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Abstract
Objective  To examine respiratory muscle function among late-onset Pompe disease (LOPD) patients in the Pompe Registry 
(NCT00231400/Sanofi Genzyme) during enzyme replacement therapy (ERT) with alglucosidase alfa by assessing the longitu-
dinal course of forced vital capacity (FVC), prognostic factors for FVC, and impact of time from diagnosis to ERT initiation.
Methods  Longitudinal FVC data from LOPD (symptom onset > 12 months or ≤ 12 months without cardiomyopathy) patients 
were analyzed. Patients had to have baseline FVC (percent predicted upright) assessments at ERT start and ≥ 2 valid post-
baseline assessments. Longitudinal analyses used linear mixed-regression models.
Results  Among 396 eligible patients, median baseline FVC was 66.9% (range 9.3–126.0). FVC remained stable during the 
5-year follow-up (slope = − 0.17%, p = 0.21). Baseline FVC was lower among various subgroups, including patients who 
were male; older at ERT initiation; had a longer duration from symptom onset to ERT initiation; and had more advanced 
disease at baseline (based on respiratory support use, inability to ambulate, ambulation device use). Age at symptom onset 
was not associated with baseline degree of respiratory dysfunction. Differences between subgroups observed at baseline 
remained during follow-up. Shorter time from diagnosis to ERT initiation was associated with higher FVC after 5 years in 
all patients and the above subgroups using a cut-off of 1.7 years.
Conclusion  FVC stability over 5 years suggests that respiratory function is preserved during long-term ERT in real-world 
settings. Early initiation of alglucosidase alfa was associated with preservation of FVC in LOPD patients with better respira-
tory function at the time of treatment initiation.
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Introduction

Pompe disease is a rare, autosomal recessive, progressive 
neuromuscular disorder caused by deficient lysosomal acid 
α-glucosidase (GAA), an enzyme that breaks down glyco-
gen. Resulting abnormal accumulation of lysosomal glyco-
gen leads to cellular dysfunction; progressive respiratory, 
cardiac, skeletal, and smooth muscle damage; and func-
tional disabilities. While the majority of patients exhibit 
progressive muscle weakness, Pompe disease presents as 
a broad clinical spectrum with considerable variation in 
age at symptom onset, presenting signs and symptoms, 
severity, organ involvement, and rate of progression. In 
late-onset Pompe disease (LOPD), symptoms can present 
at any age, but typically without cardiomyopathy during 
early childhood. Although Pompe disease affects multiple 
systems, respiratory muscle dysfunction and failure are 
sources of significant morbidity and mortality in LOPD 
[1–4].

Enzyme replacement therapy (ERT) with alglucosidase 
alfa has been approved for the treatment of Pompe disease 
since 2006 [5, 6]. Relatively few studies have examined 
the association between the time of initiation of therapy 
and long-term ERT with alglucosidase alfa with outcomes 
in LOPD patients. Alglucosidase alfa has been shown to 
improve and stabilize skeletal and respiratory muscle func-
tion within the first 2 years of treatment [1, 7, 8]. A more 
recent study reported that after 5 years of alglucosidase 
alfa treatment, muscle strength, respiratory muscle func-
tion, walking distance, and daily life activities showed 
improvement and often stability compared to baseline 
values and the expected natural course of the disease [9].

Among LOPD patients treated with alglucosidase alfa, 
the timing of treatment initiation in relation to onset of 
symptoms of Pompe disease and diagnosis is of particular 
interest. With increased awareness among the healthcare 
community, recent initiatives such as newborn screening, 
and advances in diagnostic technologies, the time between 
symptom onset and diagnosis of Pompe disease may be 
shortened.

The present study reports on data collected in the 
Pompe Registry to assess the course of respiratory func-
tion in a large multinational cohort of LOPD patients 
receiving ERT with alglucosidase alfa. Based on previ-
ously published results of pulmonary function in LOPD 
patients during treatment with alglucosidase alfa [7–9], 
there is a need for further understanding in a large LOPD 
population. Thus, the objectives of this study were to 
assess the (1) course of FVC (as percent predicted of nor-
mal) during ERT with alglucosidase alfa among LOPD 
patients in the Pompe Registry, (2) patient characteristics 
associated with FVC (described henceforth as prognostic 

factors), and (3) impact of time from diagnosis of Pompe 
disease to initiation of treatment on the course of FVC.

Methods

The Pompe Registry

The Pompe Registry is an ongoing, long-term, multina-
tional, observational program (NCT00231400) designed to 
improve understanding of the natural history and outcomes 
of patients with Pompe disease. Started in 2004, the Registry 
is sponsored and administered by Sanofi Genzyme (Cam-
bridge, MA). Patients with a confirmed diagnosis of Pompe 
disease can be enrolled by physician investigators worldwide 
regardless of patient age, clinical manifestations, treatment 
status, or prior participation in a clinical trial.

Clinical and demographic data for enrolled patients are 
entered into the Registry by participating healthcare teams. 
While Registry sites are encouraged to enter all available 
longitudinal data, the nature and timing of assessments vary 
as they are influenced by the patient needs, regional prac-
tices, resources, and capabilities.

Each independent site is responsible for obtaining 
patients’ informed written consent to submit their health 
information to the Pompe Registry, and to use and dis-
close this information in aggregate analyses. The Registry 
protocol, informed consent form, and any locally required 
authorization documents to send patient information to the 
Registry are reviewed and approved by the local fully con-
stituted Institutional Review Board (IRB) or Independent 
Ethics Committee (IEC) unless the site provides the Registry 
with documentation that approval is not required or has been 
waived by a particular IRB/IEC.

Longitudinal data for upright FVC (expressed as percent 
of predicted) as of December 2018 from the Pompe Reg-
istry were analyzed. The following selection criteria were 
applied to obtain the final analysis population: enrollment in 
the Registry; a reported confirmed diagnosis (that is, docu-
mented GAA deficiency from any tissue and/or documenta-
tion of two pathogenic GAA​ variants) of LOPD, defined as 
symptom onset at ≤ 12 months of age without cardiomyo-
pathy or symptom onset at > 12 months of age (patients 
with infantile Pompe disease with cardiomyopathy were 
excluded); valid FVC administered for patients ≥ 5 years of 
age and a baseline FVC value < 150%, and reported FVC 
measurement at baseline with ≥ 2 reported follow-up FVC 
assessments over a minimal duration of 6 months, as defined 
below. Exclusion criteria included use of invasive respiratory 
support at baseline and implausibly low or high longitudinal 
change in FVC per year, defined as a slope ≤ − 10% per year 
or ≥  + 10% per year as determined from mixed linear mod-
els. The incidence of respiratory support also was assessed.
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The baseline period for FVC and clinical measurements 
was defined as 180 days prior to ERT initiation or up to 
28 days after start of treatment. If a patient had multiple val-
ues in the baseline period, the record closest to ERT initia-
tion was chosen. Because many patients are enrolled in the 
Registry after initiation of alglucosidase alfa, some baseline 
data for respiratory support and ambulation device use were 
not entered within the baseline window. If data were not 
entered in the defined baseline period for respiratory sup-
port or ambulation device use, the following algorithm was 
applied: if all records before and after the baseline window 
were reported as "No", then baseline was also considered 
"No"; once a patient was reported to have wheelchair use, 
this was considered to be permanent at all following time-
points. The Pompe Registry Case Report Form (CRF) allows 
for multiple types of respiratory support to be selected. If 
multiple types were selected, then the most severe value was 
used for this analysis (invasive, then non-invasive, then sup-
plemental oxygen, then unknown). The CRF also allows for 
multiple ambulation devices to be selected. If multiple types 
were selected, then the most severe value was used (wheel-
chair, then walker, then crutches, then cane, then other, then 
unknown).

Follow-up time was defined from the start of ERT to 
treatment interruption (> 1 month in duration but not per-
manent) or permanent discontinuation. The maximum dura-
tion of follow-up was 5 years after treatment initiation (see 
“Study design considerations”). FVC was analyzed over time 
for the total included population and for patients grouped by 
different baseline FVC classifications as follows: ≤ 55%pre-
dicted; > 55 to < 80%predicted; or ≥ 80%predicted. These 
classifications were based on mean baseline FVC values of 
treated patients reported in previous Registry publications 
and published guidelines for spirometry testing [7, 10, 11]. 
We also compared the impact of a shorter versus longer time 
from diagnosis to start of alglucosidase alfa. Groups were 
defined by the median time from diagnosis to treatment 
initiation (1.7 years): Shorter-Time (0–1.7 years, n = 198) 
versus Longer-Time (> 1.7 years, n = 198) for hypothesis 
testing, with sensitivity analysis in which time from diag-
nosis to treatment initiation was examined in tertiles and as 
a continuous measure. These groups were defined based on 
the time from diagnosis to time of ERT initiation and not 
patient age.

Study design considerations

Upright FVC % predicted during alglucosidase alfa treatment 
was the outcome selected as it is the respiratory measurement 
most widely used in clinical practice. In addition, it has been 
used as a co-primary endpoint in other LOPD studies [7, 8]. 
The chosen maximum duration of follow-up was 5 years after 
initiation of ERT with alglucosidase alfa since most patients 

have FVC data within this time period and only a small 
percentage of patients had data reported many years after. 
Data for never-treated patients were not evaluated because 
the majority of Registry patients have received therapy with 
alglucosidase alfa. Additionally, there were insufficient pre-
treatment data in the Registry to sufficiently power compari-
sons of respiratory function trends pre- versus post-ERT. The 
low data availability in the pre-treatment period may reflect 
enrollment in the Registry after ERT initiation and/or differ-
ences in the standard of care for performing FVC assessments 
during the pre-treatment period and the desire to treat patients 
promptly following diagnosis of Pompe disease. We did not 
have sufficient data for assessment of FVC in the supine 
position, maximum inspiratory pressure (MIP), or maximum 
expiratory pressure (MEP). The present study did not evaluate 
the potential impact of tobacco use on respiratory function 
decline. Among the 237 patients who had smoking history 
data entered in the Registry at baseline, only 8 (3.4%) speci-
fied ongoing tobacco use at baseline. Thus, further analysis 
by smoking status was not conducted. Finally, it has to be 
emphasized that asymptomatic patients were not included in 
this study, which was designed to longitudinally investigate 
respiratory function during ERT in symptomatic patients 
enrolled in the Pompe Registry. By definition, diagnosis of 
LOPD requires onset of symptoms ≤ 12 months of age with-
out cardiomyopathy or symptom onset at > 12 months of age, 
which excludes patients without overt neurological symptoms.

Statistical analyses

Descriptive analyses were conducted for patients’ demo-
graphics and clinical characteristics. Distributions of base-
line FVC were examined by prognostic factors in univariable 
analyses. Prognostic factors included sex; ages at symptom 
onset, diagnosis, and ERT initiation; time from symptom 
onset to ERT initiation; time from diagnosis to ERT initia-
tion; baseline FVC (dichotomized); respiratory and ambu-
latory support at baseline; and use of an ambulation device 
at baseline. Analyses to assess the slope of FVC over time 
among all patients and among subgroups of prognostic fac-
tors were conducted using a linear mixed-model regression, 
which accounts for correlations between multiple assess-
ments within patients. Review of FVC data over the course 
of treatment and comparisons of different mixed models 
indicated that FVC generally followed a linear course. Thus, 
a linear mixed-model regression was considered appropriate. 
FVC between subgroups of prognostic factors, adjusting for 
age at first ERT, was calculated. The slope was interpreted 
as the change in FVC per year. Estimates and p values were 
obtained from linear mixed effect regression models fitted 
with FVC as the outcome. Each model included follow-up 
years, the prognostic factor, age at first ERT (if the parameter 
was not age), and one interaction term (prognostic factor 
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x follow-up years). A non-significant slope indicated that 
FVC remained stable over time. FVC Difference Between 
Groups compared whether FVC was higher or lower for one 
group compared with another during the 5 years of follow-
up. A negative difference indicated one group had a lower 
FVC than the other group designated as the reference. Addi-
tional details on the risk factors adjusted for are provided 
in the table and figure footnotes. Sensitivity analyses were 
conducted to assess the robustness of the results. Statistical 
analyses were performed using SAS statistical software ver-
sion 9.4 (SAS Institute Inc., Cary, NC, USA). An alpha level 
of 0.05 was used as the criterion for statistical significance.

Data availability

The data that support the findings of this study can be requested 
by Pompe Registry participants through a Pompe Registry Data 
Analyses Request form. The data are not publicly available due 
to privacy or ethical restrictions. For additional information, 
please contact rarediseaseregistries@sanofi.com.

Results

Patient disposition

Of the 1190 Registry patients with LOPD who were treated 
with alglucosidase alfa as of December 2018, 956 had valid 
FVC assessments. Of these, 543 had valid FVC assessments 
at ERT initiation (baseline for this analysis). The final analy-
sis population comprised 396 patients who met all eligibil-
ity criteria; one patient was excluded for having an extreme 
slope value (≤ − 10%/year or ≥ + 10%/year). Given that not 
all patients with baseline data (n = 543) also had adequate 
longitudinal data, we assessed the generalizability of the 
final patient population. For the 543 patients, the median 
ages at symptom onset, diagnosis, and ERT initiation were 
34.7 years, 41.4 years, and 45.2 years, respectively. Their 
median baseline FVC was 67.0% of predicted. These values 
are similar to those reported for the final population of 396 
patients (see below and Table 1).

Demographics

Demographics for the 396 patients are provided in Table 1. 
Males and females were evenly distributed (n = 198 for both). 
Most patients were from Europe (72.7%) or North America 
(23.7%). Median ages at symptom onset, diagnosis, and ERT 
initiation were 33.7 years, 41.1 years, and 45.0 years, respec-
tively. The median duration of time from symptom onset to 
ERT initiation was 10.3 years (interquartile range [IQR]: 

4.4–17.8 years). The median time from Pompe disease diag-
nosis to ERT initiation was 1.7 years (IQR: 0.4–7.6 years). 
Among 303 patients with variant data, 265 patients (87.5%) 
had at least one c.-32-13 T > G (IVS1) allele. There were 102 
patients (25.8%) who reported having siblings diagnosed 
with Pompe disease (data not shown).

Baseline clinical characteristics

Table 1 also describes patient baseline clinical character-
istics. The median baseline FVC measurement was 66.9% 
predicted (IQR 49.8–85.0%). Among the 30 patients on res-
piratory support at baseline, 29 were on non-invasive sup-
port (of whom 79.3% were on support during the night only) 
and 1 used supplemental oxygen. Among the 50 patients 
who used an ambulation device at baseline, 24 had reported 
wheelchair use.

Longitudinal change in FVC during ERT

Figure 1a shows FVC during the course of up to 5 years on 
ERT among all 396 patients. Median follow-up time was 
4.0 years (range 0.5–5 years; IQR 2.7–4.6 years) and many 
of the patients underwent FVC assessments during most of 
the 5-year period. The median number of FVC assessments 
per patient during follow-up was 5 (range 2–16 assessments). 
In total, 2579 FVC assessments were analyzed. The slope 
for change in FVC over time was − 0.17% of predicted/year 
(CI − 0.42, 0.09), which is not statistically different from 
zero (p = 0.21), indicating that, on average, FVC remained 
stable during ERT.

Figure 1b compares FVC during ERT among the 396 
patients when grouped into one of three groups classi-
fied by severity of baseline respiratory dysfunction: ≤ 55% 
predicted (n = 131); > 55 to < 80% predicted (n = 141); 
and ≥ 80% predicted (n = 124). As shown, FVC remained 
stable during ERT in all three groups (slopes: ≤ 55, 0.09 [CI 
− 0.35, 0.52; p = 0.70]; > 55 to < 80, − 0.38 [CI − 0.81, 0.05; 
p = 0.08]; ≥ 80, − 0.23 [CI − 0.71, 0.25; p = 0.34]).

Prognostic factors of FVC at baseline and follow‑up

Given the heterogeneity of Pompe disease, we assessed the 
relationship between various prognostic factors for FVC at 
baseline (Table 2). Baseline FVC was lower among males 
compared with females. Age at symptom onset was not 
associated with degree of respiratory dysfunction at base-
line. In contrast, respiratory function was more impaired 
in patients who were older at ERT initiation (> median age 
of 45.0 years; IQR = 34.8–57.2 years) and patients with a 
longer duration from either symptom onset or diagnosis 
to ERT initiation. In addition, individuals with advanced 
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Table 1   Demographics and clinical characteristics for all patients and by Shorter-Time and Longer-Time groupsa

All patients  
(N = 396)

Shorter-Time Group 
(N = 198)

Longer-Time Group 
(N = 198)

p valueb

Sex, n 396 198 198 0.62
 Male, n (%) 198 (50.0) 96 (48.5) 102 (51.5)
 Female, n (%) 198 (50.0) 102 (51.5) 96 (48.5)

Region, n 396 198 198 < 0.01
 Europe, n (%) 288 (72.7) 129 (65.2) 159 (80.3)
 North America, n (%) 94 (23.7) 59 (29.8) 35 (17.7)
 Rest of World, n (%)c 14 (3.5) 10 (5.1) 4 (2.0)

Race, n 396 198 198 0.08
 Asian, n (%) 15 (3.8) 8 (4.0) 7 (3.5)
 Black, n (%) 3 (0.8% 1 (0.5) 2 (1.0)
 White, n (%) 336 (84.8) 160 (80.8) 176 (88.9)
 Multiple, n (%) 2 (0.5) 2 (1.0) 0
 Not reported, n (%) 2 (0.5) 2 (1.0) 0
 Unknown/missing, n (%) 38 (9.6) 25 (12.6) 13 (6.6)

Age (years) at symptom onset, n 381 190 191 0.03
 Median (25%, 75%) 33.7 (17.0, 45.0) 35.9 (20.4, 45.3) 31.8 (14.2, 43.5)
 Min, max 0.0, 73.7 0.0, 73.7 0.0, 68.1

Age (years) at diagnosis, n 396 198 198 < 0.01
 Median (25%, 75%) 41.1 (29.2, 53.1) 44.4 (34.1, 56.1) 38.4 (24.5, 50.6)
 Min, max 0.3, 80.6 5.8, 80.6 0.3, 77.4

Age (years) at ERT initiation, n 396 198 198 0.66
 Median (25%, 75%) 45.0 (34.8, 57.2) 45.1 (34.7, 56.4) 44.8 (34.9, 57.8)
 Min, max 5.9, 81.0 5.9, 81.0 6.0, 79.2

Symptom onset to ERT initiation (years), n 358 174 184 < 0.01
 Median (25%, 75%) 10.3 (4.4, 17.8) 8.0 (2.5, 14.9) 12.0 (7.9, 19.8)
 Min, max 0.0, 64.1 0.0, 59.7 0.0, 64.1

Diagnosis to ERT initiation (years), n 396 198 198  < 0.01
 Median (25%, 75%) 1.7 (0.4, 7.6) 0.4 (0.2, 0.7) 7.6 (3.5, 11.1)
 Min, max 0.0, 30.9 0.0, 1.7 1.8, 30.9

Patients with at least 1 IVS1 variant, n 303 163 140
 Yes, n (%) 265 (87.5) 141 (86.5) 124 (88.6) 0.61
 No, n (%) 38 (12.5) 22 (13.5) 16 (11.4)

Baseline FVC value, n 396 198 198 0.09
 Median (25%, 75%) 66.9 (49.0, 85.0) 68.1 (52.0, 86.2) 66.0 (47.0, 83.0)
 Min, max 9.3, 126.0 15.4, 126.0 9.3, 125.0

Respiratory support at baseline, n 188 105 83 0.07
 No, n (%) 158 (84.0%) 93 (88.6%) 65 (78.3%)
 Yes, n (%) 30 (16%) 12 (11.4%) 18 (21.7%)

Type of respiratory support, n 30 12 18
 Supplemental oxygen, n (%) 1 (3.3%) 0 1 (5.6%)
 Non-invasive support, n (%) 29 (96.7%) 12 (100%) 17 (94.4%)
   If non-invasive support, duration of support, n 29 12 17
    < 24 h (night and day), n (%) 4 (13.8%) 2 (16.7%) 2 (11.8%)
    Night only, n (%) 23 (79.3%) 9 (75.0%) 14 (82.4%)
    Unknown, n (%) 2 (6.9%) 1 (8.3%) 1 (5.9%)

Ambulatory at baseline, n 113 61 52 0.41
 No, n (%) 6 (5.3%) 2 (3.3%) 4 (7.7%)
 Yes, n (%) 107 (94.7%) 55 (96.7%) 48 (92.3%)
 Use of ambulation devices at baseline, n 187 107 80  < 0.01



	 Journal of Neurology

1 3

disease at baseline based on either use of respiratory sup-
port, inability to ambulate, or ambulation device use demon-
strated the greatest degree of respiratory dysfunction.

The differences in FVC at baseline (Table 2) remained 
during follow-up (Table 3). The slopes over time were not 
statistically different from zero across most prognostic fac-
tors, indicating stability in respiratory function (Table 3). 
An exception was that there was a marginal decline over 
time among patients with older age of symptom onset. 
Patients > 12  years of age at symptom onset (n = 314) 
had a slope of − 0.31% of predicted per year (p = 0.04). 
Patients ≥ 18 years of age at symptom onset (n = 278) had a 
slope of − 0.34% of predicted per year (p = 0.03). Patients 
older than 33.7 years, the median age at symptom onset 
(n = 190), had a slope of − 0.40% of predicted per year 
(p = 0.04). No significant decline in FVC was observed in 
the comparator groups for each categorization at symptom 
onset (≤ 12 years [n = 67]: slope = 0.35% of predicted/year, 
p = 0.26; < 18 years [n = 103]: slope = 0.20% of predicted/
year, p = 0.43) or ≤ median age at symptom onset [n = 191]: 
slope = 0.02% of predicted/year, p = 0.92).

Impact of Shorter‑Time vs. Longer‑Time 
from diagnosis to initiation of ERT on respiratory 
function

The slopes of FVC change over time for patients in the 
Shorter-Time (Fig. 2a) and Longer-Time (Fig. 2b) groups 
were assessed. The slopes for change in FVC during up 
to 5 years since ERT initiation were not statistically dif-
ferent from zero for either group (Shorter-Time: − 0.07% 
predicted/year, p = 0.72; Longer-Time: − 0.25% predicted/
year, p = 0.16), indicating that respiratory function remained 

stable during the course of treatment for both groups. Simi-
larly, the FVC slopes among patients in both the Shorter- 
and Longer-Time groups were not statistically significantly 
different when subjects were grouped by different baseline 
characteristics (Fig. 2a, b).

We also assessed whether there were differences between 
Shorter-Time compared to Longer-Time with respect to FVC 
over time. Among all patients, FVC was significantly higher 
in the Shorter-Time versus Longer-Time group (Fig. 3). The 
difference in FVC between the Shorter-Time versus Longer-
Time groups was 3.34% predicted (p = 0.02), adjusting for 
prognostic factors. Among different subgroups of patients 
(Fig. 3) in general, we still saw an indication of benefit of 
shorter time from diagnosis to treatment in each subgroup. 
This was even observed among patients who started with 
an FVC ≤ median of 66.9% predicted, with patients in the 
Shorter-Time group having an FVC that was 5.18% higher 
than that in the Longer-Time group. Some estimates tended 
to be higher than others, particularly among patients who 
were younger at their ages of symptom onset (using both 
definitions of ≤ 12 [7.03% higher in the Shorter-Time group] 
and < 18 years of age [6.98% higher in the Shorter-Time 
group]).

Sensitivity analyses

Sensitivity analyses were conducted to evaluate whether the 
observed difference in FVC during ERT in the Shorter- and 
Longer-Time groups would vary using other cut-offs for the 
definition of exposure (time from diagnosis to ERT initia-
tion). When the lowest versus highest tertiles were com-
pared, the estimated difference in baseline FVC between 
the groups was larger at 4.77% predicted (p < 0.01); this 

Table 1   (continued)

All patients  
(N = 396)

Shorter-Time Group 
(N = 198)

Longer-Time Group 
(N = 198)

p valueb

No, n (%) 137 (73.3%) 90 (84.1%) 47 (58.8%)
Yes, n (%) 50 (26.7%) 17 (15.9%) 33 (41.3%)
 Type of ambulation device
 Wheelchair, n (%) 24 (48.0%) 4 (23.5%) 20 (60.6%)
 Walker, n (%) 5 (10.0%) 3 (17.6%) 2 (6.1%)
 Cane, n (%) 19 (38.0%) 10 (58.8%) 9 (27.3%)
 Other, n (%) 2 (4.0%) 0 2 (6.1%)

Shorter-Time group includes patients with a time from diagnosis of Pompe disease to initiation of ERT with alglucosidase alfa ≤ the median 
exposure (0–1.7 years); Longer-Time group includes patients with a time from diagnosis of Pompe disease to initiation of ERT with alglucosi-
dase alfa > the median exposure (> 1.7 years)
ERT enzyme replacement therapy, Max maximum, Min minimum, SD standard deviation
a Denominators of percentages were calculated from the data available for each parameter
b p value tested if the Shorter-Time vs Longer-Time Groups were different by the characteristics shown. p values were obtained from Wilcoxon 
test (continuous variables) or Fisher’s exact test (categorical variables)
c Patients from Latin America, the Asia Pacific, and the Middle East were combined due to small numbers
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Fig. 1   FVC during ERT with alglucosidase alfa over time. a Percent 
predicted FVC in the upright position among all patients (N = 396). 
Individual lines represent each individual patient’s FVC values plot-
ted over time longitudinally. The thick dark line is the estimate of 
all patients from the mixed model adjusted for age at first ERT. The 
median follow-up time for all patients was 4.0 years (range 0.5–5.0; 
interquartile range 2.7–4.6). b Percent predicted FVC in the upright 
position by baseline FVC. FVCs for patients grouped by different 
baseline FVC classifications. Each line corresponds to patients clas-

sified into one of three groups by their baseline FVC %predicted as 
follows: ≤ 55%predicted; > 55 to < 80%predicted; or ≥ 80%predicted). 
Each line is the estimate from the mixed model adjusted for age at 
ERT initiation with their confidence intervals (shaded area around 
line). The group of patients with a baseline FVC ≥ 80 was the refer-
ence group. CI confidence interval, ERT enzyme replacement ther-
apy, FVC percent (%) predicted forced vital capacity in the upright 
position, SD standard deviation
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difference persisted during follow-up. Results also remained 
significant when assessing the exposure continuously. For 
that model, a 1-year decrease in exposure (time from diagno-
sis to ERT start) was associated with an increase in baseline 

FVC of 0.58% predicted, which was statistically significant 
(p < 0.01).

Comparison of the Shorter-Time group compared to the 
Longer-Time group indicated that patients were similar with 

Table 2   FVC at baseline for all 
patients and patients grouped by 
prognostic factorsa

ERT enzyme replacement therapy, FVC percent (%) predicted forced vital capacity in the upright position, 
SD standard deviation, n/a not applicable
a See “Methods” for definition of baseline. Values come from descriptive statistics
b p value tested if the baseline FVC values were different by the categories of the prognostic factor. p values 
were obtained from Wilcoxon test
c This status may be due to patients enrolling in the Pompe Registry after initiation of ERT and/or the dif-
ferences in regional and clinical practices at Registry sites

Prognostic factor Patients  
(N)

Mean (SD)
baseline FVC

Interquartile range of 
baseline FVC  
(25%, 75%)

p valueb

All Patients 396 67.0 (24.2) 49.8, 85.0 n/a
Sex < 0.01
 Male 198 60.8 (24.6) 43.5, 77.0
 Female 198 73.2 (22.3) 58.0, 89.3

Age (years) at symptom onset 0.93
 ≤ 12 67 66.9 (24.1) 49.0, 82.0
 > 12 314 66.7 (24.2) 49.5, 85.0

Age (years) at symptom onset 0.70
 < 18 103 65.2 (24.8) 49.0, 82.0
 ≥ 18 278 67.3 (24.0) 50.0, 85.0

Age (years) at symptom onset 0.73
 ≤ Median (33.7) 191 66.7 (26.2) 46.6, 87.0
 > Median 190 66.9 (22.0) 51.0, 82.0

Age (years) at diagnosis 0.05
 ≤ Median (41.1) 198 68.8 (26.8) 49.0, 89.0
 > Median 198 65.2 (21.2) 50.3, 79.3

Age (years) at ERT initiation < 0.01
 ≤ Median (45.0) 198 71.0 (26.4) 53.0, 90.0
 > Median 198 63.0 (21.2) 48.3, 76.6

Symptom onset to ERT initiation (years) 0.01
 ≤ Median (10.3) 179 69.6 (24.9) 49.5, 89.0
 > Median 179 62.4 (22.7) 48.0, 78.0

Diagnosis to ERT initiation (years) 0.09
 ≤ Median (1.7) 198 69.4 (23.1) 52.0, 86.2
 > Median 198 64.7 (25.2) 47.0, 83.0

Baseline FVC, Categories < 0.01
 ≤ Median (66.9) 198 47.1 (14.1) 37.4, 58.0
 > Median 198 86.9 (13.4) 76.0, 96.0

Respiratory support at baselinec < 0.01
 No 158 78.4 (18.8) 65.0, 91.0
 Yes 30 51.8 (19.9) 37.4, 65.0

Ambulatory at baselinec 0.01
 No 6 33.1 (26.5) 14.0, 66.0
 Yes 107 68.2 (22.6) 51.0, 86.0

Use of ambulation device at baselinec < 0.01
 No 137 73.8 (22.1) 57.7, 90.0
 Yes 50 58.5 (24.3) 39.7, 76.0
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respect to sex, race, age at ERT initiation, IVS1 frequency, 
use of respiratory support at baseline, and being ambulatory 
at baseline (Table 1). As expected, there were differences in 
age at diagnosis and age at symptom onset since these are 
related to the exposure definition. Of note, patients in the 
Shorter-Time group were more likely to be able to ambulate 

without using an ambulation device at baseline when com-
pared to the Longer-Time group (84.1% vs. 58.8%). Further-
more, excluding patients with no baseline wheelchair use 
still indicated a benefit among the Shorter-Time group with 
an FVC difference of 2.95% (p = 0.04) (Fig. 3).

Table 3   FVC during follow-up for all patients and patients grouped by prognostic factorsa

ERT enzyme replacement therapy, FVC percent (%) predicted forced vital capacity in the upright position, n/a not applicable, ref reference
a See “Methods” for definition of baseline
b The slope is interpreted as the change in FVC per year. Estimates and p values were obtained from linear mixed effect regression models fitted 
with FVC as the outcome. Each model included follow-up years, the prognostic factor in the first column, age at first ERT (if the parameter was 
not age), and one interaction term (prognostic factor*follow-up years). A non-significant slope indicated that FVC remained stable
c FVC Difference Between Groups column compared whether FVC was higher or lower for one group compared with another during the 5 years 
of follow-up. A negative difference indicated one group had a lower FVC than the other group designated as the reference

Prognostic factor Patients (N) Total FVCs at baseline 
and follow-up (N)

Slope for each prog-
nostic factor groupb

p value of 
slopeb

FVC difference 
between groupsc

p value 
of FVC 
differencec

All patients 396 2579 − 0.17 0.21 n/a n/a
Sex
 Male 198 1359 − 0.19 0.29 − 12.73 < 0.01
 Female 198 1220 − 0.14 0.47 ref n/a

Age (years) at symptom onset
 ≤ 12 67 476 0.35 0.26 1.3 0.68
 > 12 314 2016 − 0.31 0.04 ref n/a

Age (years) at symptom onset
 < 18 103 713 0.20 0.43 − 1.04 0.70
 ≥ 18 278 1779 − 0.34 0.03 ref n/a

Age (years) at symptom onset
 ≤ Median (33.7) 191 1273 0.02 0.92 0.58 0.81
 > Median 190 1219 − 0.40 0.04 ref n/a

Age (years) at diagnosis
 ≤ Median (41.1) 198 1320 − 0.03 0.85 3.91 0.10
 > Median 198 1259 − 0.31 0.11 ref n/a

Age (years) at ERT initiation
 ≤ Median (45.0) 198 1294 0.02 0.91 8.59 < 0.01
 > Median 198 1285 − 0.36 0.06 ref n/a

Years from symptom onset to ERT initiation
 ≤ Median (10.3) 179 1195 − 0.08 0.69 6.49 0.01
 > Median 179 1143 − 0.28 0.15 ref n/a

Baseline FVC
  ≤ Median (67.0) 198 1327 − 0.11 0.54 − 37.7 < 0.01
  > Median 188 1252 − 0.22 0.24 ref n/a

Respiratory support at baseline
 No 158 951 − 0.16 0.44 22.85 < 0.01
 Yes 30 206 0.29 0.52 ref n/a

Ambulatory at baseline
 No 6 31 1.26 0.21 − 36.07 < 0.01
 Yes 107 720 − 0.07 0.76 ref n/a

Use of ambulatory device at baseline
 No 137 832 − 0.09 0.65 13.5 < 0.01
 Yes 50 359 − 0.55 0.09 ref n/a
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Respiratory support

Initiation of respiratory support during the longitudinal 
follow-up period was assessed. Among the 158 patients 
who had reported data at baseline and also were reported 
as not receiving respiratory support at baseline, 26 (16.5%) 
initiated respiratory support during the 5-year follow-up 
(Table 4). The number of male (n = 12) vs. female (n = 14) 
patients was similar. In this subgroup, median age at 

symptom onset was 30.5 years, and median time from symp-
tom onset to diagnosis was 18.8 years. The median baseline 
FVC for these patients was 65.5% predicted. No patients 
started invasive respiratory support during follow-up. Most 
(92.3%; n = 24) went on non-invasive support and during 
night-time only (91.7%; n = 22); 1 (3.8%) patient was using 
supplemental oxygen, and the type of respiratory support 
was not reported in the Registry for 1 (3.8%) patient.
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Fig. 2   Slopes of FVC for the Shorter-Timea and Longer-Timea 
groups among all patients and by subgroups. a Slopes of FVC for the 
Shorter-Time group. b Slopes of FVC for the Longer-Time group. 
aShorter-Time group includes patients with a time from diagnosis 
of Pompe disease to initiation of ERT with alglucosidase alfa ≤ the 
median (0–1.7  years); Longer-Time group includes patients with a 
time from Pompe diagnosis to initiation of ERT with alglucosidase 
alfa > the median (> 1.7 years). Estimates and p values were obtained 
from separate linear mixed effect regression models fitted with FVC 
as the outcome. Each model included years of follow-up, Shorter- vs. 

Longer-Time groups, and an interaction term between the Shorter- 
vs. Longer-Time groups and years of follow-up. Models are slightly 
different depending on the subgroups to avoid over-adjusting. Thus, 
further adjustments are described below. bThe mixed model was fur-
ther adjusted for sex, baseline FVC, and age at ERT initiation. cThe 
mixed model was further adjusted for baseline FVC and age at ERT 
initiation. dThe mixed model was further adjusted for sex and age at 
ERT initiation. ERT enzyme replacement therapy; FVC percent (%) 
predicted forced vital capacity in the upright position, CI confidence 
interval; P is P value.
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Discussion

This study was designed to evaluate the course of respira-
tory function during ERT with alglucosidase alfa, prognos-
tic factors for FVC, and the impact of time from diagnosis 
to initiation of therapy. The data indicate that respiratory 
function, assessed by upright FVC % predicted, remained 
stable over the 5-year follow-up for Registry patients with 
LOPD. These results extend the findings of previous studies, 
including the Dutch study of 102 adult LOPD patients [9], 
the Late-Onset Treatment Study (LOTS) [8], and the LOTS 
extension study [7] by studying a large global patient cohort 
over a long follow-up duration. In our analysis, there were 
only 26 patients who initiated respiratory support during 
ERT with alglucosidase alfa, further suggesting stability of 
respiratory status during treatment. This result also contrasts 
with the data published by Hagemans et al., who found an 
8% increase in the odds for respiratory support for each year 
untreated after diagnosis in a cohort of LOPD patients [12]. 
However, we also must consider that other factors may play 
a role in the need for respiratory support, and the decision 
to implement non-invasive ventilation is not based solely on 
FVC assessments and may reflect results of arterial blood-
gas analysis and/or sleep studies [13].

Because Pompe disease presents as a wide disease spec-
trum, data for separate subgroups of patients were ana-
lyzed. These analyses indicated that FVC remained stable 

over time among different subgroups, except for patients 
with an older age of symptom onset.

The observation that respiratory function remains stable 
during ERT in our study contrasts with observations of 
longitudinal trends in untreated patients and has implica-
tions for the long-term prognosis in LOPD. Prior studies 
of untreated LOPD patients reported progressive decline 
in FVC ranging from 1.0 to 4.6%/year [14–18]. Stabiliza-
tion of respiratory function during ERT with alglucosi-
dase alfa was demonstrated initially during 78 weeks of 
treatment in the LOTS trial [8]. Longer-term stability in 
respiratory function was suggested in other studies that 
reported results during up to 5 years of ERT [7, 9, 19, 20]. 
Results of our study confirm and extend these findings in 
the largest global population of Pompe patients followed 
in real-world clinical settings.

The nature and extent of data in the Pompe Registry also 
allowed us to evaluate the impact of time between diagnosis 
of LOPD and ERT initiation on respiratory function. The 
longitudinal data revealed stability of respiratory function 
in both the Shorter-Time and Longer-Time groups during 
5 years of follow-up. Nevertheless, for the subjects studied, 
earlier initiation of ERT with alglucosidase alfa (i.e., in a 
shorter time after diagnosis) is associated with higher FVC 
at baseline that persists over time compared to treatment 
initiation following a longer time after diagnosis across the 
disease spectrum. This finding suggests that the sooner ERT 
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Fig. 3   FVC difference between Shorter-Timea versus Longer-Timea 
groups for all patients and by subgroup populations. aShorter-Time 
group includes patients with a time from diagnosis of Pompe dis-
ease to initiation of ERT with alglucosidase alfa ≤ the median 
(0–1.7 years); Longer-Time group includes patients with a time from 
diagnosis of Pompe disease to initiation of ERT with alglucosidase 
alfa > the median (> 1.7 years). Estimates and p values were obtained 
from separate linear mixed effect regression models fitted with FVC 
as the outcome. Each model included years of follow-up, Shorter- vs. 
Longer-Time groups, and an interaction term between the Shorter- 
vs. Longer-Time groups and years of follow-up. Models are slightly 

different depending on the subgroups to avoid over-adjusting. Thus, 
further adjustments are described below. The p value tested if the 
FVC difference between Shorter-Time vs. Longer-Time groups was 
statistically different. bThe mixed model was further adjusted for sex, 
baseline FVC, and age at ERT initiation. cThe mixed model was fur-
ther adjusted for baseline FVC and age at ERT initiation. dThe mixed 
model was further adjusted for sex and age at ERT initiation. ERT 
enzyme replacement therapy, FVC percent (%) predicted forced vital 
capacity in the upright position, CI confidence interval, P is the P 
value
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Table 4   Characteristics 
of patients who initiated 
respiratory support during 
follow-up

ERT enzyme replacement therapy, FVC percent (%) predicted forced vital capacity in the upright position, 
SD standard deviation
a Calculated among patients who had not initiated respiratory support in baseline period of − 180/ + 28 days 
of ERT. See Methods for further information on how baseline was defined
b The 158 patients who had reported data at baseline and also were reported as not receiving respiratory 
support at baseline
c Incidence of first use of respiratory support per 1000 patient years was calculated by taking the number 

Characteristic Result

Patients who initiated respiratory support during follow-upa, n (%) 26/158b (16.5%)
Incidence of first use of respiratory support per 1000 patient yearsc 42.9
Males/females, n (%) 12 (46.2%)/14 (53.8%)
Age (years) at first use of respiratory supportd, n 26
 Mean (SD) 48.3 (20.2)
 Median (25%, 75%) 49.9 (33.9, 62.4)
 Min, Max 9.9, 79.7

Type of support at first use of respiratory support, n 26
 Invasive support, n (%) 0
 Non-invasive support, n (%) 24 (92.3%)

  Duration of non-invasive support, n (%)
   24 h/day 0
    < 24 h (night and day) 2 (8.3%)
   Night only 22 (91.7%)
   Unknown 0

 Supplemental oxygen, n (%) 1 (3.8%)
 Unknown type, n (%) 1 (3.8%)

Baseline FVCd, n 26
 Mean (SD) 67.7 (19.4)
 Median (25%, 75%) 65.5 (55.0, 80.0)
 Min, Max 35.0,123.0

Age at symptom onset (years)d, n 25
 Mean (SD) 28.6 (16.7)
 Median (25%, 75%) 30.5 (13.6, 36.7)
 Min, Max 0.1, 60.7

Time from symptom onset to diagnosis (years)d, n 22
 Mean (SD) 19.1 (14.8)
 Median (25%, 75%) 18.8 (7.0, 30.1)
 Min, Max 0.5, 51.8

Time from symptom onset to ERT initiation (years)d, n 24
 Mean (SD) 20.0 (15.7)
 Median (25%, 75%) 18.7 (8.9, 31.0)
 Min, Max 0.0, 56.7

Time from diagnosis to ERT initiation (years)d, n 26
 Mean (SD) 2.4 (3.6)
 Median (25%, 75%) 0.5 (0.3, 2.7)
 Min, Max 0.0, 12.8

Use of ambulation devices at baselined, n 21
 No, n (%) 17 (81.0%)
 Yes, n (%) 4 (19%)
 Type of ambulation device

  Wheelchair, n (%) 2 (50.0%)
  Walker, n (%) 0
  Crutches, n (%) 0
  Cane, n (%) 2 (50.0%)
  Other, n (%) 0
  Unknown, n (%) 0
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is initiated after diagnosis, the better the long-term outcome 
is with respect to respiratory function.

It is also important to note that respiratory function also 
remained stable in the patients with a longer time from 
diagnosis to treatment initiation (i.e., Longer-Time group). 
Although onset and progression of Pompe disease are vari-
able, a longer delay between diagnosis and treatment gener-
ally tends to be associated with more advanced disease [14, 
21]. Nevertheless, in our analysis, stability of respiratory 
function was observed in the Longer-Time group despite the 
delay in initiating ERT in these patients.

The stability of respiratory function observed in this 
analysis is clinically meaningful for numerous reasons. 
Most notably, respiratory morbidity in patients with neu-
romuscular disorders, including Pompe disease, is closely 
linked to the degree of muscle weakness and the resulting 
level of respiratory dysfunction. For example, the develop-
ment of respiratory failure and requirement for non-inva-
sive ventilation or tracheostomy can be predicted based on 
an individual patient’s FVC [22–26]. Once respiratory sup-
port is initiated, there is a predictable reduction in physi-
cal function on patient-reported outcome surveys [27]. Of 
importance, in our cohort of patients, respiratory function 
was stable, and initiation of non-invasive ventilation was 
observed in only a few individuals during the duration of 
follow-up. These findings parallel those reported recently 
demonstrating that patients on ERT with alglucosidase alfa 
still showed a better motor outcome after 5 years of ERT 
compared to the start of ERT, and that ERT is associ-
ated with sustained improvement in skeletal muscle func-
tion [19]. Taken together, these beneficial effects of ERT 
on muscle function in patients with Pompe disease may 
explain earlier suggestions of reduced mortality among 
patients receiving ERT [19, 28]. These findings suggest 
that additional longitudinal analyses of LOPD patients 
would reveal reduction in respiratory morbidity and possi-
bly mortality during ERT as was demonstrated in patients 
with the more rapidly progressive infantile-onset form of 
Pompe disease [29]. While beyond the scope of the analy-
sis reported here, such analyses of Pompe Registry data 
are planned for the future.

Study considerations

It is challenging to reliably perform FVC tests in the real-
world setting compared with a controlled trial. This varia-
tion would likely introduce random misclassification of FVC 
that could attenuate any differences between the groups. 

Additionally, there are limitations to applying a linear mixed 
model, which assumes a linear slope of FVC over time, to 
observational data that are not derived from regular clini-
cal visits, resulting in a variable number of data points and 
uneven time intervals between FVC assessments. However, 
the results shown in Fig. 1a do not suggest a change in the 
slope of FVC during the follow-up period. Qualitatively, 
the linearity assumption does not appear to be violated. 
To account for implausible values, outliers (patients with 
values > 150% predicted and patients with slopes ≤ − 10% 
and ≥ 10% /year) were excluded. FVC can be challenging 
to reliably administer in very young children and thus, only 
patients aged ≥ 5 years were analyzed. In addition, although 
assessment of diaphragm function could be performed by 
analysis of supine vital capacity, there were insufficient data 
available in the Registry, which likely reflects variability 
in clinical practice across Registry sites. While sites are 
encouraged to enter all available longitudinal data, incom-
plete reporting is possible and could underestimate the data 
availability. Lastly, while respiratory muscle strength can 
be directly assessed by inspiratory and expiratory muscle 
pressures (MIP and MEP, respectively), these measurements 
were not included in the present study based on insufficient 
available data and their variability both within and across 
visits in any given individual [30, 31].

Although the analyses were adjusted, there still may be 
residual differences between groups when testing the associ-
ation between the Shorter-Time and Longer-Time groups and 
FVC (confounding). Sensitivity analyses were conducted to 
assess the robustness of the results, which were generally 
consistent with the main result. There was no “control” com-
parator, e.g., never on ERT or pre-ERT comparator as there 
were in other studies. Generally, declines in FVC and gen-
eral clinical status have been reported in previous studies in 
patients who were never on alglucosidase alfa or in those that 
compare pre- and post-treatment results [7, 8, 18]. Addition-
ally, as shown in Table 1, patients in the Shorter-Time group 
were older than those in the Long-Time group at symptom 
onset (median: 35.9 vs. 31.8 years) and at diagnosis (44.4 
vs. 38.4 years). This could imply milder disease (that is, 
not clinically evident earlier) with slower progression in the 
Shorter-Time group, and that these patients would have done 
better even if there was a longer time between diagnosis and 
treatment initiation. Sensitivity analyses beyond the scope 
of our analysis here would be needed to confirm this. Also, 
patients in the Shorter-Time group were reported to be less 
likely to be using ambulatory assistance at baseline. Again, 
this could imply that the patients were in better physical 

patients who initiated respiratory support during follow-up and dividing this number by the total follow-up 
time in years. This number was multiplied by 1000
d Among 26 patients who initiated respiratory support during follow-up

Table 4   (continued)
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condition and this was responsible for the better respiratory 
status reported for these patients.

The Pompe Registry represents the largest repository of 
data for Pompe disease. The Registry is an ongoing study 
with new patients being enrolled continually throughout the 
years. Therefore, longitudinal FVC data covering 5 years or 
more are unavailable for patients more recently enrolled. 
With the addition of more data over time, further analyses 
will be possible and will provide additional insights.

Strengths of this analysis

Data from the Pompe Registry provide unique opportuni-
ties to evaluate and compare real-world data from patients 
at different sites around the world. This is the largest and 
one of the longest studies to date of FVC among treated 
Pompe disease patients. Data from 396 LOPD patients 
and nearly 2600 FVC assessments during a 5-year fol-
low-up were analyzed. Most patients had multiple years 
of follow-up during this period (median: 4 years, with 
25% of patients with a follow-up from 4.6–5.0 years). 
Patients started with a wide range of baseline FVCs, so 
it is unlikely that a select group of healthy patients were 
assessed. Availability of a large dataset also provides the 
opportunity to perform robust subgroup and sensitivity 
analyses. An indication of benefit of initiating ERT early 
on respiratory function persisted in subgroups defined by 
sex, age at symptom onset, and baseline FVC. In addition, 
while the primary analysis of shorter versus longer time 
was based on the median time from diagnosis to ERT ini-
tiation, sensitivity analyses examining time as tertiles or 
continuous also indicated statistically significant benefit of 
shorter delay to ERT initiation. Analyses comparing the 
final patient population (n = 396) who had adequate lon-
gitudinal data with patients who had baseline FVC assess-
ments (n = 543) showed that patient characteristics were 
similar, indicating that results are generalizable. Lastly, 
exclusion of subjects who required ventilator support or 
wheelchair use at baseline did not affect results.

Summary

Respiratory function remains stable in LOPD patients treated 
with alglucosidase alfa for up to 5 years. Reducing the time 
of initiation of ERT with alglucosidase alfa after diagnosis 
has a favorable impact of stabilizing FVC at a higher level. 
While the results of the present study indicate that delaying 
the start of ERT in symptomatic patients may result in less 
effective preservation of respiratory function over time, they 
are not per se suitable to guide the clinical decision in whom 
or when ERT should be started. Rather, the present findings 

strongly support the need to start ERT early once diagnosis 
and treatment indication have been established in order to 
stabilize respiratory function and prevent further decline. To 
this aspect, this study’s results are reinforced by prior studies 
that demonstrated stable or improved respiratory function 
in patients with advanced LOPD [13, 32, 33]. Analyses in 
larger cohorts over longer time frames will be facilitated as 
enrollment in the Pompe Registry increases and as additional 
longitudinal data are collected.
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