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Abstract
Aim The objective of this research was to determine the effectiveness of enzyme replacement therapy for juvenile-onset Pompe
disease (patients aged 2 to 18 years at symptom onset) by systematic review.
Methods A systematic search was conducted according to a protocol designed a priori of bibliographic databases and search
engines. Studies selected according to pre-specified criteria were assessed for quality and risk of bias using standardised appraisal
tools. Data were reported according to PRISMA conventions (Liberati et al. in PLoS Med 6:e1000100, 2009) and synthesised
using GRADE (Guyatt et al. in J Clin Epidemiol 64:380–382, 2011).
Results Of 2537 titles screened, 1 case series and 16 case reports met the inclusion criteria. No studies reported on the impact of
enzyme replacement therapy on the survival of juvenile-onset patients. Low level evidence found that respiratory function may
improve or be maintained in the early months of therapy. Improved muscle function in the first 6 to 12 months was also
suggested, but results may be confounded by natural development. Patients with less severe baseline status and treated at a
younger age showed more response than patients with more severe baseline status, treated as adults.
Conclusions Interpretation of the findings was hindered by the lack of good quality evidence. The available data suggests that
some JOPD patients may benefit in the short term from ERT through improved muscle strength and a reduced need for assisted
ventilation. A focus by clinicians on improved and more consistent evidence collection, and use of study designs tailored to rare
conditions, would provide more definitive results.

Introduction

Pompe disease (PD) is a lysosomal storage disorder, caused
by a deficiency of acid-alfa-glucosidase (GAA). Defective
lysosomes rupture, spilling contents into the cell, leading to
an accumulation of cellular glycogen. This neuromuscular
disease is characterised by progressive muscle hypotonia, de-
terioration of respiratory and cardiac function.

PD is a rare and severe genetic disorder inherited in an
autosomal recessive mode, with a wide phenotypic variation
affecting age groups from infants to adults. Two classical
forms of PD—infantile and late-onset—are recognised in the
literature, although many cases do not fit the clinical picture
for classical disease and are classified as atypical (Kishnani et
al. 2006; Toscano and Schoser 2013) (Bembi et al. 2008). The
estimated collective frequency is 1 in 40,000 people, with the
infantile form making up one thirds of the cases (Bembi et al.
2008).

Patients older than 2 years diagnosed with Pompe disease
tend to have a varied amount of GAA activity and consider-
able heterogeneity in clinical presentation. This late-onset
form of PD can fall into the category of either juvenile or
adult, depending on the age at onset of symptoms (Bembi et
al. 2008; Pascual 2009). The age of symptom onset in
juvenile-onset Pompe disease (JOPD) varies in the literature
from 1 to 2 years old at the lower threshold and 16 to 18 years
at the upper threshold (Bembi et al. 2008; Toscano and
Schoser 2013). Categorisation may be confused by the
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patient’s age at diagnosis, which can occur years before
(through genetic characterisation) or after symptom onset (if
symptoms are not recognised in the early PD stages).
Symptoms at onset vary but can include signs of muscle
weakness or decreased respiratory capacity (Winkel et al.
2005). Juvenile and adult forms have been found to be asso-
ciated with the milder c.-32-13T > G genotype, with variation
in disease severity being attributed to different haplotypes
(Kroos et al. 2007).

There is little published data for the juvenile-onset group,
and its natural course is less well characterised. A separate
analysis of this group is justified as patients are still in devel-
opmental stages, have a tendency to more severe disease and
may have a different response to enzyme replacement therapy
(ERT) to patients with adult-onset of the disease.

Published data on the natural history of late-onset PD (ju-
venile and adult patients) suggests that the earlier the age at
which symptoms of PD occur, the worse the prognosis is
likely to be (Winkel et al. 2005). However, within each age
group, there is wide variation in the course of the disease
(Pascual 2009).

Prior to ERT, there was no specific treatment for PD, with
supportive care the only option available. ERT with
alglucosidase alfa (Myozyme®) was included in the
Australian Register of Therapeutic Goods (ARTG) in March
2008, and has been subsidised through the Life Saving Drugs
Program (LSDP) since 2010 for infantile-onset Pompe dis-
ease. Treatment for JOPD has been subsidised through the
LSDP since 2014. A review of this policy decision was un-
dertaken as part of a broader review of the LSDP.

To inform this program review, a systematic literature re-
viewwas conducted to evaluate the safety and effectiveness of
treating JOPD with alglucosidase alfa. No systematic review
had previously been published that addresses JOPD separately
from adult-onset Pompe disease. This systematic review ad-
dresses that deficiency.

Methods

A protocol for the systematic review was designed a priori.
The peer-reviewed literature was searched for studies
assessing the safety and effectiveness of alglucosidase alfa in
JOPD patients, using broad search criteria to maximise the
number of articles identified. Searches for published literature
were performed on 4th March 2016. The search included
Orphanet (www.orphanet.net), PubMed, Embase.com, the
Cochrane Library, CINAHL and the Web of Science (Web
of Knowledge). A full list of databases searched and the
terms used to search the PubMed database can be seen in
Supplementary Data A.

A formal grey literature search was conducted with Google
Scholar. Pertinent reviews and included studies were pearled

and snowballed to ensure that all relevant articles were
identified.

Study selection criteria

The study selection criteria were pre-specified using a PICO1

format. JOPD patients were defined a priori as those for whom
disease-onset occurred between 2 and 18 years of age. Criteria
were applied independently by two researchers, and any dif-
ferences were resolved by consensus (selection criteria are
listed in Supplementary Data B).

Studies were assessed for eligibility using a staged ap-
proach, whereby case reports were included if sufficient
higher level evidence was not identified. The level of evidence
was determined by the NHMRC Evidence Hierarchy for
Interventional evidence (Merlin et al. 2009).

Articles not written in English would have been included if
they had represented a higher level of evidence than that avail-
able in English. Literature identified as opinion pieces, edito-
rials, conference abstracts or papers without a clear study de-
sign or a description of method and results were not included.

Documentation of the literature search

All literature identified in the search was documented using a
flowchart recommended by the Preferred Reporting of Items
in Systematic Reviews and Meta-analyses (PRISMA) state-
ment (Liberati et al. 2009) (Fig. 1).

Critical appraisal of selected evidence

It was intended that included studies would be critically ap-
praised as per the protocol for risk of bias using appropriate
appraisal tools for the different study designs (Khan et al.
2001; SIGN 2011), with the exception of case reports that
are primarily descriptive in nature.

The body of evidence reporting on individual health out-
comes was synthesised using the online Guideline
Development Tool (McMaster University 2015) and rated ac-
cording to the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) system (Guyatt et
al. 2011).

Data extraction and synthesis

Data on the study authors, country and setting, population,
intervention and comparator drug and dosage details, level
of evidence, risk of bias, relevant outcome measures, results
and follow-up period were extracted from the included stud-
ies. Characteristics of the study populations including age,
race, sex, disease status and severity were reported. Key

1 Population; Intervention; Comparator; Outcomes
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outcome data of the included studies were extracted in dupli-
cate and independently by two researchers.

As there were insufficient data for a meta-analysis, the
findings were synthesised into an overall narrative. This syn-
thesis was informed by the GRADEmethod of evidence anal-
ysis (Guyatt et al. 2011). The findings were reported according
to PRISMA reporting standards and incorporated all of the
components required by AMSTAR for a high-quality system-
atic review (Shea et al. 2009).

Results

Systematic review findings

There was a paucity of comparative evidence identified in the
literature specifically for juvenile Pompe patients. Studies that
included a mixed late-onset population were only included if
data from juvenile patients could be separated. One
randomised controlled trial (Van Der Ploeg et al. 2010) and
one systematic review (Toscano and Schoser 2013) were

identified, which included mixed populations of late-onset
PD, but as the data were combined, this ‘higher level’ evi-
dence was not included. The remaining evidence was low
level (case series and case reports) and lacking a relevant
comparator.

One case series and 16 case report studies provided specific
data on JOPD patients. Details of these studies are given in
Supplementary Data C.2

The case series (Bembi et al. 2010) included 24 late-onset
PD patients, 7 of whom had JOPD. Outcomes were reported
separately at baseline and 12-month intervals up to 3 years
from the initiation of ERT for juvenile patients, and some data
synthesis was performed. The case reports provided informa-
tion on outcome measures before and after ERT for between
one and five JOPD patients.

The age of onset for the JOPD patients varied from 2 to
17 years, with the age at first treatment with alglucosidase alfa
varying from 2.3 to 52 years. One case report (Furusawa et al.

2 Note that two of the 16 case reports discussed the same two JOPD patients,
one at 3 years and one at 8 years follow-up (van Capelle et al. 2008; Winkel et
al. 2004).
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Fig.1 PRISMA flowchart for the
literature identified on treatment
for juvenile-onset Pompe disease
(alglucosidase alfa)
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2014) did not state the dose of alglucosidase alfa, but all the
other studies were consistent, using a dose of 20 mg/kg per
fortnight.

Due to the high number of conference abstracts identified
in the literature search, which then were not published in full
as journal articles, the possibility of publication bias cannot be
ruled out.

Effectiveness of ERT

Survival

There were no data specific to patients with JOPD, which
addressed whether ERT would extend survival. Individual
case reports mentioned age at death, but given the wide vari-
ability in the natural history of the disease, nothing could be
concluded as to whether ERT extends life.

Quality of life

Three articles reported on the quality of life (QoL) for JOPD
patients (Cerón-Rodríguez et al. 2014; Orlikowski et al. 2011;
Winkel et al. 2004). Orlikowski et al. used the Short-form 36
(SF-36) to measure self-reported physical and mental health
scores in two patients with advanced JOPD aged 16 and
14 years at symptom onset, and 28 and 40 years respectively
when they started ERT. Both patients improved from baseline
in the SF-36 mental component after 1 year of ERT. For the
physical component, one patient’s score increased, while the
other’s decreased (Supplementary Table S6). Changes were
not large enough to be considered clinically meaningful.

In the other two studies (Cerón-Rodríguez et al. 2014;
Winkel et al. 2004), there was no standardised measure for
QoL; observations were reported narratively. All three patients

in the studies showed signs of improved QoL, such as being
able to attend school or longer periods sitting upright in a
wheelchair, following one or more years of ERT.

Cardiorespiratory function

Cardiorespiratory function was reported in all but three of the
included studies using a number of surrogate measures. The
most commonly used were vital capacity (VC) and forced
vital capacity (FVC).

VC was measured in seven case reports, two of which
(Orlikowski et al. 2011; Papadimas et al. 2011) reported read-
ings in the sitting and supine positions.Measurements taken at
4 to 6 months from baseline showed an increase in VC and
FVC, with one exception in a patient whose VC remained
unchanged while receiving ERT (Orlikowski et al. 2011).
Both JOPD patients discussed by Orlikowski et al. (2011)
had severe Pompe symptoms at baseline and remained on
continuous ventilation support 24 h per day throughout the
study.

At 1 year after the initiation of ERT, the results were more
varied with some patients still measuring an increase in %VC,
and others showing a decline. Measurements at 2 years or
more after baseline were also inconsistent (Fig. 2a).

Winkel et al. (2004) performed a piecewise linear regres-
sion (Bbroken-stick^method) to compare the difference in the
rate of change prior to receiving ERT, and after ERT. Patients
1 and 2 both had a significant decline in vital capacity in the 6
to 9 years prior to starting ERT (patient 1 r = −0.99, p < 0.001;
patient 2, r = −0.98, p = 0.021). After the start of treatment, the
slope of VC changed significantly (patient 1 p = 0.002; patient
2 p = 0.024), favouring the use of alglucosidase alfa.

FVC was measured in five patients from one study who
were tested after 4 to 5 years of ERT (Deroma et al. 2014).
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Fig. 2 Graphical representation of the change in % predicted VC (A) and
% predicted FVC (B) over time treated with ERT for individual JOPD
cases. ERT, enzyme replacement therapy; FVC, forced vital capacity;
JOPD, juvenile-onset Pompe disease; VC, vital capacity. Case notes A:
case report 1 (Winkel et al. 2004) was reported as improved after 3 years
of ERT from 14% (value not reported, reported here as 15%); measure-
ments illustrated here for case reports 3 and 4 (Orlikowski et al. 2011) and

11 (Papadimas et al. 2011) were taken in the sitting position; case report 7
(Ishigaki et al. 2012) improved after 4 months ERT from 57 to 65% but
was reported to return to baseline after 18 months (no value given, re-
ported here as 57%); Korpel et al. (2009) case showed no improvement
after 6 months ERT from 26% at baseline (value not reported). Case notes
B: data for case reports 6 and 7 (Furusawa et al. 2012) were rounded to the
nearest whole number for the purpose of reporting here
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FVC scores over 80% are considered to be within the normal
range (Lachmann and Schoser 2013), so at baseline, three of
the five patients were considered to have normal respiratory
functioning. One patient who had much lower capacity at
baseline than the others measured a significant increase in
capacity over that time period (increase from 14 to 30%).
The four other patients were within the normal range at
follow-up (Fig. 2b).

Piecewise regression analysis was performed across case
studies to assess the change in treatment effectiveness on
%VC and FVC over the treatment period.3 Time was initially
partitioned into the intervals 0–6 months and > 6 months, and
a separate line segment was fit to each interval for the outcome
%VC and then FVC. Linear regression analysis showed no
difference in treatment effect between the 0–6 month and > 6-
month treatment periods for either measure when coefficients
were compared (%VC − 0.02 vs. − 0.03, p = 0.996; FVC − 1.9
vs. 1.6, p = 0.624). Similarly, there was no difference between
0 and 12month and > 12-month treatment periods. Due to low
sample size (N = 22 for outcome %VC and N = 17 for out-
come FVC), this piecewise regression analysis is likely to be
underpowered. There was insufficient pre-ERT data to com-
pare before and after treatment effects.

In some case reports, cardiorespiratory function was
assessed through patient requirements for ventilation support.
Ventilation hours were reduced moderately in one patient
(aged 16 at treatment initiation) and remained consistent in
another after 8 years of ERT (aged 32 at treatment initiation)
(van Capelle et al. 2008). Changes to need for ventilation
assistance showed improvement for three out of four patients
after 12months of ERT (age at treatment onset 17 to 44 years),
as their status changed from ‘mild nocturnal dyspnoea’ to
‘normal’ (Kobayashi et al. 2010), but one patient deteriorated
and required additional intermittent mechanical ventilation.

Gross motor function

Objective measures of muscle strength and function, such as
the 6-min walk test or 10-m walk time (6MWT, 10MWT),
global motor functioning and disability, gross motor function-
ing, muscle strength and motor testing were used in the case
reports. The two most common assessments of gross-motor
function were walk testing (6MWT and 10MWT tools) and
muscle strength testing, using manual muscle testing, (MMT)
and handheld dynamometer (HHD) tools.

Five articles published data on how far patients with JOPD
could walk on the 6MWTand one article reported on the time
taken for the 10MWT before and after treatment with
alglucosidase alfa (Bembi et al. 2010; Deroma et al. 2014;
Ishigaki et al. 2012; Korpel et al. 2009; Merk et al. 2009;

van Capelle et al. 2010). Results for the 6MWT are
summarised in Fig. 3.

Similar improvements were seen across most cases,
with clinically important improvements observed over
time,4 particularly in the short term. The case series
by Bembi et al. (2010) reported that seven juvenile pa-
tients (mean age at onset was 2.5 years) had an im-
provement in walking performance on the 6MWT over
3 years, with the greatest change seen in the first
12 months. After 3 years of alglucosidase alfa, JOPD
patients were able to walk an average of 192 m further
than at baseline. Similar improvements were reported by
van Capelle (2010) (mean improvement 157.7 m) after
3 years and Deroma et al. (2014) (mean of 209.2 m of
improvement) after 4–5 years of treatment. In all three
studies, the patients were treated when they were aged
between 5.9 and 15.2 years.

Two single case reports (Ishigaki et al. 2012; Korpel et al.
2009) found patients could walk further or longer after 4 and
6 months of ERT compared to baseline, but following that
time, one case deteriorated and one case continued improving.
There is little information on the natural history of JOPD, so it
is difficult to know the extent to which improvements over
time in a juvenile population are due to growth or to treatment
benefit. There was no change in treatment effect over time
when a piecewise regression was performed across the studies
comparing the periods of 0–6 months and > 6 months of ERT
treatment (6MWT coefficients − 42.9 vs. 2.4, p = 0.163)
(Fig. 3).

Three studies used MMT to measure muscle strength.
Despite considerable heterogeneity in baseline values between
cases, all patients either remained stable, or improvedwhile on
ERT (Fig. 4a).

One case report found muscle strength increased sig-
nificantly to near normal values (van Capelle et al. 2010)
in patients aged between 5.9 and 12.9 years at treatment.
However, two other case reports (Furusawa et al. 2012;
Ishigaki et al. 2012) did not find significant improvement
in MMT after ERT. The two patients reported by
Furusawa et al. had severe disease requiring ventilation,
while a 10-year-old boy reported by Ishigaki et al. (2012)
(first signs of JOPD at age 2) showed only minimal
change on the MMT after 6 months of ERT compared to
baseline.

Similar variable improvements in strength were seen in six
patients when the HHD tool was used to measure muscle
strength (Sugai et al. 2010; van Capelle et al. 2008, 2010)
(Fig. 4b).

Of note, among the other measures used, is the quick
motor function test (QMFT), a 16-item scale, which was

3 Analysis was performed using Stata Statistical Software: Release 14. College
Station, TX: StataCorp LP.)

4 Minimum clinically important difference on the 6MWT is considered to be
54 m (Lachmann and Schoser 2013)
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developed specifically for use in patients with PD (van
Capelle et al. 2010). The authors claim the QMFT pro-
vides an assessment of clinical severity and motor func-
tion and is also suitable for the longitudinal measure of
changes over time in PD (van Capelle et al. 2012). All
three patients described in van Capelle et al.’s 2010
article showed considerable improvement after 3 years
of ERT using the QMFT (patients 1, 2 and 4 showed
improvements of 70.3 to 95.3%, 73.4 to 92.2% and
67.2 to 92.2% of maximum possible, respectively).

Discussion

The JOPD population comprises a subset of the total PD pop-
ulation, that is likely to be larger but is under-diagnosed. Data
on this subpopulation are rarely separated in the literature,
despite the earlier onset being associated with disease progno-
sis (Winkel et al. 2005). The evidence we identified suggests
that respiratory function may improve, or be maintained in the
early months of ERT. After two or more years, the evidence is
less consistent for respiratory function. Case reports also sug-

Fig. 3 Metres walked at baseline and follow-up after ERT using the
6MWT in case reports and a case series of patients with JOPD. 6MWT
6 minute walk test; ERT enzyme replacement therapy; JOPD juvenile
onset Pompe disease. Notes: Results for the 6MWT in the case series
reported by Bembi et al. (2010) is an average metres walked by 7
patients at base line and 12 months follow-up, and 6 patients for 2 and

3 year follow-up, the standard deviations were also reported (baseline
434.7 ± 260.8 m; 12 months 590.6 ± 213.6 m; 2 years 599.6±240.9; 3
years 614.3 ± 233.1 m; case report 7 (Merk 2008) indicated an inability to
walk any distance at baseline or at 6 months follow-up; case report 8
(Ishigaki et al. 2012) 6MWT was measured at baseline and after 4
months ERT

A Manual Muscle Test (MMT)a B Hand Held Dynamometer (HHD)b
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Fig. 4 Change inmuscle strengthmeasured over time treated with ERT in
individual JOPD cases measured by MMT (A) and HHD (B). ERT
enzyme replacement therapy; HHD hand held dynamometer; JOPD
juvenile onset Pompe disease; MMT manual Muscle Test. Notes A:
MMT scored by an 11-point modified version of the Medical Research
Council scale, % of maximum score (i.e. 0 to 100%); Notes B: van

Capelle et al HHD values represent the sum score of the following
muscle groups: neck flexion and extension, shoulder abduction, elbow
flexion and extension, wrist extension, hip flexion and abduction, knee
extension and flexion, ankle dorsiflexion and plantar flexion; Sugai et al
HHD sumscore combines elbow extension and flexion, knee extension,
key pinch and palmar pinch (Newtons)
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gest that the need for assisted ventilation may be decreased
with the use of ERT. Muscle functioning appears to improve
with use of alglucosidase alfa, again with the largest improve-
ments seen in the first 6 to 12 months of treatment.
Improvements in gastrointestinal function and fatigue may
also occur with the use of ERT (Bernstein et al. 2010; Sugai
et al. 2010). The heterogeneity in the severity of symptoms
between patients at baseline and the differences in the extent
of treatment effect makes it difficult to determine which pa-
tients will do better than others. The limited nature of the
evidence and the poor quality of the data prevents any gener-
alisations or strong conclusions from being made regarding
the effects of ERT and the characteristics that will predict
patient response.

This systematic review highlights current challenges
to the assessment of treatment for JOPD, some of which
may be common to the translational of evidence science
for rare diseases in general (Facey et al. 2014; Pariser
and Gahl 2014). Recent research suggests ways in
which measurement of the treatment effect of ERT for
JOPD may be improved.

Previously, natural history survival data for patients with
non-classic PD has been used to show that patients with later
onset disease have significantly lower than normal life expec-
tancy despite suffering a milder form than infantile-onset dis-
ease (Winkel et al. 2005). Natural history data have also
proved to be a useful resource for assessing the effectiveness
of treatment of JOPD. For example Kishnani et al. conducted
a study of infantile PD patients through a retrospective chart
review (Kishnani et al. 2006), which later provided a historical
control for the assessment of ERT in that same population
(Kishnani et al. 2009; Kishnani et al. 2007). Data collection
by physicians and participation in rare disease registries and
databases should be encouraged.5

Accrued data has the potential to contribute to a greater
understanding of the causes of clinical heterogeneity in JOPD.
These differences between patients cannot be fully explained by
mutation variability (Kroos et al. 2007) making it difficult to
design eligibility criteria for controlled trials, especially with the
small numbers of patients involved. To maximise the use of
study data, it is valuable to describe in detail the context of
treatment and symptoms in terms of time from diagnosis, time
from onset of symptoms, disease severity, and age so that true
changes can be measured between baseline and all time points.

Recently innovative trial designs for small populations have
been discussed in the literature in regard to the assessment of
many drugs for rare diseases reaching the market (Facey et al.
2014; Pariser and Gahl 2014). For JOPD, the challenge is to
provide a valid estimate of treatment benefit and risk in a very
small heterogeneous population without a traditional control

population as a comparator. N-of-1 trials have a number of
advantages for rare diseases, in particular in determining an
individual treatment effect (Gabler et al. 2011). Milder forms
of PD and older patients may have sufficiently stable JOPD to
be assessed with an n-of-1 trial, but not those patients at the
more severe end of the spectrum. Adaptive and sequential trials
may be suitable for these JOPD patients, as all participants have
the opportunity for active treatment, smaller sample numbers
are required and trial times can be shortened if treatment effec-
tiveness is established. The use of an historical control devel-
oped through a disease registry may still be the most effective
means of establishing a treatment effect, as was used by
Kishnani et al. (2007, 2009).

Patient reported outcomes (PROs) are becoming increas-
ingly important in measuring the effectiveness of treatments
for rare diseases. They can be designed to be more appropriate
and sensitive to patient needs than traditional blunt measures,
such as survival (Basch and Bennett 2014; Facey et al. 2014).
The QMFTwas developed by van Capelle for Pompe patients,
to provide a sensitive measure of muscle function and disease
progression that is quick and easy to use (van Capelle et al.
2012). The QMFT, which consists of 16 items based on clin-
ical expertise, the GrossMotor FunctionMeasure and the IPA/
Erasmus MC Pompe survey was tested for scale in 91 patients
and, while correlating well with other measures, it was sensi-
tive to varying degrees of patient severity.

Conclusion

Poor quality evidence taken from case studies and one case series
has suggested that ERT provides short-term benefits to some
JOPD patients by improving muscle strength and function and
reducing ventilation needs. Benefits may be greater when ERT is
administered to those who are younger and thosewith less severe
disease at baseline. Publication and reporting bias cannot be ruled
out from influencing these findings, and the applicability of the
results to the wider JOPD population cannot be assured.

The collection of data and assessment of ERT effectiveness
in the JOPD population may be improved by increasing the use
of global registries to document patient data in a systematic way
and by using adaptive trial designs to randomise small patient
numbers while enabling treatment for all. Further improve-
ments in assessment of ERT may be gained by using sensitive
PROs, specific to the disease.

Funding information This study funded by the Department of Health,
Australian Government.

Compliance with ethical standards

Conflict of interest J. Milverton, S. Newton, and T. Merlin declare that
they have no conflict of interest.
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