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Purpose: Pompe disease results from lysosomal acid αglucosidase (GAA) deficiency and its associated glycogen accumulation and muscle damage. Alglucosidase alfa (recombinant
human GAA (rhGAA)) received approval in 2006 as a treatment
for Pompe disease at the 160 L production scale. In 2010, largerscale rhGAA was approved for patients up to 8 years old
without cardiomyopathy. NCT01526785 evaluated 4,000 L rhGAA
efficacy/safety in US infantile- or late-onset Pompe disease
(IOPD, LOPD) patients up to 1 year old transitioned from
160 L rhGAA.
Methods: A total of 113 patients (87 with IOPD; 26 with LOPD)
received 4,000 L rhGAA for 52 weeks dosed the same as previous
160 L rhGAA. Efficacy was calculated as the percentage of patients
stable/improved at week 52 (without death, new requirement for
invasive ventilation, left ventricular mass z-score increase > 1 if
baseline was > 2, upright forced vital capacity decrease ≥ 15%
predicted, or Gross Motor Function Measure–88 decrease ≥ 8

INTRODUCTION
Pompe disease (OMIM 232300) is an autosomal recessive
lysosomal disorder caused by a deficiency of acid αglucosidase (GAA)1 in which glycogen accumulation progressively damages skeletal, respiratory, and cardiac muscle.2
Classic infantile-onset Pompe disease (IOPD) is defined as
symptom onset at ≤ 1 year of age with cardiomyopathy,3 lateonset Pompe disease (LOPD) as symptom onset at > 1 year of
age (irrespective of cardiac involvement) or ≤ 1 year without
cardiomyopathy.3 Cardiac involvement defines classic IOPD3

percentage points). Safety evaluation included an extension
≤ 20 months.
Results: Week 52 data was available for 104 patients, 100 of whom
entered the extension. At week 52, 87/104 (83.7%) were stable/
improved. Overall survival was 98.1% overall, 97.6% IOPD, 100%
LOPD; 92.4% remained invasive ventilator–free (93.4% IOPD,
88.7% LOPD). Thirty-five patients had infusion-associated reactions. Eight IOPD patients died of drug-unrelated causes.
Conclusions: Most Pompe disease patients were clinically stable/
improved after transitioning to 4,000 L rhGAA. Safety profiles of
both rhGAA forms were consistent.
Genet Med advance online publication 22 March 2018
Key Words: acid maltase deficiency; alglucosidase alfa; glycogenosis
type 2; glycogen storage disease type 2; recombinant human acid
a-glucosidase

but affects some patients with LOPD.4 Intermediate phenotypes occur occasionally4 (e.g., infant-onset cardiomyopathy
with slower progression than that of classic IOPD5).
In 2006, the US Food and Drug Administration (FDA)
approved Myozyme® (alglucosidase alfa (recombinant human
GAA, rhGAA), Sanofi Genzyme, Cambridge, MA) produced
at the 160 L pilot scale (160 L rhGAA) to treat all Pompe
disease patients, based on IOPD studies.6,7 rhGAA manufactured at a larger scale subsequently received US approval in
2010, based on the Late Onset Treatment Study (LOTS,
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NCT00158600);8 however, owing to differing product attributes between 160 L and larger-scale rhGAA, the FDA
required a separate Biologics License Application filing for
the larger scale (Lumizyme®; Sanofi Genzyme, Cambridge,
MA). The initially approved US indication of larger-scale
rhGAA was limited to Pompe patients ≥ 8 years old without
cardiomyopathy.9 Outside the United States, larger-scale
rhGAA was approved for all Pompe disease patients.
To extend evidence for larger-scale rhGAA throughout the
Pompe disease population, ADVANCE, a phase IV, openlabel, 52-week study (NCT01526785), prospectively evaluated
the safety and efficacy of 4,000 L rhGAA in previously 160 L
rhGAA–treated US patients with Pompe disease aged ≥ 1
year, irrespective of cardiac involvement. ADVANCE data
supported Lumizyme US label expansion to all patients with
Pompe disease in 2014.
ADVANCE evaluated the comparability of larger-scale
rhGAA in patients who had previously received 160 L rhGAA.
The primary efficacy outcome was the percentage of patients
clinically stable or improved at week 52: without death; new
dependence on invasive ventilation; or worsened cardiac,
respiratory, or motor status. Secondary objectives involved the
evaluation of overall and invasive ventilator–free survival,
changes from baseline in each primary end-point component,
safety profile, and immunogenicity.
Genotypes and baseline phenotypes of participants will be
detailed elsewhere (manuscript in preparation).

MATERIALS AND METHODS
ADVANCE was conducted at 52 US centers between 9 March
2012 and 29 December 2014. The Western Institutional
Review Board (IRB; Puyallup, WA) or local IRBs approved
the protocol/amendment and informed consent materials.
ADVANCE complied with Good Clinical Practice and the
Declaration of Helsinki. Parents/guardians of minors signed
informed consent (as did any participants who were 18 years
old or older); when possible, minors assented. An Independent Data and Safety Monitoring Board was consulted ad hoc.
Centers, investigators, and IRBs are listed in Supplementary
Appendix 1 online.
Inclusion and exclusion criteria

US patients ≥ 1 year old with a genetically and/or biochemically confirmed diagnosis of Pompe disease and who had
previously received 160 L rhGAA were eligible. Enrollment in
other studies, investigational treatments within the previous
3 months, clinical instability (unlikely to survive 52 weeks), or
inability to comply were exclusionary. Female adolescents had
to test negative for pregnancy.
Study periods

The efficacy phase was 52 weeks, followed by a safety
extension continuing until label expansion (Figure 1A).
2
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Treatment

Patients received intravenous 4,000 L rhGAA at the same dose
as their prestudy 160 L rhGAA, generally 20 mg/kg body
weight every other week (71.7% (81/113) of treated patients
and 68.0% (68/100) of week 52 survivors; Figure 1B) for
52 weeks followed by an extension of ≤ 20 months.
Efficacy assessments

The primary efficacy outcome was the proportion of patients
who at week 52 were stable or improved without any clinical
worsening events: death, new invasive-ventilator dependency,
increase in left ventricular mass (LVM) z-score > 1 over a
baseline z-score > 2, total % Gross Motor Function–88
(GMFM-88) decrease of ≥ 8 percentage points from baseline
(parallel to the validation population10), or seated % predicted
forced vital capacity (FVC) decrease of ≥ 15 percentage points
from baseline.
Secondary efficacy outcomes at week 52 were Kaplan–Meier
estimates of overall and invasive ventilator–free survival and
changes from baseline in LVM z-score, total GMFM-88 %
score, and % predicted upright FVC.
Cardiac assessments

Echocardiographic LVM z-scores were determined11 at baseline and weeks 26 and 52, interpreted locally with masked
central review. z-scoring avoided assumptions about the
relationship of cardiac size and structure to children’s body
surface areas.12
Respiratory assessments

Upright FVC was determined per guidelines13 in invasive
ventilator–free patients deemed reliably testable.14 Ventilator
use (invasive15 or noninvasive) was documented at each visit.
Invasive-ventilator dependence was defined as initiation of
invasive ventilation persisting for ≥ 14 days thereafter.
Motor assessments

Motor function levels, jointly categorizing children aged ≤ 2
and > 2 years, were assessed at baseline only, classifying
patients as walkers, supported walkers, supported standers,
sitters, or those with restricted antigravity movement. Motordecline history (within 2 months before enrollment) was
collected.
GMFM-8816 was assessed at baseline and weeks 26 and 52.
Originally a scale for cerebral palsy,17,18 GMFM-88 has been
used in LOPD to develop the Quick Motor Function Test19
and in a previous clinical trial.20
Safety profile and immunogenicity

Adverse events (AEs) were monitored continuously in the
efficacy and extension phases. Treatment-emergent AEs
(TEAEs) occurred on treatment whether or not related to
the treatment. Infusion-associated reactions (IARs) were
related (or possibly related) TEAEs during infusion,
≤ 24 hours afterward, or delayed reactions thereafter. Vital
signs, weight, and concomitant therapies were monitored at
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4,000 L rhGAA

Screening
Treatment prior
to study entry

52-week
treatment period

Extension
treatment period

10 mg/kg qow

1 patient

10 mg/kg qw

1 patient
68 patients

20 mg/kg qow
160 L rhGAA

4,000 L rhGAA

4,000 L rhGAA

20 mg/kg qw

10 patients

30 mg/kg qow

6 patients

30 mg/kg qw

2 patients

40 mg/kg qow

8 patients

40 mg/kg qw

4 patients
0

c

10
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30 40 50
Patients, n

60

70

114 screened

112 passed screening

113 treateda

100 (89%) completed week 52
and entered extension phase

13 discontinued protocol before week 52:
• 8 transitioned to commercial 4,000 L rhGAA
on label expansion
• 2 died
• 2 refused further treatment and died shortly
after withdrawal from study
• 1 because of physician decision unrelated to
protocol/study drug
55 discontinued before extension month 18:
• 4 died
• 51 transitioned to commercial 4,000 L rhGAA
on label expansion

45 completed ≥18 months’ extension before
transition to commercial 4,000 L rhGAA
on FDA approval of label expansion
a

2 patients did not meet all inclusion criteria but were treated in the study with the agreement of the Sponsor’s Medical Officer:1 patient was receiving
investigational gene therapy at the time of screening and was excluded from ADVANCE analysis; 1 patient was admitted to the study under 1 year of
age although the patient did not receive treatment with 4,000 L rhGAA until after reaching 1 year of age, and was included in the ADVANCE analysis.

Figure 1 Study periods and patient disposition. (a) Study period timeline. (b) Dosing regimens of 4,000 L rhGAA at week 52. (c) CONSORT
diagram of patient flow. The full analysis set (N = 113) comprised all patients receiving at least one dose of 4,000 L rhGAA. A total of 104 patients
had week 52 primary outcome data (including two patients who died on-study before week 52 and two patients who withdrew before week 52 and
then died) and were the denominator for that end point. rhGAA, recombinant human alpha-glucosidase (alglucosidase alfa).

infusion visits. Physical examinations and 12-lead electrocardiograms (ECG) were conducted at baseline and weeks 26
and 52. Anti-rhGAA immunoglobulin (Ig) G titers were
determined at enrollment, baseline, and every 4 weeks. Highsustained antibody titers (HSAT) were predefined as peak
titers ≥ 25,600 that had not declined ≥ 2 dilution levels at final
testing. IgE was tested only in patients with potential
hypersensitivity. Extension assessments (physical examination, echocardiography, ECG, pulmonary function tests,
hematology/blood chemistry/urinalysis, total and inhibitory
IgG, height, and ventilator use) were performed every
6 months.

and week 52 data, excluding those who discontinued, died, or
received 160 L rhGAA during the study before week 52. No
formal hypothesis testing was planned. Descriptive statistics
with 95% confidence intervals (CI) were reported. Subgroup
analyses (for five or more patients) included sex, invasiveventilation status, 160 L treatment duration, age at 160 L
initiation, baseline LVM z-score and motor-function levels,
and peak IgG quartiles. IOPD and LOPD groups and age
strata at prestudy 160 L initiation were analyzed descriptively
post hoc. TEAEs were categorized by system, severity, and
seriousness.

Statistical methods

Patient disposition and characteristics

Sample size included any confirmed US Pompe disease
patients meeting inclusion/exclusion criteria. The safety/full
analysis set included all patients receiving any 4,000 L rhGAA.
The per-protocol population included patients with baseline

Patient disposition is shown in Figure 1C. One hundred
thirteen patients ≥ 1–18 years of age received ≥ 1 4,000 L
rhGAA infusion. One hundred patients participated through
week 52. Efficacy was evaluated in 104 patients with data for
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any primary end-point component (including death: before
week 52, 2 patients died and 2 others withdrew and then
died). At baseline, 43 patients were ventilated—32 invasively
and 11 noninvasively—and 75 had any history of pneumonia.
Median total treatment duration was 929 days (range 41–
985 days). Table 1 summarizes the patient characteristics.
Eighty-seven treated patients had IOPD. Seventeen of these,
despite symptom onset at o1 year of age and cardiac
involvement,3 had started prestudy 160 L rhGAA at > 1 year
of age (see Table 1 footnotes); three had been diagnosed late
(at ages 2.7 years, ~ 13 months, and ~ 14 months) and the
others were diagnosed at o12 months of age. They may have
atypical IOPD or an intermediate slower-progressing infantile
cardiomyopathic phenotype.5 Twenty-six treated patients had
LOPD: 6 with and 20 without cardiac involvement.
Efficacy
Primary outcome

At week 52, 87/104 (83.7%) patients were stable or improved
(Table 2; IOPD: 69/82 (84.1%; 95% CI 74.4–91.3%); LOPD:
18/22 (81.8%; 95% CI 59.7–94.8%); per-protocol population:
86/98 (87.8%; 95% CI: 79.6–93.5%)).
Seventeen patients clinically worsened from baseline to
week 52 (Table 2; baseline severities in Supplementary
Appendix 2), including 2 on-study deaths before week 52 (2
others—both IOPD—who died after withdrawing before week
52 were not counted in the composite end point), 5 newly
invasive ventilator–dependent (3 IOPD and 2 LOPD: 1 with
and 1 without cardiac involvement), and 10 ventilator-free
with a decline in GMFM-88 and/or FVC. Of the newly
ventilator-dependent, 2 also had GMFM-88 decline. The
LOPD patient who became ventilator-dependent at day 114,
at age 2.84 years, thus failing the primary end point,
nevertheless showed GMFM-88 improvement (77% baseline
score +8.1 percentage points at week 52). Eight patients
showed a decline in GMFM-88 alone at week 52; 2 a decline
in both GMFM-88 and FVC.
No patient with complete LVM data exhibited clinical LVM
z-score deterioration at week 52, although 2/52 (3.8%), both
IOPD, had transient increases at week 26 (Table 2).
Twelve patients showed a decline of ≥ 8 GMFM-88
percentage points at week 52. At baseline, 1 of these had
walked independently, 4 walked with assistance, 6 stood
assisted, and 1 sat; 5 of the 12 had had prestudy motor
decline.
Sensitivity analyses

These analyses examined lesser degrees of decline than those
defined for the primary outcome measure. While 108 patients
had baseline GMFM-88 data, only 90 also had week 52 data.
Twelve of the 90 declined by ≥ 8 percentage points; 5
additional patients declined by ≥ 4 percentage points. Of 22
patients with week 52 FVC data, 2 declined by ≥ 15
percentage points; 1 more by > 10, and 3 more by > 5.
4
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Subgroup analyses

More girls (44/48, 91.7%) than boys (43/56, 76.8%) were
stable/improved at week 52. Baseline independent walkers
(18/19, 94.7%), sitters (18/19, 94.7%), or restricted-mobility
patients (22/26, 84.6%) had higher stable/improved proportions than supported walkers (18/23, 78.3%) or supported
standers (9/15, 60.0%). Twenty-eight of 32 (87.5%) patients
invasively ventilated at baseline and 59/72 (81.9%) ventilatorfree patients were stable/improved at week 52. Only 2/6
(33.3%) patients with baseline LVM z-scores > 5 were stable/
improved at week 52, compared with 5/6 (83.3%) with an
LVM z-score of 2–5 and 38/47 (80.9%) with an LVM z-score
of –2 to 2.
Higher anti-rhGAA IgG titer quartiles had fewer stable/
improved patients than lower quartiles: titer 0–400, 21/22
patients (95.5%); titer 800, 10/11 patients (90.9%); titer 1,600–
3,200, 26/33 patients (78.8%); and titer 6,400–102,400, 14/19
patients (73.7%). Three of five patients who became invasive
ventilator–dependent had peak IgG titers of 102,400, although
only two of these had HSAT; the third had a persistent
elevated titer below protocol-defined HSAT (final titer of
25,600 at week 117; minimum 6,400 [week 36]; peak 102,400
[week 30]). The other two newly ventilator-dependent
patients had peak and last titers of 3,200 at day 28/1,600 at
week 20 and 800 at day 450/400 at week 117.
Secondary outcomes

Secondary outcomes are shown in Figure 2. Kaplan-Meier
curves indicated 98.1% overall survival at week 52 (95% CI
92.7–99.5%) overall, 97.6% (95% CI 90.7–99.4%) for IOPD,
and 100.0% (95% CI 84.6–100.0%) for LOPD. Invasive
ventilator–free survival was 92.4% (95% CI 83.9–96.5%)
overall, 93.4% (95% CI 83.5–97.5%) for IOPD, and 88.7%
(95% CI 61.4–97.1%) for LOPD. Two LOPD patients became
invasive ventilator–dependent: one with and one without
cardiac involvement.
Sixty-seven patients had M-mode echocardiographic data at
baseline and week 52. Mean LVM z-score was stable
throughout (baseline mean ± SD − 0.1 ± 2.63 vs. week
52 − 1.0 ± 1.68) with a mean change of − 0.5 ± 1.71 (IOPD:
0.4 ± 2.80 at baseline (n = 64), − 0.8 ± 1.65 at week 52
(n = 50), mean change, − 0.8 ± 1.83, and LOPD: –1.5 ± 1.42
at baseline (n = 22), –1.5 ± 1.73 at week 52 (n = 17), mean
change 0.1 ± 1.13). Medians and ranges at baseline were − 0.6
(−4.0 to 10.3) overall, − 0.6 (−3.8 to 10.3) for IOPD, and − 1.4
(−4.0 to 1.0) for LOPD, and at week 52 − 1.0 (−4.7, 5.7)
overall, − 1.1 (−4.7 to 5.7) for IOPD, and − 0.9 (−4.7 to 1.8)
for LOPD. Median (range) changes at week 52 were − 0.4
(−8.1 to 3.4) overall, − 0.4 (−8.1 to 3.4) for IOPD, and − 0.3
(−1.8 to 1.9) for LOPD. For patients with missing LVM
z-score data, there were echocardiographic data-acquisition
challenges due to Pompe-related remodeled cardiomyopathy.
Mean ± SD total GMFM-88 percent score improved
significantly, from 46.3 ± 32.97% at baseline to
50.8% ± 35.99% at week 52, with a mean absolute change
of 3.7 percentage points (95% CI 0.1–7.4 percentage points).
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Table 1 Patient demographics of the full analysis set
Total (N = 113)

Parameter

IOPD (n = 87)

LOPD (n = 26)

Sex, n (%)
Male

60 (53.1)

41 (47.1)

19 (73.1)

Female

53 (46.9)

46 (52.9)

7 (26.9)

Hispanic or Latino

18 (15.9)

15 (17.2)

3 (11.5)

Not Hispanic or Latino

92 (81.4)

70 ( 80.5)

22 (84.6)

Ethnicity, n (%)

Not reported

1 (0.9)

Unknown

2 (1.8)

0
2 (2.3)

1 (3.8)
0

Race
Asian

7 (6.2)

7 (8.0)

African-American

26 (23.0)

24 (27.6)

2 (7.7)

Caucasian

71 (62.8)

48 (55.2)

23 (88.5)

2 (1.8)

2 (2.3)

Not reported
Multiple

7 (6.2)

Age (years) at first infusion of 160 L rhGAA, mean ± SD

1.7 ± 2.68 (0.6; 0–11.4)

0

0

6 (6.9)

1 (3.8)

1.3 ± 2.45 (0.5; 0.0–11.4)

3.2 ± 2.93 (1.9; 0.0–10.6)

2 (7.7)

(median; range)
Age group (years) at first infusion of 160 L rhGAA, n (%)
o0.5

46 (40.7)

44 (50.6)

0.5 to o1

26 (23.0)

26 (29.9)

1 to o5

29 (25.7)

11 (12.6)a

18 (69.2)

5 to o8

5 (4.4)

2 ( 2.3)b

3 (11.5)

8 to o12

7 (6.2)

4 (4.6)c

3 (11.5)

4.8 ± 3.73 (3.8; 1.0–18.7)

4.4 ± 3.52 (3.4; 1.0–15.5)

6.0 ± 4.19 (6.1; 1.1–18.7)

o2

33 (29.2)

29 (33.3)

4 (15.4)

2 to o5

37 (32.7)

29 (33.3)

8 (30.8)

5 to o 8

25 (22.1)

16 (18.4)

9 (34.6)

8 to o12

11 (9.7)

9 (10.3)

2 (7.7)

7 (6.2)

4 (4.6)

3 (11.5)

Age (years) at first infusion of 4,000 L rhGAA, mean ± SD

0

(median; range)

≥ 12

IOPD, infantile-onset Pompe disease; LOPD, late-onset Pompe disease; rhGAA, recombinant human acid alpha-glucosidase (alglucosidase alfa).
a
These patients in the IOPD set started prestudy 160 L rhGAA aged ~ 3 years and 7 months, ~ 3 years and 2 months, 3.67, 2.68, 2.00, 1.96, 1.61, 1.52, 1.42, 1.35, and
1.02 years. All had symptom onsets before 12 months of age and cardiac involvement. bOne patient with IOPD started prestudy 160 L rhGAA aged 6.76 years and one
patient at 7.93 years (the latter patient had participated in a pre-160 L rhGAA Expanded Access Program a year earlier). Both had symptom onsets before 12 months of
age and cardiac involvement. cTwo patients with IOPD started prestudy 160 L rhGAA at ~ 11 years (one of them had participated in pre-160 L Synpac rhGAA trials
shortly after diagnosis at 2 months of age); one patient at 10.56 years, and one patient at 10.39 years. All four patients had symptom onsets before 12 months of age
and cardiac involvement.

Median (range) total GMFM-88% score at baseline was 47.9%
(0.0–100.0%) overall, 38.9% (0.0–99.7%) for IOPD, and 70.9%
(0.0–100.0%) for LOPD, and at week 52 55.7% (0.0–100.0%)
overall, 45.3% (0.0–100.0%) for IOPD, and 85.9% (69.8%) for
LOPD. Median (range) change at week 52 was 0.3 (−53.1 to
89.3) percentage points overall, 0.3 (−53.1 to 89.3) percentage
points for IOPD, and 0.2 (−20.3 to 28.2) percentage points
for LOPD.
Mean seated (upright) % predicted FVC was 66.6 ± 29.6%
at baseline (n = 24), 73.3 ± 30.8% at week 26 (n = 23), and
71.1 ± 31.3% at week 52 (n = 22). Mean changes were
4.8 ± 11.5% (range − 12.0% to 30.0%; 95% CI − 0.2 to 9.8%)
at week 26 and 2.3 ± 11.80% (range − 17.4 to 36.0; 95% CI
− 3.0–7.5) at week 52. Medians and ranges were 64.5% (22.0–
116.0%) at baseline and 74.5% (20.0–123.0%) at week 52,
and the median (range) change was 1.0 (−17.4 to 36.0)
percentage points.
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One of 32 invasively and 2 of 11 noninvasively ventilated
patients were ventilator-free at weeks 26 and 52. One patient
required invasive and noninvasive ventilation at week 26 (and
at final visit, week 28).
In post hoc evaluation of improvement using clinically
important difference thresholds of the same magnitude as for
decline (GMFM-88 increase ≥ 8 percentage points, LVM zscore decrease of 1 from a baseline of > 2, or % predicted FVC
increase of 15 percentage points), 22 patients were improved
at week 52. Six patients without extension data were improved
at week 52: 3 in GMFM-88 alone, 2 in LVM z-score alone
(decrease of ≥ 1 from a baseline > 2), and 1 in both
GMFM-88 and LVM z-score. Twelve patients with extension
data were improved in GMFM-88 alone at week 52 and
further improved during the extension. In 2 patients with
LVM z-score and GMFM improvements at week 52, GMFM
further improved on the extension but extension LVM z-score
5

ORIGINAL RESEARCH ARTICLE

HAHN et al

|

Efficacy/safety of 4,000 L rhGAA in Pompe disease

Table 2 Primary efficacy outcomes at week 52, full analysis set
Outcomes at week 52 n/Na (%;
95% CI)

Overall (N = 113; week 52 data IOPD (n = 87; week 52 data
n = 104)
n = 82)

LOPD (n = 26; week 52 data
n = 22)

Clinically stable or improved

87/104 (83.7; 75.1–90.2)

69/82 (84.1; 74.4–91.3)

18/22 (81.8; 59.7–94.8)

Declined

17/104 (16.3; 9.8–24.9)

13/82 (15.9; 8.7–25.6)

4/22 (18.2; 5.2–40.3)
0/22 (0.0; 0.0–15.4)

Death

2/102 (2.0; 0.2–6.9)

2/80 (2.5; 0.3–8.7)

Invasive-ventilator dependenceb

5/71 (7.0; 2.3–15.7)

3/55 (5.5; 1.1–15.1)

2/16 (12.5; 1.6–38.3)

LVM z-score increase 1 z-score in

0/67 (0.0; 0.0–5.4)

0/50 (0.0; 0.0–7.1)

0/17 (0.0; 0.0–19.5)

patients with baseline z-score 4 2
GMFM-88 decreased ≥ 8%

12/90 (13.3; 7.1–22.1)

9/70 (12.9; 6.1–23.0)

3/20 (15.0; 3.2–37.9)

Upright FVC decreased ≥ 15%

2/22 (9.1; 1.1–29.2)

1/13 (7.7; 0.2–36.0)

1/9 (11.1; 0.3–48.2)

Outcomes at week 52 n/Na (%;

IOPD, age of initial 160 L rhGAA

IOPD, age of initial 160 L

IOPD, age of initial 160 L rhGAA use

95% CI)

use at 0–3 months of age,

rhGAA use at 3–6 months of

at > 6 months of age, n = 42

n = 19

age, n = 21

Clinically stable or improved

16/19 (84.2; 60.4–96.6)

19/21 (90.5; 69.6–98.8)

34/42 (81.0; 65.9–91.4)

Declined

8/42 (19.0; 8.6–34.1)

predicteda

3/19 (15.8; 3.4–39.6)

2/21 (9.5; 1.2–30.4)

Death

1/19 (5.3; 0.1–26.0)

0/20 (0.0; 0.0–16.8)

1/41 (2.4; 0.1–12.9)

Invasive-ventilator dependenceb

1/16 (6.3; 0.2–30.2)

1/16 (6.3; 0.2–30.2)

1/23 (4.3; 0.1–21.9)

LVM z-score increase 1 z-score in

0/12 (0.0; 0.0–26.5)

0/12 (0.0; 0.0–26.5)

0/26 (0.0; 0.0–13.2)

2/16 (12.5; 1.6–38.3)

1/17 (5.9; 0.1–28.7)

6/37 (16.2; 6.2–32.0)

0/2 (0.0; 0.0–84.2)

0/2 (0.0; 0.0–84.2)

1/9 (11.1; 0.3–48.2)

Outcomes at week 52 n/Na (%;

LOPD, age of initial 160 L

LOPD, age of initial 160 L

LOPD, age of initial 160 L rhGAA use

95% CI)

rhGAA use at birth to 1 year of

rhGAA use at 1–2 years of age,

at > 2 years of age, n = 10

age, n = 1

n = 11

Clinically stable or improved

0/1 (0.0; 0.0–97.5)

8/11 (72.7; 39.0–94.0)

10/10 (100.0; 69.2–100.0)

Declined

1/1 (100.0; 2.5–100.0)

3/11 (27.3; 6.0–61.0)

0/10 (0.0; 0.0–30.8)

Death

0/1 (0.0; 0.0–97.5)

0/11 (0.0; 0.0–28.5)

0/10 (0.0; 0.0–30.8)

Invasive-ventilator dependence

0/1 (0.0; 0.0–97.5)

2/8 (25.0; 3.2–65.1)

0/7 (0.0; 0.0–41.0)

LVM z-score increase 1 z-score in

0/1 (0.0; 0.0–97.5)

0/8 (0.0; 0.0–36.9)

0/8 (0.0; 0.0–36.9)

1/1 (100.0; 2.5–100.0)

2/11 (18.2; 2.3–51.8)

0/8 (0.0; 0.0–36.9)

1/1 (100.0; 2.5–100.0)

0/2 (0.0; 0.0–84.2)

0/6 (0.0; 0.0–45.9)

patients with baseline z-score 4 2
GMFM-88 total % score
decreased ≥ 8 percentage points
Upright FVC decreased ≥ 15%
predictedc

patients with baseline z-score 4 2
GMFM-88 total % score
decreased ≥ 8 percentage points
Upright FVC decreased ≥ 15%
predictedc
FVC, forced vital capacity; GMFM-88, Gross Motor Function–88; IOPD, infantile-onset Pompe disease; LOPD, late-onset Pompe disease; LVM, left ventricular mass;
rhGAA, recombinant human acid alpha-glucosidase (alglucosidase alfa).
a
Percentage is calculated based on the number of patients who had at least one nonmissing data point of the components defining the primary efficacy end point.
b
Patients already invasive ventilator–dependent were excluded from the denominator for new invasive ventilation. cPatients with FVC data were those not invasively ventilated whom investigators deemed able to cooperate with testing.

data were unavailable. One patient was improved in %
predicted FVC and total GMFM-88 score at week 52 and
showed continued improvement in GMFM-88 on the
extension without FVC data. One patient was improved in
% predicted FVC at week 52 and in % predicted FVC and
GMFM-88 on the extension.
Safety profile

Adverse events (efficacy plus extension periods) are summarized in Table 3. No patient left the study owing to an AE other
than death. In TEAEs by systems, 97.4% of patients experienced
infections, 75.2% general disorders/administration-site conditions,
6

74.3% gastrointestinal disorders, 74.3% respiratory/chest
disorders, 53.1% skin conditions, 41.6% musculoskeletal and
connective tissue disorders, 30.1% cardiac disorders, and 30.9%
nervous system disorders.
Laboratory values unrelated to Pompe disease changed little
from baseline to week 52. No urinalysis results required
notification.
Thirty-five patients (31.0%) had 149 IARs (Supplementary
Table S1); all were mild or moderate in intensity, and most
were nonserious. Eight patients had IARs suggesting
hypersensitivity; all tested negative for anti-rhGAA IgE
antibodies. IARs by anti-rhGAA IgG titer quartiles of
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Figure 2 Secondary outcomes through 52 weeks, full analysis set (104 patients with data) and IOPD and LOPD groups. Solid lines
indicate survival or invasive ventilator–free survival percentages; dotted lines indicate 95% CIs. (a) Kaplan–Meier curve for overall survival. Solid lines
indicate survival percentages; dotted lines indicate 95% CIs. (b) Kaplan–Meier curve for invasive ventilator–free survival. Solid lines indicate invasive
ventilator–free survival percentages; dotted lines indicate 95% CI. (c) Mean and 95% CI GMFM-88 total % score per visit. (d) Mean and 95% CI
change from baseline in GMFM-88 total % score. (e) Mean and 95% CI LVM z-score per visit. (f) Mean and 95% CI change from baseline in LVM
z-score. (g) Mean and 95% CI % predicted seated FVC per visit. (h) Mean and 95% CI change from baseline in FVC. CI, confidence interval; FVC,
forced vital capacity; GMFM-88, Gross Motor Function–88; IOPD, infantile-onset Pompe disease; LOPD, late-onset Pompe disease; LVM, left ventricular
mass.
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seropositive patients were as follows: 0–400, 9 events in 5/24
patients (21%); 800, 17 events in 2/13 patients (15%); 1,600–
3,200, 34 events in 10/33 patients (30%); and 6,400–102,400,
75 events in 11/19 patients (58%).
Forty-four patients had 124 severe AEs, whether or not
related to treatment. Severe AEs occurring in 5% or more of
the safety population were pneumonia (11%), respiratory
distress (8%), or respiratory failure (6%). Two patients had
had 5–10 episodes each of pneumonia during the prestudy
year; during the study one of these patients had one episode
and the other had three episodes.
Seventy-three patients had 287 serious AEs (SAEs) whether
or not related to treatment, most frequently pneumonia,
respiratory distress, pyrexia, and device-related infection (e.g.,
associated with the infusion port). Eight patients had drugrelated SAEs (serious IARs in six patients: one had abdominal
pain, diarrhea, and pyrexia; one had vomiting; one had selfinjurious ideation; one had pyrexia and chills (twice each),
rhonchi, and tremor; one had peripheral edema; and one had
chills, pyrexia, and nausea). Non-IAR drug-related SAEs were
left ventricular hypertrophy, assessed as decreased treatment
response (one patient) and gross motor delay (twice in one
patient).
Eight patients with IOPD died of causes reflecting Pompe
disease progression. Two died during the study before week
52, two after leaving the study before week 52, and four
during the extension. Supplementary Table S2 lists causes,
ages, IgG titer trajectories, and timing of deaths. Two patients
who died had been diagnosed at ~ 2 months of age and had
cardiac involvement at, respectively, ~ 2 months and 35 days
of age but started 160 L rhGAA at, respectively, 7.9 and ~ 11
years of age. No deaths were deemed drug-related.
Immunogenicity

Seventy-seven of 113 (68.1%) patients were IgG anti-rhGAA–
seropositive at baseline. Of those who were seronegative at
baseline, 24 remained so after 52 weeks and 12 seroconverted
at 148 ± 174 days (median 113 days, range 21–643 days;
seroconverters’ median initial titer 100, range 100–1,600).
Median peak anti-rhGAA IgG titer was 1,600 (n = 89, range
0–102,400) for patients who were seropositive at any point.
Seven of these ever-seropositive patients (6.2%) tolerized
during the study; 27 (23.9%) showed titer decreases of more
than twofold; only five had HSAT.
No enzyme-inhibitory IgG antibodies were noted; one
IOPD patient had uptake-inhibitory IgG antibodies. (This
patient became invasive ventilator–dependent at day 289, at
4.3 years of age, and had a baseline GMFM-88 of 45.8%,
declining by 4.5 percentage points at week 26 and 20.3
percentage points at week 52. The patient experienced
five SAEs: two episodes of unspecified pneumonia and one
each of parainfluenza pneumonia, sepsis, and device-related
infection.)
Five patients had HSAT. Three of these had IOPD; two
were genotypically predicted to be cross-reactive immunologic material (CRIM)-negative and one CRIM-positive or
8
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Table 3 Overall AE summary and TEAEs in at least two
patients, overall and by relationship to treatment, in the
safety data set (all patients who received any 4,000 L
rhGAA)
Parameter

Events, n

Any AE

2752

Patients, n (%)

Discontinued due to AEs

—

0 (0)

Death

—

6 (5)a

Treatment-related AEs

168

SAEs

287

73 (65)

Severe AES

124

44 (39)

113 (100)

(other than death)
38 (34)

IARs

149

TEAEs in at least two

Not

35 (31)

patients by preferred

treatment-

termb

related

Treatment-related

Patients, n (%)

Patients, n (%)

Patients with events

75 (66)

38 (34)

Pyrexia

52 (46)

11 (10)

Diarrhea

51 (45)

4 (4)

Vomiting

38 (34)

5 (4)

Cough

34 (30)

3 (3)

Rash

28 (25)

4 (4)

Headache

11 (10)

3 (3)

Nausea

10 (9)

3 (3)

Abdominal pain

10 (9)

2 (2)

Abdominal pain, upper

9 (8)

2 (2)

Tachycardia

8 (7)

5 (4)

Blood pressure increased

4 (4)

3 (3)

Urticaria

4 (4)

5 (4)

Erythema

3 (3)

2 (2)

Wheezing

3 (3)

2 (2)

Chills

2 (2)

2 (2)

Flushing

2 (2)

5 (4)

Safety evaluation combined the 52-week efficacy period and the extension.
AE, adverse event; IAR, infusion-associated reaction; MedDRA, Medical Dictionary
for Regulatory Activities; rhGAA, recombinant human acid alpha-glucosidase
(alglucosidase alfa); SAE, serious adverse event; TEAE, treatment-emergent
adverse event.
a
Six patients died during the study; two other patients left the study and then
died; see Supplementary Table 5 for details. bCoded according to MedDRA,
version 17.1.

unclear. Of the two LOPD HSAT patients, one had cardiac
involvement, the other did not (Supplementary Table S3
shows details, IgG trajectories, and outcomes). Three patients
with peak titers of 102,400 (two HSAT and one with a
sustained intermediate titer descending to 25,600 by week 52)
became invasive ventilator–dependent.
Ten patients received concomitant immunomodulation
(detailed in Supplementary Table S4); six were genotypepredicted as CRIM-negative, three were CRIM-positive, and
one lacked genotype data. Four immunomodulated patients
were ventilated at baseline (three invasively, one noninvasively). Three received intravenous immunoglobulin alone to
prevent infections after pre-ADVANCE immunomodulation,
not to reduce IgG during the study. One additional IOPD
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patient (HSAT patient 3 in Table S3) had received
prophylactic immune-tolerance induction during a previous
160 L rhGAA study. Other patients may have received
immunomodulation during prestudy clinical 160 L rhGAA
treatment; this was not captured in our data.

DISCUSSION
ADVANCE is the largest single-study cohort to date of
treated US children aged 1 year and over with Pompe disease.
Most (83.7%) who transitioned from 160 L to 4,000 L rhGAA
remained clinically stable or showed improvement at week 52.
Of the 16.3% not meeting the composite end point, a
GMFM-88 total % score decline of ≥ 8 percentage points was
the most common reason (12/90 evaluable patients (13.3%)).
No one with LVM z-score data met the cardiac-decline
criterion at week 52, and only 2/22 (9.1%) with FVC data met
the respiratory-decline criterion.
Overall and ventilator-free survival figures for the full
analysis set and IOPD and LOPD subgroups exceeded those
from a previous 160 L rhGAA study involving 16 ventilatorfree IOPD patients aged 6–36 months (week 52: survival
76.2%; invasive ventilator–free survival 62.5%).7 That study’s
patients, unlike ours, were treatment-naive; prestudy
untreated disease progression may have limited their overall
and ventilator-free survival. ADVANCE’s IOPD patients
included many long-term survivors on prestudy 160 L
rhGAA. Of the 17 atypical IOPD patients who had survived
to postinfancy 160 L rhGAA initiation, 14 survived throughout ADVANCE, possibly reflecting a “healthy survivor” effect.
Geographically diverse newborn-screening studies indicate
that starting rhGAA even a few days earlier may lead to better
outcomes.21 Delayed prestudy 160 L rhGAA initiation may
have affected response if irreversible damage had already
occurred before treatment.
ADVANCE’s LOPD patients were younger and more
heterogeneous than those in LOTS8 and previously treated,
whereas LOTS patients were alglucosidase alfa–naive. Still,
LOTS patients, like ADVANCE patients, showed clinical
improvement or stability: over 78 weeks of rhGAA treatment,
the mean 6-minute-walk distance improved significantly and
mean % predicted FVC was statistically stable (Supplementary
Table S5). Participants in the 3-year MiniLOTS study of
rhGAA in juvenile LOPD were 5.9–15.5 years old, ambulatory,
able to perform FVC tests, and free of cardiac involvement.22
Their posttreatment motor and respiratory functioning
exceeded those of ADVANCE patients (Supplementary
Table S5).
In ADVANCE, mean standing and walking/running/
jumping GMFM-88 dimensions (for patients having those
skills) showed larger significant improvements from baseline
compared with lying/rolling, sitting, and crawling/kneeling,
suggesting that 4,000 L rhGAA ameliorated the characteristic
lower-limb weight-bearing impairment of Pompe disease and
enabled higher levels of motor-skill acquisition than are
achievable in untreated disease.23 However, the more mobile
patients contributed most to group changes in GMFM-88,
GENETICS in MEDICINE | Volume 00 | Number

| Month

ORIGINAL RESEARCH ARTICLE
whereas those who were nonambulatory at baseline
remained so.
Supported walkers or supported standers at baseline were
less often stable/improved than independent walkers, sitters,
or minimally mobile patients. Sitters and minimally mobile
patients had less baseline mobility to lose than supported
walkers and supported standers; conversely, independent
walkers may be less susceptible to motor decline than those
more impaired. For patients with GMFM-88 baseline scores
o8%, a floor effect precluded the decline criterion of ≥ 8
percentage points.
Proportionately more girls than boys were stable or
improved. In previous studies24 male LOPD patients were
more prevalent,25 had more respiratory impairment,26 and
were more likely than females to have shoulder-girdle or
bulbar-muscle weakness.26
Two of five HSAT patients became invasive ventilatordependent during the study, as did another patient with
sustained intermediate titer (peak 102,400 and final 25,600),
thus failing the composite end point. In the higher IgG
quartiles, there were more IARs and fewer stable or improved
patients. Conversely, patients who started as seronegative and
seroconverted during the study had lower initial titers
(median 100 and maximum 1,600) than those starting as
anti-160L rhGAA-seropositive. As for 160 L rhGAA in
IOPD27 and LOPD,28 immune response affected the efficacy
of 4,000 L rhGAA; both duration and intensity may affect
clinical status.
Twenty-two patients showed potentially clinically important improvements from baseline to week 52, predominantly
in GMFM-88, where those with extension data showed
continuing improvement. High responders had a wide range
of starting GMFM-88% scores, indicating that 4,000 L rhGAA
enabled continued motor development at diverse starting
functional levels. Five IOPD patients beginning ADVANCE
with persistent cardiomegaly were substantially improved in
LVM z-score at week 52. FVC improved in two IOPD
patients, in contrast to adult LOPD, in which FVC generally
stabilizes.
Pneumonia frequency in ADVANCE reflects age-related
susceptibility (overall incidence in hospitalized children has
been reported as 15.7/10,000 and as 62/10,000 in those under
2 years old29); the effects of Pompe disease on respiratorymuscle function, cough, and pulmonary hygiene;30 and the
vulnerability of invasively ventilated patients to infection. In
the Pompe Registry (Sanofi Genzyme, data on file), 109 IOPD
patients (58.6% of those with data) and 312 LOPD patients
(29.3% of those with data) have ever had pneumonia.
Study limitations include a single-arm design not directly
comparing clinical effects between the two manufacturing
scales of rhGAA. However, clinical stability or improvement
of 83.4% of transitioned patients for at least 52 weeks in a
progressive disease supports comparability. Not all patients
could be assessed in all composite end-point components,
limiting comparability of primary outcomes. FVC was
evaluable only in invasive ventilator–independent, testable
9
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patients. LVM z-score was evaluable only in patients with
echocardiographic data and a baseline LVM z-score > 2. Eight
patients with only postbaseline FVC testing and any others
potentially becoming testable during the study were excluded
from the respiratory component, which required baseline and
week 52 FVC data. Of 87 stable/improved patients, 15 had
data for all five primary end-point components, 28 for four,
23 for three, 18 for two, and 3 for one.
ADVANCE enrolled a large, clinically naturalistic set of 113
treated US Pompe patients ≥ 1 to 18 years of age; its strength
is in including a classic IOPD subset within a broadly
representative, geographically diverse real-world cohort.
Inherent heterogeneity (in age, severity, phenotype, and prior
treatment experience) limits the interpretability of overall
group mean changes to indicate treatment response.
Conclusions

ADVANCE efficacy results showed that treatment with
4,000 L rhGAA for 52 weeks maintained clinical stability in
most patients with Pompe disease who transitioned from
160 L rhGAA. Safety-profile observations were consistent
with prior rhGAA experience; median anti-rhGAA titers
remained low. No patients left the study because of AEs other
than death, and all deaths were deemed related to Pompe
disease rather than to rhGAA.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the
paper at http://www.nature.com/gim
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