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Abstract The objective of this study was to describe a

large Italian cohort of patients with late-onset glycogen

storage disease type 2 (GSDII) at various stages of dis-

ease progression and to evaluate the clinical effectiveness

of alglucosidase alpha enzyme replacement therapy

(ERT). Previous studies showed in late-onset patients

ERT efficacy against placebo and variable response in

uncontrolled studies. Seventy-four juvenile or adult

GSDII patients were treated with ERT in a multicenter

open label, non-randomized study, from 12 months up

to 54 months. Recombinant human alpha glucosidase

(rh-GAA) was injected by intravenous route at 20 mg/kg

every second week. Patients were divided into three

groups according to ERT duration: Group A received

treatment for 12–23 months (n = 16), Group B for

24–35 months (n = 14), and Group C for more than
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36 months (n = 44). Clinical assessment included a

6-min walk test (6MWT), forced vital capacity (FVC), the

Walton and Gardner-Medwin score, the number of hours

of ventilation, body mass index, echocardiography and

blood creatine kinase (CK). Included in our cohort were

33 males and 41 females (M:F = 0.8:1), with a mean age

at first symptoms of 28.3 years (range 2–55 years) and a

mean age of 43 years at study entry (range 7–72 years).

Seven wheelchair bound patients, as well as 27 patients

requiring ventilation support, were included. After treat-

ment we could observe an increase in distance walked on

the 6MWT in the large majority of patients (48/58; 83%),

with an overall mean increase of 63 m (from 320 ± 161

to 383 ± 178 m). After treatment in the majority of

patients FVC was improved or unchanged (45/69; 65%).

In ventilated patients we observed an improvement in

average number of hours off the ventilator (from 15.6 to

12.1 h). Six patients stopped mechanical ventilation and

two others started it. The effect of therapy was not related

to ERT duration. Nine of 64 patients (13%) that under-

went to echocardiography showed a variable degree of

cardiac hypertrophy (left ventriculum or septum), and a

positive effect was observed after 36 months of ERT in

one adult case. Discontinuation of treatment occurred in

four patients: one drop-off case, one patient died for a

sepsis after 34 months of treatment and two patients

stopped ERT for worsening of general clinical condition.

Mild adverse effects were observed in four cases (5%).

This study represents the largest cohort of late-onset

GSDII patients treated with ERT, and confirm a positive

effect of treatment. These results, obtained in a large case

series on therapy, indicate a favourable effect of ERT

therapy, even in more advanced stage of the disease.

Keywords Glycogenosis type 2 � Enzyme replacement

therapy � Acid maltase � Clinical trials

Introduction

Glycogenosis type II (GSDII) is an autosomal recessive

disorder caused by the deficiency of the lysosomal

enzyme acid a-glucosidase (GAA) or acid maltase, which

catalyses the hydrolysis of a-1,4 and a-1,6 links of gly-

cogen [1, 2]. The enzyme deficiency leads to lysosomal

accumulation of glycogen, resulting in a spectrum of

different clinical phenotypes, named according to age at

onset in classical-infantile form, non-classical infantile

form, childhood form, juvenile form and adult form. The

last three forms are also known as late-onset Pompe

disease. Many patients with adult-onset GSDII refer to

minor symptoms beginning even in childhood, making

age of onset unreliable to distinguish different phenotypes

[3].

The rate of progression of the disease is faster when

the onset of symptoms is earlier [1, 3]. Late-onset Pompe

disease is characterized by progressive proximal muscle

weakness and a variable degree of respiratory insuffi-

ciency. In untreated late onset patients, muscle strength

and pulmonary function usually deteriorate, leading in a

large majority of patients to wheelchair and need of

respiratory support [4, 5]. Cardiac involvement, charac-

terized by decreased left ventricular systolic function or

elevated left ventricular or septum mass on echocardio-

gram, has been recently reported in few adult patients

[6].

Supportive treatments, such as physical activity and

special dietary regimes have been demonstrated to

improve quality of life and motor function of GSDII

patients, and may even delay disease progression in

complicated patients [7]. In 2006, enzyme replacement

therapy (ERT) using recombinant human acid alpha

glucosidase (rh-GAA) was introduced and received

broad-label market approval in Europe, and later in the

US. Few studies on efficacy of treatment in late-onset

patients have been published so far [8–12], demonstrat-

ing positive but variable effect of therapy in prolonged

periods. Only one study included a placebo-controlled

group [10].

The purpose of our study was to evaluate safety of ERT

and its efficacy on motor, respiratory and cardiac function

over the course of long-term treatment in a large cohort of

Italian late-onset GSDII patients.
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Materials and methods

Study design

This study was designed as a spontaneous, non-sponsored

open-label observational study and was conducted

according to the principles of the Declaration of Helsinki

on patient rights. The evaluation protocol was established

in 2006 and adopted by 19 collaborating Italian Neuro-

muscular Centers (Padova, Ferrara, Verona, Brescia, two

centers in Milano, Monza, Pavia, Torino, Siena, Roma,

Napoli, Firenze, Pisa, Messina, Cagliari, Palermo, Udine

and Modena) with no input or financial support from

Genzyme Corporation (Cambridge, MA, USA), the man-

ufacturer of Myozyme (rh-GAA). A compact disk with the

standardized clinical examination protocols was made

available to all participating institutions to increase inter-

centre reliability.

Patients were selected by three inclusion criteria: (1)

confirmed diagnosis of GSDII, either by reduced GAA

activity, below 35% of controls in skeletal muscle, leuko-

cytes or fibroblasts, or by confirmed pathogenetic muta-

tions in GAA gene; (2) age at disease onset C2 years; (3)

presence of signs or symptoms of the disease (e.g. at least

grade 1 on the Walton scale). After signing an informed

consent, patients were enrolled, examined, and treated at

the participating sites and included in the ‘‘Italian GAA

ERT database’’. Data were sent to the coordinating centre

at the University of Padova for statistical analysis. For the

purpose of this study were considered only patients with

treatment duration of more than 12 months.

Clinical and instrumental examinations

We obtained from each patient pre-treatment demographic

and clinical history data, including gender, age at onset,

age and disease duration at first infusion, use of ambulation

devices, need for respiratory support, and co-morbidities

(Supplemental Table 1). To be comparable with previously

reported data, the 6-min walk test (6MWT) for motor

function and forced vital capacity expressed as percentage

of predicted value (FVC %) for respiratory function were

chosen as principal outcome measures. Global motor dis-

ability measured with the Walton and Gardner-Medwin

Scale, cardiac function measured with echocardiography,

BMI and blood tests for CK levels were also considered.

All the tests were evaluated at baseline and every

6 months.

The 6MWT was performed to evaluate functional

endurance during prolonged ambulation. It was performed

as a standard walk in a 25-m long hospital corridor, and the

distance walked was recorded in meters. FVC in the

upright position, expressed as a percentage of the predicted

value, was used as the major parameter for the evaluation

of respiratory function. The Walton and Gardner-Medwin

(WGM) Scale was used as a measure of global motor

disability. Echocardiography was used to assess cardiac

function. Not all patients could perform every test because

of degree of motor or respiratory involvement, thus the

numerosity of each sample is provided for each task.

In order to correct for ERT duration, patients were

divided into three groups: Group A received treatment for

12–23 months, Group B for 24–35 months and Group C

for over 36 months.

To evaluate the effect of molecular status on the

response to ERT, GAA mutations were classified in splic-

ing, missense and nonsense. Patients were grouped into

nine categories according to the combination of mutation

they presented; each category with a significant numerosity

was considered.

Adverse reactions

The adverse reactions and tolerability of drug were inves-

tigated during the observation period by direct questioning.

Statistical analysis

Descriptive statistics (mean, range, standard deviation)

were used to describe patient’s demographic and clinical

characteristics for continuous variables. Percentages were

calculated for categorical variables. The Shapiro–Wilk test

was used to check for normality of the data. For normally

distributed variables, repeated measures analysis of vari-

ance was performed for testing the significance of the main

effect of therapy (pre- vs. post-measures) and the first order

interaction between therapy and sex, duration of therapy

group and molecular status. For non-normal data, the

Wilcoxon test for paired data and the Mann–Whitney

U test for unpaired data were used. The linear correlation

between two variables was assessed by Spearman’s Rho.

The statistical significance was set at p \ 0.05.

Results

Clinical characteristics

From the Italian GAA ERT database 74 patients were

selected based on the inclusion criteria (Supplemental

Table 1). Included in our cohort were 33 males and 41

females (M:F = 0.8:1). Mean age at first symptoms was

28.3 years (±15; range 2–55 years) and mean age at study

entry was 43 years (±15.4; range: 7–72 years). Average

disease duration at first infusion was 14.7 years (±8.7,

range 1–35 years).
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At baseline, 52 patients (70%) could walk without

support, six (8%) could walk with unilateral support, nine

(12%) required bilateral support, and seven (10%) were

wheelchair bound. At study entry 47 patients (64%) did not

require ventilatory support, 12 patients (16%) required

ventilation support for less than 12 h, and 15 (20%)

required a ventilator for more than 12 h per day.

GAA enzyme activity and molecular analysis

Both mutated GAA alleles were identified in 59 patients

(80%), only one mutated allele in 12 patients (16%). In three

patients (4%) no mutations were identified. IVS1–13T[G

was found in 62 cases (62/74; 84%), always in heterozygous

state. Other recurrent heterozygous mutations were the

525delT (8/74; 11%), c.2237 G[A (8/74; 11%), deletion of

exon 18 (6/74; 8%), c.1927 G[A (4/74; 5%) and c.1465

G[A (3/74; 4%). The IVS1–13T[G was present in 42% of

mutated alleles (62/148) (Supplemental Table 1).

Residual enzymatic activity was measured in 58 patients

in different tissues and resulted below normal limits. Due

to different methods used in different laboratories has not

been possible to obtain mean values.

Motor function

Six minute walk test (6MWT)

The 6MWT was available for 58 patients. The mean dis-

tance walked in the 6MWT at baseline and at the end of

ERT study period increased from 320 ± 161 m to

383 ± 178 m (p \ 0.0001).

In order to verify if therapy duration was related to

better performance, patients were clustered into three

groups as previously described (Group A, n = 15 patients;

Group B, n = 9 patients; Group C, n = 34). The distance

walked at the last evaluation increased significantly com-

pared to baseline in all treatment groups. The changes were

not correlated to therapy duration (interaction effect group

and therapy, p = 0,91; Fig. 1a). No effect of gender was

found in the result of 6MWT (interaction effect sex and

therapy, p = 0.90). No linear correlations were found

between the 6MWT change and the age at onset, the age at

first infusion, or the disease duration (Spearman’s Rho,

p [ 0.15).

Forty-eight patients (83%) increased and 10 patients

(17%) decreased the distance walked in the 6MWT on the

final test (range 11, 312 vs. -1, -78 m). These two groups

of patients differed significantly for mean disease duration

at first infusion (13.3 ± 8.8 min ameliorated patients vs.

21.2 ± 8.3 m, Mann–Whitney U test, p = 0.02).

Fifty-four patients carried the leaky splicing

IVS1–13T[G mutation; these patients were divided

according to the type of mutation in the second allele in

Group A: IVS1–13T[G/splicing mutation, n = 9; Group

B: IVS1–13T[G/missense mutation, n = 32; Group C

IVS1–13T[G/nonsense mutation, n = 13. The repeated

measures ANOVA did not show significant effect of GAA

gene mutation (interaction effect of type of mutation and

therapy, p = 0.24). Patients compound heterozygous IVS1

and splicing or missense mutations performed better

compared to patients with nonsense mutations (Fig. 1b).

Walton and Gardner-Medwin scale

Global motor function was assessed using the WGM dis-

ability scale in 68 patients and it did not change signifi-

cantly after treatment (Wilcoxon test, p = 0.22). Eighteen

patients (18/68; 26%) improved and eight (12%) had

worsened motor function, 42 patients (62%) remained

stable. No difference was found in age at onset, disease

duration or age at first infusion between the ameliorated/

unchanged patients compared to worsened patients (Mann–

Withney U test, p = 0.41, p = 0.42 and p = 0.92

respectively).
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Fig. 1 a Six Minute Walk test, difference between pre- and post-ERT

(meters). Group A: ERT duration 12–23 months, n = 15. Group B:

ERT duration 24–35 months, n = 9. Group C: ERT duration

36 months or more, n = 34. b Six Minute Walk test, difference

between pre- and post-ERT (meters). Patients grouped according to

the combination of mutation they presented: IVS1/splicing mutation,

n = 9; IVS1/missense mutation, n = 32; IVS1/nonsense mutation,

n = 13
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Respiratory function

Standard spirometry was performed in the upright position

before and after ERT in 69 patients. At baseline mean

FVC% was 65.2 ± 26.5, ranging from 14 to 138, and after

treatment it was 66.5 ± 26.6 (p = 0.22). There were no

significant changes in FVC% compared to baseline in any

treatment group (Fig 2a).

In 45 patients (65%) we observed an increase or sta-

bilization of FVC% and in 24 patients (35%) a reduction.

Between the ameliorated/unchanged patients compared to

worsened patients no differences in disease duration, age at

onset and age at first infusion were observed (Mann–

Withney U test, p = 0.22, p = 0.50 and p = 0.99,

respectively).

Six patients stopped the ventilatory support during the

treatment period, while two patients started non-invasive

ventilation. Furthermore, the 21 patients that continued to

need ventilatory support showed a significant reduction of

number of hours/day in ventilation (mean from 15.6 to

12.1 h, p = 0.005) (Fig. 2b).

Cardiac function

Nine of the 64 patients (14%) studied with echocardiography

showed a variable degree of left ventricular and/or septal

hypertrophy (one juvenile, eight adult cases), their ages

ranging from 18 to 66 years. In three of them a history of

hypertension was known. After 36 months of ERT in one

patient cardiac hypertrophy disappeared and his follow-up

cardiac echocardiography was within normal limits; no

significant changes were evidenced in the other cases.

Muscle enzymes

CK level tended to decrease during ERT in 76% patients;

in 17% CK level increased and 7% CK showed no changes.

No significant correlations with other factors, such as age,

therapy duration or physical activity, were found.

Body mass index

Body mass index was available for 47 patients. No

significant changes between baseline and after ERT were

seen in 47 patients, from 24.23 ± 5.3 to 24.56 ± 5.3,

p = 0.10. Stratifying patients according to BMI at baseline

in underweight (BMI\18.5, n = 6), normal weight

(BMI = 18.5–24.9, n = 22) and overweight-obesity

(BMI[25, n = 19) no significant changes were found;

however, in underweight patients an increased BMI after

treatment was detected (from 15.48 ± 1.90 to 16.9 ± 2,

p = 0.10).

Safety of therapy

Discontinuation of treatment occurred in four patients, one

drop-off case and two patients that worsened their general

clinical condition and decided not to continue. One patient

died after 34 months of treatment from sepsis. Mild

adverse effects were observed in four patients (6%) and

were characterized by facial or infusion site erythema, flu-

like syndrome, generalized itch or bronchospasm. Pre-

medication with antihistamines (e.g., cetirizine or chlor-

phenamine) and corticosteroids (e.g., metilprednisolone

40 mg) allowed continuation of ERT in every case.

Antibody titer values were available for 15 patients,

resulting negative in four cases and elevated in 11 (ranging

from 1:800 to 1:102,400). The patient with the highest

antibody titer presented flu-like reaction during every

infusion, and was successfully treated with premedication.

No further correlations between antibody titer and infu-

sions reactions were observed.

Discussion

In 2006, enzyme replacement therapy with rh-GAA

received marketing approval on the basis of clinical trials

for classic infantile GSDII. Only a limited number of ERT

trials [8–12] have been published on late-onset phenotypes.

The most numerous series of late onset GSDII cases is the

LOTS study where 90 patients between 10 and 70 years of

age were treated with rh-GAA (60 patients) or placebo (30

cases), for an 18 month period [10]. In the multicenter

observational study published by Strothotte 44 late-onset

GSDII cases (21–69 years old) were treated for 12 months

[9]. These studies demonstrated clinical efficacy with ERT

treatment in prolonging distance walked and stabilizing or

slightly improving respiratory function, measured with

forced vital capacity and inspiratory and expiratory
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Fig. 2 Forced Vital Capacity (FVC) as percentage of predicted value,

difference between pre- and post-ERT. Group A: ERT duration

12–23 months, n = 20. Group B: ERT duration 24–35 months,

n = 14. Group C: ERT duration 36 months or more, n = 35
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pressures. At the same time, they pointed out the difficul-

ties to obtain consistent outcome measures in late-onset

GSDII patients due to the heterogeneous presentation of

the disease and natural course and the high variability of

individual response.

Our study is extended for the longest observational

period so far done and confirms the major findings of these

two previous series published. However, it addresses also

additional relevant points: safety of ERT on long obser-

vation period and effect of ERT on severely affected

patients. While the LOTS study [10] included only walking

and non-ventilated patients, we also include severely

affected patients that required a ventilator (36%) or were

confined to wheelchairs (10%). This more severely afflic-

ted cohort necessitated careful clinical assessment mea-

sures. We observed that six patients discontinued

ventilation and in 22 case significantly reduced the number

of hours/day in ventilation.

One limitation of our study is the absence of a control

non-treated group. The clinical progression can be

extrapolated from natural history studies and LOTS study

[4, 5, 10], which generally demonstrates a relentless dete-

rioration in both motor and respiratory function.

In our independent study we observed improvement of

motor function, consistently with the LOTS study results,

which persisted in time as demonstrated by the group of

patients treated for over 36 month. Moreover, we demon-

strated positive effects on respiratory function in terms of

hours of ventilation in more severely affected patients.

Safety and efficacy were observed in smaller series of

patients [8–12]; our large follow up study confirms and

extends these previous observations on late-onset GSDII

cases, studied for longer periods.

In our series the cardiac hypertrophy was seen in 14% of

juvenile-adult cases, not reported in previous studies, and

this stresses the importance of regular cardiac evaluation,

even in adult patients. In one case we also documented that

ERT did improve heart condition.

Every clinician could observe, in this case series such as in

previous studies, that some patients respond better to enzyme

replacement therapy [13]. One outcome measure seems not

to be sufficient to subgroup patients in responder or not

responder, as some ameliorate the result of only few tests,

indicating a different pattern of response in motor and

respiratory or cardiac function. Despite the high numerosity

of this patients’ population, few significant correlations were

found between patients’ clinical and demographic charac-

teristics, molecular mutations or clinical status and the

changes of functions after treatment. Shorter disease dura-

tion and milder mutation seem to be the best predictors of

good response to ERT, but more studies are needed.

Our observations suggest that ERT mostly enhanced the

muscle endurance, given the 6MWT results. This might be

due to a different therapy response of different muscle fiber

types and connective tissue involvement, to a different

body composition and volume of distribution of enzymes,

or to a variable mannose receptor density in different

muscles. Enzyme replacement may also antagonize muscle

fiber autophagy, but only future morphological and func-

tional observations from control and post-ERT muscle

biopsies, can determine the cause of improved motor per-

formance induced by long-term ERT.

This study represents the largest cohort of late-onset

GSDII patients undergoing to ERT for a long period, and

further supports a positive effect of treatment in GSDII

late-onset patients.
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