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Abstract

Objective—Newborn screening (NBS) has led to early diagnosis and early initiation of treatment
for infantile onset Pompe Disease (IOPD). However, guidelines for management of late onset
Pompe disease (LOPD) via NBS, especially with the IVS c.-32-13T>G are not clear. This IVS
variant is noted in 68—-90% cases with LOPD and has been presumed to result in “adult” disease in
compound heterozygosity, with a few cases with earlier onset and a mild to no phenotype in
homozygosity. Our study evaluates newborns with LOPD having 1VS variant with a diligent
multidisciplinary approach to determine if they have an early presentation.
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Methods—Seven children with LOPD identified by NBS with IVS variant (3 compound
heterozygous, and 4 homozygous) were evaluated with clinical, biochemical (CK, AST, ALT, and
urinary Glcy), cardiac evaluation, physical therapy (PT), occupational, and speech/language
therapy.

Results—All seven patients demonstrated motor involvement by age 6 months; the three patients
with ¢.-32-13 T>G variant in compound heterozygosity had symptoms as neonates. Patients with
c.-32-13 T>G variant in compound heterozygosity had more involvement with persistent
hyperCKemia, elevated AST and ALT, swallowing difficulties, limb-girdle weakness, delayed
motor milestones, and were initiated on ERT. The patients with ¢.-32-13T>G variant in
homozygosity had normal laboratory parameters, and presented with very subtle yet LOPD
specific signs, identified only by meticulous assessments.

Conclusion—This patient cohort represents the first carefully phenotyped cohort of infants with
LOPD with the “late-onset” GAA variant ¢.-32-13T>G detected by NBS in the USA. It
emphasizes not only the opportunity for early detection of skeletal and other muscle involvement
in infants with ¢.-32-13T>G variant but also a high probability of overlooking or underestimating
the significance of clinically present and detectable features. It can thus serve as a valuable
contribution in the development of evaluation and treatment algorithms for infants with LOPD.

Keywords

Late onset Pompe disease; glycogen storage disease type Il; newborn screening; enzyme
replacement therapy; 1VS variant; ¢.-32-13T>G

2. Introduction

Pompe disease is a progressive autosomal recessive neuromuscular disorder caused by
deficiency of lysosomal acid a-glucosidase (GAA) [1]. It is broadly classified into classic
infantile Pompe disease (IOPD), the most severe end of the spectrum with rapidly
progressive hypertrophic cardiomyopathy at birth, generalized muscle weakness, and death
within the first two years of life without treatment [2 3]; and late onset Pompe disease
(LOPD), encompassing childhood, juvenile, and adult-onset disease, with variable severity
of muscle involvement, presenting anywhere from infancy to the sixth decade of life [4-6].
Enzyme replacement therapy (ERT) with alglucosidase alfa remains the only FDA approved
treatment for Pompe disease with evidence that early initiation of treatment results in best
outcomes with dramatically improved survival [7-9].

Pompe disease was added to the recommended uniform screening panel (RUSP) for
newborns by the U.S. Secretary of Health and Human Services in March, 2015. Currently
Missouri, Illinois, New York, Kentucky, Mississippi, Ohio, Pennsylvania and Tennessee are
screening for Pompe disease and many additional states are gearing towards this goal [10].
Newborn screening (NBS) has led to early diagnosis and early initiation of treatment for
IOPD, as intended. However, NBS also identifies patients with “late-onset” GAA variants,
which poses a clinical dilemma, as guidelines for management of LOPD in childhood are
unclear. In the absence of NBS, early signs of LOPD such as subtle muscular weakness,
swallowing difficulties, and respiratory compromise are often dismissed or overlooked as
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non-specific hypotonia or “developmental delay” in children, contributing to misdiagnoses
and/or delayed diagnosis. NBS prevents the prolonged diagnostic odyssey for patients with
LOPD, allowing for an understanding of early signs and symptoms and, thus, provides the
opportunity to direct management and treatment considerations and decisions [11-14].

While immediate initiation of ERT is the standard of care for patients with variants
consistent with IOPD identified by NBS, there is no consensus on if and when to initiate
ERT for patients with “late-onset” GAA variants, especially with the leaky GAA splice site
variant, ¢.-32-13T>G in intron 1 (IVS1-13T>G; IVS variant) [15]. This variant is found on
at least one allele in 68-90% of Caucasian patients [16—18]. Data on the spectrum and
severity of LOPD patients with ¢.-32-13T>G variant in homozygosity or compound
heterozygosity are emerging. Patients with c.-32-13 T>G variant in compound
heterozygosity and a second pathogenic variant were originally thought to have adult-onset
LOPD, however the c.-32-13T>G variant has now been recognized across the disease
continuum. Patients with the ¢.-32-13T>G variant in homozygosity have historically been
thought to be asymptomatic or very mildly affected [16 19 20]. Contrary to that assumption,
a recent report described six adult Pompe disease patients with ¢.-32-13T>G variant in
homozygosity with myalgia, hyperCKaemia, and/or exercise induced fatigue, with symptom
onset between 12-55 years [21]. The management and treatment of infants diagnosed with
this “late-onset” GAA variant following NBS remains unclear, due to diagnostic delay and
the paucity of published literature on this patient population [16 22-26]. Data from the
Taiwan Pompe NBS program, which began in 2005 is a valuable resource [27-29]; however,
absence of the 1VS ¢.-32-13T>G splice site variant in Taiwan as compared to Caucasian
populations, limits our ability to extrapolate conclusions from Taiwan’s LOPD program
[30].

We present seven consecutive patients with “late-onset” GAA variants identified by NBS,
consisting of three patients with ¢.-32-13T>G variant in compound heterozygosity and a
second pathogenic variant and four patients with c.-32-13T>G variant in homozygosity. The
purpose of this report is to summarize the clinical presentation of these seven patients as
assessed utilizing a diligent multidisciplinary approach.

3. Methods

Written informed consent was obtained from a parent or guardian for all individuals as part
of Duke Institutional Review Board approved Pompe long-term follow-up study
(Pro00010830) and/or Determination of CRIM status in Pompe disease (Pro00001562). Data
were extracted via retrospective chart review of seven consecutive patients identified via
NBS with the ¢.-32-13T>G splice site variant in homozygosity or compound heterozygosity
(Table 1). All patients had laboratory assessments (creatine kinase (CK), urinary glucose
tetrasaccharide (Glcy), and complete metabolic profile), cardiac evaluation
(electrocardiogram (ECG) and echocardiogram (ECHQ)) (Table 1), genetics evaluation,
physical therapy (PT) assessment, speech/language therapy (ST) and/or occupational therapy
(OT) assessments as part of their evaluation at the Duke metabolic clinic (Table 2). PT
assessments included qualitative assessment of posture, movement, musculoskeletal status,
and standardized tests such as the Alberta Infant Motor Scale (AIMS) and Gross Motor

Mol Genet Metab. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rairikar et al. Page 4

Function Measure (GMFM). OT/ST evaluations assessed oropharyngeal muscle weakness
and included video-fluoroscopic swallow study when indicated.

4. Patient reports

4.1 Patients with ¢.-32-13T>G variant in compound heterozygosity

Patient 1—Patient 1 is a Caucasian male with the c.-32-13T>G splice site variant and c.
525delT (p.Glul76Argfs*45) variant, who presented with feeding difficulties, recurrent
aspiration, poor weight gain, and hypotonia within a few days of life. ECHO noted a small
patent foramen ovale at birth, which closed spontaneously, confirmed at age 4 months. ECG
was normal. HyperCKemia was present since the early neonatal period (378 1U/L, day 8 of
life; N: 60-305 IU/L), while AST and ALT were normal. Feeding assessment by Video-
fluoroscopic swallow study (VFSS) performed locally at age 27 days showed moderate
oropharyngeal dysphagia and poor muscle tone with a tendency for aspiration. Based on
severity of his presentation, ERT at a dose of 20 mg/kg every 2 weeks was initiated at age 1
month, with joint consultation of the local physician and our team at Duke. CK levels were
normalized on ERT by age 4 months (80 IU/L). Patient was first evaluated at Duke at age 7
months. PT evaluation at that time revealed generalized hypotonia with flexion/abduction/
external rotation positioning of lower extremities, iliotibial (IT) band tightness, and delayed
gross motor development with lack of independent sitting, AIMS score between 10t and
25 percentile, and GMFM at 23.16 %. VVFSS evaluation at this time revealed significant
improvement in feeding ability and oropharyngeal muscle tone. At age 23 months, he had
achieved significant motor milestones; started sitting with support at 10 months and without
support at 12 months, pulled to stand at 12 months, walked at 15 months and could feed
himself with an immature pincer grasp. Swallow study was normal. He continues to receive
ERT along with physical and occupational therapy.

Patient 2—Patient 2 is the younger brother of Patient 1 with an identical compound
heterozygous genotype. Generalized hypotonia, weak oropharyngeal skills and poor suck
were present since birth. The patient also had hyperCKemia (435 IU/L, day of life 4) and
normal urinary Glcy level. Similar to his brother, ECHO at birth revealed a patent foramen
ovale, which resolved spontaneously. ECG and ECHO have been unremarkable since. The
local physician consulted with our team on this patient. Given the early clinical symptoms
and family history of Pompe disease, it was jointly decided to initiate ERT on day 35 of life
at a dose of 20 mg/kg every 2 weeks. Medical evaluation at Duke at age 2 months noted
generalized hypotonia with facial myopathy, and delayed gross motor milestones. PT
evaluation at age 2 months revealed flexion/abduction/external rotation positioning of lower
extremities with tightness bilaterally in hip flexors, hamstrings, and IT bands. He had a
tendency to remain on toes when held in supported standing with additional support required
for weight bearing through lower extremities. He had decreased head control for age,
reflecting hypotonia/decreased neck strength. He also had difficulty lifting his head in prone,
with asymmetric head lift to 45 degrees, and an inability to maintain head in midline when
supine. AIMS score at age 2 months was between 10-25™ percentile. Continued ERT and
PT/OT were recommended.
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Patient 3—Patient 3 is a Caucasian female, compound heterozygous for ¢.-32-13T>G and
€.2188G>T variants, determined to be asymptomatic by two prior local genetics evaluations
on day 8 of life and age 3 months, and was recommended to delay ERT until the
development of overt symptoms. She had hyperCKemia since the second week of life (605
IU/L, day 8 of life; 513 IU/L, age 3 months). Local PT evaluation at age 5 months noted
gross motor developmental delay, with inability to hold head up to 90 degrees in prone,
ability to sit with slight support but unable to prop-sit, and with inability to bear weight on
hands in prone. AIMS score was at the 10™ percentile. PT evaluation at Duke at age 6
months revealed progression of delay in gross motor milestones, with AIMS score at the 3/
percentile (decreased from 10t percentile at 5 months). She was unable to sit upright or
unsupported, and scored only 20% on Dimension B (Sitting) of the GMFM. She was unable
to push up on arms in prone. CK was 602 1U/L. Imbalanced weakness was evident in trunk
and pelvic musculature with predominant active use of, and positioning in, hip flexion/
abduction/external rotation in supine, prone and sitting, decreased use of hip extensors and
abdominals, and limitation in the use of abdominal obliques for active trunk rotation
(Figures 1 and 2). Lower rib flaring was present with tightness in hip flexors, IT bands, and
plantar flexors. Calf muscles felt firm on palpation and showed hypertrophy. ERT at 20
mg/kg every other week was initiated at age 9 months. After initiation of ERT and with
continued PT, motor improvements were noted in the achievement of gross developmental
milestones including independent sitting and crawling with improvement in AIMS score to
431 percentile at age 11 months, along with normalized CK levels. Urinary Glc, levels,
ECG, and ECHO have been normal. PT evaluation at age 18 months showed continued
improvement in gross motor skills, but with persistent residual subtle motor signs and slight
delay in locomotor skills as measured by the Peabody Development Motor Scale (PDMS)-2.
She began walking at age 16 months. Previous patterns of muscle involvement, positional
tendencies and mild muscle tightness persisted, with weakness in abdominals, and in hip
extension, ankle dorsiflexion, and ankle eversion; positioning and postural tendencies
continuing to include excessive hip flexion, abduction and external rotation with an anterior
pelvic tilt; and decreased flexibility in gastrocsoleus, hip flexors and iliotibial bands. She
was standing and walking with excessive anterior pelvic tilt and lumbar lordosis. AIMS
testing showed age appropriate function on all subscales, scoring in the 90t percentile for
age on the AIMS. On the PDMS-2, with measurement of higher level gross motor skills, she
was at the 50t percentile for age on the Stationary Subtest, which is considered in the
average range for age, and the 16t percentile for age on the Locomotion Subtest, which is
considered below average for age. On the GMFM, she showed 71.79% on Dimension D
(Standing). She continues with PT 2x/week and ERT at 20 mg/kg every other week.

4.2 Patients with ¢.-32-13T>G variant in homozygosity

Patient 4—Patient 4 is a Caucasian female, homozygous for the c.-32-13T>G splice site
variant. HyperCKemia was detected in the first month (505 1U/L; 30-279 1U/L), this
normalized spontaneously at 4 months (188 IU/L). Other laboratory assessments have been
within normal limits along with normal ECG and ECHO. She was evaluated at Duke at age
6 months. She had no head lag when pulled to sit, had the ability to transfer objects and
bring them to midline, and could bear weight through extremities. However, PT assessment
revealed subtle motor signs, which included preferred position of ring sitting with hips in
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flexion/abduction/external rotation, and bilateral IT band tightness, which was more notable
on left. She demonstrated imbalanced trunk flexion and extension with a tendency to use
momentum for movement. Also notable was decreased use of abdominals and excessive use
of spinal extension. She fatigued quickly with play. Asymmetry was noted in reaching
objects in prone and weight shifting with lateral flexion and shortening on the left at the
neck and trunk. AIMS score was at the 25" percentile and GMFM was 22.14 %. Given that
she was not receiving any PT, and her general assessment was close to normal, the plan was
to initiate PT locally and follow up closely for potential progression of symptoms. ERT was
not initiated.

Patient 5—Patient 5 is a Caucasian female, homozygous for the c.-32-13T>G-splice site
variant born at 36 weeks of gestation. CK levels, ECG, and ECHO have consistently been
within normal limits. She was evaluated at Duke at age 3 months (2 months corrected for
gestational age) for feeding difficulties. She had oral and nasal regurgitation despite
adequate suck and swallow reflex and appropriate weight gain. Feeding and swallow
evaluation confirmed regurgitation and possible fatigue during feeding. Difficulty in lying
supine while eating, sleeping and self-limited gasping episodes was observed. Pulmonary
evaluation noted a slightly reduced mean expiratory pressure. Good muscle tone was noted
but PT evaluation showed mild consistent asymmetry with increased lateral head tilt to the
right. Potential early signs of decreased use of pelvic girdle musculature, especially hip
extensors, were suggested by a tendency towards flexion/abduction/external rotation
positioning of lower extremities. Slight lateral thigh grooves reflected early IT band
tightness, and she had decreased posterior weight shift and propping on forearms in prone.
She had normal passive ranges of motion and appropriate weight bearing through lower
extremities in supported standing. AIMS score was at 101 percentile for chronological age
and 25t to 50t percentile for corrected age. Though the family history was positive for
15026.3 duplication in an older brother and 15q deletion syndrome (Angelman syndrome) in
a paternal first cousin, chromosomal microarray excluded similar alterations as the cause of
feeding difficulties in this patient. Patient 5 started receiving PT at 3 months, with a planned
follow up in 3 months. At age 6 months, 3 months post initiation of PT, there were
remarkable improvements. She gained new motor skills and developmental milestones
including the ability to roll over. Her PT assessment at age 6 months revealed good muscle
tone and her AIMS score improved to 25" 50t percentile for chronologic age (50t —75t
percentile for corrected age) while GMFM was reported as 22.72%. She had a slight
tendency towards flexion/abduction/external rotation of hips and slight lateral grooves on
thighs with passive adduction. In prone and supported sitting, active extension with
adduction of hips and consistent preference for weight shift to left with head tilt towards
right side was seen. She has been advised to continue PT. At this time ERT is not
recommended, given her very subtle findings and very good improvement with PT
intervention.

Patient 6—Patient 6 is a Caucasian male homozygous for the c.-32-13T>G-splice site
variant. HyperCKemia was noticed in the first month (438 U/L; N 60-305) which
normalized spontaneously by age 6 months. ECG and ECHO revealed patent foramen ovale
without left ventricular hypertrophy. He was seen at Duke at age 6 months. PT evaluation
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revealed flexion/abduction/external rotation positioning of lower extremities and with
bilateral IT band tightness. He had proximal muscle weakness including decreased active
use of abdominal oblique muscles with a lack of active trunk rotation and with lower rib
flaring. He had decreased active use of hip extensors; and decreased active use of lower
abdominal muscles with inability to achieve a posterior pelvic tilt in supine. AIMS score was
at 15t percentile for age and GMFM was at 12.3%. Other evaluations including cardiac,
pulmonary, speech, and swallow were normal. Patient 6 is receiving PT and is being closely
observed for potential progression of symptoms to determine if ERT needs to be initiated.

Patient 7—Patient 7 is a Caucasian female homozygous for the IVS c.-32-13T>G-splice
site variant born at 36 weeks gestation. CK levels have been normal since birth. After a
breech delivery, her hip ultrasound was off by 1/5! of a degree, which resolved
spontaneously on follow up examination. Cardiac evaluation including ECHO and ECG
showed a small patent ductus arteriosus at birth, premature atrial and ventricular
contractions but without evidence of left ventricular hypertrophy. Duke evaluation at age 6
months, including PT evaluation, revealed subtle neck flexor weakness reflected by head lag
during pull to sit. She had predominant overall flexion position of lower extremities with a
tendency towards hip flexion/abduction/external rotation, with lateral thigh grooves
suggestive of bilateral IT band tightness. She had lower extremity stiffness during supported
standing with knees locked in extension and ankle plantarflexion positioning, remaining up
on her toes in supported standing. AIMS score was between 10t and 25™ percentile for
chronological age and 50™ percentile for her corrected age adjusted for prematurity while
GMFM score was 16.55%. Other evaluations including pulmonary, speech, and swallow
were normal. ERT has not been initiated. Patient 7 is receiving PT and is being closely
observed for potential progression of symptoms.

5. Discussion

While NBS identifies individuals with “late-onset” GAA variants at birth, circumventing the
diagnostic odyssey and offering a potential opportunity for better outcome, no evidence-
based guidelines exist for assessment, management, and/or initiation of ERT for children
with these “late-onset” GAA variants. Childhood management is further complicated in
patients with the c.-32-13T>G variant. While originally thought to result in adult-onset
disease, patients with ¢.-32-13 T>G variant in compound heterozygosity and a second
pathogenic variant have been reported in retrospective case series as presenting
unrecognized symptoms in early childhood [26 31 32]. However, these reports fall short as
they do not include standardized developmental and functional motor testing, or evaluation
of features in the early years, especially the first year of life. The patient cohort presented
here represents a systematic characterization of clinical features in infants with the common
IVS variant identified by NBS including feeding, respiratory, musculoskeletal, and
functional motor involvement. Both compound heterozygous and homozygous infants with
the common 1VS variant are described, with the latter being a novel addition to our
understanding.

All seven patients demonstrated some motor involvement by age 6 months; however patients
(Patients 1, 2 and 3) with ¢.-32-13 T>G variant in compound heterozygosity were more
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severely affected and also presented with feeding difficulties, generalized hypotonia, and
muscle weakness from the neonatal period. Patients with c.-32-13 T>G variant in compound
heterozygosity also demonstrated persistent hyperCKemia, until the initiation of ERT. ERT
with PT was initiated for all three patients (1, 2, and 3) with ¢.-32-13 T>G variant in
compound heterozygosity as they demonstrated widespread musculoskeletal involvement.
Patients 1 and 2 were initiated on ERT by their local physicians within 35 days as a joint
decision with our team at Duke. Patient 3 had hyperCkemia, delayed development, and
muscle weakness early in life, yet was presumed asymptomatic and denied treatment due to
her “late-onset” ¢.-32-13T>G variant. Patient 3 was initiated on ERT at 9 months by our
team at Duke based on findings of an in-depth evaluation and parental concern. She has
shown remarkable improvement following 9 months on ERT. Thus, patients (Patients 1, 2
and 3) with ¢.-32-13 T>G variant in compound heterozygosity demonstrated significant and
prominent developmental delays in gross motor milestones with evidence of muscular
weakness requiring ERT initiation. It will be important to follow these patients carefully
over time to gain a better understanding of response to ERT in infants identified via NBS.
Patient 3 highlights the subtle motor signs of pelvic girdle muscle weakness consistent with
Pompe disease that are often missed, resulting in this patient initially being considered
asymptomatic. Subtle muscle deficits characteristic of infants with “late-onset” GAA
variants as compared to a typically developing child 6 months of age are shown in Figures 1
and 2.

Subtle disease specific muscular signs characteristic of LOPD were observed in all four
patients (Patient 4, 5, 6 and 7) with c.-32-13T>G variant in homozygosity. Patients
homozygous for the ¢.-32-13T>G variant had more subtle motor signs than patients with
€.-32-13 T>G variant in compound heterozygosity coupled with normal laboratory
parameters (CK, AST, ALT, and urinary Glc, levels) at the time of evaluation at Duke.
HyperCKemia was present in two of four patients (Patient 4 and Patient 6) with
€.-32-13T>G variant in homozygosity in the newborn period, which resolved spontaneously.
Even though the skeletal muscle findings in the patients with c.-32-13T>G variant in
homozygosity were subtle, they were characteristic of known features of Pompe disease and
were missed before a vigilant disease-specific approach to evaluation. ERT has not been
initiated in any of the patients with ¢.-32-13T>G variant in homozygosity at this time as they
do not manifest the widespread motor involvement seen in the patients with ¢.-32-13 T>G
variant in compound heterozygosity. Patients with ¢.-32-13T>G variant in homozygosity
will be monitored and followed every 6 to 12 months, with initiation of ERT a future option
should their disease course appears to be sufficiently progressive.

Based on carrier frequency of the common IVS variant as 1 in 154 in the general unaffected
Dutch population, 16-40% of all adult Pompe patients should have ¢.-32-13T>G variant in
homozygosity [33]. Clearly this has not been reported [20 21 34-36], suggesting that most
c.-32-13T>G homozygotes are unaffected or have only a very subtle phenotype with the few
symptomatic homozygotes described in the literature representing an extreme end of the
phenotypic spectrum. Symptomatic patients with c.-32-13T>G variant in homozygosity
could also be explained by other factors including modifier genes, other variants in the GAA
gene, exercise, diet or other environmental factors influencing the clinical presentation. To
date, only a few symptomatic patients have been reported. Musumeci et al describe only one
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patient, among six adult patients with ¢.-32-13T>G variant in homozygosity, with childhood
motor disease onset at age 12 years who had a sole symptom of leg weakness at onset. The
other 5 patients had a collective symptomatology of myalgia, hyperCKemia, and/or exercise
induced fatigue at the age of onset (39-58 years) [21]. Another report by the same group
describes two adult patients with ¢.-32-13T>G variant in homozygosity grouped with 27
adult patients with c.-32-13 T>G variant in compound heterozygosity with a phenotype of
presymptomatic hyperCKemia (37 %), proximal/axial muscle weakness (53 %) and
respiratory impairment [25]. Patients with ¢.-32-13T>G variant in homozygosity identified
by NBS should be reassured that clinical symptoms are likely to be mild with treatment
likely unnecessary, though continued follow-up is warranted to understand the disease
course. The four patients with ¢.-32-13T>G variant in homozygosity reported here represent
preliminary data as an emerging addition to the literature given the limited experience with
this genotype.

Also notable in our cohort is the emerging early finding of feeding and swallowing difficulty
in two of three patients with ¢.-32-13T>G variant in compound heterozygosity and one of
four patients with c.-32-13T>G variant in homozygosity (Patients 1, 2 and 5), typically a
feature of IOPD and also recognized in the Taiwan LOPD cohort (none have the 1S
variant) [30]. Thus, this is a new finding associated with the IS variant as a feature that
may present in infancy.

The two cohorts of patients with ¢.-32-13T>G “late-onset” GAA variants diagnosed by
NBS, compound heterozygotes and homozygotes, necessitate different levels of concern and
management. A meticulous follow up is vital in both groups, yet treatment with ERT is
likely not necessary for patients with c¢.-32-13T>G variant in homozygosity based on
experience to date from patients identified in the clinical setting or this early experience in
infants identified via NBS. Patients with c.-32-13T>G variant in compound heterozygosity
and a second pathogenic variant are more likely to manifest symptoms warranting treatment
with ERT. Patients 1 and 2 with ¢.-32-13T>G variant in compound heterozygosity initiated
ERT at 1 month of age and displayed significant symptomatic improvement, yet with the
continued presence of some gross motor developmental delays on follow up visits. It has
been well documented that ERT results in significant improvement but not complete reversal
and/or prevention of pre-existing damage and skeletal muscle involvement at the time of
ERT in LOPD as well as in IOPD [5 37-41]. The outcome in LOPD can thus also be
affected by early ERT to restore, preserve, and possibly reverse skeletal muscle pathology.

Initiation of treatment with ERT can be a difficult decision for infants with “late-onset”
GAA variants especially the ¢.-32-13T>G variant. Treatment decisions should be
multifactorial and differential, primarily based on a multidisciplinary evaluation along with
parents and physicians’ views. Our report aims to increase awareness of the signs and
symptoms of Pompe disease in infants with the ¢.-32-13T>G variant to establish an evolving
phenotype, not to provide guidance on when to initiate ERT. Over time, as longitudinal data
are gathered on patients identified by NBS, a better perspective and understanding of the
natural history of patients with “late-onset” GAA variants from infancy through adulthood
will be achieved. These long-term data could then serve as a basis for universal treatment
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decisions. At this time, the extent of disease involvement should guide individualized,
patient specific decisions on if and when to initiate ERT.

We therefore recommend a thorough multi-dimensional approach to allow for early
identification of typical and subtle features of patients with “late-onset” GAA variants [37
38 42]. Evaluation by a pediatric physical therapist with expertise in neuromuscular
disorders is critical for an age appropriate assessment of muscular weakness, as it may not
be appreciable on medical clinical examination alone. Postural and musculoskeletal features
of Pompe disease may signal early involvement. These can limit or alter the motor
development at a young age, and can contribute to compromised biomechanics for function
and lead to contracture and secondary deformity if not treated [43]. Subtle findings as seen
in our patients reflect early evidence of muscle compromise and underlying pathological
damage within these muscles. Standardized functional gross motor assessments, especially
in the 15t year of life, are of paramount importance in this population and could signal the
need for initiation of intervention, including PT/OT and/or ERT before more severe
symptoms with motor delays, regression, or secondary musculoskeletal involvement become
evident by standardized assessments. AIMS scores on our patients were variable from the 15t
percentile to the 50t percentile for age, at least 1 standard deviation (SD) below the mean
for age, yet at or below the 50t percentile in all. It is imperative to look at the complete
picture of qualitative musculoskeletal assessment in addition to seemingly borderline
standardized PT tests to precisely determine the extent of involvement [44 45].

Musculoskeletal and developmental motor control features notable in this cohort resemble
patterns characteristic of LOPD in older individuals, and appeared to reflect possible early
signs of weakness. We have identified a pattern of involvement similar in all of our patients
especially compared to the known components of normal motor development [46] for
potential initial signs of LOPD pertaining typically to the trunk and limb girdle muscles
(Figures 1 and 2). These features included a tendency towards positioning in lower extremity
flexion/abduction/external rotation; decreased use of hip extensors and abdominals,
especially abdominal obliques; and decreased flexibility in iliotibial bands and sometimes
hip flexors and plantar flexors; all associated with functional difficulties in crucial aspects of
developmental control of the pelvis, trunk, and shoulder girdle (Figures 1 and 2). It cannot
be emphasized enough that clinicians should be aware of this early onset spectrum of LOPD
which can occur in patients with IVS splice site variant to determine an individualized
course of management.

In addition to ERT, regular physical therapy with age appropriate assessment, anticipatory,
preventative intervention, and close monitoring based on specific and known signs and
symptoms of Pompe disease should be an integral part of management, especially in the first
year of life whether on ERT or not. Systematic follow-up with repeated assessment across
systems and categories of the international classification of function (ICF) will be an
important step in determining the early phenotype, progression, and outcome of patients
with “late-onset” GAA variants identified by NBS. The Pompe Registry and the Newborn
Screening Translation Research Network could serve as a platform for a comprehensive data
collection and comparison. With a more comprehensive characterization of patients with
“late-onset” GAA variants with early identification by NBS and detailed assessment across
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the entire lifespan, specific, individualized and more successful treatment of identified
impairments will also be possible in tandem. As we know, the treatment of any
neuromuscular disorder is optimized by early identification and ongoing, anticipatory,
preventative treatment based on individual assessment [47].

Given this small sample of self-referred patients, also a likely selection bias, we cannot offer
a comprehensive characterization of the spectrum of Pompe disease in infants with the
€.-32-13T>G variant. Our patients here represent the first carefully phenotyped cohort in the
USA of infants with Pompe disease with the c.-32-13T>G “late-onset” GAA variant
detected by NBS. It can thus serve as a valuable contribution in the development of
evaluation and treatment algorithms for infants with “late-onset” GAA variants, as more data
becomes available. Though immediate symptomatic and motor improvement was seen by
the parents of the patients initiated on ERT and/or PT, and confirmed by objective
evaluations, the long term outcome, and an optimum timing of ERT initiation remains
unknown. Long-term follow up studies on a larger cohort of patients with ¢.-32-13T>G
variant in homozygosity and compound heterozygosity diagnosed via NBS is needed.

This patient cohort emphasizes not only the opportunity for early detection of skeletal
muscle involvement in infants with “late-onset” GAA variants but also a high probability of
overlooking or underestimating the significance of clinically present and detectable
symptoms. With detailed evaluations, regardless of genotype or clinical disease
classification, our current understanding and management of the early course of patients
with “late-onset” GAA variants identified by newborn screening will continue to expand. It
emphasizes the need for collective learning as this will allow for better management of cases
identified by NBS, which is now a reality in USA. This is the first of a series of papers
reporting on the expanded understanding and management, across the continuum and across
the lifespan of patients with “late-onset” GAA variants identified by newborn screening.

6. Conclusion

This patient cohort represents the first carefully phenotyped cohort of infants with the
€.-32-13T>G “late-onset” GAA variant detected by NBS in the USA. It emphasizes not only
the opportunity for early detection of skeletal and other muscle involvement in infants with
€.-32-13T>G variant but also a high probability of overlooking or underestimating the
significance of clinically present and detectable features. It can thus serve as a valuable
contribution in the development of evaluation and treatment algorithms for infants with
“late-onset” GAA variants.
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6 months old typical function 6 month old infant with c.-32-13T>G “late-onset” GAA variant

b)

Figure 1. Function and Positioning in Prone and Supine
a) Typical prone function at 6 months old: from Figure 6.9. In: Bly L. Motor skills

acquisition in the first year: an illustrated guide to normal development. Tucson, Ariz.:
Therapy Skill Builders; 1994. Used with permission. Typical function includes active hip
extension & adduction, shoulder girdle stability & depression, humeral adduction, UE
weight bearing with elbow extension, balanced neck flexion/extension, abdominal muscle
activity. b, ¢, d) Prone function in a 6 month old with ¢.-32-13T>G “late-onset” GAA
variant: excessive hip flexion, abduction, external rotation, excessive lumbar vs thoracic
extension, increased hip and knee flexion with increased activity, decreased hip extension,
adduction, internal rotation, decreased shoulder girdle depression, lack of upper extremity
weight-bearing. With elbows placed under shoulders, can maintain propping but with
scapular winging and lack of shoulder girdle stability. €) Typical supine function at 6
months old: from Figure 6.1. In: Bly L. Motor skills acquisition in the first year: an
Hlustrated guide to normal development. Tucson, Ariz.: Therapy Skill Builders; 1994. Used
with permission. Typical function includes use of abdominals for pelvic lifting, hip flexion
with emerging knee extension and reaching with elbow extension. f, g, h) Supine function
in 6 month old with ¢.-32-13T>G “late-onset” GAA variant: less use of abdominals,
including abdominal obliques; lower rib flaring; greater hip abduction and external rotation;
less pelvic lifting; less use of adductors; greater knee flexion; and less active knee extension.
i) lower rib flaring and iliotibial band tightness.
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6 months old 6 month old infantwith c.-32-13T>G
typical function “late-onset” GAA variant

6 h old infantwith c.-32-13T>G
“late-onset” GAA variant

\;

Figure 2. Function and Positioning in Sitting and Supported Standing
a) Typical sitting function at 6 months old: From: Figure 6.29 in Bly L. Motor skills

acquisition in the first year: an illustrated guide to normal development. Tucson, Ariz.:
Therapy Skill Builders; 1994. Used with permission. Can typically sit with free hands b)
and c): Sitting function in a 6 month old with ¢.-32-13T>G “late-onset” GAA variant:
Facilitation of supported prop-sitting followed by brief independent prop-sitting; lower
extremities in excessive flexion, abduction, and external rotation d) and e): Typical
supported standing function at 6 months: From: Figure 6.33 in Bly L. Motor skills
acquisition in the first year: an illustrated guide to normal development. Tucson, Ariz.:
Therapy Skill Builders; 1994. Used with permission. Typically bear weight full weight
through lower extremities with support at hands f) Supported standing in 6 month old
with ¢.-32-13T>G “late-onset” GAA variant: excessive hip & knee flexion, excessive
plantarflexion, firm calves.
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