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ARTICLE INFO ABSTRACT

Keywords: Late-onset Pompe disease (LOPD) includes patients from 1 year of age to adulthood. The vast heterogeneity in
LOPD clinical manifestations and disease progression is not fully explained; however, a short disease duration and a

}J’resy'fipmmaﬁc young age seem to be good predictors of a better response to treatment. For this purpose, we investigated and
E‘};‘_’;"‘ € followed up a cohort of 13 juvenile patients with LOPD from the clinical and therapeutic point of view, mainly
Muscle MRI pointing out the transition from presymptomatic to symptomatic status.

We retrospectively collected clinical, morphological, biochemical and molecular data from 13 juvenile LOPD
patients. Motor and respiratory functional data, obtained during annual follow-up visits, were analyzed. The data
included serial evaluations of the Medical Research Council (MRC) scale, the 6-Minute Walking Test (6MWT), the
Gait, Stairs, Gower, and Chair (GSGC) score, and seated and supine Forced Vital Capacity (FVC). Muscle Mag-
netic Resonance Imaging (MRI) was also included, although it was not performed in all cases.

Currently, patients mean age is 18 years. All patients but one were diagnosed because of an isolated hyper-
CKemia: the mean age at diagnosis was 6.8 years (range 1-18). The onset of symptoms occurred from 6 months
to 12 years after the diagnosis. The mean clinical follow-up duration was 9 years (range 2-18). From the genetic
point of view, the most shared mutation was ¢.32-13T>G, found in twelve patients as compound heterozygosis.
Seven patients underwent muscle biopsy, which showed vacuolar myopathy with glycogen accumulation in four
of them with unspecific changes in the other three cases. Five patients developed proximal muscle weakness
during the follow-up with a mild waddling gait and a positive Gowers manoeuver. Muscle MRI revealed mild
hypotrophy of the thighs at the development of symptoms in four out of five cases. Four patients started
alglucosidase alfa, and one avalglucosidase alfa. These five patients on Enzyme Replacement Therapy (ERT)
showed motor and respiratory stability in the following years.

Timely identification of emerging clinical manifestations in presymptomatic LOPD patients, as a result of
careful follow-up, is essential to start prompt treatment to modify the disease natural course.

1. Introduction

Late-onset Pompe disease (LOPD) is a rare inherited metabolic
myopathy with autosomal recessive trait. It is characterized by a defi-
ciency of the acid alpha-glucosidase (GAA) due to a mutation in the GAA
gene. This enzyme is involved in the lysosomal degradation of glycogen,
and its genetically determined deficiency leads to a multisystemic
accumulation of glycogen [1].
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LOPD manifests after the first year of life and can present with sig-
nificant clinical heterogeneity in childhood, adolescence, or adulthood.
It is characterized by a slow and progressive decrease of skeletal muscle
function, with weakness predominantly at axial and proximal limb
muscles, more pronounced at the pelvic girdle than at the shoulders. The
respiratory involvement is quite recurrent, mainly because of a dia-
phragm weakness leading to the development of progressive respiratory
insufficiency, which is usually the primary cause of death in these
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patients [2].

Clinical manifestations can vary significantly depending on the age
of onset, the affected muscle groups, and the degree and rate of pro-
gression of myopathic changes, which are usually slowly disabling [3].
Muscle weakness is very often preceded by a long history of intolerance
to physical exercise, fatigue, and muscle pain. These symptoms, along
with an elevation in serum creatine kinase (CK) levels can be considered
as a preclinical phase of LOPD [4].

Considering the mild and unspecific symptomatology by which the
disease can present over a long period, a mean diagnostic delay of about
six years has been reported since symptoms onset [5]. However,
implementing newborn screening programs and developing more sen-
sitive diagnostic algorithms [6], have significantly reduced the delay
and provided a rapid diagnosis, even in presymptomatic patients.
Management of this kind of patient is still poorly described in the
literature, and the best time for starting treatment remains highly
debated.

Indeed, Enzyme Replacement Therapy (ERT) was authorized in 2006
for Infantile Onset Pompe Disease (IOPD) and LOPD. European Pompe
Consortium (EPOC) guidelines for starting and stopping treatment have
been suggested since 2017 [7] and recently reviewed [8], also consid-
ering the opportunity of switching from one to another type of ERT. The
main criteria for starting ERT included a patient with confirmed diag-
nosis and symptomatic because of muscle weakness and/or respiratory
insufficiency. However, the management of presymptomatic patients, so
far, is not particularly detailed, leaving the treatment choice to the
competence of muscle disease experts, usually according to the current
recommendations [9]. We herein report on our experience with 13
young patients who were diagnosed with LOPD at a presymptomatic
disease stage.

1.1. Patients and methods

We retrospectively collected clinical, morphological, biochemical,
and molecular data from a cohort of 13 young patients affected by
LOPD. The patients involved in the study are followed at the Neurology
and Neuromuscular Diseases Unit of Messina, Italy, and the Department
of Neurology of Ludwig-Maximilians-University of Munich, Germany. In
these subjects, the diagnosis of LOPD was suggested by residual GAA
enzyme activity through dried blood spot (DBS) or skeletal muscle
analysis and confirmed by GAA genetic testing. Motor and respiratory
functional data, obtained annually, were retrospectively collected.
These evaluations were performed according to EPOC guidelines [10].
Motor function was tested using the Medical Research Council scale
(MRC), 6 Min Walking Test (6MWT), and Gait, Stairs, Gower, Chair
(GSGC) score, which measures the four functional items that usually
correlate with the severity of the disease [11]. Respiratory function was
assessed through spirometry measuring seated, and supine Forced Vital
Capacity (FVC). The clinical profile of each subject was further inves-
tigated using electromyography, muscle biopsy, echocardiography, and
muscle Magnetic Resonance Imaging (MRI) (T1 and STIR sequences for
quantification of fat fraction). We examined this cohort mainly as regard
as disease progression and treatment response, also evaluating the best
time for starting ERT in presymptomatic patients.

2. Results

We studied a cohort of 13 patients that included two couples of
siblings (see Table 1). At the time of diagnosis, the mean age of patients
was 6.8 years, ranging from 1 to 18 years. Mean clinical follow-up lasted
9 years, ranging from 2 to 18 years. The current age ranges from 6 to 34
years, with an average of 18 years. Ten out of thirteen patients were
referred to a neurologist because of unexplained and persistent CK
elevation, two were siblings of affected individuals, also carrying
hyperCKemia, and the last one was incidentally diagnosed by DBS
during a routine preoperative evaluation for minor surgery. Isolated
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hyperCKemia (ranging from 374 to 2935 U/L) was the most significant
clinical feature before the onset of muscle weakness.

Interestingly, patient 2, apart from CK elevation, complained of fa-
tigue and intolerance to prolonged physical exercise during the pre-
clinical phase of the disease. No other patients reported muscle pain or
muscle-related symptoms at first evaluation. The echocardiographic
study was normal in all patients, except for a mild mitral and aortic
insufficiency detected in patient 8, and a clinically and hemodynami-
cally not significant Patent Foramen Ovale (PFO) in patient 10.

Electromyography study was performed in all patients with a pre-
defined sequence of muscle examinations, including the right biceps
brachii, the first dorsal interosseous muscle of the right hand, the right
vastus lateralis, the right tibialis anterior, and the right paravertebral
muscles. The EMG findings appeared normal in all cases except for pa-
tient 1, who exhibited myotonic discharges at paravertebral muscles,
and patient 6, who displayed increased polyphasic motor unit potentials
in all explored muscles. Although no muscle weakness was present, we
performed muscle MRI to look for possible subclinical damage. How-
ever, when first examined, only normal findings were found. Therefore,
muscle biopsy site was selected according to the most usually investi-
gated muscle as quadriceps femoris.

GAA activity was performed in eleven out of thirteen patients: in
seven patients on muscle biopsy samples and in four on DBS. The
remaining two patients, a couple of brothers (patients 3, 4), displayed
hyperCKemia and have been enrolled in a protocol with a direct genetic
analysis. However, the diagnosis of all patients was confirmed through
GAA genetic testing (patients genotypes listed in Table 1). The most
common mutation was ¢.32-13T>G, found in compound heterozygosis
in twelve patients, whereas, interestingly, patient 7 showed a compound
heterozygosis with two different changes as ¢.1655T>C/IVS1-3C>A,
associated in the past with a more severe disease course [12,13]. Seven
patients underwent muscle biopsy, revealing four cases of vacuolar
myopathy with glycogen accumulation. Unspecific changes were
detected in the remaining three cases. Biochemical results showed a
residual GAA activity ranging from 0.8 % to 25 %.

During the clinical follow up, all the patients performed annually a
complete clinical evaluation but patient 2 voluntarily missed the con-
trols for ten years. Later, five patients developed muscle symptoms
(eight remained presymptomatic) which occurred from 6 months to 12
years after the diagnosis. The most common phenotype observed was
characterized by proximal and axial weakness. Proximal muscle weak-
ness was more pronounced at the pelvic girdle than at the shoulder
girdle. Indeed, neurological examinations revealed strength reduction in
the gluteal, iliopsoas, quadriceps, and femoral biceps muscles, with an
MRC score ranging from 4+ to 3+ for each muscle group. Pelvic girdle
muscles weakness led to a mild waddling gait and positive Gowers
manoeuver in all five patients. Two patients (patients 7, 11) exhibited
scapular winging (see Fig. 1) whereas axial and lower girdle weakness
with mild hyperlordosis characterized the other three patients (patients
1, 2, 5).

At the progression of symptoms, MRI revealed muscle abnormalities
in 4 out of 5 patients. A mild hypotrophy was present in three cases
(patients 5, 7, 11) and a moderate hypotrophy, involving posterior and
medial compartments of the thighs, was present in patient 2, with a
more pronounced muscle bulk reduction at the adductor muscles and
bilateral biceps femoris. It is noted that patient 1, although symptom-
atic, showed normal muscle imaging.

Regarding ERT start, four patients initiated therapy with alglucosi-
dase alfa, while one was treated with avalglucosidase alfa (patient 5).
The mean follow-up duration under treatment was 8 years, ranging from
1 to 16 years. Four patients undergoing ERT showed sustained stability
in motor or respiratory functions over time, demonstrated through
6MWT, GSGC and seated and supine FVC (see Fig. 2). In addition to
these clinical aspects, muscle MRI did not reveal any sign of disease
progression after a mean follow-up of 8 years. Interestingly, patient 7,
whose genotype has been associated in the literature with a severe



Table 1
Demographics and clinical features Demographics and clinical features.
Sex  Current Age at CK at Mutation Mutation allele Muscle biopsy at diagnosis GAA Age at Neurological Muscle MR Muscle MR at ERT
age diagnosis diagnosis allele 1 2 activity symptoms examination at diagnosis symptoms onset
(%) onset

Patient M 26 16 2935 ¢.—32-13T>G €.2481+102_ Not performed 4.6 16 Proximal muscle Normal Normal Yes
1 2646+31del weakness
Patient M 34 18 558 c.—32-13T>G c.525del.T Vacuolar myopathy. Ultrastructural 1,1 30 Proximal muscle Not Hypotrophic Yes
2 features characterized by the presence weakness performed thighs

of lysosomal autophagic material and

glycogen accumulations.
Patient F 15 9 458 ¢.—32-13T>G c.784G>A Normal glycogen content. Sparse / Normal Normal Normal No
3 punctate positivity for acid

phosphatase in rare fibers. Minimal

muscle damage without specific

features.
Patient M 6 1 374 c.—32-13T>G c.784G>A Not performed / Normal Not Normal No
4 performed
Patient F 27 10 700 ¢.—32-13T>G ¢.1802C>G Not performed 3.3 20 Mild proximal Normal Mild adipose Yes
5 muscle weakness substitution

(thighs)
Patient M 20 6 889 ¢.—32-13T>G €.2481+102_ Not performed 2.5 / Normal Normal Normal No
6 2646+31del
Patient M 24 1 460 ¢.1665T>C IVS1-3C>A Vacuolar myopathy with glycogen 20 3 Proximal muscle Normal Mild atrophic Yes
7 accumulation. weakness psoas/thighs
Patient M 24 6 800 ¢.—32-13T>G ¢.1082C>G Nonspecific signs of muscle pathology 4.2 / Normal Normal Normal No
8
Patient M 10 1 1095 c.—32-13T>G €.2481+102_ Muscle damage with vacuolar 9 / Normal Normal Normal No
9 2646+31del accumulation features.
Patient M 6 1 610 c.—32-13T>G c.118C>T Not performed 0.8 / Normal Not Normal No
10 performed
Patient F 14 2 519 ¢.—32-13T>G c.118C>T Vacuolar myopathy with glycogen 24 7 Proximal muscle Normal Mild adipose Yes
11 accumulation. weakness substitution
(thighs)

Patient F 22 4 737 ¢c.—32-13T>G €.2481+102_ Caliber variability of fibers with 4.3 / Normal Normal Normal No
12 2646+31del atrophic fibers in the perifascicular

area, no glycogen accumulation.
Patient F 15 14 123 c.—32-13T>G c.2055C > A Not performed 25 / Normal Normal Normal No
13

" Biochemical data not available for the patient because they were included in an hyperCKemia protocol and directly performed GAA genetic analysis.

# Avalglucosidase alfa.
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Fig. 1. Scapular winging of patient 11.
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Fig. 2. 6MWT outcome under ERT.

disease course, demonstrated stability in motor function, even after 16
years of treatment: 6MWT at ERT start was 540 m, and at the last follow-
up visit 573 m.

On the other hand, patient 2 was diagnosed at 18 years of age, but he
did not follow the usual clinical recommendations, mainly not attending
follow-up visits for ten years. At 30 years of age, he decided to return
under clinical control showing an evident progressive muscle degener-
ation and ERT was started. Although this, a year later, pelvic girdle
muscle weakness worsened. In fact, at ERT start, he achieved 409 m in
6MWT, but one year later the distance covered decreased to 306 m. In
contrast, respiratory function remained relatively stable: FVC 3.2 liters
at start and 3.18 liters one year later. Similar to the motor function
progression, muscle MRI showed muscle deterioration. After a year,
muscle MRI showed severe atrophy with total or subtotal fatty
replacement of the adductor muscles, sesmimembranosus, and biceps
femoris, along with partial atrophy of the vastus intermedius muscle,
advanced hypotrophy with irregular muscle residues in the gluteal
muscles, and nearly complete atrophy of the psoas and anterior
abdominal wall muscles (see Fig. 3).

Regarding respiratory function, three out of five patients demon-
strated slight improvement or stability of FVC %. Notably, patient 5,
treated with avalglucosidase alfa, achieved a sustained positive
outcome, starting with an FVC % of 77 % and reaching 81 % after 8 years
of treatment. The remaining two patients (patient 1, 7) initially showed
stabilization (FVC respectively 91 % and 75 %) followed by a secondary
decline (respectively after 7 years, 78 % and after 16 years, 41 %).
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About the two pairs of brothers, the two younger siblings (patients 4,
10) of patients 3 and 11, respectively, remained presymptomatic until
age of six with normal psychomotor development. The older sibling
(patient 11) developed mild proximal weakness at 8 years of age and
started treatment with alglucosidase alfa. This patient demonstrated
clinical improvement, as evidenced by the 6MWT, which increased from
458 to 503 m. GSGC score remained stable; spirometry showed a pre-
dicted percentage of FVC from 115 % to 100 % after 7 years.

3. Discussion

LOPD includes patients ranging from one year of age to adulthood.
The extensive heterogeneity in clinical manifestations and disease pro-
gression is not fully explained. When the first symptoms appear, a timely
ERT start seems to predict a favorable treatment response [14,15]. Since
patients of younger age and with less severe myopathic damage may
benefit more from ERT, it is necessary to consider the precise timing to
initiate treatment in these patients and develop specific protocols [16].
In this cohort, the preclinical stage has been mainly characterized by
elevated hyperCKemia that preceded the onset of muscle symptoms by a
mean time of 10 years before muscle degeneration and disease
progression.

Eight patients remained presymptomatic throughout the follow-up
with no significant variation in 6MWT and FVC % and muscle
strength. The current age of this subgroup ranges from 6 to 24 years old.

Five of the thirteen patients developed muscle weakness and started
treatment during follow-up. Four of them began ERT early at the onset of
symptoms. They showed stability in motor outcome measures, including
patient 7, whose genotype has been previously associated with a worse
prognosis. Conversely, a poor treatment response was evident in patient
2, likely due to an already degenerated muscle functionality at ERT start.
In line with motor outcome measures, respiratory function remained
stable in 3 patients after 2-to-8 years of treatment. In the other two cases,
we assisted in an initial stabilization, followed by a secondary decline.
However, in these two patients, it seems that the secondary decline
occurred later than reported in the literature [15]. These findings sup-
port the good practice of starting treatment at the disease onset, looking
for a longstanding benefit.

One can suppose that an early diagnosis could optimize a therapeutic
response. In that case, DBS screening focusing on selected populations,
such as patients with isolated hyperCKemia or limb-girdle weakness, are
increasingly helpful in identifying patients with GAA deficiency [17],
even in consideration that DBS has demonstrated a quite high sensitivity
(93 %) [18,19]. Nowadays, a more extensive application of newborn
screening could help in the very early identification of affected patients,
allowing physicians to undertake a clinical longitudinal follow-up of
LOPD patients and monitor the rate of progression of muscle
degeneration.

Myopathic damage in Pompe disease is characterized by the forma-
tion of abnormal autophagolysosomal complexes, which disrupt vesic-
ular trafficking. These phenomena may lead to reduced enzyme efficacy,
accounting for the varying clearance of glycogen stores and the resultant
differences in therapy effectiveness [20,21]. It is conceivable that these
pathological hallmarks of the disease (including glycogen accumulation,
vacuolar degeneration, autophagic buildup, and alterations in vesicular
trafficking) [22] manifest subtly in these patients before clinical
symptoms.

While a consistent biomarker of disease progression for identifying
these pathological processes is still needed for LOPD, some imaging
techniques have taken an emergent role in the early detection and
monitoring of muscle morphological alterations.

Muscle MRI is increasingly used to detect and monitor muscle
damage. Moreover, it has been reported that T1 sequences can reveal
muscle involvement, even in presymptomatic individuals, suggesting an
earlier timing for starting therapy [23-25]. In our cohort, muscle MRI
revealed muscle hypotrophy at the development of symptoms in four
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Fig. 3. Muscle MRI T1 sequence of patient 2: A) before ERT start showing moderate-severe hypotrophy involving posterior and medial compartments of the thighs,
with a more pronounced muscle bulk reduction at the adductor muscles and bilateral biceps femoris, and B) after 1 year of treatment, showing atrophy with total or
subtotal fatty replacement of the adductor muscles, semimembranosus, and biceps femoris.

cases, while in patient 1 it remained normal despite proximal muscle
weakness.

Diaphragm ultrasound has also been used to monitor respiratory
involvement in LOPD and correlate with seated and supine FVC. In a
case-control cohort study, including four presymptomatic patients,
diaphragm thickness and mobility were less involved than in patients
with an established respiratory insufficiency. When comparing pre-
symptomatic patients with healthy controls, diaphragm thickness
showed a reduction, serving as a valuable tool in anticipating the
diagnosis of subclinical dysfunction of the diaphragm [26,27].

More recently, an investigation on glycogen imaging in muscle tis-
sues of 10 LOPD patients, compared it with some usual outcome mea-
sures such as muscle MRI, ultrasound, spirometry, functional muscle
tests, and QoL scales. Multispectral optoacoustic tomography (MSOT)
uses near-infrared lasers to induce localized tissue heating and expan-
sion, generating acoustic pressure waves. Glycogen serves as an effective
optoacoustic imaging target due to its high water-binding capacity.
MSOT appeared promising for detecting subcellular pathologies by
identifying glycogen/water increases with high sensitivity [28].

In this cohort, it was not possible to identify specific genetic, clinical
or prognostic factors to evaluate the likelihood of disease progression to
a symptomatic form. However, early MRI features promoted an early
ERT start as the recent EPOC recommendations suggested [8].

4. Conclusions
Presymptomatic patient management represents an informative op-

portunity for identifying prognostic factors and monitoring the disease
progression under ERT. Our experience suggests that programs aimed to

increase awareness about LOPD among clinicians have been effective for
earlier recognition of unspecific symptoms and rare diseases and for
addressing patients to the expert neuromuscular Centers. Diagnostic
techniques, including DBS screening in selected populations and muscle
MRI, allow timely intervention and a proper evaluation of progressive
muscle degeneration. A comprehensive follow-up strategy is crucial in
presymptomatic patients: regular annual clinical evaluations combined
with every other year muscle MRI assessments form the cornerstone of
this approach. Emphasizing the identification of emerging muscle
symptoms allows optimization of treatment outcomes, as stated in this
cohort of 13 young patients.
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