1 No No 0.01 (100%) -0.63 (92%) 98% 572 2.3 c.-32-3C>G (ls) c.1551+1G>A (vs)

27# M 5 5 10.1 No No -1.38 (84%) -2.55 (71%) n.a. 774 1.7 c.-32-3C>G (ls) c.1551+1G>A (vs)

28 F 6 7 9.9 Partially (9) At night (8) -6.36 (30%) -6.88 (25%) 82% 979 0.3 c.1829C>T (ls) c.1912G>T (pls)

29 F 6.5 11.6 12.7 No No -2.36 (73%) -2.89 (67%) 79% 776 8.4 unknown (r.spl 2%) c.525delT (vs)

30 F 10 11 16.4 Yes (16) Yes (12) -8.07 (13%) Unable 72% 1560 3.4 c.-32-3C>A (ls) c.877G>S+c.271G>A (pls)

31! F no symptoms 15 15.9 No No 1.33 (116%) 1.2 (115%) 100% 1040 2.5 c.861C>T (r.spl=<5%) c.925G>A (pls)

Patients are listed by age of onset and are subdivided into two groups: those who carry the c.-32-13T>G mutation 
and those who do not. *, #, $, &, @: Siblings; p patients who were diagnosed pre-symptomatically; 1: Age at 
onset, age at diagnosis, age at examination expressed in years (y); π: GAA activity was deficient in all patients. 
Only results obtained in cultured fibroblasts and performed with the same method at Erasmus MC are reported;  

†: both patients died of respiratory failure, one at age 6, the other at age 10; ~: first available lung function 
measurement (patient still untreated) at the ages of respectively 9 and 5.7 years; severity of the mutation is 
indicated by (vs) very severe; (pls) potentially less severe; (ls) less severe; (pm) potentially mild (for more information, 
see www.pompecenter.nl).
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The median age at which patients had experienced their first symptom was 2.6 years (range 
0.5-13y). At time of diagnosis, their median age was 4.0 years (range 0-16y). The commonest 
presenting symptoms were delayed motor development (in nine patients), and other 
symptoms related to limb-girdle weakness, such as frequent falling, difficulty climbing 
stairs, and problems with running and sports. Fatigue, persistent diarrhea and problems in 
raising the head in supine position were other first complaints. Median time span between 
symptom onset and diagnosis was 0.9 years (range 0 to 5.8 years).

Ten patients had been diagnosed pre-symptomatically. In six of them the diagnosis was 
made after elevated CK and transaminase serum levels had been found during a hospital 
admission for unrelated matters. The other four patients had been diagnosed because they 
had a sibling with Pompe disease. Five of these ten patients developed symptoms between 
diagnosis and first examination in our hospital (see for details Table 1). 

Clinical findings
All 31 patients were evaluated in the Pompe Center at Erasmus MC University Medical 
Center. Their ages at the time of examination ranged from 0.1 to 17.1 years. Table 2 shows 
the findings on clinical examination. Over 50 percent of the 31 patients had low or absent 
reflexes, a myopathic face, and scoliosis. Facial muscle weakness was generally mild and 
did not lead to speech difficulties or dysphagia. One exception was a patient (patient 23 in 
Table 1) that had severe dysarthria and was fed via a percutaneous endoscopic gastrostomy 
catheter. This patient had been wheelchair bound and ventilator dependent since the age 
of 6 years. 

Nine patients had flexion contractures, mainly in the ankles. Three of the nine patients had 
contractures of the hips and knees. Several patients had undergone corrective surgery for 
either contractures (n=4, patients 1, 6, 10, 29 in Table 1), or scoliosis (n=4, patients 7, 14, 23, 
30 in Table 1). It is noteworthy that 29% of the patients were underweight; corrected for 
height, their weight was 4.3 to 2.0 standard deviations below healthy peers. 

Standardized neurological examination of all patients showed that 70% had one or more 
physical limitations. Over 50% of all patients had difficulties standing up from supine 
position and flexing the neck in supine position (Table 2). Other important limitations were 
problems with climbing stairs, rising from a chair and standing up from sitting on their heels.  
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Table 2 | Results of clinical and neurological examination.

Number of patients
(Total 31)

Clinical findings:

Low/absent reflexes 22 (71%)

Weakness facial muscles 16 (52%)

Scoliosis 16 (52%)

Muscle tone decreased 13 (42%)

Scapular winging 12 (39%)

Muscle atrophy 11 (35%)

Contractures 9   (29%)

Low body weight 9   (29%)

Ptosis 0   (0%)

Physical limitations:

Standing up from supine position 18 (58%)

Flexing the neck in supine position 17 (55%)

Standing up from sitting on heels 13 (42%)

Climbing stairs 13 (42%)

Rising from a chair 10 (32%)

Erecting back in prone position 8   (26%)

Four deep tendon reflexes were tested: the biceps reflex, the triceps reflex, the knee-jerk reflex, and the ankle-jerk 
reflex.

Distribution of muscle weakness
Figure 1 shows the severity of muscle weakness and in how many patients the various 
muscle groups were affected. The commonest weakness was in the neck flexors, which 
were affected in 75% of the patients. Other muscles that were frequently affected were 
the gluteus maximus (extension of the hip), the ileopsoas (flexion of the hip), the biceps 
and the deltoid muscle. The triceps, wrist extensors, and foot plantar flexors were relatively 
unaffected. In patients with far advanced disease, all muscles were affected.

All patients had a lower total HHD sum score than age related peers. Total muscle strength 
ranged from 0 - 79% of normal (median 55%). Four patients were wheelchair-bound at the 
time of investigation; four others became wheelchair dependent in the period thereafter. 
The ages of these eight patients when they became wheelchair dependent ranged from 4 
to 22 years (n=8, median 7.5 years). The median time period between first symptoms and 
loss of ambulation was 4.5 years (n=8, range 3 to 15 years).
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Figure 1 | Distribution of skeletal muscle weakness (A) and severity of weakness of the individual 
muscles (B).

Lung function testing
In all subjects, FVC values were equal or higher than slow VC. Hence, all analyses were done on 
FVC. In sitting position, 14 of the 29 patients (48%) had decreased forced vital capacity (FVC) 
indicated by z-score below -1.64 (13 patients had a percentage of predicted below 80%). In one 
of these patient the FVC was too low to be measured reliably in sitting position. In supine position, 
19 of the 29 (66%) had a FVC z-score below -1.64 (18 patients had a percentage of predicted 
below 80%). In 6 of these patients, lung volume was too low to be measured reliably in supine 
position. Lung function measurements are displayed in z-scores and percentage of predicted in 
figure 2. FEV1/VC ratios were normal in all patients, indicative of a restrictive abnormality. 

The median difference in FVC between sitting and supine positions (postural drop) was 6.0% 
(range 0 to -18%). Five patients were ventilator dependent at the time of first evaluation, 
and one became ventilator dependent during follow-up (see Table 1 for details). Five of 
these six patients had a scoliosis. At the ages of 6 and 10 years, two other patients died 
from respiratory failure, when it was decided not to start respiratory support. The median 
duration from first symptoms to any kind of respiratory support or death by respiratory 
insufficiency was 4.5 years (range 0 to 11 years, n=8). The median age at start of ventilation 
or death was 9 years (range 5 to 16 years, n=8).

Cardiac evaluation
Cardiac evaluation showed abnormalities in six patients; in three, the findings were 
considered to be related to Pompe disease. Two patients had hypertrophic cardiomyopathy 
without outflow-tract obstruction (patients 22, 23 in Table 1). In one patient, this had first 
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been noticed at one year of age, and in the other at two. Their ECGs showed high amplitude 
QRS complexes and repolarization disturbances consistent with their hypertrophic 
cardiomyopathy. In addition, their ECGs and that of a third patient (patient 3 in Table 1) 
showed a short PR interval and a delta wave suggestive of Wolff-Parkinson-White syndrome.  

Minor abnormalities of the cardiac valves were noted in three patients. The abnormalities 
included a quadricuspid aortic valve, a minor deformity of the tricuspid valve leading to 
minimal tricuspid regurgitation, and minimal insufficiency of both atrioventricular valves. 
These abnormalities were all considered to be coincidental findings and not related to 
Pompe disease. 

Figure 2 | FVC z-score (a) and percentage of predicted (b) in sitting and supine position.
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Enzymatic and molecular diagnosis
Table 1 shows the patients’ genotypes and the severity of their mutations. All mutations have 
been described previously in the literature (www.pompecenter.nl). Twenty-three patients 
(74%) carried a potentially mild mutation on one GAA allele and a severe mutation on the 
other. Twenty-one of these patients carried the common c.-32-13T>G splice-site mutation. 
Since none of the mutations in the other eight patients were considered potentially mild, 
these patients’ genotypes were considered to be more severe. Acid α-glucosidase activity 
measured in cultured fibroblasts ranged from 0.3 to 17.9 nmol/h/mg protein (n=21, 
median=7.8; control range 45-160 nmol/h/mg). In patients with the c.-32-13T>G/’null’ 
genotype activity ranged from 4.5 to 17.9 nmol/h/mg (n=14, median=10.4) and from 0.3 to 
8.4 nmol/h/mg (n=7, median=2.5) in patients with the non-IVS1 genotype. 

Laboratory parameters
At first visit, all patients had elevated CK levels (median 979 U/l, range 358 to 3078 U/l; 
normal values below 230 U/l)). Transaminase levels were elevated in all 31 patients as well, 
including those who were symptom-free; AST ranged from 82 to 610 U/l (normal values 
below 51 U/l), ALT from 71-551 U/l (normal values below 39 U/l). LDH levels were elevated 
in 21 out of 30 patients, ranging from 449 to 2828 U/l (normal values below 765 U/l). 

Comparison of patients with the c.-32-13T>G/’null’ genotype (IVS1) and 
those with other genotypes (non-IVS1)
Comparison of the twenty-one patients with the c.-32-13T>G/’null’ genotype and the 10 
patients with other mutations showed no significant differences in age at first symptoms 
and age at diagnosis (Table 3). Their median age at first examination was similar. We noted 
that patients in the non-IVS1 group tended to have lower muscle strength and a more 
severely restricted lung function in sitting and supine positions than those in the IVS1 group. 
This was in line with the fact that more non-IVS1 than IVS1 patients had become wheelchair 
bound and ventilator dependent at a relatively young age. In addition, the two patients 
with hypertrophic cardiomyopathy belonged to the non-IVS1 group. Another interesting 
observation was that 18 out of the 21 patients (86%) with the c.-32-13T>G/’null’ genotype 
were male, against 4 out of 10 in the non-IVS1 group. Other than the possible trend 
that patients with the c.-32-13T>G/’null’ genotype were generally less severely affected 
compared to patients with other genotypes we weren’t able to identify other genotype - 
phenotype relations in the c.-32-13T>G/’null’ genotype group.
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Table 3 | Comparison of patients with the c.-32-13T>G mutation and other mutations at the time of 
examination.

All c.-32-13T>G other mutations p-value

Patients 31 21 10 -

M/F 22/9 18/3 4/6

Age first symptom (median) 2.6 (0.5-13) 2 (0.5-13) 4.0 (0.5-10) 0.6

Age diagnosis (median) 4.0 (0-16) 3.0 (0-16) 4.5 (1-15) 0.6

Age at examination (median) 10.1 (0.1-17.1) 10.7 (0.1-17.1) 10 (1.3-16.4) 0.7

Disease duration (median) 5.1 (0.8-12.7) 6.5 (1.3-12.7) 4.1 (0.8-11.5) 0.2

Diagnosed pre-symptom. 10 9 1 -

Still symptom free 5 4 1 -

HHD sumscore (%) 55 (n=24) 58 (n=18) 36 (n=6) 0.02

FVC pred sitting (%) a 82 82 58 0.15

FVC pred supine (%) a 79 80 55 0.08

Disease duration is calculated as time between the presentation of first symptoms and first examination in our 
hospital.
a For patients who didn’t perform lung function testing in supine position the value obtained in sitting position was 
used. For one patient using 24 h invasive ventilation a value of 0 % was used in the analyses.

Discussion

As little information is available on the clinical presentation of children with non-classic 
forms of Pompe disease, we evaluated 31 children’s clinical and molecular characteristics. 
Our findings highlight that non-classic Pompe disease can cause a significant burden in 
childhood and add to the understanding that Pompe disease presents as a broad spectrum 
of clinical phenotypes. 

The presentation of Pompe disease can be variable. Children in our patient population 
typically presented with weakness of the limb-girdle muscles and/or delayed motor 
development; lung function was compromised in approximately half of them, and 2 patients 
whose muscle function deteriorated very rapid also had hypertrophic cardiomyopathy.

Nevertheless, the diagnosis of Pompe disease should also be considered in children whose 
symptoms are less typical, such as disproportional weakness of the neck flexors, unexplained 
fatigue, persistent diarrhea, and an elevation of transaminase levels. Independent of 
whether the children had symptoms or not, all patients participating in the study had 
elevated CK, ALT and AST values. It should be noted, however, that in rare cases CK, ALT and 
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AST may be normal, as we very recently encountered in a childhood onset patient (personal 
communication) and as was earlier described for about 10% of adult patients.28

Although respiratory problems did not precede proximal muscle weakness in any of the 
children, lung function was already significantly restricted in 48% of the cases. In 26% of 
the affected children, respiratory insufficiency either led to the need for ventilator support 
or resulted in death during childhood. This finding signifies the importance of early 
monitoring of lung volume by means of spirometry in children affected by Pompe disease 
as also advised in adults.17, 29

Lung function tests are best performed in both sitting and supine positions, as 9 patients had 
postural drops suggestive of diaphragm weakness. This is a well-known feature of Pompe 
disease, and contributes to the onset of nocturnal hypoventilation.29, 30 Since a recent study 
in children with neuromuscular disorders found that daytime lung function and nocturnal 
hypoxemia were poorly correlated, we suggest to regularly perform sleep studies as an 
additional tool for identifying children with nocturnal hypoventilation.31

Twenty-two of the 31 children that we investigated were male. Interestingly, among 
them were 18 with the c.-32-13T>G/’null’ genotype that is most common among adult 
patients (against only 3 of the 9 female patients). In two studies that focused on disease 
variation among children and adults with the c.-32-13T>G/’null’ genotype, the male-to-
female distribution was equal (55% and 58% males, respectively). However, neither study 
focused on any potential difference in age at onset between male and female patients.12, 13 
The present study indicates the existence of such a gender difference. Our earlier analysis 
of 225 published case reports on children and adults with Pompe disease also showed a 
predominance of males (67%) in patients under 18 years old.11 Previous studies reported 
that pulmonary function was more affected in males than in females,17 and that more men 
than women had bulbar involvement and shoulder-girdle muscle weakness.17 A study 
comparing phenotypes in siblings with Pompe disease also confirmed that males were 
more severely affected than females.32

Since Pompe disease is inherited as an autosomal recessive trait, there has been no 
satisfactory explanation to date why males with the same GAA genotype as females would 
present at an earlier age. This finding seems to suggest that the clinical expression of 
Pompe disease involves secondary gender-related factors. Gender differences have also 
been reported for other neuromuscular disorders such as facioscapulohumeral muscular 
dystrophy and some subtypes of limb-girdle muscular dystrophy.33-35 One muscle related 
difference between men and women found so far is that women with limb girdle muscular 
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dystrophy type 2A and 2B showed less muscle fiber atrophy compared to males.35 This may 
also apply in Pompe disease. Though other causes have been suggested, such as differences 
in genetic and epigenetic factors, the exact mechanism remains elusive.

Our findings are fully consistent with the broad spectrum of clinical phenotypes associated 
with the c.-32-13T>G/’null’ GAA genotype.12, 13 Looking at the genotype-phenotype 
correlation within our group of children shows a similar age of onset, age at diagnosis, and 
current age for all different genotypes. Several patients were wheelchair bound and/or 
ventilator dependent despite of having the c.-32-13T>G/’null’ genotype, which is mostly 
associated with adult onset disease. The c.-32-13T>G, is a leaky splice site mutation that 
results in the formation of 10-20% of normally processed alpha-glucosidase protein and 
activity, which explains the later onset non-classic phenotype in patients c.-32-13T>G/’null’ 
genotype. In our group of patients the second mutation (severe, less severe or potentially 
less severe) did not seem to have an effect on the age of presentation. This is in line with 
earlier studies of Kroos et.	al.,	Wens et.al. and Montalvo et.	al.	also showing a broad variation 
of phenotypes among patients with the c.-32-13T>G/null genotype. It was hypothesized 
that epigenetic factors and environmental factors influence the level of disease severity.12, 13, 

32 More research is required.

At a group level, children in the non-IVS1 group seem to be more severely affected than 
patients with the 32-13T>G/’null’ genotype. This is illustrated by two specific patients in 
the non-IVS1 group who had hypertrophic cardiomyopathy and became fully wheelchair 
bound; one at the age of 4 years and the other at the age of 6. The first child died from 
respiratory failure at the age of 10. The other child became completely ventilator dependent 
when she was 6 years old. These two patients expressed a phenotype that Slonim et al 
previously called the “atypical infantile form” of Pompe disease.18

Overall, the genotypes identified in the non-IVS1 group were more severe than those in 
the IVS1 group (see Table 1 and www.pompecenter.nl). Some of the genotypes have been 
described in the literature, such as the genotype c.1634C>T / c.2481+102_2646+31del (our 
patient 25). The c.1634C>T (ls) in combination with a very severe mutation was previously 
described in three patients. One of those patients presented at the age of one year, became 
dependent on respiratory support at the age of 20, and was wheelchair bound at the age of 
23.15 The second patient was diagnosed at 16 years of age, and began to use a walking stick 
at 19. Pulmonary function worsened at the age of 17-19 years and vital capacity dropped 
to 26% of predicted and became respirator dependent at the age of 20 years.36 The third 
patient presented at the age of 13 years with pronounced limb girdle weakness and died 
at the age of 18 years.37 The similarities in clinical course of these previously reported cases 
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are remarkable, and if the genotype-phenotype correlation holds for our patient, who was 
only 6 years old at time of examination, he carries a high probability to develop severe 
respiratory and mobility problems before adulthood. Such information may be relevant 
when it is time to decide when to start enzyme replacement therapy.

Children and adults share a wide variation of disease presentation and disease progression, 
and a similar involvement of respiratory and proximal skeletal muscles.8, 9, 12-16 Although the 
distribution of muscle weakness shows a limb-girdle pattern in both children and adults, 
there are also differences. While the neck flexors are by far the most severely affected muscle 
group in children, they are only mildly affected in adults.8, 15 A recent MRI study performed in 
20 adult patients by Carlier et al also showed relatively mild involvement of the neck flexors 
in adults.38

Another difference is the relative sparing of the quadriceps muscle in adult patients.28, 38 In 
the current population of 31 children with Pompe disease, the muscles of the thigh were 
affected more heterogeneously, and the quadriceps muscles were not spared. Neither did 
any of our patients have ptosis, despite a recent publication in which ptosis was present in 
14.7 to 23% of adult Pompe patients.28, 39, 40 It should be noted that ptosis has often been 
found in an early stage of the disease, even as a presenting symptom in adult Pompe 
patients. While van der Beek et al found that patients had difficulties with speech, chewing 
or swallowing, which was suggestive of bulbar weakness in 28% of their patients, we 
found bulbar weakness in only one patient. In contrast, 52% of our children had scoliosis, 
compared to only 21 to 23% of adult Pompe patients.11, 28 In several children the scoliosis 
was so severe that it interfered with their mobility and lung volume; four children needed 
surgical correction of the spine. A cross-sectional analysis of data from the Pompe Registry, a 
large multinational observational program, found scoliosis to be present in 57% of patients 
with childhood disease onset.41

Our study had two main limitations. First, since the Pompe Center at Erasmus MC University 
Medical Center serves as a national and international referral center for Pompe disease, there 
may be selection bias, due to referral of patients who were more than average severely 
affected. Nonetheless, ten of the 31 patients had been diagnosed pre-symptomatically, 
5 of whom were still symptom-free at time of evaluation. A second limitation is the fact 
that the study was cross-sectional. As all children manifesting significant symptoms of the 
disease, started to receive enzyme replacement therapy during follow-up, the approval of 
this therapy in 2006 interfered with the collection of longitudinal follow-up data.
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Conclusions

In conclusion, our study shows that the course of childhood Pompe disease varies widely, 
and patients may manifest serious problems before adulthood. We stress that Pompe disease 
should be considered in the differential diagnosis of patients with less familiar signs such as 
disproportional weakness of the neck flexors, unexplained fatigue and persistent diarrhea. 
Disease presentation, distribution of muscle weakness, and the occurrence of specific 
symptoms such as bulbar muscle weakness or ptosis all appear to be different from those in 
adult patients. Regular assessment of lung volume and sleep studies are recommended to 
identify children at risk for early respiratory insufficiency. Patients with mutations other than 
the c.-32-13T>G were overall more severely affected, which is consistent with their more 
severe genotypes. The majority of affected children with GAA genotype c.-32-13T>G/’null’ 
appeared to be male. 
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Abstract

Objectives
Pompe disease is a progressive metabolic myopathy for which enzyme replacement 
therapy (ERT) was approved in 2006. While various publications have examined the effects 
of ERT in classic-infantile patients and adults, little has been published on ERT in children 
with non-classic presentations. 

Study design
This prospective study was conducted from June 1999 to May 2015. Seventeen patients 
from various countries participated. Outcome measures comprised muscle function 
(6-Minute Walk Test, Quick Motor-Function Test (QMFT)), muscle strength (hand-held 
dynamometry; manual muscle testing), and lung function (FVC sitting and supine). For each 
outcome measure, we used linear mixed-effects models to calculate the difference at group 
level between the start of therapy and 7 years of ERT. Patients’ individual responses over 
time were also evaluated.

Results
Eleven males and six females started ERT at ages between 1.1 and 16.4 years (median 11.9 
years); 82% of them carried the common c.-32-13C>T GAA gene variant on one allele. At 
group level, distance walked increased by 7.4 percentage points (p<0.001) and QMFT 
scores increased by 9.2 percentage points (p=0.006). Muscle strength scores remained 
stable. Results on lung function were more variable. Patients’ individual data show that the 
proportion of patients who stabilized or improved during treatment ranged between 56-
69% for lung function outcomes and between 71-93% for muscle strength and muscle 
function outcomes.

Conclusions
We report a positive effect of ERT in patients with childhood Pompe disease. Muscle  
strength and function seemed to respond better than lung function.
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Introduction

Pompe disease (OMIM # 232300) is a progressive metabolic disorder that was first 
described by the Dutch pathologist J.C. Pompe in 1932.1 It is caused by deficiency of the 
lysosomal enzyme acid α-glucosidase (GAA). This deficiency results in intracellular glycogen 
accumulation, mainly in muscle cells, and gives rise to a broad clinical spectrum dominated 
by skeletal muscle weakness.2,3

At the most severe end of the spectrum, classic-infantile patients present with hypertrophic 
cardiomyopathy and general muscle weakness. Without Enzyme Replacement Therapy 
(ERT), these infants usually die within the first year of life.4,5 More slowly progressive forms of 
Pompe disease can manifest in children and adults, with onset ranging from early infancy 
until (late) adulthood. These presentations are characterized by limb-girdle and respiratory 
muscle weakness, resulting in ventilator and/or wheelchair dependency. The heart is rarely 
involved.6-11 While there are similarities between children and adults with these non-classic 
presentations, there are also differences, especially in terms of disease severity. Our recent 
cross-sectional study of 31 untreated children with non-classic presentations showed that 
25% needed a wheelchair during childhood, 48% had decreased pulmonary function, 25% 
needed respiratory support, and two deceased before reaching adulthood.12

In 2006, ERT with alglucosidase alfa was approved for patients with Pompe disease. ERT 
has been shown to reverse the hypertrophic cardiomyopathy and increase survival in 
classic-infantile patients.13,14 In adult patients, positive effects were also demonstrated on 
endurance, muscle strength, pulmonary function and survival.15-24 But as not all of these 
patients respond equally well, it has been speculated that ERT should be started early to 
provide the best result.15,17,18,21

To further our understanding of the long-term effect of ERT, we present the long-term 
follow-up during ERT (median of 6.8 years) of 17 children with Pompe disease of various 
severity. The longest follow-up after start of ERT was 15 years.

Methods

Patients and study design
This prospective study included 12 patients from the Netherlands, two from Belgium, one 
from Germany, and one each from the UK and the USA, all with a confirmed diagnosis of 
Pompe disease. It was conducted at the Center for Lysosomal and Metabolic Diseases at 
Erasmus MC University Medical Center in Rotterdam, the Netherlands. It included children 
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with non-classic presentations of Pompe disease in whom ERT had been initiated before 
the age of 18 years. Patients with classic-infantile Pompe disease were excluded.

Patients were treated with 20mg/kg alglucosidase alfa every other week. Initially, two 
patients received recombinant human alpha-glucosidase from transgenic rabbit milk, 
starting at 10mg/kg weekly and ramping up to 20mg/kg weekly.25 After approximately 
three years, they were switched to biweekly infusions of 30 and 40 mg/kg recombinant 
human alpha-glucosidase derived from Chinese hamster ovarian cells.26 Only patients with 
symptoms of skeletal muscle weakness and/or reduced pulmonary function could start 
ERT.

As part of a standardized protocol, outcome assessments were performed every 3-6 months 
by trained physical therapists and clinicians. Data were collected prospectively from June 
1999 to May 2015. The medical ethical committee approved the protocol. All patients and/
or their parents provided informed consent. The study has been carried out in accordance 
with the code of ethics of the World Medical Association (Declaration of Helsinki) for 
experiments involving humans.

Motor outcomes
Muscle function was assessed using the 6-Minute Walk Test (6MWT) and Quick Motor-
Function Test (QMFT). The 6MWT was performed according to American Thoracic Society 
(ATS) guidelines.27 Throughout follow-up, patients 3, 5, 11, 12 and 15 performed a running 
variant rather than the standard 6MWT.28 The percentage of predicted meters walked 
(6MWT-PP) was calculated on the basis of gender-matched and age-matched healthy 
peers.29 The QMFT consists of 16 motor tasks that are specifically difficult to perform for 
Pompe patients and was presented as the percentage of the maximum achievable score.30

Muscle strength was assessed by Hand-Held Dynamometry (HHD; CITEC dynamometer, 
Centre for Innovative Technics, Groningen, the Netherlands) and Manual Muscle Testing 
(MMT; Medical Research Council grading scale), as described previously.12,31,32 The following 
muscle groups were assessed with HHD: neck flexors, shoulder abductors, elbow flexors, 
elbow extensors, wrist extensors, hip flexors, hip abductors, knee extensors, knee flexors, 
and foot dorsal flexors. MMT was performed for the same groups, with the addition of neck 
extensors, hip extensors, hip adductors, and foot plantar flexors.

Lung function
Forced Vital Capacity (FVC) was measured in sitting and supine positions according to 
European Respiratory Society and ATS guidelines, and was presented as a percentage of 
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the predicted FVC, corrected for height, gender and ethnicity.33,34 A percentage below 80% 
of the predicted value was considered abnormally low.

Statistical analyses
To describe disease progression under treatment, we assessed the development of each 
of the six outcome measures over time at group level, and also evaluated them for each 
patient individually. At group level, we report the change in the estimated mean outcome 
measures between baseline and 7 years of treatment (median follow-up was 6.8 years). To 
account for the correlations between the repeated measurements of individual patients, 
we used the framework of linear mixed-effects models. Time was expressed as years after 
start of ERT. To account for potential non-linear profiles we used natural cubic splines in the 
fixed-effects part and random-effects part of the model, with a maximum of 3 degrees of 
freedom. For the random-effects part of the model, we used an unstructured covariance 
matrix. If they improved the goodness of fit of a model significantly (likelihood-ratio test; 
p<0.05), gender and age at start of ERT were included. 

As only one patient had been treated for more than 10 years (pt.9, treated 15.1 years), models 
were based on all available data until 10 years of ERT. Residual plots were inspected to 
check the models’ assumptions. The nlme package of R (version 3.2.1) was used.35,36 Multiple 
testing correction was applied according to the Holm method.37

For individual patients, plots of the outcome measures over time were assessed by four 
independent researchers and categorized as improvement, improvement followed by 
stabilization, stabilization, improvement followed by decline, or decline. Supplemental 
figure 1 gives examples of plots of individual patients following these different patterns.

Results

Study population
During the study period, 19 children started ERT before their eighteenth birthday. Two were 
excluded on the basis that they were too young (2 and 3 years old at the end of the study) 
to perform any of the assessments used as outcome measures in this study. Table 1 provides 
the characteristics and main clinical findings at start of ERT of the 17 patients included. 
Eleven patients were male; age at start of ERT ranged from 1.1 to 16.4 years (median 11.9 
years); age at first symptoms ranged from 0.5 to 13 years (median 2.5 years); and age at 
diagnosis ranged from 0.0 to 14.0 years (median 3 years). Fourteen patients carried the 
common c.-32-13T>G mutation on one allele. Patients had been treated for a median of 6.8 
years (range 1.8 to15.1 years of ERT). No patients died during follow-up. 



58 |      Chapter 3

Eight became adults (18+) during the study period; at his last assessment, the oldest and 
longest-treated patient (pt.9) was 27 years old. ERT was generally well tolerated by patients.

At start of therapy, symptoms ranged from mild motor delays to wheelchair and ventilator 
dependency. One patient (pt.10) also had hypertrophic cardiomyopathy (left ventricular 
mass index, LVMI=145 grams/m2 body surface), which normalized within 12 months of 
treatment (LVMI=69 grams/m2). She was fed via percutaneous gastrostomy and was fully 
wheelchair and ventilator dependent at start of ERT at the age of 12 years. One further 
patient was wheelchair and ventilator dependent (pt.17) at start of ERT; one was wheelchair 
dependent only (pt.9); and one needed respiratory support only (pt.15).

Table 1 |  Characteristics of 17 children who were treated with ERT.

Pt.

Age at 
start ERT 

(y) Sex

Clinical status at start ERT

Age at 
Diagnosis (y)

Treatment 
duration (y)

Mutations

Wheel-chair 
use

Respirator 
support

Limb 
Girdle 

Neck 
Flexor 

Lung 
Function Fatigue Main symptoms Allele 1 Allele 2

1# 1.1 F X Delayed motor development 0 6.0 c.-32-13T>G (pm) c.2135T>C (ls)

2# 2.9 M X Falling, problems walking on stairs 2.0 9.8 c.-32-13T>G (pm) c.2135T>C (ls)

3 6.0 M X X Problems walking on stairs and 
running 3.5 9.4 c.1634C>T (ls) c.2481+102_2646+31del 

(vs)
4 8.5 F X X Diarrhea, neck flexor weakness 7.8 4.5 c.-32-13T>G (pm) c.2331+2T>A (vs)

5 8.9 F X X Problems walking on stairs and 
sit-up 1.1 7.2 c.-32-13T>G (pm) c.923A>C (pls)

6 9.8 M X X Problems running 2.3 4.0 c.-32-13T>G (pm) c.525delT (vs)

7 10.5 M X X X Problems running 9.4 2.8 c.-32-13T>G (pm) c.525delT (vs)

8 11.0 M X X X Difficulties doing sports 10.8 5.9 c.-32-13T>G (pm) c.525delT (vs)

9@ 11.9 M X (9y) X X X Limb-girdle muscle weakness 2.5 15.1$ c.-32-13T>G (pm) c.525delT (vs)

10 12.7 F X (6y) Cannula 
(6y) X X X Tetraplegic, PEG for feeding, 

severely impaired lung function 1.9 6.0 c.875A>G (pm) unknown/r.0?

11 12.7 F X X X Problems walking stairs and sit-up 11.6 9.3 c.-32-13T>G (pm) c.525delT (vs)

12 13.0 M X X X Problems walking stairs, running 
and with sit-up 3.0 8.9 c.-32-13T>G (pm) c.2331+2T>A (vs)

13@ 13.1 M X Problems walking stairs and 
weakness in legs 1.0 9.0 c.-32-13T>G (pm) c.525delT (vs)

14 14.3 M X X X Problems running, walking stairs 
and with sit-up 14.0 7.9 c.-32-13T>G (pm) c.1933G>A (pls)

15 15.2 M Nightly 
BiPAP (12y) X X X X Poor lung function, problems with 

sit-up; scapular winging 2.0 6.8 c.-32-13T>G (pm) c.525delT (vs)

16 16.0 M X X X Problems with sit-up and running 4 1.8 c.-32-13T>G (pm) c.1441T>C (pls)

17 16.4 F X (16y) BiPAP (12y) X X X X Poor lung function; motor problems 
and scapular winging 11 6.3 c.877G>A+c.271G>A 

(pls) c.-32-3C>A (ls)

Overall ~ 11.9 11 Male 
(65%)

N=3 
(18%)

N=3 
(18%)

N=17 (100%) N=12
(71%)

N=7 
(41%)

N=7 
(41%)

3.0 6.8 14 IVS-1 
(82%)

Patients are listed by the age at which they started enzyme replacement therapy (ERT).#: siblings; @: siblings; ~for 
the group overall median ages or numbers of patients (N=) and proportions (%) are given; limb girdle  = limb-
girdle weakness, neck flexor  = neck flexor weakness, lung function  = decreased lung function (FVC < 80% sitting 
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Table 1 |  Characteristics of 17 children who were treated with ERT.

Pt.

Age at 
start ERT 

(y) Sex

Clinical status at start ERT

Age at 
Diagnosis (y)

Treatment 
duration (y)

Mutations

Wheel-chair 
use

Respirator 
support

Limb 
Girdle 

Neck 
Flexor 

Lung 
Function Fatigue Main symptoms Allele 1 Allele 2

1# 1.1 F X Delayed motor development 0 6.0 c.-32-13T>G (pm) c.2135T>C (ls)

2# 2.9 M X Falling, problems walking on stairs 2.0 9.8 c.-32-13T>G (pm) c.2135T>C (ls)

3 6.0 M X X Problems walking on stairs and 
running 3.5 9.4 c.1634C>T (ls) c.2481+102_2646+31del 

(vs)
4 8.5 F X X Diarrhea, neck flexor weakness 7.8 4.5 c.-32-13T>G (pm) c.2331+2T>A (vs)

5 8.9 F X X Problems walking on stairs and 
sit-up 1.1 7.2 c.-32-13T>G (pm) c.923A>C (pls)

6 9.8 M X X Problems running 2.3 4.0 c.-32-13T>G (pm) c.525delT (vs)

7 10.5 M X X X Problems running 9.4 2.8 c.-32-13T>G (pm) c.525delT (vs)

8 11.0 M X X X Difficulties doing sports 10.8 5.9 c.-32-13T>G (pm) c.525delT (vs)

9@ 11.9 M X (9y) X X X Limb-girdle muscle weakness 2.5 15.1$ c.-32-13T>G (pm) c.525delT (vs)

10 12.7 F X (6y) Cannula 
(6y) X X X Tetraplegic, PEG for feeding, 

severely impaired lung function 1.9 6.0 c.875A>G (pm) unknown/r.0?

11 12.7 F X X X Problems walking stairs and sit-up 11.6 9.3 c.-32-13T>G (pm) c.525delT (vs)

12 13.0 M X X X Problems walking stairs, running 
and with sit-up 3.0 8.9 c.-32-13T>G (pm) c.2331+2T>A (vs)

13@ 13.1 M X Problems walking stairs and 
weakness in legs 1.0 9.0 c.-32-13T>G (pm) c.525delT (vs)

14 14.3 M X X X Problems running, walking stairs 
and with sit-up 14.0 7.9 c.-32-13T>G (pm) c.1933G>A (pls)

15 15.2 M Nightly 
BiPAP (12y) X X X X Poor lung function, problems with 

sit-up; scapular winging 2.0 6.8 c.-32-13T>G (pm) c.525delT (vs)

16 16.0 M X X X Problems with sit-up and running 4 1.8 c.-32-13T>G (pm) c.1441T>C (pls)

17 16.4 F X (16y) BiPAP (12y) X X X X Poor lung function; motor problems 
and scapular winging 11 6.3 c.877G>A+c.271G>A 

(pls) c.-32-3C>A (ls)

Overall ~ 11.9 11 Male 
(65%)

N=3 
(18%)

N=3 
(18%)

N=17 (100%) N=12
(71%)

N=7 
(41%)

N=7 
(41%)

3.0 6.8 14 IVS-1 
(82%)

Patients are listed by the age at which they started enzyme replacement therapy (ERT).#: siblings; @: siblings; ~for 
the group overall median ages or numbers of patients (N=) and proportions (%) are given; limb girdle  = limb-
girdle weakness, neck flexor  = neck flexor weakness, lung function  = decreased lung function (FVC < 80% sitting 

and/or supine, or the use of respiratory support if lung function testing could not be performed); y: years; $: data 
>10 years not included for modeling of  the group mean; (vs) very severe mutation; (pls) potentially less severe; 
(ls) less severe; (pm) potentially mild; r.spl = effect on splicing; (for more information, see www.pompecenter.nl).

Motor outcomes 

Muscle function
Fourteen patients were able to perform the 6MWT at regular intervals. The three others were 
wheelchair bound. No patients lost the ability to walk during follow-up. One wheelchair-
bound patient (pt.9) regained the ability to walk 1.5 years after starting ERT at the age of 
13. He was not tested with the 6MWT until he had received 11 years of ERT.26 Between 11 
and 15 years of ERT his walking distance was stable around 600 meters. At start of ERT, the 
median percentage of the predicted distance walked (6MWT-PP) was 79% (range 32-91%). 
To describe changes over time at group level, a statistical model was generated. Over 7 
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years of ERT, the mean 6MWT-PP increased significantly by 7.4%-points (pp) (Figure 1A; 95% 
Confidence Interval (CI) 2.4pp–12.3pp; p<0.001).

Fifteen patients performed QMFT measurements. At start of ERT, the median QMFT score 
was 92% (range 44-100%). Mean QMFT scores improved in the first two years of treatment, 
and then stabilized (Figure 1B). After 7 years of treatment, scores had increased significantly 
by 9.2pp (CI 1.8pp–16.6pp; p=0.006).

Muscle strength
Fourteen patients performed HHD measurements. At start of treatment, the median HHD 
score was 57% (range 15 - 70%). Mean HHD scores tended to improve over time (Figure 1C), 
but were not significantly better at 7 years than at start of ERT (+17.8pp; CI -3.4pp – 39.0pp; 
p=0.14). The large variations we observed in HHD scores within individual patients may 
explain why this difference was not statistically significant. 

MRC measurements were available for all seventeen patients. At start of ERT, median MRC 
values were 91.7% (range 10 - 99%). Most patients had close to maximal MRC scores, which 
they were able to maintain during follow-up, thereby introducing a ceiling-effect. At group 
level, mean MRC scores were stable over seven years of treatment (Figure 1D: difference of 
-1.3pp; CI -0.7pp – 3.28pp; p=0.34).

Lung Function
Lung function could be tested reliably in sitting position in sixteen patients, and in supine 
position in 14 patients. At start of ERT, median FVC scores in sitting position were 87% (range 
16-104%) and 85% in supine position (range 39-109%). In sitting position, five of sixteen 
patients had a reduced FVC (<80%), compared to seven at the last follow-up measurement. 
Two of these patients could not be tested supine. Five of the remaining fourteen patients 
had a reduced FVC in supine position at the start and seven at the last follow-up. At start of 
ERT, three patients needed respiratory support: two used non-invasive ventilation, and one 
required invasive ventilation and was ventilated for 24hours/day throughout follow-up. No 
patients started respiratory support during follow-up.

At group level, lung function in sitting position declined significantly over time (Figure 
2A; -5.2pp at 7 years of ERT; CI 0.05pp – 10.4pp; p=0.047). In supine position a similar 
trend was not significant (Figure 2B; -4.7pp; CI -4.5 – 13.9; p=0.34). In sitting position, 331 
measurements were available in sixteen patients; in supine position, 253 assessments 
were available for fourteen patients, reducing statistical power and possibly explaining the 
difference in statistical significance. 



3

61|Long-term enzyme therapy in children with Pompe disease

Figure 1 | Predicted group means for motor outcomes over time. 

Group mean (black line) of the outcome measures and 95% prediction interval (gray area) obtained using linear 
mixed-effects models. The difference (Δ) between baseline and 7 years of ERT, and the corresponding p-value, are 
shown on the right-hand side of the figures. Number of measurements available for analysis of the 6MWT: 199, 
QMFT: 296, HHD: 221, and MRC: 232. N = number of patients participating in analysis. *: patients 9, 10 and 17 were 
unable to perform the 6MWT. **: patient 10 was unable to perform the QMFT, and patient 17 did not perform 
the QMFT.***: patients 2 and 10 could not be tested reliably, and patient 16 did not perform HHD measurements.
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Further examination of FVC in sitting position revealed a difference between male and 
female patients (Figure 2C and D). In males it decreased over time (-8.1pp at seven years 
ERT; CI 0.9pp–15.3pp; p=0.018), while females remained stable (+1.0pp at seven years of 
ERT; CI -7.03 – 9.12; p=0.80). This difference was not detected in supine position, possibly 
due to the lower statistical power.

Individual responses to treatment 
In addition to the analyses at group level, we also assessed individual patients’ progression 
on the outcome measures during treatment (Figure 3). In general, patients’ motor outcomes 
responded better than their lung function. Motor outcomes improved or stabilized in 71-
93% of patients, whereas lung function improved or stabilized in 56-69%. As these results 
reflect human judgment, and as follow-up time varied between patients, they should be 
interpreted with caution. The clinical relevance of an increase or decrease was not included 
in this assessment, a change from 100-85% FVC, which is still in the normal range, and from 
70-50% FVC were both categorized as decline. 

In sitting position, 5 patients had an FVC below 80% at start of treatment. Three of these 
patients improved or stabilized during treatment. For example, patient 15, who required 
nightly BiPAP, had an initial FVC score in sitting position of 57% which improved to 71% 
after almost seven years of treatment. On the other hand, five of the eleven patients whose 
FVC in sitting position was above 80%, deteriorated. For example, patient 3, who started at 
a relatively young age, improved in the first two years of therapy, but then declined from 
115% to 88%. Similarly, patients with good initial motor outcomes were occasionally seen 
to decline and some with poor initial outcomes improved. In the most severely affected 
patient (pt.10), who can be classified as an atypical infantile patient 6, ERT only seemed to 
have an effect on the heart.

Discussion

This study presents the follow-up of 17 patients with non-classic presentations of Pompe 
disease who had started ERT during childhood. After seven years of treatment, there were 
group-level improvements in the QMFT and in the distance walked (6MWT), while the MRC, 
HHD and FVC supine remained stable. For a progressive disorder in which all these outcomes 
are expected to decline, these results demonstrate that ERT has a positive effect in children.

The improvement in the QMFT is extremely relevant to patients, since this test measures 
the ability to perform everyday movements that are particularly difficult for Pompe patients, 
such as squatting, raising the hands above the head, or doing a sit-up. For two reasons, we 
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Figure 2 | Predicted mean FVC scores over time. 

Group mean (dark line) of the outcome measures and 95% prediction interval (gray area) obtained using linear 
mixed-effects models. The difference (Δ) between baseline (dotted line) and 7 years of ERT, and the corresponding 
p-value, are shown on the right-hand side of the figures. The trend of FVC scores in sitting position differed for 
males and females. They have therefore been plotted separately in panels C and D. Number of measurements 
available for analysis of FVC in sitting position: 331 and of FVC in supine position: 253. N = number of patients 
participating in analysis. *: patient 2 and 17 were unable to perform the test supine, and patient 10 was unable to 
perform the test either sitting or supine.
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Figure 3 | Individual patients’ response on the different outcome measures. 
* The individual progressions of FVC scores in supine position were defined for only 13 of 14 patients. Due to her 
young age, only 2 measurements were available for patient 1.

believe that our results are robust: we had included a relatively large group of children who 
were followed over a long period, and the observed effects were sustained despite multiple 
testing correction. While patients’ individual response patterns support these results, they 
also indicate that not all patients benefit equally from treatment.

Generally, patients’ motor function and muscle strength responded better compared to 
their pulmonary function. The poorer response with regard to lung function might be due 
to the involvement of the diaphragm.38-42 This involvement is also illustrated by the fact 
that fewer patients were able to perform lung-function assessments in supine position. Our 
statistical analyses show that lung function declined significantly in sitting position, and 
tended to decline in supine position. While these declines were similar in extent (4-5pp over 
seven years). In untreated adult patients and children, FVC has been reported to decline 
between 1pp and 5.5pp per year.10,15,17,28,43,44 This is greater than the decline we observed 
over 7 years, indicating that progression slows down during ERT. 

Our results also suggest that males responded more poorly with regard to lung function 
than females. However, this difference needs to be interpreted with caution, since there 
were fewer females than males, and since this difference could be demonstrated in 
sitting position only. Nevertheless, a similar trend in gender difference was reported in 
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the multicenter randomized placebo-controlled study in 90 adult patients with Pompe 
disease.15 It should be investigated whether such gender differences truly exist. 

The individual response to treatment varied considerably between patients, and it would be 
very relevant to identify its causes. In general, treatment success is believed to be correlated 
with an early start of treatment, i.e., when patients are still mildly affected. We found that 
this paradigm does not hold for all patients: some patients with clearly reduced pulmonary 
and/or motor function improved or stabilized, while some whose initial clinical status was 
good deteriorated on ERT. 

Other factors that could be involved in the response to ERT are the type of mutation in the 
GAA gene, genetic background factors such as the ACE polymorphisms,45-47 or antibodies 
against ERT with alglucosidase alfa. For five of our patients we have three years’ data on 
antibody titers; in all five, these were low.28 It was also shown in adults that the vast majority 
of patients had low antibody titers, while a counteracting effect was demonstrated only in 
incidental cases.48 All in all, more research is needed to fully understand and predict which 
patients respond well to treatment and which do not.

Noteworthy, 14 of the 17 children (82%) in our study had the same common genotype, 
the c.-32-13T>G GAA gene variant in combination with a null allele, as found in over 90% 
of the Caucasian adult population. This highlights that the group of patients with the c.-32-
13T>G/‘null’ GAA genotype represent a broad clinical spectrum of which the cause needs 
further elucidation.

Few studies have been published on the effects of ERT in children. Studies on late-onset 
patients occasionally include children: a review from 2013 identified 27 children amongst 
368 patients in 21 papers.49 However, most of these studies do not provide separate 
information on children. Supplemental table 2 summarizes the results of eight publications 
that report on the outcomes of children treated with ERT.20,25,26,28,50-53 The number of children 
included per study ranged from one to eight; follow-up ranged from 1.3 to 8 years (in 
most studies, follow-up was around 3-4 years). These studies suggest that patients’ motor 
function and muscle strength tend to improve, and their lung function is stable or possibly 
improves. The present study, which describes long-term findings, is partly in line with this. 
Upon analysis of the individual follow-up of five of our patients who had previously been 
described after three years of treatment, we found that, with longer follow-up (up to seven 
more years in the current study), two had started to decline, while the others had continued 
to improve or to stabilize.28 These observations stress the continuing importance of regular 
long-term patient follow-up.
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Conclusion

Pompe disease is a progressively deteriorating disease. We observed that ERT had a clearly 
positive effect in our cohort of children, most of whose muscle strength and function 
remained stable or improved during treatment. At group level, response to treatment was 
better for motor outcomes than for lung function. There were large individual differences 
between patients in the response to treatment. More research is needed to identify the 
factors responsible for this.
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Supplemental tables and figures

Supplemental figure | Examples of patterns over time observed in the outcome measures for 
individu.
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Abstract

Objective
As there is little data on the long-term efficacy of enzyme-replacement therapy (ERT) 
in Pompe disease, we aimed to determine its effect after 5 years, and sought to identify 
predictors for a favorable response.

Methods
We included 102 adult Pompe patients in a nationwide, prospective, cohort study. We 
assessed muscle strength (manual muscle testing (MRC grading), hand-held dynamometry 
(HHD)), muscle function (six-minute walk test (6MWT), quick motor function test (QMFT)), 
daily life activities (Rasch-build Pompe-specific Activity scale (R-PAct)), and pulmonary 
function (forced vital capacity (FVC) in upright and supine positions, maximum inspiratory 
(MIP), and expiratory (MEP) pressures) at 3-6 months intervals before and after start of ERT. 
Data were analyzed using linear mixed-effects models for repeated measurements.

Results
Median follow-up duration was 6.1 years (range 0.4-7.9 years); of which 5.0 years (range 
0.2-7.3 years) were during ERT. Treated patients had better muscle strength (MRC sum-score 
+6.6 percentage points (pp); HHD sum-score +9.6 pp; both p<0.0001), activity levels (R-PAct 
+10.8 pp, p<0.002), and pulmonary function (FVC upright +7.3 pp; FVC supine +7.6 pp; both 
p<0.00–03), than their expected untreated disease course. Walking distance improved (416 
vs. 376 meters at baseline; p=0.03). The largest increase was seen during the first two to 
three years of treatment. Response to treatment was similar between groups, irrespective 
of sex, age, or disease duration.

Conclusions
Long-term enzyme-replacement therapy positively affects muscle strength, pulmonary 
function and daily life activities in adult Pompe patients, with a peak effect around two to 
three years of treatment.
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Introduction

Pompe disease is a progressive myopathy caused by deficient activity of the lysosomal 
enzyme acid α-glucosidase that leads to glycogen storage in virtually all body tissues.1 It is the 
first hereditary myopathy for which a disease-specific treatment (i.e. enzyme-replacement 
therapy (ERT)) has become available. Shortly after birth, the most severely affected ‘classic 
infantile’ patients present with rapidly progressive generalized muscle weakness and cardiac 
and respiratory failure. Without treatment, this results in death within the first year of life.2 
The phenotype in children and adults with ‘non-classic’ or ‘late-onset’ Pompe disease is 
dominated by a progressive limb-girdle myopathy that leads to severe functional limitations, 
while respiratory muscle dysfunction limits patients’ average life-span.3,4

Since 2006, ERT with recombinant human acid α-glucosidase (alglucosidase alfa, Myozyme®) 
has been registered for the treatment of Pompe disease.5,6 The only placebo-controlled study 
of alglucosidase alfa in late-onset Pompe disease, comprising 90 patients studied for 78 
weeks, showed improvement of walking distance and stabilization of pulmonary function 
with treatment.7 Several observational studies have since underscored this effect, and have 
also shown improvements in muscle strength, muscle function, survival, and quality of life.8-14 

Nonetheless, experience has shown that not all patients derive equal benefit and very little 
evidence has been published on the long-term benefits of ERT:15-18 the average follow-up 
period in most studies published to date does not exceed 3 years of treatment. We therefore 
present a large, prospective, nationwide study in which we 1) assessed the long-term effects of 
ERT on muscle strength, muscle function, pulmonary function, and daily life activities in adult 
Pompe patients; and 2) aimed to identify potential prognostic factors for treatment efficacy.

Methods

Study design and participants
This study was a nationwide, prospective, open-label, cohort study involving all Dutch 
patients with a confirmed diagnosis of Pompe disease; this is being conducted at the 
Center for Lysosomal and Metabolic Diseases, Erasmus MC University Medical Center, 
Rotterdam, the endorsed center of expertise for Pompe disease in the Netherlands. For 
the current analyses we included all patients who 1) were aged 18 years or older at first 
study-assessment; 2) had symptomatic Pompe disease (defined as muscle weakness and/
or reduced pulmonary function for which starting ERT was considered desirable); and 3) 
had not yet received ERT prior to enrollment in the overall study. Clinical assessments took 
place every three to six months before and after start of ERT. Patients were enrolled since 
1 January 2005: for this study, database lock was 31 December 2012. If treated, patients 
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received 20mg/kg alglucosidase alfa intravenously every other week. Patients who had not 
yet started ERT at data-closure contributed natural-course data only, and were included to 
strengthen the follow-up on the natural course of the disease. If ERT was discontinued, data 
collected thereafter was not included in the analyses.

Procedures
We used the following outcome measures to evaluate the effect of ERT: 1) muscle strength 
(manual muscle testing using the Medical Research Council (MRC) grading scale19 and hand-
held dynamometry (HHD)20); 2) muscle function (six-minute walk test (6MWT)21 and Quick 
Motor Function Test (QMFT)22); 3) pulmonary function (Forced vital capacity (FVC) in upright 
seated and supine positions, and maximum static inspiratory (MIP) and expiratory (MEP) 
pressures)23,24; and 4) daily life activities (Rasch-built Pompe-specific Activity (R-PAct) scale.25 
Detailed procedures have been reported previously,4,7,9 and are described in supplemental 
data on the Neurology® Web site at Neurology.org.

Statistical analysis
Longitudinal analyses of the different outcome measures were performed using linear mixed 
models to account for correlations in the repeated measurements per patient.26 The current 
analyses comprise around 1200 measurements per outcome measure. Time was expressed in 
years before (i.e. natural-course period) or after start of ERT; for the 14 patients who had not yet 
started ERT, the date upon which ERT was recommended was designated as “date of start of 
ERT”. Data of these patients were included to strengthen the natural-course analyses.

To compare patients’ outcomes under treatment with their situation without treatment, we 
extrapolated the natural-course data by assuming linear evolutions over time on the basis 
of data inspection and our previously published results.9 For data measured during ERT we 
accounted for potential non-linear profiles by using natural cubic splines in the fixed-effects 
and random-effects parts of the model. In the specification of the splines, boundary knots 
were placed at 0 (i.e. start of ERT) and 5 years, and internal knots were placed at 1 and 3.5 
years. The use of splines in the random-effects part was also used to flexibly capture the 
correlation structure among the follow-up visits. The models’ assumptions were checked 
using residuals plots. Observed values at 0.5, 1, and 5 years of treatment were compared 
to the extrapolated natural disease course. We also compared the outcomes at 5 years of 
treatment to baseline (i.e. start of ERT). For the 6MWT, we only compared the effects of 
ERT at 5 years of follow-up with the situation at baseline, since too few data on the natural 
course of the disease were available to be reliably extrapolated.

We performed subgroup analyses to assess the effect of the most important covariates, 
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since the dataset-size does not allow a multivariate analysis assessing all variables at the 
same time. For these analyses, patients were divided into groups, as in previous studies, on 
the basis of sex; age at start of ERT (< 45 or ≥ 45 years); and disease duration at start of ERT 
(< 15 or ≥ 15 years; calculated from onset of first symptoms).7,9 Overall treatment effects 
were tested using likelihood ratio tests; subgroup analyses were performed using F-tests. 
The significance level was set at p≤0.05 (p≤0.006 if Bonferroni corrections were needed to 
adjust for multiple testing). Differences were expressed in absolute percentage points (pp), 
except for the 6MWT, in which the difference in walking distance is given (m). Additionally, 
for MRC, HHD, FVC and R-PAct we assessed patients’ individual response to ERT respective 
to start of treatment and to the expected untreated disease course (for this purpose the 
estimated mean decline at group level was used). Their response was classified into three 
groups: 1) improved or stable compared to start of ERT, 2) better than extrapolated natural 
disease course but worsened compared to start of ERT, and 3) worse than extrapolated 
natural disease course. Analyses were performed with SPSS for Windows (version 21, SPSS 
Inc., Chicago, IL), or R version 3.1.1 (2014-07-10) using package nlme (version 3.1-117).

Standard Protocol Approvals, Registrations and Patient Consents
The study protocol was approved by the Medical Ethical Committee at Erasmus MC 
University Medical Center. Informed consent was obtained from all participants.

Classification of Evidence
This study provides Class IV evidence for the long-term efficacy of enzyme-replacement 
therapy in adults with Pompe disease, irrespective of sex, age, or disease duration.

Results

Patients
In total, 102 Dutch adult Pompe patients (age range 24 to 76 years; Table 1) participated 
in this study, 82 of whom contributed both natural course and ERT data, six of whom 
contributed ERT data only, and 14 of whom contributed natural-course data only. Median 
overall follow-up duration was 6.1 years (Interquartile range (IQR) 2.9; range 0.4-7.9 years), 
comprising 1.1 years (IQR 1.2; range 0.1-7.9) during the natural-course period, and 5.0 years 
(IQR 2.4; range 0.2-7.3 years) during the treatment period. Forty-five patients were treated 
with ERT for more than five years, while only seven patients were treated for less than one 
year. There were no differences in characteristics between treated patients and patients who 
had not yet started treatment. At start of ERT, 32 patients were fully or partially wheelchair 
dependent, against 41 at study-end. Twenty-seven patients used mechanical ventilation at 
ERT-start; by study-end, eight additional patients had become ventilator bound.
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Table 1 | Patients’ Characteristics.

Patients (N = 102)

Total follow-up duration in years – median (IQR; range) 6.1 (2.9; 0.4-7.9)

Natural course follow-up duration in years – median (IQR; range) (N = 96)a 1.1 (1.2; 0.1-7.9)

ERT follow-up duration in years – median (IQR; range) (N = 88)a 5.0 (2.4; 0.2-7.3)

Age at start of ERT in years – median (IQR; range) 52 (20; 24-76)

Age at symptom onset in years – median (IQR; range) 33 (16; 1-62)

Disease duration from symptom onset at start of ERT in years – median (IQR; range) 16 (17; 1-50)

Sex – No. of patients (%) 

Male

Female 

53 (52)

49 (48)

Genotype  – No. of patients (%)

c.-32-13T>G / known pathogenic variation

c.1447G>A / c.569G>A

c.671G>A / c.525delT

99 (97)

2 (2)

1 (1)

Wheelchair and/or mechanical ventilation at start of ERT – No. of patients (%) 

Wheelchair and mechanical ventilation

Wheelchair only

Mechanical ventilation only

No wheelchair, no mechanical ventilation

19 (19)

17 (17)

10 (10)

56 (55)

MRC sum-score and FVC in upright position at start of ERT – No. of patients (%)b

MRC < 80% and FVC < 80%

MRC < 80% and FVC ≥ 80%

MRC ≥ 80% and FVC < 80%

MRC ≥ 80% and FVC ≥ 80%

40 (39)

5 (5)

25 (25)

32 (31)

ERT = Enzyme-replacement therapy, MRC sum-score = Medical Research Council sum-score, FVC = Forced vital 
capacity, N/No. = number of patients. IQR = interquartile range.
a There were no differences in baseline characteristics between the 88 patients treated with ERT and the 14 patients 
who contributed natural course data only (chi-square trend or Wilcoxon rank-sum test).
b Due to the use of invasive ventilation, 6 patients were unable to perform pulmonary function tests. Their FVC was 
considered to be below 80%.

Skeletal muscle strength and muscle function
During treatment, an initial increase in MRC and QMFT score in the first 2 to 3 years was 
followed by a slight decline, while HHD increased during the first years and stabilized thereafter 
(figure 1A, 1B, table 2). At the 5-year treatment point, the average MRC and HHD sum-scores 
were higher than for the extrapolated natural course (+6.6 pp for MRC, and +9.6 pp for HHD; 
both p<0.0001). QMFT sum-scores were similar (p=0.47). Relative to start of treatment patients’ 
outcomes had remained stable (MRC and QMFT sum-scores; p=0.25	 and p=0.87), or had 
improved (HHD sum-score, p<0.0001; table 2B). At their last follow-up assessment, 59% of 
patients had better or similar MRC sum-scores than at start of treatment, while for HHD 89% 
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of patients performed better than at ERT initiation (table 2B, figure 1D). After an increase in the 
first years of treatment, the distance walked during the 6MWT declined gradually (figure 1C). 
Relative to baseline, the median distance walked increased from 376 to 416 meters at the 5-year 
time point (p=0.03; table 2B): 69% of patients improved their walking ability in comparison to 
start of ERT. Subgroup analyses showed that the mean increase in HHD sum-score was greater 
in women than in men (13.6 pp vs. 1.9 pp, p=0.003), and was also greater in patients with a 
disease duration >15 years than in those with a shorter disease duration (15.2 pp vs. 4.5 pp, 
p=0.004; table e-1). For the other subgroups investigated there were no differences. 

Figure 2 |  Effect of enzyme-replacement therapy on pulmonary function.

The course of disease before and after start of enzyme-replacement therapy (ERT) for (A) forced vital capacity 
(FVC) in upright position; (B) FVC in supine position; (C) maximum inspiratory pressures (MIP); and (D) maximum 
expiratory pressures (MEP). The solid lines represent the measured natural course of the disease and/or the course 
during treatment. The dashed line represents the natural course extrapolated on the basis of natural-course 
data. 95% confidence intervals are shown in grey. Median natural-course duration was 1.1 years, hence we had 
sufficient data to calculate the disease course two years pre-ERT. N=the number of patients and M=the number 
of measurements included in the analyses before and after start of ERT. Δ=difference between treatment data and 
extrapolated natural course at 5 years.
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Pulmonary function
At 5 years, treated patients had better pulmonary function parameters relative to the 
extrapolated natural course: their FVC in upright position was 7.3 pp higher (p=0.0006), 
while their FVC in supine position was 7.6 pp higher (p=0.0003; figure 2A, 2B, table 2). Also, 
MIP and MEP were higher (MIP +20.8 pp, MEP +17.3 pp; both p<0.0001; figure 2C, 2D). 
The largest increase was found in the first years after start of ERT. Relative to baseline, all 
pulmonary outcome measures remained stable, except for FVC in supine position, which 
decreased by 2.9 pp over 5 years (table 2B). Relative to start of ERT, at their last follow-up 
measurement, 48% of patients had stable or better FVC in upright position, and 37% had 
better FVC in supine position. Relative to their expected disease course, ERT led to stable or 
improved FVC in 73% (upright position) and 75% (supine position) of patients. Subgroup 
analyses showed that MEP improved most in younger patients (+37.5 pp in those aged 
<45 against -0.3 in those aged ≥45, p<0.0001), and also in patients with a shorter disease 
duration (+28.8 pp in patients diseased <15 years against +1.8 pp in those diseased ≥15 
years, p=0.001; table e-1). The same tendency applied to most of the other pulmonary 
outcome measures, though not significantly.

Daily life activities and participation
During ERT, the R-PAct score improved during the first 2 to 3 years, and then decreased 
slightly (figure 3A). Nevertheless, at the 5-year time-point, the R-PAct score was higher 
than both the extrapolated natural course (+10.8 pp, p=0.002; table 2A) and the baseline 
values at start of ERT (+3.6 pp, p=0.004; table 2B). Fifty-nine percent of patients maintained 
or improved their level of functioning while receiving ERT (figure 3B, table 2B).Subgroup 
analyses showed that the R-PAct score improved more in men than in women (22.4 pp 
against 3.3 pp, p=0.005; table e-1). No difference was observed in other subgroups.

Safety, infusion-associated reactions and antibody formation
During treatment, 19 patients (22%) had one or more infusion-associated reaction (IAR) 
similar to those described previously.7,27 Most IARs could be controlled by slowing down 
infusion rates and/or giving pre-medication with antihistamines and/or corticosteroids. At 
the end of the study, four patients who had been treated for a period ranging from 2.6 to 5.4 
years still had IARs that were mild but treatable. Although about 60% of patients developed 
antibodies to the infused enzyme, this did not interfere with the efficacy of ERT, except in 
one patient (e-table 2).28 ERT was discontinued in four patients (2, 6, 16, and 32 months after 
start of treatment). In one patient, this was for safety concerns (i.e. multiple severe IARs). 
This patient had a history of multiple autoimmune diseases and drug-induced allergies, 
and died at the age of 45 of autoimmune related hepatitis 3.5 years after discontinuing 
treatment. In a second patient, this was due to very high antibody titers combined with 
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a poor response to ERT.28 For the two other patients, this was for personal reasons, one of 
whom died at the age of 56 due to respiratory insufficiency 1.1 years after discontinuing 
ERT. During this study, six more patients – all receiving ERT – died: one (aged 51) due to 
respiratory insufficiency, the others (ages ranging from 61 to 77) due to other, non-Pompe-
disease related co-morbidities. None of the deaths were considered to be treatment related.

Discussion

In this nationwide, prospective study on the long-term effects of enzyme-replacement 
therapy in adult Pompe patients we show that after five years of treatment, muscle strength, 
pulmonary function and daily life ability were better than our expectations would patients 
have remained untreated. Improvements in clinical outcomes were greatest during the 
first 2-3 years of treatment, followed by stabilization or secondary decline. The majority of 
patients still functioned better or at least equal to start of treatment, which – for a progressive 
disorder such as Pompe disease – is a clear beneficial effect.

A Response to ERT observed at ground level B Response to ERT observed in individual patients

Figure 3 | Effect of enzyme-replacement therapy on daily life activities.

(A) The course of disease at group level before and after start of enzyme-replacement therapy (ERT) for the 
Rasch-Build Pompe-specific Activity scale (R-PAct). The solid lines represent the measured natural course of the 
disease and/or the course during treatment. The dashed line represents the natural course extrapolated on the 
basis of natural-course data. 95% confidence intervals are shown in grey. Median natural-course duration was 1.1 
years, hence we had sufficient data to calculate the disease course two years pre-ERT. N=the number of patients 
and M=the number of measurements included in the analyses before and after start of ERT. Δ=difference 
between treatment data and extrapolated natural course at 5 years. (B) Individual patients’ response to treatment 
on R-Pact.
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Our study encompasses all known Dutch adult Pompe patients, ranging in age from 24 to 
76 years, and ranging in severity from mildly to very severely affected. Selection bias was 
therefore minimal. Another important asset is that we were able to prospectively collect 
follow-up data on the natural disease course before the start of ERT, allowing us to reliably 
estimate the natural-course progression using over 300 measurements in 96 patients. When 
studying the effects of treatment in progressive disorders such as Pompe disease, these 
natural-course data are extremely important, as this makes it possible to compare patients’ 
outcomes under treatment to their situation without treatment, thereby providing a true 
estimate of treatment-efficacy.

During the treatment period we saw a remarkable pattern in disease course: a substantial 
improvement during the first two to three years of treatment, followed by a plateau or slight 
decline. This pattern was seen across most outcome measures. Some other studies have also 
hinted that the effect of ERT is greater during the first years of treatment: in the placebo-
controlled study, the largest positive effect in walking distance and FVC over placebo 
was seen during the first year,7 while a recent study in 22 UK patients suggested that the 
treatment effect peaks around 2 years, before appearing to decline.18 It is unclear whether 
this is because the efficacy of ERT diminishes over time, or whether it is due to other factors. 
During the first years of treatment, it is conceivable that clearance of glycogen from the 
lysosomes of the muscles – situated between the sarcomeres – leads to better concerted 
action of the myofibrils (i.e. contractile function), and thus improved strength.29-33 Over 
time, however, this may be outweighed by the negative effects of continued autophagic 
build-up, compromising the trafficking and processing of the therapeutic enzyme along 
the endocytic pathway.34 Age-related decline in muscle mass and contractile function 
may also contribute – especially above the age of 65 years. Furthermore, we have recently 
reported that untreated patients with Pompe disease lack robust satellite-cell activation.35 
Whether this is also true in patients receiving ERT needs further investigation. These factors 
combined may explain ongoing muscle wasting and inadequate muscle regeneration after 
an initial period of response, and may offer scope for new treatment strategies – which are 
currently being pursued in several clinical trials or in a preclinical setting.

Although our study shows that ERT has a beneficial effect on pulmonary function, FVC in 
supine position continued to decline during treatment, although more slowly than we had 
extrapolated for the natural course of the disease. This ongoing decline was also reflected in 
the increasing number of patients needing mechanical ventilation. Our recent pulmonary-
MRI study under spirometry control confirmed the general belief that the function of the 
diaphragm in Pompe disease is far more impaired than that of the thoracic musculature.36,37 
It has been suggested that as the diaphragm may be involved early in the disease course, 
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it may therefore be more difficult to reverse its function. 38 While the exact mechanisms 
still need to be unraveled, they may involve differences in myofiber distribution and 
regenerative capacity.

Although this is the largest study to date in adult Pompe patients, and all patients have 
consistently been examined at regular intervals throughout the years, no consistent 
differences in the response to ERT were observed between subgroups. We therefore 
conclude that all patients may benefit from treatment, irrespective of sex, age, or disease 
severity. Nonetheless, despite the favorable outcomes at group level, a subset of patients 
became wheelchair and/or ventilator dependent. Mean FVC

supine
 of the newly ventilated 

patients was 34% at start of ERT – on the edge of ventilator dependency already –, while 
four patients who started to use a wheelchair in fact had stable or better muscle sum-
scores or R-PAct score relative to baseline. We therefore think that the use of these aids 
may be due partly to better awareness and intensified care, rather than reflect a true 
deterioration in pulmonary function or motor function. The fact that we did not find robust 
prognostic factors for treatment outcome cannot be attributed to the relatively small 
sample size – inherent to orphan disorders – only. Probably yet unknown mechanisms and 
genetic background factors contribute to the observed differences in response. In order to 
personalize treatment in accordance with the expected outcome, future – international – 
studies should search for such factors affecting treatment efficacy.

Our study shows that long-term ERT treatment with alglucosidase alfa positively affects 
muscle strength, pulmonary function, and daily life activities. Its effect peaks around two to 
three years of treatment followed by a plateau or secondary decline. As yet, the individual 
differences in treatment benefit are not well understood.
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Abstract 

Background 
The loss of the ability to walk is a most prominent signs of Pompe disease and the 
associations with muscle strength have not been described.

Objective
To define the associations between walking performance, muscle strength of four specific 
lower extremity muscle groups and other factors in adult patients with Pompe disease. 

Design
Observational study

Methods
Muscle strength (hand-held-dynamometry of hip flexion, -abduction, knee extension and 
-flexion) and walking performance (unable, able with aids, waddling gait, normal gait) were 
assessed in 107 adult patients with Pompe disease at their first visit. Relationships between 
walking performance and muscle strength were studied by multivariate analyses and 
regression modelling. Age, gender, BMI, disease duration and use of ventilator support were 
taken into account as potential confounders. We transformed the results into a nomogram 
to allow the probability of a patient having a certain level of walking performance to be 
calculated based on the values of the independent variables.

Results
Walking performance declined significantly with decreasing muscle strength of hip flexion, 
-abduction, knee extension and -flexion. Step-backwards ordered logistic regression 
analysis resulted in a model including strength of the hip abductor and knee extensor, BMI, 
age, gender and use of ventilation, explaining 76% of the variance in walking performance.

Limitations
These results are based on cross-sectional data and do not predict future changes. 

Conclusions
In adult Pompe patients, walking performance can be explained by muscle strength, BMI, 
age, gender and ventilation use. Our model gives insight into how a patient is expected to 
walk based on his risk factors, and serves as a starting point to unravel factors associated 
with walking performance, and ultimately to develop a prognostic model.
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Introduction 

Pompe disease is an inheritable metabolic myopathy in which deficiency of the enzyme 
acid α-glucosidase causes accumulation of lysosomal glycogen, mainly in muscle cells. In 
adults, Pompe disease is characterized by slowly progressive proximal muscle weakness, 
which impairs motor and also respiratory function. Eventually patients lose their ability to 
walk and become wheelchair and respirator dependent.

The loss of the ability to walk is one of the most prominent signs and debilitating effects 
of Pompe disease and has been shown to be an important factor in determining patients’ 
quality of life.1 In general, retaining the ability to walk is important to maintain independent 
from caregivers.2, 3 

Reduced walking performance has shown to be related to decreased skeletal muscle 
strength in several populations, including patients with related neuromuscular diseases and 
elderly.4-8 However, the associations between walking performance and muscle strength 
have not been described for Pompe patients. Results from studies in other neuromuscular 
diseases cannot automatically be generalized to Pompe patients as the distribution of 
muscle weakness, and thus its effects on walking performance, differs.8 Also other risk 
factors, such as age, BMI and respiratory status that might contribute to a reduced walking 
performance are not well understood in patients with Pompe disease as well. By modeling 
the relationship between muscle strength and associated risk factors on the one hand, and 
walking performance on the other, it will be possible to determine a patient’s expected 
position in the spectrum of walking performance compared to a patient’s observed walking 
performance. Both agreement and discrepancies can help therapists to tailor and optimize 
treatment. In addition, the model can serve as a starting point to further our understanding 
of the factors that determine walking performance in Pompe disease, and ultimately to 
develop a prognostic model. 

The aim of our study was to better understand and to model the relationships between 
walking performance, muscle strength of specific lower extremity muscle groups and other 
factors in adult Pompe patients. 
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Methods

Participants
Adult patients with a confirmed diagnosis of Pompe disease were included in this study. 
All patients were first seen between December 2003 and August 2012 at the Center for 
Lysosomal and Metabolic Diseases of the Erasmus MC University Medical Center, Rotterdam, 
the national referral center for patients with Pompe disease in the Netherlands. Patients 
were excluded if they had co-morbidities that affected their walking performance. 

On visiting the center, patients were subjected to a standardized set of outcome tests, 
including assessment of muscle strength and motor function tests encompassing the 
ability to walk. Data from the patients’ first visit to the center was analyzed retrospectively. 
We also recorded age, gender, height, weight, and disease duration (time since diagnosis) 
for each patient. All patients signed informed consent.

Outcome measures
Walking performance was classified in four categories (unable to walk, walking with aids, 
walking without aids but with a waddling gait, or walking without aids and with a normal 
gait) according to the item “walking 10 meters” of the Quick Motor Function Test (QMFT). This 
is a valid and reliable motor function test specially designed for Pompe patients9 consisting 
of 16 items related to daily activities. The item “walking 10 meters” was assessed by asking 
patients to walk a 10-m course at their usual pace. Use of aids (canes or walkers) was 
allowed for this test, but patients were challenged to achieve the maximum performance, 
i.e., those who used a wheelchair but could still walk 10 meters were asked to do so. Patients 
were classified as unable to walk when fully wheelchair bound. Partially wheelchair-bound 
patients who were capable of walking 10 meters were scored as “able to walk with aids”. 
Normal gait was considered as a gait pattern without a Trendelenburg or Duchenne sign 
or swayback. 

Skeletal muscle strength exerted during maximal voluntary isometric contractions was 
measured by hand-held-dynamometry (HHD) (Cytec dynamometer, Groningen, the 
Netherlands). The following lower proximal muscle groups were tested using the break test 
technique10: hip flexors, hip abductors, knee flexors and knee extensors. Specifics of the 
test positions, stabilization and dynamometer placement have been described elsewhere.11 
Muscles were tested separately for each leg and values were averaged for the two legs. The 
absolute HHD values were used and expressed in Newton. All measurements were carried 
out by three physicians specially trained to perform HHD and connected to our center. 
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Data analysis 
Median muscle strength values were plotted against the four levels of walking performance 
using box plots and compared using the Mann Whitney test to assess the relationships of 
the individual muscles with walking performance. 

Ordered logistic regression was used to build a model describing walking performance 
based on muscle strength of the four lower extremity muscle groups, age, gender, body 
mass index (BMI), disease duration and use of ventilator support.2, 12, 13 

A step backward method was used, starting with a full model containing all possible 
independent variables. Variables that didn’t contribute to the model were excluded at a 
cut-off significance level of 0.20.

Internal validation of the (full and subsequent) models was assessed using the Bootstrap 
technique with 1000 samples. As measures of predictive ability we use the area under 
the receiver operating characteristic curve (AUC, discriminative ability), Nagelkerke’s R2 
(goodness of fit), and the Brier Score (predictive accuracy). The most parsimonious model 
that performed satisfactorily in the validation step was reported here.

Next, based on the most parsimonious model, a nomogram was constructed which allows 
the chance of being in one of the four levels of walking performance to be calculated 
directly from given specific values of the independent variables. 

Statistical analyses were performed using SPSS for Windows (release 21.0; SPSS, Inc., 
Chicago, IL) and R: A Language and Environment for Statistical Computing, version 3.2.2 
using the rms package (rms: Regression Modelling Strategies, Frank E Harrell Jr, R package 
version 4.4-1, 2015). Visualization was performed using GraphPad Prism (version 5) and the 
rms package.

Results

Participants
During the study period 108 adult patients with Pompe disease were first seen at the 
national referral center and examined. One patient was excluded from the analyses because 
this patient had Pompe disease in combination with spina bifida, both interfering with 
muscle strength. 
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Table 1 presents the characteristics of the 107 included patients at their first visit to the 
center. Patients had a median age of 50 years (range 25-76) and had experienced symptoms 
for a median of 15 years. 28% were ventilator dependent. In terms of walking performance, 
11% were fully wheelchair bound, 28% used walking aids, and 43% walked with an abnormal 
gait without aids and the remainder (18%) had a normal walking pattern. None had started 
treatment with ERT at time of examination for this study. 

Table 1 | Characteristics of 107 adult patients with Pompe disease (first visit to referral center.

Patient characteristics at first visit Study population (n=107)

Gender (male), no (%) 55 (51.4%)

Age (years), median (range) 50 (25-76)

BMI (kg/m2), median (range) 24.1 (15-48) 

Disease duration (years), median (range) 15 (2-48)

Walking performance, no (%)  

  Unable to walk  12 (11.2%)

  Walking aids  30 (28%)

  Walking without aids with waddling gait  46 (43%) 

  Normal gait  19 (17.8%)

Respiratory support at first visit, no (%)  

  No ventilator use 77 (72%)

  Ventilator dependent  30 (28%)

Association between walking performance and lower proximal muscle 
strength  
Figure 1 shows the differences between each of the consecutive walking categories 
in strength of the hip flexors, hip abductors, knee extensors and knee flexors. Walking 
performance declined with decreasing muscle strength. This was most obvious for the 
hip flexors and hip abductors, where muscle strength differed significantly between each 
consecutive level of walking performance (p<0.01). For knee extension, no significant 
difference in strength of the knee extensors was found between patients with a waddling 
gait and those walking normally. For strength of knee flexors there were no differences 
between any of the consecutive walking categories.
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Figure 1 | Relationship between lower extremity muscle strength (expressed in Newton) and walking 

performance. 
Unable: fully wheelchair bound; aids: walking with walking aids; waddling: waddling gait; normal: normal gait 
pattern.* significant differences.

Table 2 displays the patients’ muscle strength values and other risk factors across the four 
walking categories. Besides reduced muscle strength, patients with more impaired walking 
performance were older, had been symptomatic for longer and were more often ventilated 
compared to those with normal / less impaired walking performance. Also higher BMI and 
male gender seemed to be more frequent in the more impaired patients. 

Stepwise backward elimination of the variables in Table 2 (p<0.20) resulted in an ordered 
logistic regression model containing the variables strength of the hip abductors and knee 
extensors, gender, age, ventilation use and BMI. This was also the most parsimonious model 
and performed well on internal validation (discriminative ability: 0.76; goodness of fit: 0.66; 
slope: 0.86; Brier score: 0.14). Higher strength of the hip abductors (OR:1.042; CI [1.026-1.057]) 
and knee extensors (OR:1.011; CI [1.001-1.022]), lower age (OR:0.968; CI [0.931-1.005]), lower 
BMI (OR:0.837; CI [0.753-0.930]), female gender (OR:0.365; CI [0.137-0.972]) and not using 
ventilator assistance (OR:4.540 CI [1.379-14.950]) are associated with the probability of 
being in a better walking category.
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Figure 2A shows the results of this model transformed into a nomogram. This visualization 
of the model allows the probability of being in one of the four categories of walking 
performance to calculate directly based on given values of the independent variables. 
The range of each independent variable is related to a corresponding number of points 
on a linear scale. The sum of the corresponding points for each variable (total points) 
corresponds with the probability for being in each of the four walking categories. Two 
example calculations, based on two of our patients both with an observed waddling gait, 
are shown in Figure 2B.

Table 2 | Characteristics and muscle strength across the four walking categories.

Normal 
(n=19)

Waddling
(n=46)

Aids 
(n=30)

Unable 
(n=12) P-value*

Muscle strength (Newton)

  Hip flexion 164.5 (99-348) 121.1 (50-308) 91.0 (33-144) 10 (10-93) 0.000*

  Hip abduction 163.5 (106-
249) 121.8 (40-225) 83.5 (37-175) 10 (7-65) 0.000*

  Knee extension 190.5 (105-
246) 176.5 (55-293) 129.1 (35-205) 49.0 (3-193) 0.000*

  Knee flexion 126.8 (45-204) 87.3 (13-220) 73.4 (24-149) 52.2 (10-147) 0.006*

Characteristics

  Age (years) 45.0 (25-72) 46.5 (25-68) 54.0 (26-71) 59.0 (33-76) 0.000*

  BMI 23.1 (19-29) 24.2 (17-48) 25.2 (20-38) 23.2 (15-28) 0.074

  Disease duration (years) 1.0 (0-27) 1.5 (0-19) 13.0 (0-30) 22.0 (0-32) 0.000*

  Ventilation (%	yes) 5.3 15.2 60.0 83.3 0.000*

  Gender (%	male) 36.8 54.3 43.3 83.3 0.059
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Case report patient I Case report patient II

Variables Walking 
category

Chances Variables Walking 
category

Chances

42 yr

female

HA strength 128 N

KE strength 147N

 No ventilation use

BMI 22 kg/m2

25%

50 yr

male

HA strength 95N

KE strength 175N

No ventilation use

BMI 24 kg/m2

<5%

70% 55%

<5% 40%

<5% <5%

Figure 2B | The probability of being in one of the four categories of walking performance can be 
calculated by looking up the corresponding points for the values of each independent variable and 
adding these. The total number of points and corresponding probabilities for being in one of the four 
walking categories is shown in the bottom part of the graph.

Discussion 

In adult patients with Pompe disease walking performance declines with decreasing 
strength of the lower extremities. This study shows that a patient’s chance to have a certain 
level of walking performance can be calculated based on muscle strength and a number 
of other risk factors. The model we describe here enables clinicians to compare a patient’s 
actual walking performance to that expected based on his risk factors, and thereby counsel 
patients on their current disease status and possible supportive measures. It should be 
further expanded to encompass other factors and ultimately develop a prognostic model. 

Walking performance declined most obviously with decreasing strength of the hip flexion 
and abduction. The strength of knee extension varied significantly between three of the 
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four walking categories only, while knee flexion didn’t distinguish between any of the four 
consecutive categories. This is consistent with findings based on muscle-driven simulation 
which showed that gait was most affected by weakness of hip abductors and hip flexors, as 
well as plantar flexors which are not usually affected in adult Pompe patients.14 Observed 
muscle strength values overlapped considerably between the consecutive walking 
categories, indicating that other patient characteristics, e.g. gender and BMI, may affect 
walking performance also.12, 13, 15. Concerted contraction of muscle groups as a compensation 
for weakness may play a role as well.14 Therefore, we developed a multivariate regression 
model to describe walking performance. 

The probability of being in one of the walking categories can be calculated best based 
on strength of the hip abduction and knee extension, age, gender, BMI and respiratory 
support. From the four lower extremity muscle strength groups, only hip abduction and 
knee extension contributed to the final model because of the interdependence between 
the four groups. Despite disease duration being associated with disease severity,16 this 
variable didn’t contribute to the model after correcting for age. In our model women had 
a higher chance of being in a better walking category. These gender differences were also 
found by De Vries et al.17

One of the perspectives of creating a multi-variate model is the application in clinical 
practice, and therefore the model was transformed into a nomogram. By doing this, a 
patient’s chance to have a certain level of walking performance can be calculated based 
on his risk factors. While a patient’s actual walking performance can be observed, the 
nomogram allows a clinician to compare this to the probability of being in the four walking 
performance categories based on the patient’s muscle strength and risk factors. This 
comparison has several potential clinical benefits.  For example, in case that the expected 
(i.e. the walking category with the highest probability) and observed walking performance 
are the same, there are two options: 1) the probability of the expected walking category 
might be the clearly highest, or 2) the probability of the expected walking category is quite 
close to the probability of an adjacent walking category. In the first condition, a patient can 
be reassured and has not to be prepared on a change to another walking category. In the 
second condition, a patient can be advised to do strength training and/ or lose weight in 
order to prolong this particular ambulant status. In case of a discrepancy between observed 
and expected walking performance, this might draw the attention to the issues of overload 
(when the observed walking category is “higher” than the expected one) or underload (in 
case of a “lower” walking category than calculated).
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In the current sample, our model explains 76% of the variance in walking performance. 
Hence, in 24% of the cases the observed walking performance deviated from the model 
results. Other explanatory factors may play a role as well. For example, one of our patients 
had a high probability of walking with aids (70% chance), but was observed to walk with 
a waddling gait (i.e. overloading). Further inspection showed us that this patient had a 
substantial scapula alata preventing the use of a walking stick. This comes at the price of a 
high fall risk and alternative solutions to walking aids need to be searched for or a wheelchair 
recommended. This example illustrates that further factors may need to be incorporated to 
accurately predict walking performance in a prognostic model.

Our analyses are based on a cohort of more than 100 adult Pompe patients, which is very 
large given the rarity of the disease. However, to develop an accurate model patient numbers 
are relatively small. Nevertheless, internal validation of the model yielded a reasonable 
concordance between actual and estimated walking performance, and our model explained 
76% of the variance in walking performance. A lack of external validation can be regarded 
as a limitation of our study. The model’s validity in other populations remains to be studied. 
Furthermore, the nomogram was based on cross-sectional data rather than longitudinal 
data, and as a consequence it does not provide information on a patient’s prognosis or 
future walking performance. Another limitation is related to the measurement of muscle 
strength. HHD values were obtained using standard testing as described and widely used.11 
However, it is known that inter-observer variation exists in HHD assessments, which can 
limit the applicability of the nomogram. It has to be noted that in our data set data from 
different (male and female) assessors were already incorporated. Finally, in Pompe disease 
trunk muscles are frequently involved13 which affect strength and performance of the lower 
extremities.18 Due to the lack of objective measurements of the core strength18 this could 
not be included in our model.

This study shows that reduced walking performance in adult patients with Pompe disease 
is associated with reduced muscle strength of the lower extremities, as well as with higher 
age, higher BMI, being male and using a ventilator. We developed a model describing 
the chance to be in one of four walking categories. This model can support a clinician’s 
subjective judgement on whether a patient - based on his risk factors- is capable of more or 
less than what a patient shows in terms of walking performance. Moreover, it might serve 
as a first step towards developing a prognostic model.
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Abstract

The majority of children and adults with Pompe disease in the Caucasian population carry the 
leaky splice site GAA gene variant c.-32-13T>G in combination with a fully deleterious	GAA 
variant on the second allele. The phenotypic spectrum of this patient group is exceptionally 
broad, with symptom onset ranging from early infancy to late adulthood. In addition, the 
response to enzyme replacement therapy (ERT) is heterogeneous. The insertion/deletion 
(I/D) polymorphism of the angiotensin I-converting enzyme (ACE) has been suggested to 
be a modifier of disease onset and/or response to ERT. 

Here, we have investigated the effect of the ACE I/D polymorphism in a relatively large 
cohort of 131 children and adults with Pompe disease that were treated with ERT for a 
median period of 7.5 years of ERT. Outcome measures were the use of wheelchair and 
mechanical ventilation, muscle strength assessed via manual muscle testing and hand-
held dynamometry (HHD), distance walked on the six-minute walk test (6MWT), forced vital 
capacity (FVC) in sitting and supine position and daily-life activities assessed by R-Pact. 

Cross sectional analysis at first visit showed no differences between the ACE groups for age 
at first symptoms, diagnosis, wheelchair use, or ventilator use. Also response to ERT using 
linear mixed models showed no significant differences between ACE groups for any of the 
outcome measures. The patient cohort contained 24 families with 54 siblings. 

Differences in ACE genotype could neither explain inter and intra familial differences. 
We conclude that the ACE I/D polymorphism insufficiently explains the large variation in 
disease severity and response to ERT observed among Pompe patients with the same c.-32-
13T>G GAA gene variant.
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Introduction

Pompe disease (OMIM 232300) is a metabolic myopathy caused by pathogenic variants in 
the acid α-glucosidase (GAA) gene (OMIM 606800). This results in deficiency of the lysosomal 
enzyme GAA, leading to an impaired breakdown of glycogen.1 Clinically, a broad disease 
spectrum can be observed, ranging from a rapidly progressive classic infantile phenotype to 
a slower progressing disease course in children and adults. Classic infantile patients present 
shortly after birth with hypertrophic cardiomyopathy and generalized muscle weakness. 
Without treatment these patients die within the first year of life due to cardiorespiratory 
insufficiency.2,3 Children and adults present with a slower progressive limb girdle muscle 
weakness, while cardiac involvement is rare. Most of these patients become wheelchair and 
ventilator dependent. Survival is reduced compared to the general population.4-6

The majority of Caucasian children and adults with Pompe disease carry the common c.-
32-13T>G (IVS1) variant on one GAA	allele. The IVS1 variant causes aberrant GAA	pre-mRNA 
splicing by inducing partial or complete skipping of GAA exon 2. A small (10-15%) of leaky 
wild type splicing occurs.7-12 The second GAA	 allele in children and adults with Pompe 
disease is a ‘null’ allele which does not generate any GAA enzymatic activity. A frequently 
observed ‘null’ allele in this population is c.525delT.13 Interestingly, the clinical disease course 
in patients with the IVS1 variant shows an exceptionally broad spectrum. For example, 
disease onset can vary from early infancy to late adulthood. Such differences are even 
observed between patients with the same IVS1/c.525delT GAA genotype.14-16 The variation 
between siblings is much less broad, suggesting that disease progression can be modified 
by genetic background factors.17

Since 2006, enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA), is 
available for Pompe disease. In children and adults with Pompe disease ERT has shown 
to improve muscle function and strength and to stabilize pulmonary function. However, 
individual responses can vary considerably.18 This is observed irrespective of formation of 
anti-rhGAA antibodies, suggesting that other factors exist that can modify the response to 
ERT in this patient group.19

It has been suggested that a polymorphism in the angiotensin converting enzyme (ACE) 
gene – the insertion (I) or deletion (D) of an alu repeat in intron 16 may affect phenotypic 
variation and response to ERT in patients with Pompe patients.20-23 Four studies were 
performed, but different results were obtained.20-23 The DD genotype was associated with 
an earlier disease onset in some studies, but not in others, and it was associated with 
less favorable response to ERT with regard to muscle mass in one study, and with regard 
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to FVC and 6MWT in another study. The different outcomes may be explained by small 
group sizes and a short follow up, by different inclusion criteria that eliminated severely 
affected patients, and by omission of multiple testing correction while calculating statistical 
differences. This was reason to perform the current nationwide study in a group of 131 
children and adults representing the full disease spectrum, all with the same c.-32-13T>G/
null gene type. The aim was to further explore the potential influential effect of the ACE 
polymorphism on age of onset, disease severity and outcome of patients when treated 
with ERT for a median of 7.4 years. 

Materials and methods

Patients and study design
This study was part of an ongoing single-center prospective, open-label study, in which 
all Dutch children and adults with a confirmed diagnosis of Pompe disease – by enzyme 
analysis in leucocytes or fibroblasts, and by DNA analysis – participated.15,24-26 Only patients 
that carried the c.-32-13 T>G (IVS1) GAA variant on one allele and a fully deleterious (“null”) 
GAA variant on the other allele were included in this study. Information was collected at 
the moment of onset of symptoms, diagnosis and wheelchair- of ventilator dependency. 
Clinical assessments were performed with 3-6 months intervals. Daily life activities were 
assessed via the Rasch-built Pompe-specific Activity (R-PAct) scale.27 The assessments and 
analysis of data were performed without prior knowledge of the ACE polymorphism status. 
Data were collected from January 1, 1999 through January 1, 2016. The study was conducted 
according to the Declaration of Helsinki, the Institutional Review Board approved the study 
protocol, and all patients, or their parents or legal guardians, provided written informed 
consent.

ACE polymorphism
ACE genotyping was performed based on the methods described by Al-Awadhi et al.28 In 
short, genomic DNA from blood or fibroblasts was used in a first PCR flanking the alu insertion 
in intron 16 using the following primers: fw1: 5’-CTGGAGACCACTCCCATCCTTTCT-3’ and rev1: 
5’-GATGTGGCCATCACATTCGTCAGAT-3’. PCR was performed using FastStart PCR (Roche) in 
which 6% DMSO was included in the reaction mixture. Reactions were run on a Bio-rad 
C1000 Touch Thermal Cycler. When no I allele was found, a second PCR was performed 
using an alu insertion-specific internal primer fw2: 5’-TGGGATTACAGGCGTGATACAG-3’, 
which was used in a PCR with the same primer rev1 as above. Positive, negative, and blank 
controls for the ACE genotype were included in all analyses. 
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Clinical Outcome Measures 
The use of wheelchair and mechanical ventilation was registered at each visit. Skeletal 
muscle strength was assessed using the Medical Research Council (MRC) grading scale and 
hand-held dynamometry (HHD; Cytec dynamometer, Groningen, The Netherlands).29-31 The 
following muscle groups were tested for either method: neck flexors, shoulder abductors, 
elbow flexors, elbow extensors, hip flexors, hip abductors, knee flexors, and knee extensors. 
Additionally, an MRC grade was determined for the hip extensors and hip adductors. This 
was expressed as percentage of the maximum possible score for MRC sum scores, and as a 
percentage of the median strength of healthy males and females for HHD sum scores. Sum 
scores were calculated if no more than two muscle groups were missing. Muscle function 
was assessed using the Quick Motor Function Test (QMFT), consisting of 16 motor skills 
related to daily life that were particularly difficult for Pompe patients.32 Muscle endurance 
was assessed using the six-minute walk test (6MWT) in which the distance walked in 6 
minutes was recorded.33 Forced vital capacity (FVC) was measured in upright and supine 
positions. Results were expressed as percent of predicted FVC.34 The R-PAct scale was used 
to assess patients’ self-reported ability to perform daily life activities. A score was calculated 
as described,27 but only when all items had been answered. Only adult patients performed 
this test.

Statistical analysis
Differences in characteristics between the three different ACE genotypes (II, DD and ID) at 
first visit were calculated as follows. First we tested if any of the ACE groups differed from 
the others using the Kruskal-Wallis test for numerical data and the chi-square test (2x3) for 
categorical data. When significant, the Mann-Whitney and chi-square tests (2x2) were used 
to identify which of the groups (II vs ID, II vs DD or ID vs DD) differed. Since this post-hoc 
analysis involved 3 extra tests, these 3 tests were corrected for multiple testing using the 
Holm method.35

Longitudinal analyses of the effects of ERT were performed using linear mixed effect models 
to account for repeated measurements per patient. Models were fitted for each outcome 
measure using the nlme package of the statistical program R (version 3.2.5).36,37 Time was 
expressed as years after start of ERT. To account for potential non-linear profiles we used 
natural cubic splines (up to 3 degrees of freedom) in the fixed-effects and random-effects 
parts of the model. For the random-effects part of the model an unstructured covariance 
matrix was used. Likelihood-ratio-tests were used to asses if there was an interaction 
between time and ACE polymorphism; e.g. if outcome measures progressed differently 
during treatment for each ACE polymorphism or if the different polymorphisms had 
different intercepts; e.g. overall disease severity. Obtained p-values were corrected for 
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multiple testing using the Holm method.35 Plots for the group means were generated for 
the different outcome measures for the first 7.5 years of ERT. Since the median follow-up in 
this study was 7.4 years, extrapolation of the model beyond 7.5 years would be based on 
only a few data points and prone to bias. Siblings from various families were identified. For 
each sibling the age at first symptoms, diagnosis, the start of ERT, the start of wheelchair/
ventilator use, and their last follow-up or death were plotted to study if different ACE 
genotypes explained variation within families. Siblings were classified as varying when an 
event occurred in one sibling and did not occur within 10 years in the other sibling.

Results

Effect of ACE I/D polymorphism at first clinical examination: cross sectional 
analysis
A total of 146 Dutch patients with the IVS1/”null” genotype mutation were known in our 
center at data closure. The ACE genotype could be determined for 131 patients (Table 1). 
The characteristics of the total patient group (n=131) were as follows. Gender was evenly 
distributed (50% females) in the total group and the three different ACE groups (II, DD and 
ID). Most patients (86%) started ERT at adulthood (>18 years of age). Median ages (in years) 
at symptom onset, diagnosis, first visit, and start of ERT were 31 (0-62); 38 (0-72); 46 (0-75); 
and 49 (1-76), respectively. At first visit, 31% of patients used a wheelchair, while the median 
age at which patients started to use a wheelchair was 49 (11-76). For usage of a ventilator, 
these numbers were 22% and 52 years of age (6-72). The ranges of all parameters were 
broad, and varied from a minimum of zero to a maximum of 76 years, highlighting the 
heterogeneity of disease progression of Pompe patients with the IVS1 variant. 

The ACE polymorphism genotype was normally distributed within the total patient group 
(II: 24%; ID: 44%; DD: 31%). The patient group was divided in three ACE genotypes, and the 
parameters listed in Table 1 were compared between the three groups in a cross sectional 
analysis. This showed that none of the parameters were different between the groups. The 
use of a wheelchair at first visit was found to be different with a p-value of 0.047 with the 
lowest number of wheelchair users in the DD group, but post-hoc testing showed that 
this was not significant. Slightly more II patients started ERT during childhood, but the 
differences between ACE groups were not significant either.
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Table 1| Patient characteristics and cross-sectional analyses at first visit.

ACE polymorphism

II DD ID p-value*

Total group 131 (100%) 32 (24%) 41 (31%) 58 (44%)

Gender, No. of patients (%)

Male

Female

65 (50%)

66 (50%)

15 (47%)

17 (53%)

20 (49%)

21 (51%)

30 (52%)

28 (48%)

n.s.

Start ERT during childhood (<18y ), No. of patients (%)

Yes

No

18 (14%)

113 (86%)

8 (25%)

24 (75%)

3 (7%)

38 (93%)

7 (14%)

51 (86%)

n.s.

Median age (range) at: n.s.

Onset of symptoms 31 (0-62) 28 (0-54) 33 (4-61) 30 (0-62) n.s.

Diagnosis 38 (0-72) 35 (0-69) 42 (0-67) 38 (0-72) n.s.

First visit 46 (0-75) 41 (2-69) 47 (6-71) 47 (0-75) n.s.

Start ERT 49 (1-76) 42 (1-68) 50 (14-73) 50 (1-76) n.s.

Wheelchair use at first visit, No. of patients (%)

No

Yes

91 (69)

40 (31)

22 (69)

10 (31)

23 (56)

18 (44)

46 (79)

12 (21)

n.s.a

Median age at start wheelchair use (range) 49 (11-76) 43 (11-60) 51 (24-64) 55 (33-76) n.s.

Ventilation use at first visit, No. of patients (%)

No

Yes

102 (78)

29 (22)

28 (88)

4 (12)

31 (76)

10 (24)

43 (74)

15 (26)

n.s.

Median age at Start ventilation use (range) 52 (6-72) 53 (33-61) 48 (6-72) 51 (13-69) n.s.

aNull hypothesis II = ID = DD rejected at the p=0.047 level. Post-hoc testing (II vs ID, II vs DD and ID vs DD) did not 
show significant differences between the ACE groups.
*	p-value for the test whether any of the groups differ from each other. 

Effect of ACE I/D polymorphism on response to enzyme replacement 
therapy

A total of 112 patients within the cohort received ERT and were included in longitudinal 
analysis. Follow-up ranged from 0.18 - 16.1 years (median 7.4 years). We followed the 
response to ERT by assessment of muscle strength (MRC sumscore, HHD), muscle function 
(6 minute walking test, QMFT), respiratory function (FVC in sitting and supine positions), and 
daily life activities (R-PACT). The results were analyzed using linear mixed effects models. For 
some parameters, a difference was observed between the II and the DD genotype groups, 
notably for R-PACT, QMFT, and FVC in sitting position, with a more favorable outcome 
for the II group. However, following multiple testing correction, the differences were not 
significant. 
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Figure 1 | Response to ERT stratified for ACE genotype. Predicted group mean scores (solid line) 
over time as analyzed using linear mixed effects models. 

(A) 6MWT, (B) QMFT, (C) HHD, (D) MRC, (E) R-Pact, (F) FVC in sitting position, (G) FVC in supine position. 95% 
prediction intervals are indicated as areas between dotted lines.
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ACE polymorphisms within families
Our cohort of patients included 54 siblings from 24 different families (2-3 siblings per 
family). Age at first symptoms, diagnosis, start of wheelchair use, ventilator use, ERT, survival, 
and ACE genotype are shown for each patient in Fig 2. Families are ordered by the onset 
of disease of the youngest family member. In 14 of the 24 families, siblings had discordant 
ACE polymorphisms, while 10 had the same ACE polymorphism. We found siblings with 
discordant ACE genotypes but with similar disease courses (8 siblings from 4 families; 
families 14, 19, 20 and 22), while we also found siblings with the same ACE genotype but 
very different disease courses (21 siblings from 10 families; families 5, 6, 9, 10, 11, 13, 15, 16, 
18 and 24). We conclude that no clear influence of the ACE genotype on onset of disease 
symptoms can be detected within these families.

Discussion

Pompe patients with the IVS1 variant represent the largest Caucasian patient group with 
childhood or adult disease onset, and have a particularly large variation in phenotype, with 
symptom onset ranging from 3 to 60 years of age.5,15,38 The potential contribution of the 
ACE I/D genotype as a modifier of Pompe disease has been investigated here. The results 
of the current study indicate that such contribution, if it exists, is too small to explain the 
phenotypic heterogeneity in this patient group. This applies both to differences in disease 
severity and to the response to ERT. Analysis of siblings with the same IVS1 genotype also 
did not point to a contribution of ACE genotype to clinical variation within families. These 
results are discussed in the light of other reports and with respect to the statistical power 
needed to identify a genetic modifier for Pompe disease.

A priori, at least two categories of genetic factors can be envisioned as potential modifiers 
of Pompe disease. The first is a modifier of splicing, because the IVS1 variant is a splicing 
variant. For example, in theory it is possible that polymorphisms in splicing factors affect 
the amount of leaky wild type splicing by the IVS1 variant. So far, this remains a theoretical 
possibility. If such polymorphism would exist, it would likely be present in a general splicing 
factor that is shared between fibroblasts and skeletal muscle cells, because these two cell 
types show similar aberrant splicing patterns.39 Another category is skeletal muscle function, 
as skeletal muscle is the main affected tissue in Pompe disease. The ACE I/D genotype falls 
in this category as it has been associated with performance of top athletes. Depending 
on the type of sport and its requirement for either endurance or strength, groups of top 
athletes are either enriched in the I or the D ACE genotype, respectively.40-46 Considering the 
exceptionally broad phenotype, a strong modifier is expected to explain the large variation 
in disease severity. Alternatively, modulation of the phenotype may occur via a combination 
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of genetic factors with small effects that, when combined, have a strong effect on muscle 
function. 

The first study on the effect of the ACE I/D genotype on the natural course of Pompe 
patients was published in 2010. This study included 38 patients, 36 of whom contained the 
IVS1 GAA variant.20 Sixteen parameters were tested in cross sectional analyses. The results 
suggested significant differences for some parameters, notably an association between the 
DD genotype and a worse Walton score (which scores disease severity), an earlier disease 
onset, more muscle pain, and higher CK levels were found. In 2014, the initial study was 
extended to 85 patients that contained the IVS1 variant.21 Associations were found between 
the DD genotype and pain, but in contrast to the previous study, no associations between 
ACE genotype and Walton score, CK levels or other clinical parameters were found in cross 
sectional analyses. Another study was published in 2016, in which 58 patients that had 
previously been included in the LOTS study were analyzed.23 This showed no association 
between ACE genotype and any parameter including onset of first symptoms, disease 
duration, 6MWT, or FVC rating disease severity. It should be noted that the LOTS study 
represents a selection of Pompe patients. Patients had to fulfill the inclusion criteria and 
as a result both very mildly affected and severely affected patients were excluded. For 
example, patients who were not able to walk for more than 40 meters were excluded from 
this study. In the present study, no inclusion criteria were applied other than the presence 
of the IVS1 variant and a confirmed diagnosis of Pompe disease. Given the conflicting 
results published so far, we wished to test the effect of the ACE genotype in a relatively 
large patient cohort of 131 patients including both children and adults of various ages and 
different disease severities. This revealed no significant effects of the ACE genotype on any 
of the parameters tested. It should be noted that initial statistical analysis suggested some 
significant differences between different ACE genotype groups, but that these turned into 
non-significant p-values after multiple testing correction. Taken together, the initial idea 
that the ACE DD genotype may be associated with faster symptom onset and more severe 
muscle symptoms could not be confirmed in subsequent studies including the present 
study. 

Two previous publications have reported on the effect of the ACE I/D genotype on the 
response to ERT. In a study on 16 patients with the IVS1 allele that were treated for > 2 
years with ERT, the DD genotype (n=3) was associated with reduced muscle mass, while no 
associations were found with muscle strength, FVC, or 6MWT.22 In the previously mentioned 
LOTS study, in which 58 moderately affected patients were treated with ERT for 78 weeks, 
the DD genotype (n= 17) was associated with a poorer response to ERT with respect to FVC 
in sitting position.23 One other parameter was tested, namely the 6MWT, and this showed 
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a better response in patients with the ID genotype and a trend toward a better response 
in patients with the II genotype compared to the DD genotype. Other parameters for 
muscle strength and function were not reported in this study. In the present study, 119 
patients were treated with ERT for a period up to 16.1 years (median 7.4 years), and severely 
affected patients were not excluded. Patients with the DD genotype in general scored 
lower compared to the II genotype for several parameters, including 6MWT, QMFT, QMFT, 
FVC, and R-PACT. However, the effects were small and not statistically significant. Altogether, 
the data available to date do not support the idea that the ACE genotype can explain the 
heterogeneous response to ERT in juvenile and adult Pompe patients.

The question arises whether we would have been able to detect an effect of the ACE 
genotype in our patient cohort. This would depend on the number of patients and the 
degree of variation. To address this, we performed three types of post-hoc power analyses 
(details are outlined in the supplementary text). In all of these analyses, a single outcome 
measure has been used to avoid correction for multiple testing. In the first, we assumed that 
the ACE genotype is the only modifying factor that is responsible for phenotypic variation in 
patients with the IVS1 variant. As a primary outcome measure, we used symptom onset. In our 
patient cohort, we calculated that 12 patients would be required to demonstrate a significant 
effect at a power of 0.96. In the second analysis, we assumed that ACE genotype is not the 
only modifying factor. To reach a power of 0.86 to reach significance for detecting an effect of 
ACE genotype on symptom onset based on the distribution observed in our population (see 
table 1), we would need 930 patients. In the third analysis, we selected FVC in sitting position 
as an outcome measure for the effect of ERT. When only this outcome measure would be 
used, we would have a power of 0.83 to detect the small effect of FVC that we measured in our 
cohort when including  90 patients with a follow up of 5 years of ERT treatment  (generating 
4 datapoints per year). We conclude from this post-hoc analyses that the effect of the ACE 
I/D genotype on natural course is too small te be detected with currently available patient 
cohorts, and that it is not a major modifying factor that explains the heterogeneity between 
patients. For the response to ERT, only small effects of the ACE genotype could be detected 
in our cohort, and these are not sufficient to fully explain the variable response. The search for 
modifying factors that can explain phenotypic variation in Pompe disease should continue. 
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Supplementary text: sample size calculations

We conducted a post hoc power analyses based on our cross-sectional and longitudinal 
data. The aim of these power analyses are to determine what sample sizes would be needed 
in future studies in order to detect a potential effect of the ACE I/D genotype on disease 
severity or the efficacy of ERT.

Cross-sectional power analysis was performed for two different scenarios for the outcome 
measure  age of onset. Age at onset is very variable in patients with the same IVS-1/null 
variants. Therefore, it is likely that modifying factors influence this outcome. In the first 
scenario, we assumed that the ACE genotype would fully explain all phenotypical variation 
between patients. Therefore the medians of the different ACE groups would be the same as 
the 25th, 50th and 75th percentiles of the age of onset of the overall population. We therefore 
calculated how many subjects were needed to detect a difference between ACE groups 
using these theoretical means. In the second scenario we calculated the power to detect 
differences in age at onset between ACE groups based on the actual observed distribution 
of age at onset in our dataset. 

For both scenario, we investigated the number of patients needed to reach a power of 
>0.8 to detect a difference between ACE groups. In order to calculate this power to detect 
a difference for a population with a given number of patients we simulated a thousand 
‘sample populations’ with the given number of patients. The distribution of these ‘sample 
populations’ is based on the assumptions of the different scenarios. For each ‘sample 
population’ a Kruskal-Wallis test was performed in order to assess if the ACE groups differed 
from each other. The power to detect a difference between ACE groups, for the given 
number of patients, is the percentage of significant Kruskal-Wallis tests of the thousand 
‘sample populations’. 

In addition, we calculated the number of subjects needed to detect a difference between 
ACE groups in response to ERT treatment for the outcome measure FVC in sitting position. 
For this calculation we assumed a longitudinal study design. Based on the distribution of 
data in our current study we simulated populations with increasing sizes. All simulated 
subjects provide 15 measurements over a period of 5 years and were repeated 1000 times. 
For each simulated population a likelihood ratio test was performed assessing if ACE 
influences the outcome. The power to detect a difference between ACE groups, for a given 
sample sizes, was calculated as the proportion of significant likelihood-ratio-test in the 1000 
simulated samples.
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Abstract

Pompe disease is a rare, progressive lysosomal storage disorder for which enzyme therapy 
(ERT) became available in 2006. Four years earlier, the IPA/Erasmus MC survey, an international 
longitudinal prospective survey, was established to collect information on the natural 
course of the disease and its burden on patients. The survey is a collaboration between 
Erasmus MC University Medical Center and the International Pompe Association (IPA) and 
comprises an annual questionnaire that was specifically designed to assess the symptoms 
and problems of the disease. Here we review our results of over ten years of follow-up, 
and discuss the survey’s contribution to the field. Tracking 408 Pompe patients between 
2002 and 2013, the cumulative data reveals the broad range of clinical manifestations that 
interfere with patients’ lives. The survey allowed us to quantify the rate of disease progression 
and the positive effects of ERT on patients’ quality of life, fatigue, and participation in daily 
life. Furthermore, it showed for the first time that survival is reduced in adult Pompe disease 
and improved by ERT. Our results show that a patient survey can serve as valuable and 
reliable tool for obtaining quantifiable information on the natural course of a rare disease 
and on the effects of therapy in a large cohort over a very long time. Most importantly, by 
working with patient reported outcomes, the survey provides the data that is truly relevant 
to the patient and complementary to clinical datasets.
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Background

Pompe disease (glycogen storage disease type II, acid maltase deficiency, OMIM # 232300) 
is a rare, progressive, lysosomal storage disorder with an autosomal recessive pattern of 
inheritance. Partial or total deficiency of the enzyme acid α-glucosidase (GAA) results in 
intra-lysosomal glycogen build-up, which leads to cellular damage that is most pronounced 
in muscles.1, 2

The disease has a broad clinical spectrum that ranges from a rapidly progressive classic-
infantile phenotype to milder forms that present in children and adults.3, 4 The first 
symptoms in classic-infantile patients appear in the first months of life; untreated patients 
die before the age of one.5, 6 Patients with non-classic phenotypes have a milder form of 
the disease that progresses more slowly. They typically suffer from limb-girdle weakness 
and/or respiratory problems caused by weakness of the respiratory muscles, including the 
diaphragm.3, 7-10

In 2006, enzyme replacement therapy (ERT) with recombinant human α-glucosidase was 
approved for Pompe disease in Europe and the United States. Market approval was based 
on studies in infants whose hypertrophic cardiomyopathy and skeletal muscle function had 
improved and whose survival had increased.11-18 Studies in children and adults with Pompe 
disease started only after market approval.19-25 Before that time, there was little prospectively 
obtained data on the natural course of disease in these patients.

The estimated frequency of Pompe disease is 1 in 40,000 live births.26, 27 Due to its rarity, 
most clinicians see very few Pompe patients. Setting up a clinical follow-up study with 
sufficient numbers of patients is therefore difficult and time-consuming, requiring the 
establishment of larger treatment centers (such as regional or national referral centers) 
and/or data collection through registries. In rare diseases, registries are often managed 
by pharmaceutical companies and are not started until a feasible therapy appears on the 
horizon.

To fill this gap in knowledge, the IPA/Erasmus MC Pompe survey (Pompe survey) was 
started in May 2002 as a collaboration between Erasmus MC University Medical Center and 
the International Pompe Association (IPA), a federation of Pompe disease patients groups. 
As several national patient-support groups were already well organized and collaborating 
internationally as part of the IPA, this made it possible to reach a large number of patients 
well before treatment became available. Since 2002, this international follow-up study has 
enrolled over 400 patients around the globe and taken a standardized approach to their 
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follow-up. Still ongoing, it has evolved into one of the biggest databases for non-classic 
Pompe patients, making it possible to produce many publications on the natural course of 
disease and the effect of enzyme replacement therapy.

In this article we review the results of the ten years of follow-up made possible by the 
Pompe survey. We discuss its contribution to the field of Pompe disease and the role it plays 
as an example role for the study of other rare diseases.

The Pompe survey

The Pompe survey consists of three generic questionnaires that have previously been used 
in many other diseases and a questionnaire specifically designed for Pompe patients.

Inclusion of patients
Most patients are included through national support groups affiliated with the IPA, which is 
an umbrella organization for these groups. When patients join one of these support groups, 
they are asked to participate in the Pompe survey. Dutch patients are recruited through the 
outpatient clinic at Erasmus MC University Medical Center, the national referral center for 
patients in the Netherlands. The inclusion of patients started in 2002 and is still ongoing. All 
patients provide informed consent. Once enrolled, they are asked to complete follow-up 
questionnaires every year. Patients with the classic infantile phenotype were excluded from 
this study.

The Pompe questionnaire
The Pompe-specific part of the survey covers various topics related to patients’ medical 
history and clinical status. At inclusion, a baseline questionnaire assesses 14 topics covering 
first signs and symptoms; diagnosis and diagnostic procedures; family history, childhood, 
mobility, specific movements, breathing, sleeping, eating, other complaints, daily activities, 
education and work, modifications to the home; and treatment, hospital stays and use of 
care. These topics were selected on the basis of a literature review7 and the experience of 
Pompe disease specialists. The questionnaire was piloted by a patient panel, which was also 
asked whether any topics were missing.

Generic questionnaires
The three generic questionnaires in the Pompe survey are intended to provide information 
on fatigue, participation, and health-related quality of life.
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Before the survey started, it was apparent that patients visiting our outpatient clinic often 
reported fatigue, which had not been yet investigated systematically as a symptom of the 
disease.28 For this reason, the Fatigue Severity Scale (FSS) was included: a self-reported 
9-item questionnaire that is short and easy to complete.29 The score (the mean of the 9 
items) ranges from 1-7, with higher values indicating higher levels of fatigue.

Participation in daily life (previously known as handicap) is defined as a person’s involvement 
in daily life situations.30 It is particularly important to measure participation in Pompe 
patients, as their wellbeing can be greatly impacted by increasing restrictions in daily life. 
Measurement using the Rotterdam Handicap Scale (RHS) showed good validity, reliability 
and responsiveness in patients with immune-mediated polyneuropathies, which are similar 
to Pompe disease in that the WHO handicap (i.e. participation) dimension of ‘orientation’ 
remains unaffected. The RHS contains nine items assessing mobility, domestic tasks and 
leisure activities (indoors and outdoors, each assessed separately), kitchen tasks, traveling, 
and work/study. The total score ranges from 9-36, with higher scores indicating better 
participation.31-33

Finally, quality of life was assessed using the Medical Outcomes Survey Short Form-36 Health 
Survey (SF-36), a 36-item questionnaire designed for a wide range of populations that 
allows comparison of different patient groups and has demonstrated good psychometric 
properties. The scale is divided into eight domains: physical functioning, physical role 
functioning, bodily pain, general health perception, vitality, social role functioning, 
emotional role functioning, and mental health (which can be further summarized in a 
physical-component summary score and a mental-component summary score). Scores 
range from 0-100, with higher scores representing better quality of life.34, 35

Patients participating in the Pompe survey
Between May 2002 and March 2013, a total of 408 patients with childhood and adult onset 
of disease were included into the Pompe survey. The characteristics of these patients are 
displayed in Table 1 and Figure 1. Per patient, a median follow-up of 5 years (range 0-10) 
was available.
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Table 1 | Characteristics of the 408 child and adult patients participating in the Pompe survey.

Male, n (%) 208 (51)

Median age at first symptoms, years (IQR; full range)* 29 (15-41 ; 0-65)

Median age at diagnosis, years (IQR; full range) 37 (27-47 ; 0-72)

Median age at inclusion, years (IQR ; full range) 47 (37-57 ; 2-81)

Patients under the age of 18 years at inclusion, n (%) 28 (6.9)

Use of a wheelchair at inclusion, n (%) 139 (34)

Use of artificial ventilation at inclusion, n (%) 169 (41)

Median number or hours of ventilation/ day at inclusion, n (%) 10 (2-24)

Median follow-up, years (IQR ; full range)
Patients receiving ERT during follow-up, n (%)

5 (1-8 ; 0-10)
265 (65)

Deceased during follow-up, n** 54

* n=394.
** None of the patients who were under 18 at inclusion died.

Figure 1| Distribution of the patients’ countries of residence (n=408).

Clinical manifestations and progression during the natural course of Pompe 
disease
Initially, the Pompe survey focused on the natural course of Pompe disease, describing its 
clinical manifestations, symptom onset, and disease severity, and the course of the disease 
over time.
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Figure 2 | Age distribution in 2013 for specific events in the course of disease for 408 child and adult 
Pompe patients (gray bars) relative to that of the original cohort of 54 Dutch patients (dotted bars) 
that started in 2002. 
The number behind each bar indicates how many patients provided information on the age at which these events 
occurred. In the case of ERT and death the number indicates the number of patients that underwent the event.

Clinical manifestations and symptom onset
One of the very first results, in 2005, described the clinical manifestations of Pompe disease 
in 54 Dutch patients.36 Figure 2 shows the age distribution at several events in the course 
of the disease for the initial 54 Dutch patients enrolled in the survey as well as for the entire 
childhood and adult-onset population participating in 2013. 

As Hagemans et	al described for the first cohort containing 54 Dutch patients, a general trend 
towards increasing disease severity with age is evident in the entire international cohort. 
While patients in the international cohort developed their first symptoms at a median age of 
30 (range 0-57.5) years, 18.9% reported symptoms before age 12, and 27.9% before age 18. 
There was a broad range in the time between first symptoms and diagnosis: 27.5% of patients 
were diagnosed in the first year after manifesting symptoms, and 27% between 1 and 5 years. 
In 45.6% of patients, it took 5-30 years, indicating a large diagnostic delay. Age at diagnosis 
showed a wide range, ranging from 0 years to 72.5 years, with a median age of 37.5 years. 
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The need to test pulmonary function regardless of motor function was highlighted by striking 
variations with regard to the age at which mobility and respiratory problems arose and to the 
order in which they arose. Results for the initial cohort of 54 patients show a similar pattern of 
heterogeneity in disease severity and long diagnostic delays.36 

Limb-girdle weakness and reduced motor function were the most common first symptoms. 
When they completed the questionnaire, 8 out of 10 patients had problems walking and 1 in 
3 used a wheelchair. While respiratory problems were not usually reported as first symptom, 
2 out of 5 patients were using artificial ventilation at completion of the first questionnaire. 
Similar figures were found in the initial cohort of 54 Dutch patients.36 

Course of disability and respiratory function
The rate of disease progression was assessed in 2006 in an initial subgroup of 52 Dutch 
patients, who were asked to complete follow-up questionnaires at one and two years 
follow-up. During this follow-up period, four patients died; others lost important motor 
abilities such as riding a bicycle and jumping; and more became wheelchair dependent. 
Similarly, more patients started requiring ventilation, while those who were already receiving 
ventilation significantly increased the number of hours they needed it per day. Over 5 years, 
RHS scores deteriorated significantly by 2 points.37

These previously unknown data provided important information on the rate of progression 
of the disease, and were later supported in 2012 by clinical assessments in a study of 94 
Dutch adult patients by van der Beek et	al. which included some of the same patients,38 and 
thereby confirmed that outcomes reported by patients provide quantifiable information on 
the development of the disease and the disability associated with it.

Disease severity 
In 2005, the bearing of age and disease duration on disease severity was assessed in an 
international group of 255 adults and children with Pompe disease. Disease severity was 
measured on the basis of wheelchair use and/or respiratory support; disease duration was 
defined as the time since diagnosis. Analyses showed that disease severity was significantly 
associated with disease duration rather than with age. Regardless of the patient’s age, the 
odds for using a wheelchair had increased by 13% with every year since diagnosis, and 
the odds for using respiratory support by 8%. Between 10 and 15 years after diagnosis, 
half of the patients were either wheelchair dependent, used a ventilator, or both. Later 
clinical studies by van der Beek and Wokke, again including several patients who had also 
participated in the survey, showed similar findings.8, 38-40
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A small subgroup of children with Pompe disease was identified in whom the disease 
was more severe and developed more rapidly than in other children, but in whom it was 
nonetheless milder than in classic infantile patients. This group of children seemed to share 
similarities with the group of atypical infantile patients described by Slonim et	al.40, 41

Fatigue, participation and quality of life in untreated patients
In 2007, the FSS was used to assess the presence and severity of fatigue in 225 adult Pompe 
patients. Fatigue was shown to be a common feature: nearly 8 out of 10 adult patients had 
fatigue (78% FSS score ≥4), and two-thirds had severe fatigue (67% FSS score ≥5). Patients’ 
mean FSS score was also significantly higher than that published for 113 healthy controls in 
a study on polyneuropathies (5.2 vs 2.9, p<0.001). Two-thirds of patients classified fatigue as 
one of the three most disabling symptoms; even though it was the most pronounced in the 
most severely affected patients, it was prevalent across all severity levels.7, 28, 36, 42

Participation (previously known as handicap) is defined as a person’s involvement in life 
situations.30, 31 Using the Pompe survey, participation was described for the first time—in 
2007—in 257 untreated adult Pompe patients. Relative to the maximum score of 36 that 
would be scored by an average healthy person, patients had an average score of 25.9 (SD 6.5) 
points. The mean RHS score correlated significantly with age, disease duration and all SF-36 
subscales except the mental health domain; it also differed significantly between patients 
with and without respiratory support and those with and without a wheelchair. In general, 
Pompe patients performed best on the items indoor mobility and indoor leisure activities; 
the items domestic tasks (both indoor and outdoor) and work/study were affected most,32 
reflecting the fact that it is more easy to move indoors than outdoors and perform “light” 
leisure activities compared to “heavy” domestic tasks.

In 2004, the Pompe survey was also the first to describe quality of life in a large group of 
210 adult Pompe patients. Relative to that in the general population, their quality of life 
was lower in all SF-36 domains except for ‘bodily pain’, ‘mental health’ and ‘role functioning-
emotional’. The domain most affected was ‘physical functioning’. Lower SF-36 scores were 
associated with wheelchair use, respiratory support, longer disease duration. Paradoxically 
longer disease duration was also associated with better ‘role functioning-physical’ and 
‘mental health’ scores. This latter phenomenon is probably due to patients having developed 
better coping mechanisms over time, and thus having developed an acceptance of their 
impairment. Reductions in quality of life in the physical domains were later confirmed in 
several other studies.8, 18, 19, 25, 35, 43, 44



130 |      Chapter 7

The effects of ERT on fatigue, participation and quality of life
In 2013 the effect of ERT on fatigue was assessed in 163 treated adult patients. Relative to 
the levels of fatigue before treatment, which were stable and high, scores fell significantly 
during treatment (Figure 3). The proportion of patients who were fatigued fell from 85% at 
baseline to 79% at the last follow-up; in those who were severely fatigued, it fell from 68% 
to 55%. Fatigue improved mainly in women, patients ≥45 years, and those with a disease 
duration <15 years. The Pompe survey made it possible to study this subject for the first 
time, and showed that ERT had a positive effect on fatigue. Given the high burden of fatigue 
in Pompe patients, these changes are important.45

Figure 3 | Change in FSS scores before and after the start of ERT. 
The crosses represent individual measurements. The lines represent the mean slopes calculated by the ‘broken 
stick’ repeated measures ANOVA (n=163). The mean slope declined significantly after the start of ERT. There was 
also a significant difference between the period before and after the start of ERT (data was provided by D. Güngör).

Recently we combined ten years international follow-up data obtained by the Pompe survey 
to study the effects of enzyme replacement therapy on quality of life and participation in 
daily life activities in adults with Pompe disease.46 These data suggest that ERT has a positive 
effect, seemingly halting a gradual decline in both quality of life and participation in daily 
life.

Survival
Until the results of the Pompe survey were published recently, no information was available 
on survival in adult Pompe patients. To assess survival in a slowly progressive disease, 
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sufficiently large numbers of patients have to be followed over a long period of time. While, 
at the outset, the survey was not set up to measure survival, the consistent follow-up of 
patients made it possible to provide this information.

In 2011, to gain insight into the life span of untreated adult Pompe patients, survival was 
evaluated using data on 268 adult patients. The estimated 5-year survival rate from diagnosis 
was 95%, and the respective 10, 20, and 30-year survival rates were 83, 65, and 40%. Survival 
was lower in older patients, those using a wheelchair and/or artificial ventilation, and those 
with lower levels of participation. In a subgroup of Dutch patients, it was also shown that 
mortality rates in Dutch Pompe patients were higher than in the age- and sex-matched 
general population.47

In 2013, time-dependent survival models were used to assess the effect of ERT on survival 
in 283 treated and untreated adult Pompe patients. This study was the first to show that ERT 
improved survival in adult patients. At any given point, a patient on ERT had a 59% smaller 
chance of dying than an untreated patient. This translates to a gain of approximately one 
year of life for eight years of treatment. Patients using a wheelchair and ventilator support 
had a significantly greater chance of dying than those who used none of these support 
measures.48

Other applications of the Pompe survey
In addition to the studies identified above, data collected in the Pompe survey—published 
and unpublished—has also been used in modeling exercises, for example to highlight 
potential beneficial effects of newborn screening and to calculate the burden of disease 
in adult Pompe patients.49, 50 The items of the Pompe questionnaire were also used as a 
starting point for a new Pompe-specific standardized questionnaire, the R-Pact, which 
measures limitations in activities and social participation.51 Finally, we were also able to 
use the infrastructure of the patient organizations to invite patients to participate in other 
research projects, such as that of Güngör et	al. investigating pain as a feature of Pompe 
disease.52

Discussion

The Pompe survey has provided a large body of new information on children and adults 
with Pompe disease and the effects of enzyme therapy in this patient population. As well 
as the broad range of clinical manifestations seen in these patients, it has revealed their 
heterogeneous disease progression and the relationship between disease severity and 
disease duration. Relative to the general population, patients were shown to have high 
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levels of fatigue, poorer quality of life and participation, and higher mortality rates. ERT was 
shown to have a positive or stabilizing effect on all of these variables.

The most important feature of the Pompe survey has been to quantify the course of disease 
in patients with Pompe disease. Although the disease was already known to be progressive, 
the Pompe survey has shown how rapidly patients actually progress. Through its inclusion 
of severely and mildly affected patients alike, its inclusion of a large number of patients, and 
its long follow-up, the Pompe survey might even be able to detect changes that regular 
clinical trials are unable to pick up.

The primary focus of the Pompe survey was to describe the natural course of disease before 
ERT became available. The timely start of the survey four years before enzyme therapy 
becoming available was key to the collection of the large body of data on the natural 
course. Since patients start ERT earlier in their disease, fewer and fewer untreated patients 
are left in whom the natural course can be studied (Figure 4). The successful mapping of 
the pre-treatment period not only produced new insights into the natural course of this 
disease, but also provided a benchmark against which treatment data could be compared.

So far, the Pompe survey has had three main strengths. The first is the large number of 
patients who have been included and followed consistently over time, both before and after 
starting ERT. As national or international collaboration is required, a large number of patients 
with a rare disease can often be hard to obtain. Other national and international registries 
that have been created for this reason include the Pompe Registry, which is managed by 

Figure 4 | Schematic overview of the proportion of treated and untreated patients across the 
follow-up of the survey.
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a pharmaceutical company. While this contains the largest number of patients, it does not 
provide the consistent follow-up that has been acquired in the Pompe survey. Thanks to 
this consistent follow-up and the direct approach of the patients—who are not only able 
to report their signs and symptoms, but are usually keen to be involved—we have been 
able to study changes over time. This has led to the creation of one of the largest databases 
with the longest and most consistent follow-up of children and adults with Pompe disease 
worldwide.

The second strength is that the patient-reported outcomes collected in the survey provide 
information that is additional to clinical outcome measures. While most clinical measures—
such as muscle strength, pulmonary function and distance walked—assess functioning 
at the body level, Lachmann and Schoser question whether these clinical endpoints are 
clinically significant for the patient.53 For example, 40% of patients are unable to participating 
in their work or study, a problem that is not adequately represented by measuring walking 
distance.32 We therefore believe that our assessments of quality of life and handicap have 
allowed us to measure patients’ functioning overall and in a social context that truly reflects 
the impact of the disease on their lives.

The third strength is that our use of specifically tailored questions to assess a broad range of 
problems and symptoms provides a clear picture not only of the disease’s impact on core 
variables such as the use of a wheelchair or artificial ventilation, but also of almost every 
other aspect of a patient’s life. When these patient-reported outcomes are linked to clinical 
outcomes, the combined picture can give greater insight into the relevance of clinical 
outcomes to the patient.

So far, the Pompe survey has also had two main limitations. First, to be approached for 
participation, patients had to be affiliated to a patient-support group. This may generate 
selection bias: severely affected patients might be more likely to affiliate with support 
groups and/or participate in a survey. However, inspection of the survey population shows 
that the full spectrum of patients has been included—from the most affected to the least 
affected, and in all age groups. Unlike randomized controlled trials, which include only 
mildly affected patients, the survey thus provides a more general picture of the disease and 
the effects of ERT. 

The second limitation concerns the recruitment of patients without the involvement of their 
treating physician and without access to diagnostic data, which means that the diagnosis 
could not be confirmed in all the patients included. However, as Güngör et	al. point out, 
since most patients who have participated in the survey were started on ERT, it is unlikely 
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that their diagnosis was not confirmed.52 With the Dutch Pompe patients it is also the case 
that diagnosis is confirmed through enzyme-activity assessment and mutation analysis.

The approach taken by the Pompe survey can be translated to other rare diseases that 
struggle to acquire information on large numbers of patients. Two important contributors 
to the success of this survey have been the process of identifying specific items and topics 
regarding the disease, and the use of standardized measurement scales. We reiterate that 
it is important to the ensure availability of natural course data by starting such a survey 
before therapy is introduced. In order to include a large number of patients, it is also vital 
to collaborate with patient organizations. If these elements are combined, it is possible to 
measure robust data on disease progression and treatment.

Conclusion

In summary, the Pompe survey is one of the largest databases providing consistent follow-
up of children and adults with Pompe patients worldwide. The survey has enabled us to 
quantify disease progression in untreated patients, capture the impact on daily life, and 
quantify the changes elicited by ERT over a long period of time. Patients are trustful partners, 
and such a partnership should be cherished. In rare diseases, where it is difficult to take a 
standardized approach to following large groups of patients, this partnership is particularly 
relevant.

Unlike case reports and clinical trials, the survey was able to quantify the development 
of disease in treated and untreated patients through the inclusion of mildly and severely 
affected patients. In this way, the results are representative for the population as a whole, 
and go beyond mere descriptions of patients’ deterioration or improvement. The use of 
patient-reported outcomes rather than clinical outcome measures has also enabled us to 
measure patients’ functioning in a social context.

Due to its various application and design, the Pompe survey is a valuable tool to study 
Pompe disease in untreated and treated patients. It can also be used as a template for 
collecting patient information in other rare diseases. Such data can be linked to clinical data 
obtained by physicians.
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Abstract

Pompe disease is a rare metabolic myopathy. In adult patients, progressive weakness of 
limb-girdle and respiratory muscles often lead to wheelchair and respirator dependency. 
Clinical studies have shown enzyme replacement therapy (ERT) to positively affect motor 
and respiratory outcomes. Here we investigate whether ERT reduces patients’ risk of needing 
a wheelchair or respirator.

Data were collected as part of a prospective international survey, the IPA/Erasmus MC Pompe 
survey, which was conducted annually between 2002 and 2016. We excluded patients who 
were already using a wheelchair or respirator, those under 18 at survey entry, and those who 
had missing information. Time-dependent Cox proportional hazard models were used.

The inclusion criteria for analyzing the risk of wheelchair use were met by 189 patients 
(median age 47 years; range 18-75). During follow-up, 126 (67%) started ERT. Over 1120 
person-years of follow-up (median 5 years), 46 became wheelchair dependent, 16 of whom 
used ERT. After adjustment for disease duration, sex and country, ERT reduced the risk for 
wheelchair use (HR 0.39; 95%CI 0.19-0.82). For analyses of respirator use, 177 patients met 
the inclusion criteria (median age 46 years; range 18-73). Over 1190 person-years of follow-
up (median 6 years), 125 patients (71%) were treated and 48 started respiratory support, 28 
of whom received ERT. We found no association between ERT and the risk for respirator use 
(HR 1.23; 95%CI 0.67-2.28).

In conclusion, our study found that ERT reduced the risk for wheelchair dependency. We 
could not demonstrate an effect on respiratory support.
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Introduction

Pompe disease is an autosomal recessive metabolic myopathy for which enzyme 
replacement therapy (ERT) has been available since 2006.1, 2 In adults, the disease is 
characterized by progressive limb-girdle and respiratory muscle weakness. In most cases, 
this ultimately leads to the use of a wheelchair and/or respiratory support.3, 4 Wheelchair 
dependency and the use of respiratory support considerably impact a patient’s ability 
to participate in daily life activities, and reduce quality of life.5, 6 It should therefore be an 
important treatment goal to prevent the disease from progressing to the point that a 
patient becomes dependent on these aids.

Many studies have evaluated the effects of ERT in adult patients with Pompe disease. While 
these have shown that ERT has a positive effect on motor function and/or lung function,7-15 
its effect on wheelchair dependency and respiratory support has been reported only in a 
few cases.

Together with the International Pompe Association (IPA), our center has systematically 
collected data on patients with Pompe disease since 2002, well before the approval of ERT. 
Over many years, this IPA/ Erasmus MC Pompe survey has consistently followed a large 
international cohort of patients with Pompe disease both before and during ERT. Earlier 
findings from the survey include the demonstration of a positive effect of ERT on survival.16 
Using data from the survey, we investigated whether ERT reduces the risk that a patient will 
need a wheelchair or respiratory support.

Methods

Patients
A detailed description of the survey’s design has been published previously.16 Since 2002, 
patients have been recruited through national patient organizations in Canada, Germany, 
France, the Netherlands, the United Kingdom and the United States. Recruitment was 
independent of patients’ disease severity. All patients have provided informed consent.

Annual survey questions included items on the use of a wheelchair and respiratory support. 
Disease duration was calculated as the number of years since diagnosis. In our analyses we 
included all questionnaires completed before July 2016.

The current study included patients aged 18 years and above at inclusion in the survey. 
Patients who already used a wheelchair or respiratory support at survey entry (i.e. who had 
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already had the “event”) were excluded from the analyses, as were those who had completed 
the survey only once (no follow-up) or had incomplete information on the events or disease 
duration. 

Statistical analysis
Time-dependent Cox proportional hazard models were used to calculate the effect of ERT 
on the risk of using a wheelchair or respiratory support. Models were developed separately 
for both outcomes.

Age was used as the time scale of the analysis, each patient being followed from the age 
at inclusion in the survey, until the date of last follow-up (censoring), or until becoming 
wheelchair or ventilator dependent. ERT was assessed as a time-dependent variable that 
switched from 0 to 1 when patients started treatment. This approach allowed patients’ 
to contribute both treated and untreated person-years of follow-up to the analyses. The 
following covariates were chosen a priori: disease duration, gender and country of residence. 
Like ERT, disease duration was included as a time-dependent covariate, updating when 
patients started treatment.

Results are presented as hazard ratios (HRs) with 95% confidence intervals (CIs). The 
proportional hazards assumption was checked by plotting scaled Shoenfeld residuals and 
correlating them with the Kaplan Meier estimate of the survival function.

Since both analyses originate from the same population, we used the Holm method to 
correct for multiple testing.17

Statistical tests were performed using R version 3.3.1 including the survival package.18, 19 A 
p-value <0.05 was considered significant.

Results

Overall, 458 patients participated in the IPA/ Erasmus MC Pompe survey between 2002 
and July 2016. The inclusion flow-chart in Figure 1 shows that 189 patients were eligible 
for analysis of the effect of ERT on wheelchair dependency and that 177 were eligible for 
analysis of respiratory support. 125 patients (27%) were excluded as they already used 
a wheelchair at survey entry; 150 (33%) were excluded because they already required 
respiratory support.
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Figure 1 | Inclusion flowchart.

* Data was incomplete if either the age at which the event occurred or the disease duration was unknown.

Table 1 compares the baseline characteristics of patients included in the two analyses 
with those of all patients participating in the IPA/Erasmus MC survey. Overall, patients 
who participated in the survey (n=458) were equally distributed between the sexes, and 
entered the survey at a median age of 47 years. Seventy percent started ERT at some point 
during their follow-up. Patients who fulfilled the inclusion criteria for our analyses had a 
shorter disease duration, which might be explained by the fact that they did not require a 
wheelchair or ventilator at survey entry. Patients not using a ventilator at survey entry were 
more frequently female than male. 
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Table 1 | Characteristics of patients participating in the analysis of the effect of ERT on the use of 
a wheelchair and respiratory support, and of all patients included in the IPA/Erasmus MC Pompe 
survey. 

Included in analyses All participants 
Survey

Risk of using 
a wheelchair 

(n=189)

Risk of using 
respiratory support 

(n=177)

(n=458)

Female, n (%) 98 (51.9%) 109 (61.6%) 230 (50%)

Median age at entry into the survey, years (range) 47 (18 - 75) 46 (18 - 73) 47 (2 - 81)

Median age at diagnosis, years (range) 39 (3 - 72) 39 (0 - 72) 38 (0 – 72)

Median disease duration at entry, years (range) 5 (0 - 39) 5 (0 - 31) 7 (0 – 39)

Country of residence, n (%)

Netherlands 78 (41.3%) 87 (49.2%) 134 (29%)

United Kingdom 9 (4.8%) 9 (5.1%) 36 (8%)

United States 44 (23.3%) 36 (20.3%) 124 (27%)

Germany 26 (13.8%) 25 (14.1%) 66 (14%)

Other 32 (16.9%) 20 (11.3%) 98 (21%)

ERT&, n (%) 126 (66.7%) 125 (70.6%) 319 (70%)

Median age start ERT, years (range) 48 (13 - 73) 50 (13 - 74) 47 (3 – 77)

Median follow-up duration, years (range) 5 (1 - 14) 6 (1 - 14) N.A.

Events during follow-up, n (%) 46 (24.3%) 48 (27.1%) N.A.

Median age at event, years (range) 52 (21 - 76) 50 (24 - 73) N.A.

Table 2 shows the results of the time-dependent Cox proportional hazard regression 
models. A total of 1120 person-years of follow-up were available for our analysis of the effect 
of ERT on wheelchair use (median follow-up 5 years, table 1). Sixteen events occurred over 
652 treated-person years and 30 events over 468 untreated-person years. After adjustment 
for disease duration at survey entry and at start of ERT, and also for sex and country, ERT 
significantly reduced the risk of becoming wheelchair dependent (hazard ratio of 0.39; CI 
0.19 - 0.82, Table 2). In other words, at any point during follow-up, a treated patient had a 61% 
lower risk for becoming wheelchair dependent than an untreated patient. Disease duration 
was an important predictor of becoming wheelchair dependent: the risk for becoming 
wheelchair dependent was over three times higher in those whose disease duration was 
over 10 years than in those who had been diagnosed for less than 5 years. Country of 
residence and gender were not significantly associated with the risk for wheelchair use.



8

145|Enzyme therapy reduces the risk for wheelchair dependency in adult patients

Table 2 | Multivariate time-dependent Cox regression analysis of wheelchair use (A) and the need 
for respiratory support (B). 

A. Wheelchair use Events Person-years HR 95% CI p-value

Treatment*

Untreated (ref ) 30 468

ERT 16 652 0.39 (0.19 – 0.82) 0.008

Disease duration*

<5 years (ref ) 10 464

5-10 years 10 332 1.07 (0.37 – 3.07) 1

>10 years 26 324 3.28 (1.36 - 7.92) 0.005

Sex

Male (ref ) 17 583

Female 29 537 1.69 (0.83 - 3.46) 0.19

Country of residence

Netherlands (ref ) 13 531

Other 33 589 1.97 (0.90 - 4.31) 0.10

B. Respiratory support Events Person-years HR 95% CI p-value

Treatment*

Non-use (ref ) 20 529

ERT 28 661 1.23 (0.67 - 2.28) 0.5

Disease duration*

<5 years (ref ) 11 430

5-10 years 12 319 1.18 (0.44 – 3.15) 1

>10 years 25 441 2.20 (1.04 – 4.66) 0.04

Sex

Male (ref ) 21 420

Female 27 770 0.68 (0.37 - 1.23) 0.20

Country of residence

The Netherlands (ref ) 18 599

Other 30 591 1.57 (0.84 – 2.93) 0.16

* Time-dependent covariates, updated at start of ERT.

For the analysis of use of respiratory support, 1190 person-years were accumulated 
(median follow-up 6 years, table 1). Over 661 treated person-years, 28 patients started using 
respiratory support, compared to 20 patients over 529 untreated person-years. We detected 
no association between ERT and the risk for starting respiratory support (HR 1.23; 95%CI 
0.67-2.28). Longer disease duration again increased the risk for starting respiratory support, 
while no significant difference was detected for sex or country of residence.
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Discussion

This is the first study to provide evidence that ERT reduces the risk that adult patients with 
Pompe disease will become wheelchair dependent. Using data from an international cohort 
of almost 200 adult patients, we show that, at any point in time, a patient who received ERT 
had a 61% smaller probability of becoming wheelchair dependent than an untreated patient. 
With regard to the risk for starting respiratory support, no differences could be detected. 

To patients, ambulatory and respiratory status are relevant outcomes that have a substantial 
impact on quality of life.6, 20 As sometimes decades may pass between a patient’s first 
symptoms and their becoming ventilator or wheelchair dependent, a large cohort and long 
follow-up are required to study changes in these outcomes. Similarly, any study of the effect 
of treatment on these outcomes requires data that were obtained before and after start of 
this treatment. Our survey uniquely meets these requirements.

Since ambulation requires sufficient muscle strength and function, our finding that ERT 
reduces the risk of becoming wheelchair dependent is in line with studies reporting 
improvements in muscle strength and function.7-15 With regard to our inability to 
demonstrate an effect of ERT on the risk for respiratory support, this may have been due to 
the smaller effect of ERT on respiratory muscles than on skeletal muscles, which has been 
reported in several earlier studies.7, 9-11, 13

Our analyses were corrected for disease duration, country of residence and gender. Our 
finding that longer disease duration increased the risk for both wheelchair and respiratory 
support is in line with the progressive character of the disease, and was also concluded 
from earlier studies from the IPA/ Erasmus MC Pompe survey and our clinical studies.21-23 
Although the survey detected no differences between country and gender on the risk 
for wheelchair use and respiratory support, the fact that a larger proportion of men than 
women were already using respiratory support at inclusion in the survey suggests that 
there may be gender differences in lung function. This was also suggested by our earlier 
study in untreated adults, where the decline in lung function was faster in men.23 More 
research is needed to elucidate these differences. 

The difference between being able to walk and needing a wheelchair is very tangible, and 
ERT’s reduction of the risk of becoming wheelchair dependent is an important improvement. 
Nevertheless, a proportion of treated patients still become wheelchair dependent at some 
point in their life. Hence, while ERT shows positive clinical effects in adult patients with 
Pompe disease, we also conclude that there is still room for improvement.
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Conclusion

ERT reduces the risk for wheelchair dependency in adult Pompe patients. Since ambulation 
provides independence, we believe this is of key importance to patients. An effect of ERT on 
the risk for respiratory support could not be demonstrated. 
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Pompe disease is the first inheritable muscle disorder for which a disease-specific treatment 
has become available. In 2006 Enzyme Replacement Therapy (ERT) was registered for all 
Pompe patients in Europe and the US. While this changed the perspectives of patients, 
research into several aspects of the disease, including the long-term effects of ERT, is 
ongoing to further improve the lives of patients and their treatment options. At the Erasmus 
MC more than 150 adults and children with Pompe disease are being followed, and over 
400 participate in the “IPA/ Erasmus MC Pompe survey”. This data has allowed a number of 
questions to be answered.

The aim of this thesis was to further elucidate the natural course of Pompe disease in 
children and effects of ERT and to compare it with the long-term effects of ERT in adults, to 
investigate factors that can modify the course of the disease and/or response to ERT, and 
to share our experience using Patient Reported Outcomes (PROs) in this rare disease. The 
first part of this chapter discusses the main findings of our studies in relation to these aims. 
In the second part we share our experience with long-term follow up of patients both in 
the clinic as well as using the “IPA/ Erasmus MC Pompe survey”. Finally, the third part of this 
chapter provides our conclusions and perspectives for future research based on our studies.

Main findings of this thesis

- A third of untreated children with the non-classic phenotype of Pompe disease are 
already severely affected by the disease before reaching adulthood (Chapter 2).

- Sixty-eight percent of the patients who have their presenting symptoms during 
childhood carry the c.-32-13T>G mutation, highlighting the broad clinical spectrum 
caused by this mutation (Chapter 2).

- Children and adults with Pompe disease who receive long-term ERT benefit still 
from treatment after 5-7 years. The effect of ERT seems to most prominent during 
the first 2-3 years of treatment (Chapter 3 & 4).

- Enzyme replacement therapy reduces the risk to start using a wheelchair (Chapter 
8).

- Reduced muscle strength of the lower extremities, higher BMI, male gender, the 
use of respiratory support and older age increases the risk for not being able to 
walk (Chapter 5).

- The ACE polymorphism does not sufficiently explain the broad clinical spectrum 
nor the differences in the effect of ERT in patients with Pompe disease (Chapter 6).

- “IPA/ Erasmus MC Pompe survey” has proven to be an effective and fast tool to 
study the impact of the disease and effect of treatment on the daily life of patients 
(Chapter 7 and 8).
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Main findings

Research on Pompe disease in untreated children and their clinical 
presentation 
Pompe disease has a very broad spectrum where patients can develop symptoms at any 
age. The majority of patients with the non-classic presentations of the disease are adults, 
while children are much fewer in numbers. Consequently, little information is available 
about the development of the disease or the effects of ERT specifically in children. 

Thirty-one children visited the Erasmus MC between 1975 and 2012. Findings from their 
first assessment in our center were studied to improve our understanding of the clinical 
presentation of Pompe disease in children. None of these children were treated before their 
first visit to our center, but many were referred to us after they had been diagnosed. The 
most common first symptoms reported in these children were limb-girdle muscle weakness 
and delayed motor development. At their first assessment more than 50% had low/absent 
reflexes, weakness of facial muscles and scoliosis, while 48% had decreased pulmonary 
function. The majority of children had one or more physical limitations, most commonly in 
performing tasks that needed limb-girdle muscles, like standing up from supine position. 
Also, more than half of the children had problems flexing their neck in supine position. 
Furthermore, before reaching adulthood 32% of our children needed a wheelchair or 
ventilator, and two died. This shows that children can be severely affected by the disease 
and have severe mobility and respiratory problems during childhood. A high awareness for 
Pompe disease in children is needed to identify these patients as early as possible in order 
to be able to monitor and follow them since the disease can progress fast in these patients. 

The results of this study showed that 68% percent of the children had the c.-32-13T>G/null 
genotype. This genotype is found in over 95% of the adults in the Netherlands (chapter 4) 
and over 80% of adults in other European countries and the US and points to the broad 
clinical spectrum in patients with this genotype. Noteworthy, children diagnosed with this 
mutation were predominantly male in our study (18 of 21 children with this mutation), 
while in adults this mutation is equally distributed across both sexes. This suggests that 
male patients with this mutation may develop symptoms earlier than female patients 
with this mutation. The study also showed that both patients with the c.-32-13T>G/null 
genotype and other mutations could already present with rather severe disease symptoms 
at young age such as respiratory failure or severe mobility problems during childhood. The 
patients who died during childhood were patients with other mutations. Also the results 
of other outcome measures suggested that patients with other mutations were generally 
more severely affected.
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Comparison of the results of our study in children to those published on adults shows that 
both similarities and differences exist. Limb-girdle weakness and respiratory involvement 
are common problems in both adult patients and children.1,2 However, there are differences 
in the distribution and severity of muscle weakness. For example, in children, neck flexor 
muscles were more severely affected than in adults, while weakness of the quadriceps 
muscle was less prominent. Figure 1 illustrates this further, depicting the distribution and 
the severity of muscle weakness in our 31 children compared to those in 94 Dutch adult 
patients reported previously.2 In addition, also the prevalence of certain clinical findings 
differs. Scoliosis was more frequently observed in children, while in adults ptosis and bulbar 
weakness are more often reported.2 These differences in the distribution and severity of 
muscle weakness indicate that the disease might progress somewhat differently in children 
and in adults.

Figure 1 | Distribution of muscle weakness (A+C) and severity (B+D) of muscle weakness in 31 
children3 (top: A+B) and 94 Dutch adults2 (bottom: C+D).
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Long-term effects of ERT in children and adults
Seventeen children were followed for a median of 6.8 years (range 1.8-15.1) while receiving 
treatment. At group level, muscle function measured by 6MWT and QMFT improved 
significantly (7.4%-point and 9.2%-point increase, respectively). Muscle strength, measured 
by HHD and MRC, remained stable during treatment. Lung function responded less well 
to ERT. In sitting position, it declined by 5.2%-points over 7 years. FVC in sitting position 
deteriorated particularly in males (8.1%-point) while females remained stable. In supine 
position the decline was not statistically significant, which might be due to a lack of 
statistical power, rather than a better response to treatment in supine position. The size 
of the decline during treatment appears to be slower than without treatment, as studies 
in untreated adults and children report that FVC scores decline between 1 and 5%-points 
per year.4-9 This suggests that despite a continuing decline, ERT still has a positive effect on 
lung function. The data should be interpreted with caution since the number of patients are 
relatively small. Earlier it was suggested that early start of treatment might prevent clinical 
deterioration. Our study shows that this might not be true for all patients.

Our study in 102 adult patients compared the course of disease observed during 
treatment to the progression of the disease before treatment started. The comparison 
with pretreatment data allowed us to assess whether ERT effectively slows down or halts 
the disease progression seen in the untreated situation. This study therefore provides a 
higher level of evidence than most observational studies on Pompe patients, including our 
above study on children, which do not make this comparison. Median follow-up was 1.1 
years before treatment and 5.0 years during treatment. Most patients were followed both 
before and during treatment. Some contributed only untreated follow-up (14 patients) or 
treatment follow-up (6 patients). 

At group level, muscle strength, activity levels assessed using the R-PAct scale, and lung 
function were significantly higher at 5 years of ERT than the projected untreated disease 
progression. Patients’ HHD and MRC were 6.6%-points and 9.6%-points higher at 5 years 
of treatment compared to the projected untreated disease progression. Muscle function 
assessed by the QMFT increased in the first 2-3 years, but were similar to the projected 
untreated disease progression at 5 years of ERT. R-PAct scores increased by 10.8%-point. 
FVC scores were also significantly higher both in sitting and in supine positions (7.3%-point 
and 7.6%-point). When supine FVC scores were compared to the start of treatment, on the 
other hand, they declined (2.9%-point). This, as stated before, highlights the importance of 
comparison to pretreatment follow-up data when assessing the effect of treatment, and 
corroborates our suggestion that the decline in FVC in children may be slower than without 
treatment.
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In both our study in adults and children we also examined patients’ individual progression 
on the outcome measures over time and observed that there is a large variation in the 
response to ERT between patients. Understanding the factors that underlie the variation 
are important in order to improve the outcome of treatment and personalize care. Also, we 
found for both adults and children that the response to ERT can change over time, and was 
most substantial in the first 2-3 years of treatment. Patients who initially respond well can 
stabilize or, in some cases, decline later during their treatment. This highlights the need for 
consistent long-term follow up in both children and adults.

Figure 2 compares the individual responses of patients in our two studies (Figure 2A – 
children; Figure 2B – adults) to those described in literature. For children, eight studies 
have been published so far (Figure 2C).10-17 These studies included a total of 20 individual 
patients, accounting for overlapping populations, who were followed between 1.3-8 years. 
For adults (figure 2D), the results of a recent literature review was used, encompassing 44 
studies on the effects of ERT in adults.5-7,11,14,16-52 Adjusting for overlap of patients in studies, 
586 individual patients were described in these 44 studies, covering 26 different patient 
populations. The (weighted) median follow-up of these studies was 2.5 years (ranging from 
5 months to 8 years), which is considerably shorter than the median follow up of 5 years in 
our study on adults. 

Figure 2 | Individual responses to treatment reported in our studies in children (A) and adults (B) 
compared to those reported in the literature on children (C10-17) and adults (D18). All responses are in 
comparison to baseline (i.e. the start of ERT).
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For children and adults, the overall implications of our study are in line with the literature, 
indicating that patients benefit from treatment in terms of muscle strength and motor 
function, and to a lesser extent in lung function. Nevertheless, for children the individual 
responses described in literature suggest that many patients improve or stabilize, while in 
our study a larger proportion showed a decline. This may be related to a longer follow-up 
in our study, only one of the published studies followed patients for more than 3 years. 
Furthermore, some studies reported that patients performed clinically worse, but did not 
quantify the decline by an assessment. Also for adults, the individual patient responses 
described in the literature are somewhat more positive than in our five-year study (figure 2). 
It should be noted that the described decline is compared to baseline. As demonstrated by 
our study in adults, comparison to the projected untreated disease progression is needed 
to fully evaluate the effect of treatment.

Preventing the need to use a wheelchair and/or respiratory support is very important to 
patients. Both aids reduce the quality of life in patients with Pompe disease.53 As sometimes 
decades may pass between a patient’s first symptoms and their becoming ventilator or 
wheelchair dependent, a large cohort and long follow-up are required to study changes in 
these outcomes. We found that ERT reduced the risk for needing a wheelchair significantly. 
At any point during follow-up, a patient using ERT has a 61% smaller chance to become 
wheelchair dependent than a patient not receiving treatment. We were unable to 
demonstrate an effect of ERT on the risk for needing for respiratory support. This may have 
been due to the smaller effect of ERT on respiratory muscles than on skeletal muscles, which 
has been reported in several earlier studies and chapter 2 and 3.

All in all, children and adults benefit from treatment with ERT. However, treatment does 
not fully reverse or prevent symptoms in all patients. In the literature it has been suggested 
that an early start of therapy results in the best outcome for the patient.5-7,34 In our study 
in children we reported that this paradigm does not always hold up. Two children 
deteriorated on most outcomes despite having a relative early start and being in a good 
clinical condition. Nevertheless, many factors play a role in the success of the therapy in 
an individual. Personalizing treatment by, for example, raising the dose in non-responding 
patients might be beneficial for them.

Factors that can modify the natural course of the disease and/or its response 
to treatment
Our studies in untreated children and on the effects of ERT resonate that there are factors 
that influence the severity of the disease and the effects of its treatment. Mutation and 
gender seem to influence the severity of the disease in untreated children. Gender may 
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also play a role in the response to treatment. The literature also suggests that the presence 
of antibodies against ERT may also influence its effect. However, while this is an important 
predictor for the treatment outcome of in classic-infantile patients, it does not frequently 
influence the effect of ERT in adults.54 We believe the same may be true for children. In our 
previous study assessing 5 children receiving ERT all had low antibodies.12 Further studies 
are ongoing to elucidate the role of antibodies in children. Two studies in this thesis focused 
specifically on factors that can modify disease severity and/or response to ERT. The first 
tries to elucidate what factors influence a patient’s ability to walk. The second investigates 
whether a polymorphism in the gene coding for the angiotensin converting enzyme (ACE) 
influences the severity of the disease severity and/or the efficacy of ERT.

Data from 107 adult patients at their first visit to our center were used to study factors 
that influence a patient’s ability to walk. Reduced muscle strength of the lower extremities 
(hip abductors and knee extensors), higher BMI, older age, male gender, and the use of a 
ventilator increased a patient’s risk for not being able to walk. Some of these factors, such 
as BMI and, to a lesser degree, muscle strength, can be influenced by life style changes and 
training and therefore offer potential points for intervention. For example, training has been 
shown to increase muscle strength in Pompe patients and can therefore potentially improve 
or prevent loss of motor function.55,56 All in all, the findings described in our study enable 
patients to be better informed about their ambulatory status and risk of losing ambulation 
in the oncoming years. It helps physicians to counsel and decide on the deployment of 
interventions or supportive measures. 

When investigating factors which might explain differences in disease severity and response 
to treatment, the ACE polymorphism seemed a promising candidate. In the literature 
the suggestion has been made that ACE influences disease severity and the effects of 
ERT.57-60 However, these studies were not conclusive and warranted further research. We 
investigated whether the ACE polymorphism had any effect on disease severity or on the 
effect of treatment in 131 children and adults, all carrying c.-32-13T>G/null mutations. 
Patients with this combination of mutations are known to have a wide variation in terms of 
onset and severity of the disease and response to treatment, which cannot be explained 
by their genotype. Despite the large number of patients, we did not find any significant 
relation between the ACE polymorphism and disease severity, with the effect of treatment, 
nor could it explain phenotypical variations within families. We therefore concluded that 
the ACE polymorphism does not play a significant role in these.
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Long-term follow-up of Pompe patients - Lessons learnt for research 
on rare diseases

Research in rare diseases can be challenging due to the small number of patients who are 
usually scattered across different centers in different countries. This section discusses our 
long-standing experience of following patients with Pompe disease in the clinic, as well as 
through the “IPA/ Erasmus MC Pompe survey” in order to share our experiences and draw 
lessons for research on rare diseases.

IPA/ Erasmus MC Pompe Survey – lesions learned from working with 
PROs

Development of the survey
When, in 2002, promising results of the first trials with ERT suggested that this is likely to 
become a treatment for Pompe disease in the near future, the need for information on the 
natural course of Pompe disease became apparent. A partnership was started between 
the Erasmus MC and the International Pompe Association to collect data on this directly 
from patients. This resulted in the development of the “IPA/ Erasmus MC Pompe survey”. This 
new survey asked questions covering all aspects of the life of Pompe patients. Questions 
were included based on the available literature and then reviewed by expert clinicians 
and patients. Patient support groups, affiliated to the IPA, reached out to their members 
in Australia, Canada, France, Germany, the Netherlands, the United Kingdom, the United 
States, and a few smaller countries and included them in the survey. Each year the survey 
includes and follows patients.

When we started the “IPA/ Erasmus MC Pompe survey”, PROs were not commonly used in 
the field of metabolic diseases, despite the fact that they were already used quite frequently 
in other disease areas such as cancer. Nowadays, PROs have become important outcomes 
for measuring the efficacy of most treatments or interventions. More and more the Food 
and Drug Administration (FDA) and European Medicines Agency (EMA) require information 
on PROs in addition to survival and clinical outcomes when assessing the registration of new 
drugs.61 As PROs are obtained directly from the patient without interpretation of anybody 
else they add information on the patient’s perspective and his perceived functioning to 
standard clinical assessments.62,63 For example, increasing walking distance by a few meters 
might not be relevant to patients, but if this results in improved quality of life these changes 
suddenly become very relevant.64 Furthermore, some effects of a disease or treatment, like 
fatigue, are only known to a patient and can only be measured using PROs. 
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Results from the first years of the survey
Over the years the survey has grown into one of the largest databases on Pompe disease 
with a long and consistent follow-up. Our experience of working with this survey has shown 
that patients are reliable partners who can tell you exactly how the disease affects them. 
Also, analyses of the information obtained from this survey can identify changes over time.65 
In our review of the results from the first 10 years of the “IPA/ Erasmus MC Pompe survey” we 
show that this survey has contributed substantially to our knowledge on the natural course 
of Pompe disease and on the effects of its treatment, and can serve as an example for other 
rare diseases.66

The first results of the survey focused on elucidating the natural course of the disease 
and described the clinical manifestations and progressive character of the disease.67-69 
Furthermore, when comparing Pompe patients to the general population we discovered 
they were more fatigued, had lower participation in everyday life situations, lower quality 
of life and worse survival.53,70-72 When ERT became available we learned that ERT reduced 
fatigue and the need for wheelchair use, and improved participation, quality of life and 
survival.20-22 Survival and quality of life are key outcomes for assessment of treatments and 
important in reimbursement decision. The “IPA/ Erasmus MC Pompe survey” provided key 
information on this, and was the only study so far to study survival. National or local studies 
did not have the numbers of patients required and/or the consistent long-term follow-up 
before and during treatment required for such a study. 

Practical issues and sustainability of the “IPA/ Erasmus MC Pompe survey”
One of the most important factors for the success of the “IPA/ Erasmus MC Pompe survey” was 
the start of data collection several years before ERT became available. Often, systematic data 
collection starts when a therapy has already been developed. At that point, information on 
the untreated course of the disease can no longer be collected since it would be unethical 
to withhold therapy. In the case of the “IPA/ Erasmus MC Pompe survey” we started four 
years before ERT was approved on the market. This not only served to better understand 
the natural course of the disease, but was also paramount to test the hypothesis that ERT 
effectively changes disease progression compared to the untreated situation.

The collaboration with patients and patient organizations proved to be important. During 
the development of the survey, patients provided valuable input making the survey more 
relevant for the patients. Through the network of the local patient organizations that are 
linked to the IPA, we were able to reach a vast number of patients from around the world 
who would otherwise be unknown to us. Especially in countries where there are no regional 
or national expert centers and patients are followed in local hospitals it would be hard to 
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contact all of them.73 Finally, this collaboration engaged patients in the project and they 
were highly motivated to participate and contribute to the understanding of their disease.

Another important issue, especially in keeping the survey sustainable, was to use technological 
advances to improve the survey. Initially, paper questionnaires were sent out and returned via 
the IPA representatives and were manually entered in a database. In 2009, the survey was 
digitalized allowing patients to fill out the questionnaire online and reducing the need for 
data entry and potential data entry errors. The survey website was received with enthusiasm 
by patients. After several years, this system needed upgrading as well. As part of this PhD 
project we reevaluated the survey in order to improve patient participation and allow the 
survey to remain relevant. Firstly, we wanted to be able to change and add questions in 
the survey, as advances towards new treatments were being made. This was difficult in the 
old system, as it was outsourced to an IT company. Secondly, new technological options 
could make the survey more flexible and user-friendly, allowing skip patterns and patients 
to pause log out of the survey. Also for researchers it became easier to manage invitations 
and reminders. Work on a new version started in 2015 as part of this thesis. The website was 
built in collaboration with the IT department of the Erasmus MC using LimeSurvey and was 
housed internally. The option to complete a paper version was kept for patients who preferred 
this. In addition, results from the survey were distributed specifically to patients, for example 
through webinars, newsletters, and on patient congresses to reinvigorate their interest in the 
survey. Also, patient organizations made special effort to contact those patients who were 
lost to follow-up in order to re-engage them. These measures seem effective, as since these 
changes and efforts, response numbers have increased, with patients previously lost to follow-
up returning and new patients starting the survey. In the most recent online survey round, 
which is performed yearly, over 70% continued to participate. This continued participation is 
remarkable for a survey that started in 2002.

Lessons learnt from clinical research on Pompe disease

The Erasmus MC, national referral center for Pompe disease
The Erasmus MC has a long track-record of research on Pompe disease globally. In 1999 
the first trials with ERT produced from rabbit milk started at the Erasmus MC in 4 classic-
infantile patients and 3 patients with childhood onset Pompe disease. In addition to this, 
this center became the national referral center for all patients with Pompe disease in 2004. 
As a result, the number of patients with Pompe disease seen in the Erasmus MC is relatively 
high, benefitting our care and allowing our research to be important globally. Centralized 
care is also advocated by the European Union who recently installed European Reference 
Network in order to centralize expertise and knowledge on rare diseases.
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Sharing data to further research
While there is evidence on the effect of ERT, including from several national datasets 
including our own, there remains little information on factors that influence the response to 
treatment. To study this, larger numbers of patients are needed requiring clinical data to be 
shared internationally. International data is already being collected by in the Pompe registry, 
set up by the pharmaceutical company which produces ERT.74 This registry contains data on 
over 1000 patients with Pompe disease, which are directly reported by physicians. However, 
a problem that registries like this one are facing is to keep the data entry consistent and 
complete and to ensure regular follow-up. Furthermore, access to the aggregated data in 
this registry is subject to constraints for the clinicians and researchers entering the data. 

This shows that collecting data internationally is not easy and can be prone to obstacles.75 
It is firstly important that the same outcome measures are obtained using the same 
underlying definitions. The European Pompe Consortium (EPoC) was founded in 2014 with 
the aim to further research on Pompe disease. EPoC recently published guidance on a 
minimal set of outcome assessments to be performed when following patients with Pompe 
disease.76 Several of our standardized follow-up assessments have been included in this 
recommendation. 

Secondly, an issue with data sharing is the issue of who controls the data. When a 
pharmaceutical company sets up a registry like the Pompe Registry, it is often not so 
easily accessible for other areas of research. When researchers want to share data amongst 
themselves there is also always a central manager of the database who can access all the data 
on all patients, which may not always be desirable for example due to (legal) objections.77  
Polymorphic Encryption and Pseudonymisation (PEP) makes it possible to collate data in a 
central database in which access to patients is restricted to the clinic or physician who treats 
them. They can grant access to specific information on one or more patients (e.g. a specific 
outcome measure) for specific projects. Anonymization or pseudonymisation strategies can 
be applied to prevent linking patients through multiple different projects.78 Future registries 
could use PEP, which would allow not only the post marketing requirements to be met, but 
also allow research groups to share their data internationally without giving up control over 
their data. This might stimulate researchers to share their data more freely and further the 
research on Pompe disease.

Analysis of long-term follow-up data
Lysosomal storage diseases (and other rare disorders) are often progressive. For this 
reason, patients need to be followed over time in order to study the disease and effects of 
potential treatments. Multiple measurements are taken from each patient over the period 
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of several years of treatment and sometimes (preferably) also before treatment. To analyze 
such data, it is firstly important to recognize that data of the same patients are correlated. 
Specialized statistical methods are required to analyze such data.79 The simplest way to 
analyze such data is calculating the difference between the first and last measurement, or 
percent change from baseline. However, this only uses two data points per patient. To use 
all available data one could use repeated-Measure Analysis of (Co) Variance (AN(C)OVA), an 
extension of a linear regression model. This also allows for potential non-linearity of the data 
as we observed in our long-term follow-up of treated Pompe patients.

However, unlike in a trial where assessments are mandatory and scheduled at precise 
intervals, the observational follow-up may be irregular in time, and assessments may also 
be missing. The ANCOVA method does not allow missing data or irregular assessments and 
therefore only fits data collected in a very rigid structure. Generalized mixed-effects models 
also take into account all assessments, within-patient correlation and non-linearity, but in 
addition allows for irregular and missing data. This enables us to fit models that do justice 
to all available data and are recommended for the analysis of longitudinally obtained data. 
These models underlie our assessments of the long-term effects of ERT in children and 
adults.79

Conclusions

Our study in untreated children with Pompe disease and the comparison to untreated 
adults underlines the fact that Pompe disease is a spectrum. A third of our children with 
Pompe disease were already severely affected at a young age. 

Based on our studies in children and adults we conclude that ERT has a positive effect on 
these patients. The response to treatment changes over time, with some patients starting 
to deteriorate after 2-3 years of treatment. Nevertheless, on average our patient populations 
still benefited from ERT after 5-7 years treatment. Treatment effects were most outspoken 
on muscle strength and function and less pronounced for lung function. Pompe disease is 
the first treatable inheritable muscle disorder, but we also conclude that next steps need to 
be made to further improve prospects of patients.

In children, the c.-32-13T>G mutation and female gender may be associated with a milder 
phenotype. Male patients also responded more poorly to treatment, in children in terms 
of lung function and in adults on muscle strength, but more research is needed to confirm 
this. Despite studies suggesting the ACE polymorphism influences disease severity and the 
effect of ERT, we did not find any evidence for this in our data. We conclude that other 
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(background) factors play a role in the large variations in disease severity and response to 
treatment between patients. International collaboration is key to obtain sufficient patient 
numbers to elucidate these factors. 

Finally, we provided our perspective on the use of PROs in rare diseases and our experience 
in studying Pompe disease in general. The “IPA/ Erasmus MC Pompe survey” proved to be 
of great importance in discerning the natural course of Pompe disease and studying the 
effects of ERT. PROs add the patients’ perspective to clinical outcomes and provide unique 
insight in their functioning. We believe that PROs will have an increasingly important role in 
the research on rare diseases and our survey can serve as an example for other rare diseases.

Future directives

The studies described in this thesis and the lessons learnt emphasize the challenges and 
opportunities in the research of Pompe disease. While our clinical studies have been 
performed on relatively large numbers of patients, further international collaboration is 
needed to advance our knowledge, for example to elucidate predictors. One way to enhance 
international collaboration would be by using PEP. Furthermore, combining clinical and 
patient reported outcomes can greatly benefit the efficacy of future projects. An example 
would be the linkage between the “IPA/ Erasmus MC Pompe survey” and clinical databases.

While patients benefitted from treatment there is still room for improvement. Therefore we 
believe the treatment of patients with Pompe disease should be more personalized. Patients 
might respond better to treatment when receiving a higher dose. The development of 
Antisense Oligonucleotides (AONs) is under investigation for patients carrying the common 
c.-32-13T>G splice site mutation. This new approach aims to improve splicing and therefore 
the production of functional enzyme.80  Since 68% of children and 92% of the Dutch adult 
patients with non-classic Pompe disease carry the c.-32-13T>G mutation such a treatment 
would benefit a large proportion of patients.9

Efforts in other new therapies is undertaken as well to provide better perspectives for all 
patients in the future. Innovative treatment strategies which are being investigated by the 
international scientific community, including our center, are second generation ERT, stem-
cell therapy, AAV gene therapy and lentiviral therapy.80-85

All in all, 11 years after the registration of the first therapy for Pompe disease we have 
learned a great deal about the clinical characteristics and effects of treatment in patients 
with Pompe disease. The main goals for the future are to improve existing therapies and 
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develop new ones. In order to keep expanding the knowledge on this disease international 
collaboration should be maintained and intensified. A part of this should be the linkage of 
the different databases containing PROs and clinical outcome measures. In rare diseases 
(international) collaboration is the factor leading to success.
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Summary

Pompe disease is a rare, autosomal recessive, metabolic myopathy caused by mutations in 
the gene coding for the enzyme acid	α-glucosidase. The function of acid	α-glucosidase is to 
degrade glycogen to glucose in the lysosome. A deficiency in this enzyme therefore causes 
glycogen to build up in the lysosome, resulting in cell damage and tissue destruction, 
mainly in the muscles.

Pompe disease presents as a clinical spectrum. Patients with the classic-infantile phenotype 
of Pompe disease have the most severe form of the disease and die within the first year of 
life if untreated. Non-classic or ‘late-onset’ patients have a more slowly progressive disease 
with limb-girdle and respiratory muscle weakness, leading -eventually- to wheelchair and 
ventilator dependency. In 2006, enzyme replacement therapy (ERT) became available for all 
patients with Pompe disease in Europe and the US.

This thesis aimed to describe the clinical presentation of untreated children with Pompe 
disease, the long-term effects of ERT in children compared to adults, modifying factors of 
disease severity and ERT, information obtained using Patient Reported Outcomes (PROs) 
through the “IPA/ Erasmus MC Pompe survey” and how this survey can be used as an 
example for other diseases.

A general introduction to Pompe disease and ERT was provided in chapter 1. Here we 
summarized background information on the clinical features, pathogenesis and treatment 
of Pompe disease and introduce patient reported outcomes (PROs).

So far, few studies were available on children with non-classic presentations of Pompe disease. 
In chapter 2 we described the clinical characteristics of 31 children with Pompe disease from 
different countries. We found that 32% of children were already severely affected by the disease 
during childhood and needed a wheelchair or ventilator or died before reaching adulthood. 
While there were many similarities between children and adults with regard to the most 
common symptoms of the disease, also some specific differences were noted. For example 
neck flexor muscles were more severely affected in children while in adults the quadriceps 
were more severely affected. Furthermore, ptosis and bulbar muscle weakness were observed 
less frequently in children, while scoliosis was more common in this population. In our study, 
children with the c.32-13T>G/null genotype were generally less severely affected than 
patients with other mutations. They were also predominantly male. Since the male/female 
ratio of patients with this mutation is equal for adults, this suggests that male patients with this 
mutation may become symptomatic at an earlier age than females.
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In chapter 3 we studied the effects of ERT in 17 children with a median follow-up of 6.8 years 
during treatment. Most of these were also included in the  study on clinical characteristics 
described in chapter 2. We found that ERT positively affects the course of disease. Muscle 
function improved and muscle strength stabilized during treatment. Lung function did not 
respond equally well, and showed a decline over time in male patients. However, this decline 
does appear to be less steep than the decline reported in studies of untreated patients. 
Individually, patients’ disease progression varied over time, indicating that there are differences 
in how much patients benefit from treatment. While it has been suggested in literature that 
an early start of ERT may result in a better response to treatment, we found that also patients 
who started ERT at a young age and in a good clinical condition can deteriorate. 

Our study on the long-term effects of ERT in adult patients is described chapter 4. A total 
of 102 patients were followed for a median of 6.1 years (1.1 pretreatment and 5.0 during 
treatment). Of these, 88 were followed during treatment, and 96 pre-treatment. At 5 years 
of ERT, patients performed significantly better on muscle strength and muscle function 
related outcomes, but also on lung function, compared to their expected natural course. 
Effects of ERT were largest during the first two to three years of treatment. Also here we 
observed individual variation in the response to treatment.  

In chapter 5 we explored factors that may influence walking performance in Pompe 
patients. Based on 107 adult patients we found that higher BMI, male gender, use of 
invasive ventilation, older age and reduced muscle strength are associated with a poorer 
ability to walk. Physicians can use these results to counsel patients and suggest potential 
interventions. These findings can also serve as a starting point to unravel the factors 
associated with walking performance and ultimately develop a prognostic model. 

The aim of the study described in chapter 6 was to find an explanation for the clinical 
variation in disease severity between patients and in their response to treatment. In this 
chapter we investigated whether a polymorphism in the gene coding for the Angiotensin 
Converting Enzyme (ACE) can explain this variation. The effects of the ACE polymorphism 
were studied in 131 children and adults with the c.31-13T>G mutation. Using cross-sectional 
data of the patients’ first visit to our center, and longitudinal data of these patients during 
treatment, no statistical significant influence could be observed of the ACE polymorphism 
on disease severity or on the effect of ERT. Finally, also in a subgroup of families, the 
polymorphism could not explain the phenotypical variation between siblings.

Besides the data obtained through clinical assessments in our center we also included the 
patients’ point of view using PROs. Through the “IPA/ Erasmus MC Pompe survey” data was 
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collected on patients’ functioning and quality of life. In chapter 7 we reviewed the results 
obtained in the first 10 years of this survey. First studies reported on the progressive character 
of Pompe disease in untreated patients and demonstrated that these patients were more 
fatigued, participated less in activities of daily life, had lower quality of life and worse survival 
compared to the general population. When ERT became available, data from this survey 
allowed us to demonstrate a positive effect of ERT on fatigue, participation in daily life, 
quality of life and survival. These results indicate that PROs can have a large impact in the 
study of rare diseases. The early start of data collection, several years before ERT became 
available, and the collaboration with patients and patient organizations contributed to the 
success of the survey. This survey can serve as example for data collection in other rare 
diseases, especially in those for which a therapy has not yet been developed.

Data from this survey were also used to study the relation between ERT and the risk for 
wheelchair and ventilator dependency (chapter 8). Needing a wheelchair or ventilator has 
a huge impact on the life of patients and leads to lower quality of life. We found that ERT 
lowers the risk for needing a wheelchair. We could not demonstrate an effect on the risk for 
needing respiratory support. These analyses show that the survey is still able to provide new 
information which could not be studied otherwise.

Finally, chapter 9 discusses the main findings of our studies, our experience with long-term 
follow up of patients both in the clinic as well as using the “IPA/ Erasmus MC Pompe survey”, 
and our conclusions and perspectives for future research.
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De ziekte van Pompe is een zeldzame, autosomaal recessieve, spierziekte. De ziekte wordt 
veroorzaakt door een mutatie in het gen dat codeert voor het enzym acid	α-glucosidase.	

Normaal breekt dit enzym glycogeen af tot glucose in het lysosoom. Als dit enzym 
ontbreekt, stapelt glycogeen zich op in het lysosoom. Dit resulteert in schade aan cellen en 
weefsels. De schade is het meest uitgesproken in de spieren.

De ziekte van Pompe heeft een breed klinisch spectrum. Patiënten met de klassiek-infantiele 
vorm van de ziekte zijn het meest ernstig aangedaan. Zij hebben al ernstige spierzwakte 
en een vergroot hart in de eerste levensmaanden. Zonder behandeling overlijden deze 
patiënten in hun eerste levensjaar. De ziekte is minder progressief bij patiënten met de niet-
klassieke (of ‘late-onset’) vorm. Deze kinderen en volwassenen hebben toenemende zwakte 
van de heup- en bekkengordelspieren en de ademhalingsspieren. Zij worden uiteindelijk 
vaak afhankelijk van een rolstoel en/of hebben ademhalingsondersteuning nodig. Sinds 
2006 is in Europa en de VS enzymvervangingstherapie (ERT) beschikbaar voor alle patiënten 
met de ziekte van Pompe. Er is inmiddels veel gepubliceerd over het natuurlijk beloop en 
effecten van ERT bij volwassenen en kinderen met de klassiek infantiele vorm van de ziekte. 
Er zijn weinig studies over kinderen met de niet-klassiek vorm van de ziekte van Pompe.

Het doel van dit proefschrift is om 1) het natuurlijk beloop van kinderen met de niet-
klassieke vorm ziekte van Pompe te onderzoeken; 2) de langetermijneffecten van 
enzymvervangingstherapie bij kinderen en volwassenen met de ziekte van Pompe te 
bestuderen; 3) factoren te identificeren die van invloed zijn op de ziekte-ernst en/of op 
het effect van enzymvervangingstherapie; 4) patiënt-gerapporteerde uitkomstmaten 
verkregen met de “IPA/ Erasmus MC Pompe survey” te bespreken en uiteen te zetten hoe 
deze vragenlijststudie als voorbeeld kan dienen voor andere zeldzame ziektes.

In hoofdstuk 1 geven we een algemene introductie met betrekking tot de ziekte van 
Pompe en ERT. Dit hoofdstuk bevat achtergrondinformatie over de klinische karakteristieken, 
pathogenese, behandeling van de ziekte van Pompe en het introduceert patiënt-
gerapporteerde uitkomstmaten.

In hoofdstuk 2 beschrijven we de klinische karakteristieken van 31 kinderen afkomstig 
uit verschillende landen. Eén van onze bevindingen is dat 32% van de kinderen op jonge 
leeftijd al ernstig is aangedaan door de ziekte. Deze kinderen hebben een rolstoel of 
ademhalingsondersteuning nodig, of overlijden voordat ze volwassen worden. Symptomen 
die bij kinderen het meest voorkomen zien we ook het meest bij volwassenen. Echter, 
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er zijn ook verschillen. Bij kinderen zijn de nek flexie spieren ernstiger aangedaan en de 
bovenbeenspieren (quadriceps) minder ernstig aangedaan dan bij volwassenen. Verder 
worden ptosis en zwakte van de bulbaire spieren minder vaak geobserveerd bij kinderen 
terwijl scoliose vaker geobserveerd wordt. Een andere bevinding is dat kinderen met het 
c.32-13T>G/‘null’ genotype minder ernstig door de ziekte zijn aangedaan dan kinderen met 
andere mutaties. In onze studie/populatie waren kinderen met deze mutaties voornamelijk 
jongens. Bij volwassen patiënten zien we deze mutatie even vaak bij mannen als bij vrouwen. 
Dit suggereert dat mannen met deze mutatie eerder symptomen ontwikkelen dan vrouwen. 

In hoofdstuk 3 beschrijven we de effecten van enzymvervangingstherapie bij 17 kinderen 
(de meesten deden ook mee in de studie beschreven in hoofdstuk 2). Deze kinderen 
zijn voor een mediane duur van 6.8 jaar behandeld. Op groepsniveau zien we dat ERT het 
ziektebeloop in kinderen positief beïnvloedt. Gemiddeld verbetert spierfunctie en stabiliseert 
spierkracht tijdens behandeling. De longfunctie reageert minder goed op behandeling 
en laat een achteruitgang zien bij mannelijke patiënten. Echter, als we onze longfunctie 
resultaten vergelijken met studies over onbehandelde patiënten lijkt deze achteruitgang 
minder groot te zijn dan de achteruitgang die gezien wordt bij onbehandelde patiënten. 
Als we naar het ziektebeloop van de individuele patiënten kijken valt het op dat sommige 
kinderen beter op ERT reageren dan anderen. In de literatuur wordt geschreven dat vroeg 
starten met de behandeling tot een betere response kan leiden. In onze patiëntgroep gaat 
dit niet altijd op. Sommige patiënten gaan toch achteruit terwijl ze gestart waren met ERT 
op een moment dat ze nog weinig symptomen hadden.

Onze studie naar de langetermijneffecten van ERT bij volwassen patiënten wordt beschreven 
in hoofdstuk 4. In totaal worden 102 patiënten een mediane duur van 6.1 jaar gevolgd 
(1.1 jaar voor en 5 jaar na start behandeling). We zien na 5 jaar behandeling met ERT een 
significante verbetering van spierkracht en spierfunctie en van longfunctie ten opzichte 
van het geëxtrapoleerde beloop zonder behandeling. De effectiviteit van ERT is het meest 
uitgesproken gedurende de eerste twee tot drie jaar van de behandeling. Ook hier zien we 
weer dat de response op ERT varieerde tussen individuele patiënten. 

In hoofdstuk 5 bestuderen we factoren die van invloed zijn op het vermogen om te 
kunnen lopen. We onderzoeken 107 volwassen patiënten en concluderen dat een hoger 
BMI, het mannelijk geslacht, het gebruik van invasieve ademhalingsondersteuning, een 
hogere leeftijd en verminderde spierkracht het vermogen om te kunnen lopen negatief 
beïnvloedt. Clinici kunnen deze resultaten gebruiken om patiënten te counselen en 
mogelijke interventies te bespreken. Deze resultaten kunnen ook gebruikt worden als 
startpunt voor het maken van een prognostisch model.
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Het doel van de studie die wordt beschreven in hoofdstuk 6 was om een verklaring te 
vinden voor de variatie die we zien tussen patiënten wat betreft hun ziekte-ernst en het 
effect van ERT. In dit hoofdstuk hebben we onderzocht of een polymorfisme in het gen 
dat codeert voor het Angiotensin	Converting	Enzyme	(ACE) deze variatie kan verklaren. We 
hebben het effect van dit polymorfisme bestudeerd in 131 kinderen en volwassenen met 
de c.31-13T>G mutatie. Zowel cross-sectioneel (op het eerste bezoek van de patiënt aan 
onze kliniek) als longitudinaal (tijdens behandeling met enzymvervangingstherapie) kan 
geen effect van het ACE polymorfisme worden waargenomen: niet op de ziekte-ernst en 
niet op het effect van ERT. Ook binnen families kan het ACE polymorfisme de variatie tussen 
familieleden niet verklaren.

Naast het verzamelen van klinische data hebben we binnen ons centrum ook de patiënt 
gevraagd naar zijn ervaringen met betrekking tot zijn ziekte en functioneren. Dit werd 
gedaan door middel van een vragenlijstonderzoek, de “IPA/ Erasmus MC Pompe survey”, 
dat jaarlijks patiënt-gerapporteerde uitkomsten van Pompe patiënten uit verschillende 
landen verzamelt. In hoofdstuk 7 geven we een overzicht van wat dit vragenlijstonderzoek 
in de eerste 10 jaar van zijn bestaan aan bevindingen heeft opgeleverd. De eerste studies 
rapporteerden het progressieve karakter van de ziekte in onbehandelde patiënten en liet 
zien dat patiënten vermoeider waren, minder participeerden in het dagelijks leven, een 
lagere kwaliteit van leven hadden en een slechtere overleving in vergelijking met de 
algemene populatie. Na deze eerste studies werd het vragenlijstonderzoek ook gebruikt 
om de effecten van ERT te bestuderen. Deze studies lieten een positief effect van ERT zien 
op vermoeidheid, participatie in het dagelijks leven, kwaliteit van leven en overleving. De 
resultaten van de “IPA/ Erasmus MC Pompe survey” laten zien dat patiënt gerapporteerde 
uitkomstmaten van grote waarde kunnen zijn bij het bestuderen van een zeldzame ziekte. 
De vroege start van de dataverzameling (enkele jaren voordat enzymvervangingstherapie 
beschikbaar werd) en de samenwerking met patiënten en patiëntenverenigingen hebben 
een grote bijdrage geleverd aan het succes van deze studie. De “IPA/ Erasmus MC Pompe 
survey” kan als een voorbeeld dienen voor dataverzameling in andere zeldzame ziekten, 
vooral voor ziekten waar nog geen therapie voor beschikbaar is.

Gegevens van het vragenlijstonderzoek hebben we ook gebruikt om de relatie te 
bestuderen tussen enzymvervangingstherapie en het gebruik van een rolstoel of 
ademhalingsondersteuning (hoofdstuk 8). Het nodig hebben van deze hulpmiddelen 
heeft een grote invloed heeft op de kwaliteit van leven. Onze resultaten laten zien dat 
enzymvervangingstherapie het risico op het nodig hebben van een rolstoel verlaagd. We 
kunnen geen effect aantonen van ERT op het nodig hebben van ademhalingsondersteuning. 
Onze analyses benadrukken dat het onderzoek met de “IPA/ Erasmus MC Pompe survey” 
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continu nieuwe informatie oplevert. De lange follow-up voor en na ERT en het grote aantal 
patiënten dat participeert maakt dat met deze studie vragen beantwoord kunnen worden 
die niet met andere bestaande studies (zoals bijvoorbeeld nationale registers of lokale 
klinische studies) te beantwoorden zijn. 

In hoofdstuk 9 bespreken we de belangrijkste bevindingen van onze studies en plaatsen 
we die in een breder kader. Verder bespreken we onze expertise met het volgen van 
patiënten in de kliniek en met “IPA/ Erasmus MC Pompe survey” en geven we onze visie op 
toekomstig onderzoek.
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