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Pompe disease is an inborn error of lysosomal degradation of glycogen. The responsible enzyme
is acid alpha-glucosidase (GAA). In the severe form of the disease, or infantile-onset Pompe disease
(IOPD), weakness in the skeletal and cardiac muscles soon leads to both respiratory and cardiac failure,
and death usually occurs before the age of one year. In 2006, the US Food and Drug Administration
(FDA) approved Myozyme, the first drug for Pompe disease [1]. My group at the National Taiwan
University Hospital (NTUH) joined the phase III clinical trial. A few patients in Taiwan were closely
followed before and after they were enrolled in the trial, or an expanded-use program [2]. One patient
underwent two muscle biopsies before starting treatment, and had another two biopsies thereafter.
We observed progressive degeneration of the patient’s muscles. Debris-like materials filled almost all
of the spaces in the myocytes in the last biopsy. Clinically, the patient gradually lost all motor abilities.
We were shocked by the irreversible nature of the skeletal muscle pathologies and had hoped that the
patient could have been treated earlier.

However, it is difficult for caregivers to detect muscle weakness in young infants. For example,
in the Chinese culture, babies are tightly swaddled in blankets, so there are few opportunities to
observe the motor developments of young infants until they can be held on their caregivers’ shoulders
at an age of around 3–4 months. More often, patients with IOPD are diagnosed incidentally during
respiratory infection at ages 4–5 months. Unfortunately, when signs of weakness appear, muscle
damage due to glycogen storage is already extensive and irreversible. Therefore, we studied newborn
screening for Pompe disease [3].

In 2006, the screening laboratory at NTUH already had experience with the in-house development
of tandem mass newborn screening, and the biochemical laboratory had conducted enzymatic diagnoses
of Pompe disease for more than 10 years. Two techniques, critical for Pompe disease newborn screening,
were also developed at that time. The first, invented by Dr. Nestor Chamoles [4], measures lysosomal
enzyme activities in punches from dried blood spots (DBS). The second was the discovery of an
inhibitor, acarbose, of maltase-glucoamylase, another acid glucosidase abundant in the leukocytes [5].
Using these two methods, we measured GAA activity in DBS, eluted via overnight incubation with
a fluorescence substrate. Funding is another critical element of Pompe screening. Luckily, we were
able to persuade Dr. Joan Keutzer from Genzyme about the necessity of newborn screening for
Pompe disease, and our ability to perform the requisite tests. Thanks to the excellent work of my
senior laboratory scientist, Shu-Chuan (Sara) Chiang, and my successor, Professor Yin-Hsiu Chien,
we established the protocol and proved it step-by-step. We demonstrated the screening results [6],
defined the molecular epidemiology for GAA pseudodeficiency [7], proved the outcome of IOPD
patients detected by screening [8], explored the features of less severe patients detected by screening [9],
and then revised the screening algorithm [10]. We also added Fabry disease to Pompe disease screening
using a fluorescence substrate [11]. However, true multiplex newborn screening was made possible
only after the development of tandem mass substrates by Dr. Michael Gelb at the University of
Washington [5,12].
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Soon after, several pilot programs, including programs in Italy, Australia, Japan, Korea, USA,
and Hungary, have tested the feasibility of Pompe newborn screening and understood the incidence of
Pompe disease and the impact of the disease. After the Discretionary Advisory Committee on Heritable
Disorders in Newborns and Children (DACHDNC) added Pompe disease to the Recommended
Uniform Screening Panel (RUSP) in 2013, the spread of Pompe disease newborn screening increased.
However, challenges remain, including sensitivity and specificity of the assays, management of
pseudodeficiency, time and method to treat IOPD patients detected by screening, immunomodulation,
and management of later-onset Pompe disease patients discovered by screening. In this special issue of
the International Journal of Neonatal Screening, global experiences with Pompe disease newborn screening
were pooled to enhance the understanding of screening and improve the outcomes of patients affected
by Pompe disease.
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Abstract: When clinical trials for enzyme replacement therapy for Pompe disease commenced, a need for
newborn screening (NBS) for Pompe disease was recognized. Two methods for NBS for Pompe disease
by measuring acidα-glucosidase in dried blood spots on filter paper were developed in an international
collaborative research effort led by Genzyme. Both methods were used successfully in NBS pilot
programs to demonstrate the feasibility of NBS for Pompe disease. Since 2009, all babies born in Taiwan
have been screened for Pompe disease. Pompe disease was added to the Recommended Uniform
(Newborn) Screening Panel in the United States in 2015. NBS for Pompe disease is possible because
of the unprecedented and selfless collaborations of countless international experts who shared their
thoughts and data freely with the common goal of establishing NBS for Pompe disease expeditiously.

Keywords: newborn screening; Pompe disease; acid α-glucosidase

1. Introduction

We frequently hear that “it takes a village” to get things done. In the case of Pompe disease newborn
screening (NBS), “it took the world”. NBS for Pompe disease resulted from an unprecedented international
collaboration among patients with Pompe disease, the Pompe disease medical and scientific communities,
government agencies, and industry. Starting in 1999, the baton was passed between research groups who
acted urgently to generate the data required, develop methods for newborn screening for Pompe disease,
and begin to establish newborn screening for Pompe disease.

In 1998, Genzyme (now Sanofi Genzyme) initiated a clinical development program for enzyme
replacement therapy (ERT) for Pompe disease. During meetings to plan the clinical trials, physicians
voiced concerns about the ability of patients with Pompe disease to get an early and accurate diagnosis.
They cautioned that if the deficiencies in diagnostic testing were not addressed, that Genzyme would
not be able to conduct successful clinical trials with ERT in Pompe disease because some symptoms
would be irreversible. Thus, diagnostic delays could result in the inability to determine if ERT for
Pompe disease was a viable treatment option. Patients with later-onset Pompe disease (LOPD) referred
to the test as unreliable and invasive. Some patients told Genzyme that they had three muscle biopsies
before they received a diagnosis. Parents of patients with infantile-onset Pompe disease (IOPD)
mentioned waiting two grueling months after the collection of a skin biopsy to get a diagnosis. There
was no assay that could use blood samples to diagnose Pompe disease.

In response, I assembled a team of Genzyme colleagues to determine if there was a role that we
could play in improving diagnostics for Pompe disease. The team consisted of members from Research
and Development, Genzyme Diagnostics, Genzyme Genetics, Regulatory Affairs, and the Pompe
disease Clinical Development Team. The team interviewed multiple Pompe disease stakeholders,
including patients, physicians, and diagnostic laboratories. Ultimately, Henri Termeer, the CEO of
Genzyme, decided to sponsor international research to develop assays useful for NBS, diagnosis using
blood samples, patient monitoring, and genotyping for Pompe disease. This decision was not supported
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unanimously internally. Some felt very strongly that it created a conflict of interest if a company was
developing therapeutic and diagnostic testing for the same disease. Several healthy conversations
about our role in patient diagnosis ensued and led to a commitment to keep our involvement in assay
development scientific and make the resultant intellectual property and methodologies available to
all. Much of the work was co-sponsored or sponsored by Genzyme. In 2003, Genzyme established an
R&D lab to optimize, validate, and transfer methodology. The team was active through 2016.

2. Early Attempts to Develop Newborn Screening Assays

We hoped that NBS for Pompe disease could replicate what was done for other enzyme deficiencies,
like PKU, and measure the accumulation of the enzyme’s substrate in dried bloodspots on filter paper
(DBS) in a multiplex assay that could screen for multiple treatable lysosomal storage disorders (LSDs)
simultaneously. In 2000, we started to collaborate with Sarah Young and David Millington on work
they had initiated earlier. They developed the urine Hex4 assay, which is an indirect measure of
elevated glycogen. The assay did not translate into an assay for DBS, but it is useful for monitoring
patients with Pompe disease [1].

We knew that the measurement of acid α-glucosidase enzyme activity in mixed leukocytes and
whole blood was complicated by the presence of another alpha-glucosidase, maltase glucoamylase
(MGA), which is active at an acid pH and masks the deficiency of acid α-glucosidase; therefore, we
sponsored the search for an inhibitor of MGA so that acid α-glucosidase could be quantitated in
blood. For the first two years, no one found a useful inhibitor, but labs in Europe, Asia, and the
United States kept trying. At International Conference on Inborn Errors of Metabolism (ICIEM) in
Cambridge, UK in September 2000, Nestor Chamoles from the Laboratorio Chamoles in Buenos Aires,
Argentina presented a poster that demonstrated that it was possible to measure the lysosomal enzyme
alpha-L-iduronidase in DBS and differentiate DBS from patients with MPS I from DBS from obligate
heterozygotes and healthy individuals [2]. We encouraged Chamoles to try to create an assay for acid
α-glucosidase in DBS using 4-methylumbelliferyl-α-d-glucopyranoside (4-MUG) as the substrate.

3. Measuring Acid α-Glucosidase in Dried Bloodspots on Filter Paper

We knew that NBS was relying more heavily on multiplex assays, so we continued to search
for technologies that could be used in a multiplex assay for LSDs. Our assumption was that like
the other multiplex assays in NBS, the assay would measure analytes (substrates of the missing
enzymes) in DBS, but that changed to wanting to measure several enzyme activities in a multiplex
assay. At the same ICIEM meeting in Cambridge, UK in September 2000, Frantisek Turecek, C. Ronald
Scott, and Michael H. Gelb from the University of Washington presented an assay that measured acid
sphingomyelinase and β-galactocerebrosidase in skin fibroblast homogenates for clinical laboratory
diagnosis [3]. The assay used novel biotinylated substrate conjugates, purification of the products
on streptavidin agarose beads, and quantification of products using electrospray ionization mass
spectrometry with stable-isotope-labeled internal standards that were chemically identical to the
products of the enzymatic reactions. We invited them to join the efforts and their initial goal was to
develop a multiplex assay for six lysosomal storage disorders Pompe disease, MPS I, Fabry disease,
Gaucher disease, Krabbe disease, and Niemann–Pick disease types A and B.

In 2003, Gabriella Niizawa from the Chamoles lab developed a fluorometric assay using
4-methylumbelliferyl-α-d-glucopyranoside (4-MUG) as the substrate that could differentiate DBS from
patients with IOPD from obligate heterozygotes and healthy individuals. The method used maltose
to inhibit MGA since MGA has a higher affinity for maltose than acid α-glucosidase [4]. Chamoles
invited X. Kate Zhang and me to his lab to run the assay and in June 2003, and allowed us to take his
protocol into the Genzyme LSD assay development lab so we could try to optimize the protocol and
adapt it from one using 1.5 mL microcentrifuge tubes to one that uses in 96-well plates and could be
automated. Our activities were limited by the paucity of samples from patients previously diagnosed
with Pompe disease.
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In September 2003, Genzyme received a phone call from a father from Peru. He wanted to know
how to access treatment for Pompe disease because his 4-month-old baby was suspected of having the
disease because her brother died from Pompe disease. The baby did not have a confirmed diagnosis.
We talked to Chamoles who said he was not ready to use the DBS assay for suspected cases but
would test and report a result if Genzyme tested duplicate samples blinded and the results concurred.
We requested duplicate DBS from the baby, the mother, the father, and someone unrelated. Peru did
not have an NBS program, so we had to use a courier to deliver DBS cards to the clinic. Chamoles and
Genzyme had similar results. Samples from both parents and the unrelated donor were in the normal
range and the sample from the baby was consistent with a diagnosis of Pompe disease. The child and
her family relocated to Durham, NC to participate in the ongoing clinical trial at Duke University
Medical Center. The diagnosis of Pompe disease was confirmed at Duke using an assay in fibroblasts.
This patient was the first identified with Pompe disease using the new blood-based assay and we
gained confidence in the methodology.

Chamoles, Gelb, and the Genzyme R&D Team met at ICIEM in Brisbane in September 2003 where
Chamoles presented data on maltose inhibition of MGA. We agreed to meet as soon as possible to
discuss sharing lab methods. At the time, Gelb did not have a DBS assay for Pompe disease. In January
2004, Genzyme hosted a mini symposium to generate a collaborative research agenda. At that meeting,
Gelb and Turecek revealed that they identified 80 μM acarbose (a drug used to control blood glucose
levels in type 2 diabetes) to inhibit MGA [5]. However, all three labs had issues with sample availability.
Chamoles had a limited number of samples because he collected DBS from patients undergoing
diagnostic evaluation for Pompe disease and from their parents who were considered obligate carriers,
but he shared them. Genzyme agreed that they would adapt both methods that used microcentrifuge
tubes to 96-well dishes so that the relative effectiveness of maltose and acarbose could be studied
more easily.

4. Optimizing the Methods

During the adaptation, optimization and validation activities led by Helmut Kallwass, the Genzyme
R&D team, determined that acarbose was superior to maltose in the assay and that 8 μM acarbose was
superior to 80 μM acarbose. Although 8 μM and 80 μM acarbose selectively blocked MGA over acid
α-glucosidase, use of 8 uM acarbose inhibited less acid α-glucosidase (i.e., acarbose does have finite
affinity for acid α-glucosidase but has higher affinity for MGA). However, we thought it was important
to compare the DBS assay to the fibroblast assay in matched samples. Fortunately, in anticipation
of evaluating the DBS assay, the R&D group at Duke University under the leadership of Deeksha
Bali collected DBS from some IOPD patients for which they had fibroblast cultures. Bali’s team saw
discrimination between patients with IOPD, obligate heterozygotes, and controls using 8 μM acarbose
and the results using acarbose compared well with those using the skin fibroblast assay in the patients [6].

The Genzyme Clinical Development Team assisted in sample collection. In 2003, the informed
consent and protocol for the pivotal Phase 3 clinical trial for patients with IOPD (A Study of the
Safety and Efficacy of rhGAA in Patients with Infantile-onset Pompe Disease (NCT00059280)) were
amended to include collecting DBS for developing DBS enzyme activity assays for acid α-glucosidase.
In 2004, a Prospective, Observational Study in Patients with Late-Onset Pompe Disease (NCT00077662)
included an optional request for DBS samples. In 2005, A Placebo-Controlled Study of Safety and
Effectiveness of Myozyme (alglucosidase alfa) in Patients with Late-Onset Pompe Disease called the
Late-Onset Treatment Study [LOTS] (NCT00158600) included an optional request for DBS samples
during screening. There was virtually 100% patient participation in donating DBS in the three clinical
trials. Without these samples, we could not have progressed in developing NBS or blood-based
diagnostic testing for Pompe disease.

The DBS assay consistently differentiated the 24 previously diagnosed IOPD and 100 patients
screened for LOTS from controls. Testing DBS samples from 61 patients from LOPOS previously
diagnosed with LOPD revealed that 58 had results consistent with a diagnosis of Pompe disease and
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three had results in the normal range. Measuring acid α-glucosidase enzyme activity in fibroblasts
and acid α-glucosidase gene (GAA) sequence analysis confirmed that the three patients with a
neuromuscular disease were misdiagnosed with Pompe disease [7]. Four fibroblast samples had ≤1%
residual enzyme activity so results from fibroblasts cannot be used to predict disease phenotype in
cases identified by newborn screening. The results in the DBS assay were similar for IOPD and LOPD,
so the DBS assay cannot be used to predict disease phenotype.

It is worth noting that all participating DBS collection sites were trained on how to make DBS
via conference call and none of the DBS received from the clinical sites were unsatisfactory for use in
assay development; this suggested that it might be feasible to use DBS samples for clinical diagnosis.
DBS sampling permits access to testing for metabolic diseases in remote areas; DBS samples can be
conveniently collected and shipped through the mail to a distant laboratory for analysis.

5. Early Experience with the Acid α-Glucosidase Enzyme Assay

Paul (Wuh-Liang) Hwu and Nancy (Yin-Hsiu) Chien invited Chamoles and I to a meeting at the
Asian Regional International NBS Meeting in September 2004. They proposed that they were uniquely
situated to conduct the first large-scale Pompe disease NBS pilot. They described a plan to treat those
diagnosed with IOPD immediately and follow the patients’ outcomes using the protocols identical to
the pivotal alglucosidase alfa clinical trial in IOPD, since they were a clinical trial site. We transferred
that methodology from our Genzyme R&D lab to the National Taiwan University Hospital (NTUH)
NBS Center in October 2004. NTUH introduced the word’s first Pompe disease NBS pilot program
at the end of 2005 [8]. Yuan-Tsong Chen from Academia Sinica in Taipei, Taiwan collaborated in the
design and execution of the program.

Initially, the NTUH lab ran three separate fluorometric assays to measure acid α-glucosidase,
neutral α-glucosidase (NAG), and maltase-glucoamylase (MGA) activities. NAG and MGA were used
to differentiate cases of Pompe disease from false positive cases. As the pilot progressed and the lab
had more experience, cautious and methodical adjustments of assay cut-offs were used to minimize
the risk of false positive and false negative test results. During the pilot, NTUH identified the high
prevalence of the GAA pseudodeficiency allele (p.G576S) and the increase in phenotype severity when
the polymorphism is in cis [9]. Since 2009, all newborns in Taiwan have been screened for Pompe
disease. In 2015, NTUH adopted the tandem mass spectrometry-based multiplex LSD enzyme assay.

Today, it seems obvious that the DBS assay with acarbose is useful in diagnosing Pompe disease
since all assays for Pompe disease using samples from blood include acarbose, but previous experiences
with Pompe disease diagnoses and misdiagnoses left many skeptical of the new method in its early days.
In December 2006, Genzyme sponsored a meeting of The Pompe Disease Diagnostic Working Group
in London to establish a consensus regarding the application of these new assays for the laboratory
diagnosis of Pompe disease. The Working Group consisted of scientists, geneticists, and clinicians
working in the field of Pompe disease. The group agreed that cultured skin fibroblasts had been
the gold standard, but was rapidly being replaced by assays in blood samples because they are less
invasive, more rapid, and are easier to standardize [10]. The meeting was an important step in bringing
laboratories and clinicians together to agree that the DBS assay using acarbose to inhibit MGA was
useful to get a presumptive positive diagnoses for Pompe disease and that at least one secondary
positive test (for example, GAA sequence analysis) would support a biochemical diagnosis of Pompe
disease. Genzyme’s R&D team made the DBS assay protocol available to anyone who requested it and
trained labs at Genzyme and remotely as requested. This hastened the adoption of the fluorescent
assay to measure acid α-glucosidase enzyme activity and increased the number of patients being
diagnosed with Pompe disease worldwide.

While the team at NTUH was using the Genzyme R&D adaptation of the Chamoles lab assay
in their NBS program, the Genzyme R&D team that was led by Zhang was adapting the tandem
mass spectrometry-based assay for multiple LSD enzymes from the University of Washington [5] to
a high-throughput method. However, Genzyme did not have any experience in NBS, so we asked
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each NBS lab in the United States to answer a survey about the published assay and its suitability
for use in NBS. For each survey returned, Genzyme made a donation to the Association of Public
Health Laboratories. Based on the responses from NBS labs, Genzyme transformed the assay into a
robust high throughput 96-well plate format assay using a robotic liquid handling system for sample
transfer and minimizing the detergent burden on the mass spectrometer by replacing Triton X-100
with CHAPS. We addressed the environmental concerns of the NBS labs by replacing chloroform with
ethyl acetate [11]. We created a reliable supply of the substrates and internal standards manufactured
in our GMP facility using validated manufacturing processes.

We facilitated the use of the assay in NBS through a ten year (2006–2016) donation and grant
agreement with the Centers for Disease Control and Prevention (CDC) Foundation so that (1) the
reagents could be distributed without charge to NBS labs before they were commercially available,
(2) NBS labs could be trained on lysosomal storage disorder NBS methods, and (3) quality control and
external quality assurance samples were available for use in NBS [12]. The reagents were manufactured
at Genzyme Pharmaceuticals in Liestal, Switzerland and tested for quality and distributed to the CDC
by Genzyme Diagnostics in Framingham, Massachusetts.

6. Pompe Disease and the Recommended Uniform (Newborn) Screening Panel

In May 2006, Priya Kishnani nominated Pompe disease for inclusion in the Recommended Uniform
(Newborn) Screening Panel (RUSP) in the United States. In October 2008, the nomination was denied.
The Advisory Committee recommended additional studies before the condition could be re-nominated.
The response to the nomination stated that “the initial test specificity for Pompe disease alone should
be improved in comparison to the data shown by the Taiwan study, further evaluation of alternative
screenings methods that could be multiplexed to target additional conditions (for example, other
Lysosomal Storage Disease conditions) in order to decrease the burden on public health laboratories,
and a standardized method of diagnosis after a positive newborn screen is required [13].

The Pompe disease community and Genzyme were disappointed by the response, but Genzyme
remained staunch and committed to two additional efforts: funding an NBS study in Washington state
and sponsoring an expert group to generate guidance for NBS for Pompe disease for practitioners
around the world.

Fortuitously, the team in Washington had just developed a true triplex enzyme assay for Pompe
disease, Fabry disease, and MPS I in which the enzymatic activities of acid α-glucosidase, α-galactosidase
A, and α-l-iduronidase were quantified in DBS using a single assay buffer [14]. The validated triplex
assay was transferred expeditiously to the Washington State NBS Lab and used to measure enzyme
activities in approximately 110,000 DBS that had been stored at 18 ◦C for 8–10 months after collection.
The word approximately is used because the study started before the reagents for Fabry disease and MPS
I were ready for distribution by the CDC and results were not reported for tests done using research
grade reagents, so the number of results reported vary by disease [15]. The study was anonymous but
confirmed the diagnosis by DNA sequencing using a duplicate punch from the same sample. The positive
predictive values for Pompe disease, Fabry disease, and MPS I were 0.24, 0.43, and 0.33, respectively.
The false positive rates were 1/8600, 1/12,100, and 1/17,500, respectively.

The Washington State NBS data generated a lot of hope in the MPS I and Pompe disease communities.
In late 2011, cross-functional teams of patient advocacy groups, diagnostic experts, disease experts,
and NBS experts were established for MPS I and Pompe disease. MPS I and Pompe disease were
nominated for inclusion in the RUSP in 2012; and the nominations were approved for formal data
review. Evidence review for Pompe disease preceded evidence review for MPS I because the Advisory
Committee budget could not support parallel evidence reviews. In 2013, the Advisory Committee
recommend adding Pompe Disease to the RUSP. In 2015, Pompe disease was added to the RUSP [16].
In 2015, the Advisory Committee recommended adding MPS I to the RUSP. In 2016, MPS I was added
to the RUSP [16].
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Recognizing the importance of consistency in NBS, Sanofi Genzyme facilitated and provided
financial support for the meeting of the Pompe Disease NBS Working Group, which was led by Hwu
and Kishnani to discuss and develop a general guidance document for NBS for Pompe disease for
practitioners around the world. The guidance was published in a supplement in Pediatrics [17].
Sub-teams from the Working Group authored guidelines for NBS for Pompe Disease; the initial
evaluation of patients after positive NBS and recommended algorithms leading to a confirmed
diagnosis of Pompe disease; management of confirmed newborn-screened patients with Pompe disease
across the disease spectrum; and the role of genetic counseling in Pompe disease after patients are
identified through NBS.

NBS for Pompe disease is possible because of the unprecedented and selfless collaborations of
countless international experts who shared their thoughts and data without delay so that the next
step in the process could be initiated during the lag required for preparation of publications. NBS
for Pompe disease was facilitated by the financial, organizational, and technical contributions from
Genzyme and Sanofi Genzyme.
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Abstract: Glycogen storage disease type II (also known as Pompe disease (PD)) is an autosomal
recessive disorder caused by defects in α-glucosidase (AαGlu), resulting in lysosomal glycogen
accumulation in skeletal and heart muscles. Accumulation and tissue damage rates depend on
residual enzyme activity. Enzyme replacement therapy (ERT) should be started before symptoms
are apparent in order to achieve optimal outcomes. Early initiation of ERT in infantile-onset PD
improves survival, reduces the need for ventilation, results in earlier independent walking, and
enhances patient quality of life. Newborn screening (NBS) is the optimal approach for early diagnosis
and treatment of PD. In NBS for PD, measurement of AαGlu enzyme activity in dried blood spots
(DBSs) is conducted using fluorometry, tandem mass spectrometry, or digital microfluidic fluorometry.
The presence of pseudodeficiency alleles, which are frequent in Asian populations, interferes with
NBS for PD, and current NBS systems cannot discriminate between pseudodeficiency and cases
with PD or potential PD. The combination of GAA gene analysis with NBS is essential for definitive
diagnoses of PD. In this review, we introduce our experiences and discuss NBS programs for PD
implemented in various countries.

Keywords: Pompe disease; newborn screening; pseudodeficiency; genotype-phenotype correlation;
treatment and follow-up

1. Introduction

Glycogen storage disease type II (OMIM 232300), also known as Pompe disease (PD), is an
autosomal recessive disorder caused by a defect in α-glucosidase (AαGlu; EC 3.2.1.20/3), resulting in
the accumulation of lysosomal glycogen in skeletal and heart muscles [1]. The rates of accumulation and
tissue damage depend on the residual enzyme activity. Patients with infantile-onset PD (IOPD) exhibit
nearly complete absence of AαGlu activity and develop hypotonia and hypertrophic cardiomyopathy
during infancy. Patients with IOPD eventually die of cardiorespiratory failure because massive amounts
of glycogen accumulate in their skeletal and heart muscles. Patients with late-onset PD (LOPD) who
exhibit marked reductions in AαGlu activity exhibit skeletal muscle dysfunction but rarely present
with cardiac muscle disorders. The onset time and phenotypes of LOPD are variable, and patients are
likely to exhibit manifestations in the fifth decade or later in life [2]. Enzyme replacement therapy (ERT)
is essential for the treatment of IOPD [3,4]. ERT should be started before symptoms are clearly present,
prior to the development of irreversible damage, to achieve optimal outcomes [5]. Early initiation
of ERT can improve survival rates and quality of life in patients with IOPD, reducing the need for
ventilation and leading to earlier independent walking [6].

Newborn screening (NBS) is an optimal approach for early diagnosis and treatment of IOPD.
NBS, including pilot studies, is currently being carried out in several countries worldwide. Here, we
describe NBS programs for PD, the diagnostic algorithm for PD, AαGlu enzyme assays using dried
blood spots (DBSs) and fibroblasts, GAA gene analysis, and pseudodeficiency in GAA. Additionally,
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we discuss optimal treatments for PD, the current status of NBS worldwide, and future challenges in
the development of NBS programs.

2. NBS Program for PD

NBS for PD is currently performed in Taiwan, Japan, and several states in the United States of
America (USA). Current NBS systems measure AαGlu enzyme activity in DBSs.

In Japan, DBSs are prepared at maternity clinics or obstetrics departments using standard
procedures at 4–6 days after birth for newborn mass screening according to public health system
guidelines. After dropping blood spots onto filter papers (Toyo Roshi Kaisha, Ltd., Tokyo, Japan),
DBSs are dried for at least 4 h at room temperature and sent to the Newborn Screening Center in
Kumamoto within 1 week after preparation. The AαGlu activity in DBSs is then analyzed. The cutoff
values in the AαGlu activity assay using DBSs differ for each research group but are set between
0.1 and 0.5 percentile values for the population or 20% to 30% of the mean value of the population.
For newborns with values less than the cutoff values, a second AαGlu activity assay and GAA gene
analysis are then performed [7].

At our institution, NBS for PD is performed in three steps (Figure 1). In the first step, newborns
with AαGlu activity under the cutoff value of 6.5 pmol/h/disk (10% of the median value in the
population) are recalled, and their DBSs are evaluated again. In the second step, using the Ba/Zn
method, newborns with AαGlu activity under the cutoff value of 5.5 pmol/h/disk are called to the
hospital within 2 months for a clinical examination. The infants are examined using physical and
biochemical assays to confirm symptomatic signs of IOPD, and a third AαGlu assay is also performed.
Finally, GAA gene analysis is performed in newborns with AαGlu activity under the cutoff value of
4.0 pmol/h/disk. The period after birth until the result of the first AαGlu assay is acquired is 1–2 weeks,
and the period until the result of the second AαGlu assay is acquired is within 4 weeks. Thereafter, the
period from birth until clinical examination is within 2 months, and the period from birth until GAA
gene analysis and final diagnosis is up to 6 months [7].

Figure 1. Flow chart of newborn screening (NBS) for Pompe disease (PD) in Japan. IOPD: infant-onset
Pompe disease; LOPD: late-onset Pompe disease.
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A definitive diagnosis of PD is achieved in patients harboring two known pathogenic GAA variants
with decreased AαGlu activity in the blood (leukocytes, DBSs, isolated lymphocytes) or another tissue,
such as fibroblast. A probable diagnosis for PD can be made in patients with decreased enzyme
activity but ambiguous GAA gene analysis owing to the presence of molecular variants of unknown
significance (VOUS). Moreover, the prevalence of pseudodeficiency alleles is high in Asian populations.

Figure 2 shows the diagnostic algorithm for PD. Clinicians can definitively diagnose patients with
IOPD if they present with certain clinical manifestations, including heart or skeletal muscle deficiencies.
Patients with LOPD definitively diagnosed by GAA gene analysis will need to be regularly followed up
for the development of signs or symptoms related to PD, even if their GAA gene variants are known,
because there is considerable variation in how and when patients will present symptoms. Patients
with one or no known variants exhibiting decreased enzymatic activity should receive additional tests,
including physical examinations, cardiac evaluations, AαGlu activity assays in fibroblasts, urinary
glucotetrasaccharide (HEX4) and blood creatine kinase (CK) analyses, and/or parental DNA analyses.
Through these additional tests, patients with one or no known variants may be diagnosed with LOPD,
potential LOPD, or non-LOPD (carrier or pseudodeficiency) [8].

Figure 2. Flow chart of diagnosis for PD (modified from the Pompe Disease Newborn Screening
Working Group [8]). DBS: dried blood spot; CRIM: cross-reactive immunological material.

3. AαGlu Enzyme Assay

In NBS for PD, AαGlu activity in DBSs is measured. Conventionally, the AαGlu activities in
lymphocytes, fibroblasts, and skeletal muscles are analyzed for the diagnosis of PD [9]. Neutrophils in
the blood contain maltase glucoamylase, another type of α-glucosidase. Because the pH at which this
enzyme functions is consistent with that of AαGlu, the AαGlu activity assays in the blood are likely to
result in false-negative results for defects in AαGlu [9]. However, large-scale NBS using DBSs has become
possible owing to the use of acarbose, which inhibits the activity of maltase glucoamylase [10,11].

Measurement of AαGlu enzyme activity in DBSs can be carried out using fluorometry with the
fluorogenic substrates of 4-methylumbelliferyl α-d-glucopyranoside (4MU-αGlc) [12], tandem mass
spectrometry (MS/MS) [11], or digital microfluidic fluorometry [13]. Tandem mass spectrometry using
mass-differentiated internal standards can quantify the corresponding enzymatic products and enables
multiplex assays of a set of corresponding enzymes that cause lysosomal storage disorders (LSDs),
such as PD, mucopolysaccharidosis (MPS), Fabry disease (FD), Gaucher disease (GD), Krabbe disease,
and Niemann–Pick A/B disease. Additionally, digital microfluidics, a type of fluorometry, can be
used to perform multiple assays of enzymes in the lysosome [14]. Tandem mass spectrometry is
considered superior to fluorometry in terms of sensitivity, and some reports have shown that tandem
mass spectrometry can distinguish pseudodeficiencies, which cannot be identified in patients with PD
using fluorometry [15]. However, this is controversial because no reports have compared the outcomes
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of tandem mass spectrometry with those of fluorometry in the same samples. Moreover, the cutoff
values used in NBS differ according to institution and region owing to factors such as differences in
samples, measurement instruments, and humidity.

4. GAA Gene Analysis

GAA gene analysis is essential for definitive diagnosis of PD. The GAA gene is located on
chromosome 17q25. It is 18.3 kb long, contains 20 exons, and encodes 952 amino acids. At present,
more than 900 variants are registered in the ClinVar [16] or Pompe disease GAA variant databases [17],
and the numbers are increasing. About two-thirds of these variants are classified by clinical significance
and the other third of the variants are VOUS. Although bioinformatic tools such as Polyphen-2 [18],
Human Splicing Finder [19], and Mutation Tester [20] are useful to estimate the pathogenicity of VOUS,
these tools are insufficient for making the diagnosis. The progression of symptoms, treatment, and its
outcomes are most important. Follow-up studies on the patients or potential patients with PD are
essential and will help clinicians to diagnosis and determine proper treatment of patients with VOUS.

5. Pseudodeficiency

A pseudodeficiency allele is a change in the GAA gene sequence that results in AαGlu enzyme
activity reduction, but is not enough to cause PD [21,22]. In our previous pilot program, the presence
of pseudodeficiency alleles was shown to interfere with NBS for PD [23]. This suggests that NBS for
PD must be able to distinguish PD cases and those with pseudodeficiency alleles in the GAA gene
sequence. Asian patients are frequently homozygous or heterozygous for these pseudodeficiency
alleles c.[1726G>A; 2965G>A] (p.[G576S; E689K]). Moreover, pseudodeficiency variants such as c.
1726G>A (p. G576S) are modifiers of pathogenic variants, which can result in greater reductions in GAA
enzyme activity than with only the pathogenic variants [24]. Therefore, evaluation of pseudodeficiency
in the GAA gene is essential in NBS.

Attempts have been made to distinguish cases with pseudodeficiency from patients with PD by
methods other than GAA gene analysis; however, no reports have described a successful approach to
achieve this goal.

6. AαGlu Activity in Fibroblasts

The measurement of AαGlu activity in fibroblasts was previously the gold standard for the
diagnosis of PD [9]. This method can exclude the contribution of maltase glucoamylase activity.
However, AαGlu assays in fibroblasts are difficult to perform as an NBS approach because acquiring
fibroblasts for use in the AαGlu assay requires a skin biopsy, which is invasive and requires lengthy
fibroblast culturing times. Despite this, AαGlu assays in fibroblasts are thought to be useful as
additional tests for definitive diagnosis, even if GAA gene analysis cannot be used for the diagnosis of
PD due to the presence of VOUS or only one known pathogenic variant for PD.

7. Cross-Reactive Immunological Material (CRIM)

Patients with IOPD should receive early ERT immediately after diagnosis of PD. Moreover,
patients should undergo evaluation of CRIM before receiving ERT [25]. Patients with IOPD exhibiting
residual AαGlu enzyme activity are CRIM-positive, and patients with IOPD exhibiting no residual
AαGlu enzyme activity are CRIM-negative. CRIM-negative patients develop neutralizing antibodies
for recombinant human lysosomal α-glucosidase (rhGAA) when receiving ERT, which impairs the
effects of ERT [25,26].

In previous approaches for the evaluation of CRIM, residual AαGlu enzyme activity in fibroblasts
was measured using an invasive method that required a long time to obtain results. Currently, the
outcomes of GAA gene analysis contribute to estimations of the outcomes of CRIM [27].
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8. ERT

ERT for patients with IOPD should be initiated as early as possible before irreversible damage
occurs. Yang et al. indicated that early identification of patients with IOPD allows for very early
initiation of ERT. Starting ERT even a few days earlier may lead to better patient outcomes [28]. Starting
ERT early is effective in patients with LOPD as well; however, early ERT before presentation of signs
or symptoms in patients with LOPD is generally not recommended [29]. Administration of ERT in
the absence of symptoms of LOPD, even when blood CK and urine HEX4 are elevated, is avoided.
The recommendation of ERT for patients with LOPD remains controversial.

Patients with LOPD should receive regular follow-ups, and levels of markers, such as blood CK
and urine HEX4, should be monitored [30]. If patients with LOPD presenting symptoms of PD did not
undergo NBS, their diagnosis and treatment are often delayed [31]. However, patients with LOPD
diagnosed using NBS can be followed up and receive therapy immediately after presentation of the
symptoms of PD [32]; treatment of these patients should not be delayed.

9. Immunomodulation to ERT

A variety of immunomodulation therapies have been developed to prevent the generation of
neutralizing antibodies to rhGAA that would impair the effect of ERT. The immunomodulation therapies
are elimination therapy for the neutralizing antibodies to rhGAA that have already been generated
or prevention therapy for avoiding generation of the neutralizing antibodies before ERT. Rituximab,
methotrexate, and intravenous immunoglobulins are often used for the immunomodulation therapies.

Prevention therapy has higher cost benefit than elimination therapy. Therefore, it is beneficial to
identify CRIM-negative patients with IOPD before ERT in order to prevent generating neutralizing
antibodies. Even some CRIM-positive IOPD patients are likely to develop neutralizing antibodies.
The individualized T cell epitope measure scoring method, using a combination of individualized
Human Leukocyte Antigen (HLA)-binding predictions and GAA genotype, may predict patient-specific
risk of developing neutralizing antibodies to rhGAA [33].

Most patients with LOPD develop IgG antibodies to rhGAA, typically within 3 months of
initiation of treatment [4]. Moreover, some patients who develop high, sustained antibody titers
may have poorer clinical responses to treatment. Patients with IOPD or LOPD receiving ERT should
routinely undergo tests for neutralizing antibodies for rhGAA. In rare cases in which high neutralizing
antibodies interfere with the effects of ERT in patients with PD, we should consider the administration
of immunosuppressants with ERT as well as discontinuing ERT.

10. The Follow-Up Period

Patients with IOPD who were diagnosed by NBS and received ERT should undergo regular
follow-ups to assess treatment efficacy, onset of new symptoms, and deterioration of symptoms every
month for the first 6 months or more [9,30]. In particular, cardiac evaluation is essential every month
in the first 4 months of life and every 1–2 months thereafter. Clinicians should measure anti-rhGAA
antibodies regardless of the state of CRIM. Patients with IOPD require immunosuppressants when
they develop high titers of anti-rhGAA antibodies [34].

Patients with asymptomatic LOPD should undergo regular follow-up every 3 months during the
first year after diagnosis. If they remain free of symptoms for 12 months, follow-ups every 3–12 months
is required. Patients should receive ERT if they present signs or symptoms of PD.

Patients with symptomatic LOPD receiving ERT should undergo regular follow-ups monthly
for 4 months after receiving ERT and then every 3 months thereafter, including monitoring for
antibodies [30]. Because blood CK, aspartate aminotransferase (AST), alanine aminotransferase (ALT)
levels, and urine HEX4 levels may increase before the onset of PD symptoms, these markers should be
assessed regularly.
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11. NBS Programs for PD Worldwide

The Newborn Screening Center at the National Taiwan University Hospital initiated an NBS
program for PD in 2005. The outcomes of this large-scale NBS for PD in Taiwan demonstrated that
the survival rates and ventilation-free rates of patients who were diagnosed with IOPD by NBS and
received early ERT were higher than those of patients with IOPD who received ERT after presenting
symptoms for IOPD [6,24]. Several regions in Japan also started NBS for PD in April, 2013 [7]. Moreover,
the USA added PD to the Recommended Uniform Screening Panel (RUSP) and started NBS for PD
in 2015. Currently, several countries worldwide have started pilot or regular NBS programs for PD
(Table 1). The number and frequency of pseudodeficiencies and carriers between Japan and Taiwan are
shown in Table 2 [35]; those in each country are displayed in Table 3.

Table 1. Summary of NBS programs for Pompe disease.

Country
(No. of

Newborns)

No. of
Recalls (%)

No. of Patients
(Prevalence) Screening

Method

Frequently Detected
Pathogenic Variants

Reference

IOPD LOPD

Taiwan
(473,738) 2210 (0.47) 9 (1/52,638) 19 (1/24,934) fluorometric

assay
c.1935C>A,
c.2238G>C Chiang et al. (2012) [36]

Taiwan
(191,786) 874 (0.46) 5 (1/38,357) 11 (1/17,435) MS/MS c.1935C>A,

c.[752C>T; 761C>T] Liao et al. (2014) [37]

Taiwan
(64,148) 92 (0.14) 1 (1/64,148) 5 (1/12,830) MS/MS NA Chiang et al. (2018) [38]

Japan
(103,204) 225 (0.24) 0 3 (1/34,401) fluorometric

assay
c.[752C>T; 761C>T],

c.317G>A Momosaki et al. (2019) [7]

U
SA

Washington
(111,554) 17 (0.02) 0 4 (1/27,889) MS/MS c.-32-13T>G Scott et al. (2013) [39]

Washington
(44,047) 9 (0.02) 0 1 (1/44,047) MS/MS c.2168del13ins10 Elliott et al. (2016) [40]

Missouri
(43,701) 18 (0.04) 3 (1/14,567) 5 (1/8740) DMF NA Hopkins et al. (2015) [41]

Illinois
(219,973) 139 (0.06) 2 (1/149,987) 8 (1/37,497) MS/MS c.-32-13T>G Burton et al. (2017) [42]

New York
(18,105) 6 (0.03) 0 1 (1/18,105) MS/MS c.-32-13T>G Wasserstein et al. (2019) [43]

Austria
(34,736) 5 (0.01) 0 4 (1/8684) MS/MS c.896T>C,

c.-32-13T>G Mechtler et al. (2012) [44]

Hungary
(40,024) 163 (0.41) 0 9 (1/4447) MS/MS c.664G>A,

c.-32-13T>G Wittmann et al. (2012) [45]

Italy
(44,411) 8 (0.02) 2 (1/22,206) 0 MS/MS c.-32-13T>G,

c.236_246del Burlina et al. (2018) [46]

Mexico
(20,018) 19 (0.09) 0 1 (1/ 20,018) MS/MS c.1375G>A Navarrete-Martínez et al.

(2017) [47]
Brazil

(103,204) NA 0 0 DMF - Bravo et al. (2017) [48]

NA: not available.

Table 2. The distribution of pseudodeficiency alleles and PD-associated variants in newborns who
were detected by NBS for PD.

Country/
Reference

Pseudodeficiency
Alleles

No. of PD-Associated Variants Prevalence
(%)0 1 2

Japan (n = 103,204)/
Momosaki, et al.

(2019) [7]

Homozygous 24 8 0 32/71
(45.1%)

Heterozygous 0 35 3 38/71
(53.5%)

None 0 0 1 1/71 (1.5%)

Diagnosis Pseudodeficiency
24/71 (33.8%)

Carrier or potential carrier
43/71 (60.6%)

Patient or potential patient
4/71 (5.6%)

Taiwan (n = 132,538)/
Labrousse et al.

(2009) [35]

Homozygous 36 32 0 68/104
(65.4%)

Heterozygous 0 27 7 34/104
(32.7%)

None 0 0 2 2/104
(1.9%)

Diagnosis Pseudodeficiency
36/104 (34.6%)

Carrier or potential carrier
59/104 (56.7%)

Patient or potential patient
9/104 (8.7%)
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Table 3. Number of pseudodeficiencies and carriers in each country.

Country
(No. of

Newborns)

Pseudodeficiency (with 0
PD-Associated Variants)

Carrier or Potential Carrier (with 1
PD-Associated Variant) Reference

No. Genotype No. Genotype

U
SA

Washington
(111,554) 6 pseudodeficiency

allele/wt. (n = 6) 7

pathogenic allele/wt. (n = 4)
pathogenic

allele/pseudodeficiency allele
(n = 3)

Scott et al. (2013) [39]

Washington
(44,047) 0 0 Elliott et al. (2016) [40]

Missouri
(43,701) 2 NA 3 NA Hopkins et al. (2015) [41]

Illinois
(219,973) 15 NA 19 NA Burton et al. (2017) [42]

New
York

(18,105)
3

c.[1726G>A;
2065G>A]/c.[1726G>A;

2065G>A] (n = 2)
c.[1726G>A;

2065G>A]/wt.

2

c.2560C>T(VOUS)/c.858+20_85
8+26del*(Predicted Benign)

c.[1726G>A;
2065G>A]/c.-32-13T>G

Wasserstein et al. (2019) [43]

Austria
(34,736) 0 0 Mechtler et al. (2012) [44]

Hungary
(40,024) 0 17 NA Wittmann et al. (2012) [45]

Italy
(44,411) 0 2

c.[1726G>A;
2065G>A]/c.-32-13T>G
c.1726G>A/c.-32-13T>G

Burlina et al. (2018) [46]

Mexico
(20,018) 8

c.[1726G>A;
2065G>A]/c.[1726G>A;

2065G>A] (n = 6)
c.[1726G>A;2065G>A]/wt.

(n = 2)

2 c.[1726G>A;
2065G>A]/c.-32-13T>G (n = 2)

Navarrete-Martínez et al.
(2017) [47]

Brazil
(103,204) 0 1 c.[1726G>A;

2065G>A]/c.-32-13T>G Bravo et al. (2017) [48]

NA: not available.

11.1. Taiwan

Chien et al. performed the first large pilot NBS program to detect PD in newborns in Taiwan using
a fluorometric enzymatic assay to determine AαGlu activity in DBSs. They conducted a pilot NBS of
132,538 newborns, accounting for almost 45% of newborns in Taiwan, between October 2005 and March
2007. Of the 132,538 newborns screened, 1093 (0.82%) underwent repeated DBS sampling, and 121
(0.091%) newborns were recalled for additional evaluation. PD was identified in 4 newborns (3 IOPD
and 1 LOPD) [49]. Owing to this outcome, NBS for PD is now regularly conducted in Taiwan. Moreover,
they identified 9 patients with IOPD and 19 patients with LOPD among 473,738 newborns by NBS for
PD between October 2005 and December 2011 [36]. They launched a four-plex MS/MS LSD newborn
screening test also including AαGlu (PD), acid α-galactosidase (FD), acid α-glucocerebrosidase (GD),
and acid α-l-iduronidase (MPSI) in 2015. Through 2017, 64,148 newborns were screened for these four
LSDs using their system. The cutoff levels in this new NBS system were established as 0.1 percentile of
the population, or 13–15% of the normal mean. This NBS detected 20 infants with less than the cutoff
value, and 1 patient with IOPD, 5 patients with LOPD, and 14 infants with false-positive results were
identified [38].

Liao et al. reported the results of 191,786 newborns evaluated in an NBS program for PD using
a system that could detect multiple LSDs by MS/MS from February 2010 to January 2013. After the
initial DBS screening, 9 newborns were referred to hospitals directly with AαGlu values lower than the
critical cutoff value (0.20 μmol/L/h) or combined with some clinical symptoms. In total, 874 (0.46%)
newborns were recalled for second DBSs, 225 (0.12%) suspected newborns with decreased AαGlu
activity were referred to hospitals, and 16 newborns were confirmed to have PD. In GAA gene analysis,
5 newborns were classified as IOPD and 11 newborns as LOPD. GAA gene analysis demonstrated that
c.1935C>A (p.D645E) was detected in all cases of IOPD, c.[752C>T; 761C>T] (p.[S251L; S254L]) was
detected in 8 cases of LOPD, and the c.1726G>A (p.G576S) pseudodeficiency variant was detected
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in 2 cases of IOPD and 5 cases of LOPD. The variants c.1840A>G (p.614A), c.2647-23delT, c.1054C>T
(p.Q352*), IVS7+2T>C, and IVS17-5T>C were identified as novel variants. The false-positive rate in
the tandem mass method was similar to that in fluorometric assays [37].

11.2. Japan

We started a pilot study of NBS for FD using 4-methylumbelliferyl-α-d-galactopyranoside (4MU-αGlc)
in August 2006 and have conducted NBS of 5 LSDs, including PD, FD, GD, MPSI, and MPSII [50,51].

We reported the results of NBS for PD using 4MU-αGlc in 103,204 newborns [7]. Among these
newborns, 225 newborns were retested using a second AαGlu assay, and 111 newborns with low
AαGlu activities under the cutoff in the second AαGlu assay were evaluated for IOPD detection using
physical and biochemical examinations (CK, ALT, AST, and lactate dehydrogenase), echocardiogram
assessments, and a third AαGlu assay. For the 71 newborns with low AαGlu activity under the cutoff
in the third AαGlu assay, GAA gene sequencing was performed using NGS. The AαGlu activities in
fibroblasts were measured in 32 of the 71 newborns. In this study, no newborns developed IOPD, and
50 variants were detected. Eight variants were novel: c.547-67C>G, c.692+38C>T, c.1082C>A (p.P361Q),
c.1244C>T (p.T415M), c.1552-52C>A, c.1638+43G>T, c.2003A>G (p.Y668C), and c.2055C>G (p.Y685*).
The most common mutation was c.[752C>T;761C>T] (p.[S251L; S254L]), accounting for 20 alleles
(14.1%, 20/142). The pseudodeficiency alleles c.1726G>A (p.G576S) and c.2065G>A (p.E689K) were
detected in 71.8% (102/142) and 72.5% (103/142) of all newborns with low AαGlu activity, respectively.

This study identified 3 newborns with potential LOPD but without IOPD detection. Although these
3 patients developed no symptoms related to PD and received no treatment, the c.317G>A (p.R106H),
c.1244C>T (p.T415M), and c.2003A>G (p.Y668C) mutations in these 3 patients were considered
novel mutations. The prevalence of potential PD was 1 per 34,401 births. Newborns with both
pseudodeficiency alleles and PD-associated pathogenic variants were detected in Japan as well as in
Taiwan (Table 2). Table S1 displays the distribution of mutations and predictably pathogenic variants
in NBS for PD in Japan.

11.3. USA

In 2008, the Advisory Committee on Heritable Disorders in Newborns and Children (ACHDNC)
evaluated the NBS system for PD. The committee found significant evidence gaps related to the accuracy
of screening and to the benefits and harms of presymptomatic diagnosis and precluded recommendation
of NBS of PD for the Recommended Uniform Screening Panel (RUSP). In 2013, the ACHDNC reconsidered
PD after it was nominated again. Based in part on new information presented to the ACHDNC by the
external condition review workgroup, NBS for PD was recommended for addition to the RUSP and
was added in March 2015. Prosser et al. estimated that screening 4 million babies born each year in the
United States would detect 134 cases with PD including 40 cases with IOPD, compared with 36 cases
detected clinically without screening [52]. NBS would also identify 94 cases of LOPD that might not
become symptomatic for decades. By identifying 40 cases with IOPD, NBS would avert 13 deaths and
identify 26 individuals requiring mechanical ventilation by the age of 36 months.

11.3.1. Washington

In 2013, Scott et al. reported screening results for more than 110,000 newborns in Washington.
They detected PD, FD, GD, MPSI, MPSII (α-l-iduronide-2-sulfatase), Niemann–Pick A/B disease (acid
sphingomyelinase), MPSIV-A (galactose-6-sulfate sulfatase), MPSVI (N-acetylgalactosamine-4-sulfatase),
and Krabbe disease (galactocerebrosidase) using a technology which simultaneously measured multiple
enzyme activities by MS/MS [39]. AαGlu activity in DBSs was measured in 111,544 cases. A cutoff
value was established as 15% of the mean value. Seventeen samples had enzyme activities with less
than the cutoff value. Four cases (2 cases with the homozygous IVS1-13T>G variant, 1 case with the
compound heterozygous c.365T>A/c.1925T>A variant, and 1 case with the compound heterozygous
IVS1-13T>G/c.1-17C>T variant) were confirmed to be patients with LOPD or potential LOPD, 4 cases
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had a single nucleotide change on one allele (carrier of PD), 3 cases were identified as carriers with an
additional pseudodeficiency allele, and 6 cases were heterozygotes for a pseudodeficiency allele only.
The prevalence of infants with LOPD or potential LOPD was 1 per 27,800 births.

Elliott et al. evaluated 43,000 newborns in NBS using a multiplex MS/MS enzymatic activity assay
of 6 lysosomal enzymes for PD, FD, GD MPSI, Niemann–Pick A/B disease, and Krabbe disease. The
cutoff value was established as 10% of the mean value. A newborn with p.G576S/p.T602I (a probable
low activity variant) and a newborn with the homozygous c.2168del13ins10 (p.A724Gfs*44) variant
(a frameshift variant leading to a nearby stop codon) were identified [40].

11.3.2. Missouri

A full-population pilot study of 43,701 newborns using DBSs in a multiplex fluorometric enzymatic
assay for detecting PD, FD, GD, and MPSI was performed in Missouri on January 11, 2013 [41]. The
cutoff values for AαGlu activities were set at the 0.17 percentile in the pilot study. Of the 18 cases that
screened positive for AαGlu deficiency, 3 were diagnosed with IOPD, 3 were classified as LOPD, 2 were
classified as potential LOPD or VOUS, 2 had pseudodeficiencies, and 3 were carriers. The prevalence
of PD was 1 per 8740 births.

11.3.3. Illinois

The Newborn Screening Laboratory of Illinois performed NBS for 5 LSD-associated enzymes,
including PD, FD, MPSI, and Niemann–Pick A/B disease, among 219,973 newborn DBSs using MS/MS
from November 1, 2014 to August 31, 2016 [42]. In total, 139 (0.06%) had a positive or borderline test
result in PD, necessitating additional testing. The cutoff values for AαGlu activities were defined as
follows: positive = less than or equal to 18% of the daily median value, and borderline = greater than
18% and less than or equal to 22% of the daily median value. Ten cases of PD (two cases of IOPD
and eight cases of LOPD) were detected. The frequency of PD was 1 per 21,997 births. Two infants
diagnosed with IOPD developed elevated CK levels and clear evidence of cardiomyopathy at the time
of initial evaluation which included chest radiography, electrocardiography, and echocardiography.
These patients are regularly receiving ERT. Eight infants diagnosed with LOPD had either homozygous
or compound heterozygous variants of the common splicing mutation c.-32-13T>G observed in
patients with LOPD. GAA pseudodeficiency was detected in 15 infants, including 14 identified
as Asian (4 Chinese, 3 Filipino, 2 Korean, 2 Indian, 1 Japanese, and 2 others). There were four infants
with an undetermined classification or “potential PD.”

11.3.4. New York

A pilot NBS study for 18,105 newborns was performed through October 1, 2014 [43]. Six cases
were positive in the screen (1 case of LOPD, 3 cases of pseudodeficiency, and 2 carriers) with a mean
AαGlu activity of less than or equal to 15% of the daily mean activity, yielding a referral rate of 0.033%.
One case with LOPD had the homozygous c.-32-13T>G variant and low leukocyte AαGlu activity;
however, examination results and laboratory values were normal and HEX4 testing was negative.
Two cases were homozygous for the common pseudodeficiency allele, and another case carried one
copy of the pseudodeficiency allele; leukocyte AαGlu activity in these infants ranged from low to
normal. One case was found to have c.2560C>T (p.R854*) and an intronic variant believed to be benign.
This infant was diagnosed as being a carrier because AαGlu activity was high.

11.4. Austria

DBSs of 34,736 newborns were collected consecutively in the national routine Austrian NBS
program from January 2010 to July 2010 and analyzed for enzyme activities of acidβ-glucocerebrosidase,
α-galactosidase, α-glucosidase, and acid sphingomyelinase by electrospray ionization MS/MS [44].
The cutoff value for AαGlu was based on the 0.1 percentile value from 5000 cases of AαGlu activity.
This first-line screening for low AαGlu activity detected 25 cases, and retests showed 5 cases with low
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AαGlu activities. Sequence analyses of the GAA gene identified 4 cases with PD presenting homozygous
c.896T>C (p.L299P), homozygous c.-32-13T>G, or compound heterozygous c.-32-13T>G/c.1551+1G>A
(V480_I517del) variants. The prevalence of PD was 1 per 8684 births.

11.5. Hungary

In the Hungarian NBS program, 40,024 newborns were screened for PD, FD, GD, and Niemann–Pick
A/B disease using MS/MS [45]. The 0.25th–0.5th percentile of AαGlu activities from 1000 cases were
defined as the cutoff values; 663 cases (1.66%) were submitted for retesting. Among them, 163 cases
(0.41%) had abnormal AαGlu activities in DBSs. After retesting, GAA gene analysis was performed
in 64 (0.160%) cases with low AαGlu activity. GAA gene analysis detected 9 cases with PD and
25 carriers for PD. Three cases remained uncertain owing to inclusive GAA variants. Five cases
had c.664G>A (p.V222M)/c.664G>A (p.V222M), and the other cases had c.-32-13T>G/c.-32-13T>G,
c.664G>A (p.V222M)/c.2174G>A (p.R725Q), c.1216G>A (p.D406N)/c.1409A>C (p.N470T), and
c.1552-3C>G/c.1552-3C>G. The 25 carriers had GAA gene variants related to PD, including -32-13T>G,
c.307T>G (p.C103G), c.664G>A (p.V222M), c.763C>T (p.Q255X), c.841C>T (p.R281W), c.875A>G,
c.1437+1G>A, c.1468 T>C (p.F490L), c.1552-3C>G, c.1903A>G (p.N635D), c.2237G>T (p.W746L), and
c.2482-2A>G. The prevalence of PD was 1 per 20,012 births.

11.6. Italy

NBS programs for PD, FD, GD, and MPSI were performed using DBSs from 44,411 newborns
by multiplexed MS/MS with the NeoLSD assay system in northeastern Italy from September 2015
to January 2017 [46]. Among the 44,411 newborns screened for the four LSDs, 40 cases (0.09%) had
enzyme activity below 0.2 multiples of the median and were recalled for collection of a second DBS.
Eight cases showed low AαGlu activities. Five patients underwent GAA gene analysis, and 2 cases
were identified as juvenile types of PD because of the presence of the compound heterozygote of
c.-32-13T>G (IVS1-13T>G)/c.236_246del (p.P79Rfs*12); elevated blood CK, AST, and ALT levels; and
slightly enlarged heart findings. These patients underwent ERT immediately after diagnosis of PD.
One case was classified as VOUS, and 2 cases were carriers for GAA variants. The frequency of PD was
1 per 22,205 births.

A total of 3403 newborns (1702 males and 1701 females) in the Umbria area of central Italy were
screened for PD, FD, GD, and MPSI using DBSs [53]. The cutoff value was established as 35% of the
normal median AαGlu activity. Although 3 cases showed AαGlu activities with less than the cutoff
value in DBSs, none of these cases showed abnormal lymphocyte AαGlu activities. This pilot study
identified no infants with PD.

11.7. Mexico

NBS for 6 LSDs, including PD, FD, GD MPSI, Niemann–Pick A/B disease, and Krabbe disease,
using a multiplex MS/MS enzymatic assay was performed in 20,018 newborns (10,241 males and
9777 females) from July 1, 2012 to April 30, 2016 [47]. Nineteen presumptive positive infants showed
low AαGlu activity in the first DBS. In the second AαGlu activity test, 16 infants were positive. Among
these infants, 11 showed low leukocyte AαGlu activity. Five infants could not complete the protocol,
three of whom lost healthcare insurance and 2 of whom refused to continue the protocol. In 11 infants
with low leukocyte AαGlu activity, 10 infants harbored a pseudodeficiency variant associated with
low AαGlu enzyme activity, but without signs of PD (homozygous or heterozygous for c.[1726G>A;
2065G>A] (p.[G576S; E689K])). Moreover, 2 infants harbored a compound heterozygous variant for the
pseudodeficiency allele and the -32-13 T> G variant. The patient with potential LOPD presented with
the c.1375G>A (p.D459N) variant, which was reported as an LOPD variant, and the VOUS c.1220A>G
(p.Y407C) variant, which was predicted to be pathogenic.
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11.8. Brazil

A pilot NBS study used a digital microfluidic platform to simultaneously measure the activities of
AαGlu, acid β-glucosidase, α-galactosidase, and iduronidase to screen for PD, GD, FD, and MPSI in
DBSs, respectively [54]. The cutoff value for AαGlu was defined as less than 30% of the mean enzyme
activity in samples from 1000 unaffected babies. One case was identified to be pseudodeficiency, and
no infants were identified with PD [48,55].

12. Genotype–Phenotype Correlation

Known variants in PD are registered in PD variant databases, including the Pompe Center
(http://www.pompevariantdatabase.nl/pompe_mutations_list.php?orderby=aMut_ID1) and ClinVar
(http://www.ncbi.nlm.nih.gov/clinvar). Moreover, in PolyPhen-2 (http://genetics.bwh.harvard.edu/
pph2), the impact of missense variants on amino acid substitutions is evaluated. Human Splicing
Finder (http://www.umd.be/HSF3/) can predict the impact of splicing abnormalities.

c.525delT (p.E176Rfs*45), a common frameshift variant in the Netherlands [56], c.1935C>A
(p.D645E), a common missense variant in Taiwan [6], and c.2560C>T (p.R854*), a common nonsense
variant in Africa [57], are considered variants for IOPD. c.-32-13T>G is commonly detected in Caucasian
patients with LOPD, and patients with the homozygous c.-32-13T>G variant rarely develop cardiac
manifestations as infants [58]. c.-32-13T>G is considered a variant in LOPD. However, because even
patients with the same variants can develop both IOPD and LOPD phenotypes, the phenotype cannot
be predicted from gene analysis alone. Moreover, the distribution of gene variants differs in each region.
In the future, the accumulation of genetic information for patients in each region will be essential for
predicting phenotypes.

13. Potential Concern of Screening for PD

NBS not only detects patients with IOPD but also patients with LOPD and potential LOPD. The
effectiveness of NBS for identification of patients with LOPD and potential LOPD is controversial.
Patients with LOPD who would present with PD symptoms within 2–3 years can receive medication
before the progression of the symptoms, due to early diagnosis of LOPD through NBS. However,
the demerits of NBS for patients with LOPD and potential LOPD should be considered because the
time from diagnosis to presentation of PD symptoms may be more than 10 years, and some patients
with LOPD or potential LOPD may not ever develop PD symptoms. Therefore, problems such as the
psychological stress for the family due to LOPD and potential LOPD diagnosis [59], the cost and time
of visiting hospitals and receiving medical examinations, and the potential of receiving overtreatment
are issues likely to occur.

As shown in the guidelines for PD promulgated by the Pompe Disease Newborn Screening
Working Group [30], clinicians should consider the need for psychosocial support for families during
follow-ups for presymptomatic patients with LOPD. As more patients or potential patients with
LOPD are diagnosed and followed up, it has been demonstrated that LOPD causes more symptoms
than proximal myopathy or respiratory failure; it is a multiorgan disorder involving muscular,
respiratory, musculoskeletal, peripheral nervous, vascular, cardiac, and gastrointestinal systems.
Common symptoms reported in LOPD are proximal muscle weakness, trunk muscle weakness,
exercise intolerance, shortness of breath, impaired cough, and gait difficulties. Because LOPD is a
multisystemic disease, clinicians should be aware of all known symptoms and indicators in order to
prevent delayed diagnoses and misdiagnoses. The understanding of the natural history of LOPD
is advanced in the use of ERT. In the future, the disease concept of LOPD as well as IOPD will be
more established.
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14. Future Challenges

NBS programs for PD can contribute to early detection and early intervention in patients with
IOPD and LOPD. Early ERT can change the natural clinical course and result in better outcomes in
patients with IOPD. Because of changes in the natural clinical course, neurological manifestations,
which had not previously been discussed, have become apparent [60]. For example, some patients with
IOPD receiving ERT present with learning disorders as neurological manifestations. Currently available
rhGAA therapy cannot cross the blood–brain barrier [61,62]. Moreover, patients with LOPD detected in
NBS can receive follow-up and early intervention before exhibiting deterioration of PD symptoms [32].

Nevertheless, currently available NBS programs that evaluate AαGlu activity in DBSs, even those
using tandem mass spectrometry, cannot discriminate pseudodeficiency from cases of PD or potential
PD. Because families of newborns with pseudodeficiency have anxiety related to the results of NBS,
new NBS programs, such as those using a combination of AαGlu enzyme assays and GAA gene
analysis from DBS, can be used to distinguish pseudodeficiency from PD or VOUS. Such approaches
are urgently needed.

In the future, next-generation treatments, including chaperon therapy [63] and gene therapy for
PD [64,65], are expected to have favorable outcomes. Therefore, many researchers should contribute to
the development of novel, improved NBS programs and the spread of such NBS programs to more
regions around the world.
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Abstract: Statewide newborn screening for Pompe disease began in Illinois in 2015. As of 30
September 2019, a total of 684,290 infants had been screened and 395 infants (0.06%) were screen
positive. A total of 29 cases of Pompe disease were identified (3 infantile, 26 late-onset). While many
of the remainder were found to have normal alpha-glucosidase activity on the follow-up testing (234
of 395), other findings included 62 carriers, 39 infants with pseudodeficiency, and eight infants who
could not be given a definitive diagnosis due to inconclusive follow-up testing.

Keywords: Pompe disease; newborn screening

1. Introduction

Pompe disease is an autosomal recessive lysosomal storage disorder resulting from the deficiency of
acid alpha-glucosidase (GAA). The deficiency of enzyme activity results in the lysosomal accumulation
of glycogen and multisystemic clinical manifestations, including prominent skeletal muscle weakness.
Patients with the most severe form of the disorder, referred to as infantile onset Pompe disease
(IOPD), also have cardiac involvement manifested as hypertrophic cardiomyopathy. In the absence of
treatment, patients with IOPD rarely survive beyond two years of age. Patients with late onset Pompe
disease (LOPD) may develop clinical manifestations at any age from early childhood through adult
life. Progressive limb girdle muscle weakness is the hallmark of the disorder, with disproportionate
involvement of the respiratory muscles often leading to respiratory insufficiency. Cardiac involvement
is rare in patients with LOPD. There are patients who exhibit an intermediate phenotype with onset of
muscle weakness and motor delay in the first year of life without cardiomyopathy. These patients
are variably referred to as having either LOPD or atypical IOPD. Enzyme replacement therapy with
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alglucosidase alfa has been available for both IOPD and LOPD since 2006 and has significantly changed
the natural history of the disorder. In patients with IOPD, it prolongs ventilator-free survival and often
results in resolution of cardiomyopathy [1]. A subset of patients with IOPD, particularly those who
are cross-reacting material (CRIM) negative, are at high risk of developing high titer antibodies to
the enzyme, however, with subsequent loss of efficacy [2]. Immune modulation protocols have been
developed and have shown to be effective in preventing the development of high titer antibodies in
these patients [3]. In patients with LOPD, treatment with alglucosidase alfa may result in improved
endurance as measured on the 6-min walk test and stabilization of motor and pulmonary function [4].

Patients with IOPD invariably exhibit elevated levels of serum creatine kinase (CK), whether
diagnosed clinically or through newborn screening [5]. Patients with LOPD often, but not always,
have elevated CK levels as well. In all patients with elevated levels, a decline is typically observed
after initiation of enzyme replacement therapy. A second biomarker that is useful in the diagnosis and
monitoring of Pompe disease is a specific urinary glucose tetrasaccharide (Glc4 or Hex4) [6]. In the
newborn screening setting, levels of this tetrasaccharide have been reported to be consistently elevated
in patients with IOPD but normal in those with LOPD who do not require therapy prior to three years
of age [7].

Pseudodeficiency for the GAA enzyme has been well-described and is particularly common in
Asian populations [8]. Patients with pseudodeficiency have low levels of GAA measured in vitro,
at times as low as those observed in affected individuals but have no evidence of clinical disease or
glycogen storage in tissues. Common alleles associated with pseudodeficiency have been identified.

The rapidly progressive nature of IOPD and the availability of disease-modifying therapy was the
impetus for the initiation of a pilot screening program for Pompe disease in Taiwan in 2005. Newborn
screening for this disorder was shown to not only be feasible [9], but to also improve the prognosis for
infantile onset Pompe disease through the earlier implementation of enzyme replacement therapy [10].
Missouri became the first state in the United States to implement newborn screening for Pompe disease
in 2013 using the digital microfluidic method [11]. The data from both Taiwan and Missouri were
instrumental in securing the addition of Pompe disease to the Recommended Uniform Screening Panel
(RUSP) in the US in 2015.

Illinois was the second state in the United Sates to implement statewide newborn screening for
Pompe disease and the first to do so using tandem mass spectrometry. Pilot screening in selected
hospitals began in November 2014 and was expanded statewide in June 2015. Results from the
initial 15 months of screening were previously reported [12]. The purpose of this communication
was to extend the initial report and describe the outcome of Pompe newborn screening through
September 2019.

2. Materials and Methods

Newborn screening for Pompe disease is performed by determination of alpha-glucosidase
enzyme activity in dried blood spots by liquid chromatography–mass spectrometry (LC–MS) using
a multiplex assay with reagents from PerkinElmer®. The method and testing cutoffs have been
previously described [12]. All infants born in the state of Illinois have been tested since June 2015.
Parents can opt out of any newborn screening but cannot selectively opt out of testing for specific
disorders. In practice, the opt-out option is virtually never utilized. Infants with a positive screen are
urgently referred to one of several referral centers for diagnostic evaluation. A protocol for follow-up
(Figure 1) was developed by a working group prior to the initiation of screening and is generally
followed by all of the referral centers but is not mandatory and the specific testing ordered is at
the discretion of each consulting provider. All centers obtain blood for creatinine kinase (CK) and
alpha-glucosidase activity at the time of initial assessment, as well as cardiac studies including chest
radiograph and electrocardiogram with echocardiogram in many cases. When deficient enzyme
activity is confirmed, molecular analysis is performed at one of several reference laboratories. When
two or more mutations or variants are detected, it is recommended that parental testing be performed
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for phasing. However, the results of parental testing are not routinely collected by the screening
program. Many clinicians obtain urine glucose or hexose tetrasaccharide (Glc4, Hex4) at the initial
assessment and some include a full metabolic panel and brain natriuretic peptide (BNP). Over time,
most centers have obtained fewer follow-up cardiac assessments than recommended on the algorithm
on those infants with no initial evidence of cardiac disease. In particular, most infants who have the
common c.-32-13T>G mutation do not undergo additional cardiac evaluation since the incidence of
cardiac disease in association with this mutation has been shown to be very low [13]. Follow-up
echocardiography for infants with other mutations is variable and at the discretion of the clinician.

Figure 1. Pompe Disease Algorithm.

Affected infants are classified as having infantile onset Pompe disease (IOPD) if they have evidence
of cardiomyopathy in the first year of life. All other definitely affected infants are classified as having
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late onset Pompe disease (LOPD). The latter category includes infants found to have hypotonia, motor
delay or muscle weakness in the first year of life. Infants who have no evidence of cardiac disease
but have alpha-glucosidase activity in the affected range and have one pathogenic mutation and
one variant of unknown significance (VUS) or two VUS are referred to as having possible LOPD or
undetermined status. It is recognized that these infants may not be affected since the variants of
unknown significance could be benign, but follow-up is recommended nonetheless, similar to what is
provided to infants with definite LOPD.

In the case of infants diagnosed with late onset Pompe disease (LOPD), or possible LOPD defined
as low enzyme activity with one pathogenic mutation and one variant of undetermined significance
(VUS) or two VUSs in trans, follow-up assessments are typically performed in the first year of life at
3 month intervals and include history and physical examination, developmental assessment, serum CK,
and, in some cases, a complete metabolic panel and/or BNP, and urine Glc4. The undetermined cases
are followed in the same manner as those with definite LOPD. For patients doing well, the interval
between assessments is typically increased to 6 months to a year after one year of age. When LOPD or
possible LOPD is diagnosed in an infant, older siblings born prior to the onset of newborn screening
are routinely tested.

3. Results

A total of 684,290 infants were screened between 3 November 2014 and 30 September 2019. Three
hundred and ninety-seven of these (0.06%), or 1 in 1724, screened positive for Pompe disease and
were referred for diagnostic assessment. The outcome of the evaluation of these infants is seen in
Table 1. A total of 29 infants had a definitive diagnosis of Pompe disease for a minimum incidence
in the population of 1 in 23,596. Of these 29, 26 infants (90%) were found to have late onset Pompe
disease. An additional 8 infants were defined as having an undetermined phenotype or “possible”
Pompe disease. These were infants with low enzyme activity and two variants in the GAA gene, one
or both of which were of unknown significance. Since it is likely that some of these infants will go on to
develop Pompe disease, the incidence in the population is likely higher than the 1 in 23,596 calculated
from the definite cases. Since screening was initiated, there have been no reports of infants diagnosed
with Pompe disease who were missed by newborn screening. There have also been no infants with
GAA activity in the affected range with only a single variant detected in the gene.

Table 1. Outcome of follow-up in infants screen positive for Pompe disease (n = 395).

Category Number of Infants Identified

Infantile Pompe disease 3
Late onset Pompe disease 26
Normal enzyme activity 234

Carrier 1 62
Pseudodeficiency 2 39

Phenotype undetermined 3 8
Loss to follow-up or refused 7

Died prior to follow-up 4 1
Pending 15

1 Infants with one pathogenic variant, or one VUS, with or without pseudodeficiency alleles were classified as
carriers. 2 Infants in this category had only pseudodeficiency allelesc.1726G>A, c.2065G>A, and/or c.271G>A. 38 of
39 infants in this group were of Asian descent. 3 Infants in this category had one pathogenic variant and one or
two VUS. 4 This was a premature infant who had multiple complications of prematurity but no findings to suggest
Pompe disease.
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Three infants had evidence of cardiomyopathy at the time of their initial assessment and were
diagnosed with infantile onset Pompe disease (IOPD). All three were determined to be CRIM positive
based on molecular analysis. Two were started on enzyme replacement therapy (ERT) with no immune
modulation at 4 and 6 weeks of age. The third infant was also CRIM positive but had a mutation
previously found to confer high risk for the development of high titer antibodies and had very severe
cardiomyopathy requiring treatment in an intensive care unit from day 1 of life. He was treated with
ERT beginning at 10 days of age and was simultaneously treated with rituximab, methotrexate, and
intravenous immunoglobulin [14]. All three infants are currently doing well, all are ambulatory, and
none of the three required any ventilatory support at the last follow-up. There were no infants who
had a normal cardiac assessment initially who were later found to have evidence of cardiomyopathy.

Thus far, only one infant with LOPD has been started on ERT (Table 2, Case 25). This was an
infant who, at the time of initial assessment, was found to have a CK of 555 international units per liter
(IU/L) but no evidence of cardiomyopathy. At two months of age, head lag and mild hypotonia were
noted but physical therapy assessment revealed a normal Alberta infant motor scale (AIMS) score at
the 85th percentile for age. Multiple additional measurements of CK continued to be in the range of
550–650 U/L. Development appeared to progress normally for several months but by 9 months of age,
significant hip laxity and gross motor delay were evident. The AIMS score had decreased to below the
5th percentile for age. A decision was made to initiate treatment and ERT was started at ten months of
age, along with short term methotrexate [15]. After three months of therapy, the patient was making
motor progress but continued to exhibit significant weakness so the dose of alglucosidase alfa was
increased from the label dose of 20 mg/kg every two weeks to 40 mg/kg every two weeks. No other
infants or children identified through newborn screening as having LOPD have been reported to have
persistent clinical symptoms, although elevations of CK are common at diagnosis, as seen in Table 2.

Table 2. Follow-up data on infants with definite or “possible” Pompe disease.

Case Genotype Phenotype
GAA

Activity a

Result (nl)

CK
(IU/L)

Result (nl)

Urine
Glc4 or Hex4 b

Result (nl)

Cardiac
Findings

Other
Clinical
Findings

1
c.2560C>T,
c.1211A>T,
c.2161G>C

IOPD 0.02 (>3.0) 1064
(35–232) NR HCM Hypotonia

2 c.1437+1G>A,
c.2227C>T IOPD 0.8 (>3.88) 566

(32–250) NR HCM Hypotonia;
Motor delay

3 c.2560C>T,
c.2459_2461del IOPD 1.6 (>3.88) 3488

(30–279)
Glc4 14.9

(0.14–1.29) HCM Initial
hypotonia c

4–16 c.-32-13T>G
homozygous LOPD 0.0–2.8 153–669

(8/17 elevated) See footnote d Normal e None

17 c.-32-13T>G,
c.1655T>C LOPD 0.8 (>3.0) 550 Normal ASD Mild

hypotonia

18 c.-32-13T>G,
c.2238G>C LOPD 2.55

(>3.88) 86 (29–168) Normal None None

19 c.-32-13T>G,
c.1839G>A LOPD 1.5 (>3.88) 641 (30–279) Glc4 7.59

(0.14–1.29) None None

20 c.-32-13T>G,
c.258DPC LOPD 0.3 (>3.0) NR NR None None

21
c.-32-13T>G,
c.2238G>C,
c.2065G>A

LOPD 1.0 (>3.0) NR Hex4 41.6
(<20)

RVH on
ECG; PFO

on echo
None

22 c.-32-13T>G,
c.2297A>G LOPD f 2.3 (>3.88) 168 (55–170) Glc4 1.21

(0.08–1.37) Normal None

23
c.307T>G,

c.1375G>C,
c.271G>A

LOPD f 1.6 (>3.88) Normal Glc4 2.0
(1.14–1.29) Normal None

24
c.1637-3_1637-

4delinsG,
c.1831G>A

LOPD 2.4 (>3.88) 93 (30–279) Glc4 12.98
(0.14–1.29) Normal None
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Table 2. Cont.

Case Genotype Phenotype
GAA

Activity a

Result (nl)

CK
(IU/L)

Result (nl)

Urine
Glc4 or Hex4 b

Result (nl)

Cardiac
Findings

Other
Clinical
Findings

25 c.-32-12T>G,
c.2219-2220delTG LOPD g 2.0 (>3.88) 555 (30–279) Glc4 11.79

(0.14–1.29) PFO
Hypotonia;
gross motor

delay

26 c.2238G>C,
c.2242dupG LOPD f 2.9 (>3.88) 142 (30–279) Glc4 6.54

(0.14–1.29) Normal None

27
c.2173delC,

c.858+17-858+
23delCGGGGCGG

LOPD 2.9 (>3.88) 272 (30–279) NR Normal None

28 c.1121G>T,
c.885C>T LOPD 0.3 (>3.0) NR NR Normal None

29 c.307T>G,
c.525delT LOPD 0.5 (>3.0) 193 (55–170) NR Normal None

30 c.655G>A,
c.1418G>C UND 3.0 (>7.4) 73 (39–308) Hex4 11.2 (<20) PFO None

31 c.525delT,
c.265C>T UND f 2.9 (>3.88) 74 (30–279) Glc4 6.76

(0.14–1.29) PFO h None

32

c.1942G>A,
c.1346C>T,
c.2065G>A,
c.1726G>A

UND 0.2 (>3.0) 167 (39–308) NR Normal None

33 c.664G>A,
c.1346C>T UND 0.0 (>3.88) 101 (30–279) NR Normal None

34 c.726G>A,
c.1357G>A UND 0.7 (>3.0) NR NR Normal None

35
c.1631T>A,
c.2509C>T,
c.2065G>A

UND UND 0.7 (>3.0) NR NR Normal

36 c.307T>G,
c.265C>T UND 2.1 (>3.88) 152 (30–279) NR NR Normal

37 c.1781G>A,
c.1194+3G>C UND 3.5 (>3.88) 571 (30–279) Glc4 3.46

(0.14–1.29) Normal None

a GAA activity units: pmol/punch/h. b Urine Glc4 or Hex4 activity units: mmol/mol creatinine. c Initial hypotonia
and hypoventilation during sleep; resolved by 10 months of age. d 13 Cases: NR for 7; Glc4 5.42–9.83 (0.142–1.29)
for 4; Hex4 6.8 and 13.2 (<20) for 2. e One case with left ventricular hypertrophy on ECG, with normal echo; all
others normal. f Older sibling, born prior to newborn screening, has same genotype. g Symptomatic at 9 months of
age, started on ERT. h Also had mildly dilated ascending aorta. ASD = Atrial septal defect. CK = creatine kinase.
GAA activity = dried blood spot alpha-glucosidase activity determined at time of diagnostic evaluation. Glc4 =
glucose tetrasaccharide. HCM = Hypertrophic cardiomyopathy. Hex4 = hexose tetrasaccharide. IOPD = Infantile
onset Pompe disease. LOPD = Late onset Pompe disease. nl = Normal. NR = Not reported. PFO = Patent foramen
ovale. RVH = Right ventricular hypertrophy. UND = Undetermined.

For patients with more than two variants, clinical significance of all variants was not always
evident. There were patients who had two pathogenic variants and either pseudodeficiency alleles or
variants of unknown significance. All of the variants in the patients with definite or possible Pompe
disease are listed in Table 2.

The results of the clinical and laboratory assessments performed on affected infants at the time of
initial evaluation are seen in Table 2. It should be noted that these data are obtained from the consulting
physicians by the Illinois department of public health and reporting may be incomplete in some cases.
Due to privacy restrictions restricting release of identifying information, original records on all of these
infants were not available to the authors. If a result is listed as NR (not reported), it may not have been
done or may simply not have been reported, even if it was done. After the initial data were gathered
following diagnosis, a follow-up questionnaire was sent annually to consulting physicians for each
patient. The length of follow-up for the patients reported ranges from several months to 4 years.
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4. Discussion

Pompe disease newborn screening has been successfully implemented in the state of Illinois over
the past 5 years. As reported from other states [16], the overall incidence of Pompe disease was found
to be higher than previously estimated, with the large majority of cases being of the late onset type.
In addition, there were patients in whom a definitive diagnosis could not be established, who will
require ongoing follow-up.

The patients identified through newborn screening who are now on treatment have thus far had
an excellent outcome and experience elsewhere has documented the benefits of treatment initiation
prior to the onset of overt clinical symptoms [17]. Questions remain regarding the optimal follow-up of
infants diagnosed with LOPD and the optimal time for initiation of treatment. It is anticipated that the
collective experience of the many states now performing screening will shed light on these issues in the
coming years. In the meantime, a method of systemic data collection to enable long-term assessment of
outcomes and best practices is critically needed. Although there is an industry-sponsored registry for
patients with confirmed Pompe disease [18], it is not ideal for the inclusion of asymptomatic patients,
particularly those with genotypes that do not permit a definitive diagnosis (“possible” Pompe patients)
and is not accessible by all treating physicians. A similar need exists for other disorders, including other
lysosomal disorders, recently added to newborn screening since many are associated with phenotypes
that may not become evident until much later in childhood or even in adult life.

5. Conclusions

Pompe newborn screening in the state of Illinois has been ongoing for 5 years and has led to the
diagnosis of 3 infants with IOPD, 26 with LOPD, and eight with an undetermined diagnosis.
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Abstract: The California Department of Public Health started universal newborn screening for
Pompe disease in August 2018 with a two-tier process including: (1) acid alpha-glucosidase (GAA)
enzyme activity assay followed by, (2) GAA gene sequencing analysis. This study examines results
from the first year of screening in a large and diverse screening population. With 453,152 screened
newborns, the birth prevalence and GAA enzyme activity associated with various types of Pompe
disease classifications are described. The frequency of GAA gene mutations and allele variants are
reported. Of 88 screen positives, 18 newborns were resolved as Pompe disease, including 2 classic
infantile-onset and 16 suspected late-onset form. The c.-32-13T>G variant was the most common
pathogenic mutation reported. African American and Asian/Pacific Islander newborns had higher
allele frequencies for both pathogenic and pseudodeficiency variants. After the first year of Pompe
disease screening in California, the disease distribution in the population is now better understood.
With the ongoing long-term follow-up system currently in place, our understanding of the complex
genotype-phenotype relationships will become more evident in the future, and this should help us
better understand the clinical significance of identified cases.

Keywords: Pompe disease; newborn screening; California

1. Introduction

Pompe disease is a sometimes-fatal inherited lysosomal storage disorder caused by the abnormal
accumulation of glycogen in cells, which can result in progressive dysfunction of the heart and other
muscles. Also known as glycogen storage disease type II, Pompe disease is caused by a deficiency
of the acid alpha-glucosidase (GAA) enzyme that breaks down a type of complex sugar, lysosomal
glycogen. The birth prevalence of Pompe disease has been estimated to be 1 in 40,000 [1,2], or 25 per
1 million births, although studies from Israel, Taiwan and some parts of the United States reported
higher prevalence rates [3–5].

The severity, age of onset, and rate of progression of Pompe disease vary among individuals, who
have been generally categorized into three types. The classic infantile-onset Pompe disease (IOPD)
shows symptoms within a few months of birth, characterized by fatal cardiomyopathy if untreated.
The non-classic infantile-onset form begins before age one, typically with no heart complications.
The late-onset Pompe disease (LOPD) appears later in childhood, adolescence, or adulthood [6–8].
The variance in phenotypes has been linked to different GAA gene variants, which are the cause for
GAA enzyme deficiency. Certain pathogenic variants on both GAA alleles severely reduce GAA activity
and usually lead to IOPD. On the other hand, some variants of the GAA gene exhibit low levels of GAA
activity, leading to more moderate forms of Pompe disease [1,9]. To date, enzyme replacement therapy
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(ERT) has been the only direct medical treatment for all forms of Pompe disease by reducing GAA
deficiency. Treatment beginning as soon as the disease is detected, or as early as possible, can generate
the most benefit for patients [10–14].

The clinical work-up of Pompe disease usually involves measuring GAA enzyme activity and
molecular analysis to confirm the diagnosis [5,15]. Recent studies have shown that a tandem mass
spectrometry (MS/MS)-based GAA enzyme activity assay could be a functional laboratory method for
Pompe disease detection [16,17]. The option of multiplex testing for Pompe disease, along with other
MS/MS disorders using the same dried blood spot (DBS), helped promote Pompe disease as a viable
disorder to add to newborn screening panels [18,19]. The first newborn screening program for Pompe
disease was implemented in Taiwan as early as 2005 [20]. Since then, several other countries and U.S.
states have conducted pilot screening studies with promising results [5,21–23]. Subsequently, an external
condition review workgroup commissioned by the Health Resources and Services Administration
examined the evidence for including Pompe disease on the federal Recommended Uniform Screening
Panel (RUSP) in 2013 [24]. In 2013, the Advisory Committee on Heritable Disorders in Newborns and
Children voted to recommend that the United States Secretary of Health and Human Services add the
disorder to the RUSP, which occurred in March 2015 [25]. As of November 2019, 22 states are screening
for Pompe disease [26].

The addition of Pompe disease to California’s Newborn Screening (NBS) panel followed passage
of SB 1095 in the California legislature in 2016 that amended the Health and Safety Code [27,28].
This required the Genetic Disease Screening Program (GDSP) of the California Department of Public
Health to add Pompe disease in order to be compliant with the RUSP, and this process has been
described in more detail by Bronstein et al. [29]. On August 29, 2018, California began universal
screening for Pompe disease.

This paper reports the findings from the first year of population-based Pompe disease screening.
We describe our screening and follow-up algorithm as well as epidemiological and clinical outcomes
of screening, including disease and variant classification and other characteristics of the Pompe cases
identified to date.

2. Materials and Methods

In California, Pompe disease screening is a two-tier process as shown in Figure 1. DBSs are
analyzed using flow injection analysis-tandem mass spectrometry (FIA-MS/MS) to measure GAA
enzyme activity. Specimens whose GAA enzyme activity levels are below 18% of the daily median are
separated into two groups. Those with very low levels, below 10% of the daily median, are immediately
called out as screen positive and sent for GAA gene sequencing and clinical follow-up, while those
with intermediate GAA enzyme levels, between 10% and 18% of the daily median await GAA gene
sequencing results before the final interpretation is made. The specimens with intermediate GAA
enzyme levels are only referred for clinical follow-up if at least one pathogenic variant, likely pathogenic
variant or variant of uncertain significance (VUS) is found.

Clinical follow-up is conducted in one of fifteen metabolic specialty care centers across California.
The specialty care centers provide genetic counseling, confirmatory testing, diagnosis, and long-term
clinical care when appropriate.
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Figure 1. California Pompe disease newborn screening algorithm.

All testing results (biochemical and DNA sequencing), along with demographic information and
follow-up reports (short-term follow-up to diagnosis and long-term follow-up for five years), associated
with the referred newborns are entered and stored in GDSP’s web-based Screening Information System
(SIS), including a newborn screening registry that houses all clinically confirmed Pompe disease cases.
The categories of the California Pompe disease case resolutions include: (1) classic infantile-onset Pompe
disease (with cardiac involvement), (2) non-classic infantile-onset Pompe disease (without cardiac
involvement), (3) late-onset Pompe disease, and (4) not-otherwise-specified Pompe disease. After
referral, metabolic specialists make the diagnostic decision following established case definitions [30]
and general guidelines (Table 1). Newborns who are carriers or who only have pseudodeficiency
alleles are also recorded in the registry for reference, but these newborns are not referred for additional
clinical follow-up. Variant classification of pathogenic, likely pathogenic, uncertain significance, and
pseudodeficiency allele are based on established guidelines with published GAA mutations [31–33].
For some of the analyses, we combined late-onset and not-otherwise-specified Pompe disease cases
into a “suspected late-onset” category due to the similarities of their diagnostic characteristics (both
had no symptoms and had similar GAA levels and variants).
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Table 1. California newborn screening Pompe disease diagnosis guideline.

Diagnosis Mutation Status Symptoms
Long-Term
Follow-Up

Pompe–classic infant onset
(with cardiac involvement) *

Pathogenic/likely
pathogenic/VUS alleles ** ≥ 2

Yes, with positive
cardiac involvement Yes

Pompe–non-classic infant onset
(without cardiac involvement) *

Pathogenic/likely
pathogenic/VUS alleles ** ≥ 2

Yes, without positive
cardiac involvement Yes

Pompe–late onset Pompe disease * Pathogenic/likely
pathogenic/VUS alleles ** ≥ 2 No Yes

Pompe–not otherwise specified * Pathogenic/likely
pathogenic/VUS alleles ** ≥ 2 No Yes

Pompe–carrier Pathogenic/likely
pathogenic/VUS alleles = 1 No No

Pompe–pseudodeficiency Pseudodeficiency alleles No No
No disorder No mutation found No No

* Regardless of the presence of pseudodeficiency allele, ** Any combination of pathogenic-pathogenic,
pathogenic-likely pathogenic, pathogenic-VUS, likely pathogenic-VUS, and VUS-VUS.

We used California newborn screening data collected from 29 August 2018 through 31 August
2019. We described neonatal characteristics of all screen-positives by disease category. Demographic
characteristics included newborns’ sex (female, male), nursery type (Neonatal Intensive Care Unit
(NICU), non-NICU), and maturity at birth (premature/<37 weeks, term/≥37 weeks). GAA enzyme
activity was measured as μmol/L per hour, and the distribution of its percentage of the daily median
was examined by Pompe disease categories using a box and whisker plot. We tabulated variant
classification distribution across race/ethnicity groups. Race/ethnicity of each newborn was recorded
as a multiple-choice check box on the GDSP Test Request Form (TRF). Single ethnic choices on the
TRF were recoded to African American, Asian/Pacific Islander (API), Hispanic, non-Hispanic (NH)
White, and Other. If multiple categories were reported for a newborn, we used a hierarchy to recode
race/ethnicity to a single group following the order of (1) African American, (2) Hispanic, (3) API, (4) NH
White, and (5) Other. Native Americans were included in the ‘other’ category. Variant classification
information was reported for all diagnosed cases. Case notes and follow-up reports were abstracted
and reviewed for the two classic IOPD patients.

All analyses were performed with SAS/STAT software version 9.4 of the SAS system for Windows
(SAS Institute, Cary, NC, USA).

3. Results

3.1. Birth Prevalence

During the study period, 453,152 newborns received genetic disease screening from GDSP. Based
on the GAA enzyme activity cutoff (percentage of daily median <18%), 88 newborns were screen
positive for Pompe disease and received GAA gene sequencing to analyze mutations. Among those
referred, two were diagnosed with classic IOPD, and 16 had case resolution of LOPD including
11 late-onset and five not-otherwise-specified Pompe disease, indicating an overall birth prevalence of
1 in 25,200. As of the time of this reporting, we have yet to observe a non-classic IOPD case.

Table 2 shows selected characteristics of 88 Pompe disease screen positives that have a case
resolution. Male infants were more likely to be called out as screen positive. Nearly 40% of Pompe
disease positive infants were in the NICU when the blood specimens were drawn, while in general,
around 10% of infants were in the NICU statewide. Both classic IOPD newborns were in the NICU, and
only two suspected LOPD infants needed intensive care. Interestingly, 11 out of 20 pseudodeficiency
newborns and 14 of 16 false positive (no mutations found) newborns were in NICUs, suggesting other
neonatal factors might play a role in reducing GAA enzyme activity in the absence of a pathogenic
GAA gene variant. For example, eight out of 20 pseudodeficiency newborns were born prematurely.
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Table 2. California Pompe disease screening results (among screen positives) by neonatal factors.

Classic
Infantile-Onset

Suspected
Late-Onset

Carrier Pseudo-Deficiency No Disorder Overall

Sex
Female 1 5 14 11 6 37
Male 1 11 20 9 10 51

Nursery
NICU 2 1 4 11 14 32

Non-NICU 0 15 30 9 2 56

Maturity
Premature 1 2 4 8 2 17
Full term 1 14 30 12 14 71

Total 2 16 34 20 16 88
Birth

prevalence
5/1,000,000 36/1,000,000 75/1,000,000 45/1,000,000

(1 in 226,600) (1 in 28,300) (1 in 13,300) (1 in 22,700)

3.2. GAA Activities and Pompe Disease Diagnosis

A potential link between GAA activities and forms of Pompe disease was observed. GAA
values for the two patients diagnosed as classic IOPD had GAA activity significantly lower than
LOPD cases and other non-disease categories (Figure 2). This observation was expected based on the
pathogenesis of Pompe disease. Suspected LOPD newborns had lower GAA activity compared to
carrier, pseudodeficiency, and false positive categories, although with a wide range.

Figure 2. Acid alpha-glucosidase (GAA) activities (% of daily means) by resolution for positive Pompe
disease screening.

3.3. GAA Gene Mutations and Allelic Frequency

As shown in Table 3, a total of 120 GAA gene variants were reported among the screen-positive
cases, including 52 (43.3%) pathogenic variants, 52 (43.3%) pseudodeficiency alleles, and 16 (13.3%)
VUS. The c.-32-13T>G variant was the most common pathogenic mutation (34.6% of all pathogenic
variants) and was present in 10 of the 16 suspected LOPD cases, followed by c.[752C>T;761C>T].
A homozygous c.1799G>A variant was found in one of the IOPD patients; the c.1979G>A variant and
the c.1754+1_1754+12delinsCCA variant were found in the other. The c.[1726G>A;2065G>A] variant
was the predominant pseudodeficiency allele (80.8% of all pseudodeficiency variants).
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Table 3. Pompe disease variants identified by California newborn screening.

Mutation Name Count

Pathogenic variant
c.-32-13T>G 18

c.[752C>T;761C>T] * 8
c.2238G>C, c.1099T>C, c.1799G>A, c.1437+1G>A, c.1548G>A, c.1579delA,

c.1754+1_1754+12delinsCCA, c.1856G>A, c.1933G>A, c.1935C>A, c.1979G>A, c.2297A>C *,
c.2408_2426del19, c.2560C>T, c.2646+2T>A, c.29delA, c.511del, c.546G>A, c.546G>C, c.573C>A,

c.670C>T, c.925G>A

<5

Subtotal 52

Pseudodeficiency allele
c.[1726G>A;2065G>A] 42

c.2065G>A 5
c.271G>A 5
Subtotal 52

Variant of uncertain significance
c.1048G>A, c.1019A>G, c.1357G>A, c.1375G>A, c.1392_1393delinsTT, c.1477C>T, c.1757C>T,
c.2221G>A, c.2261C>T, c.265C>T, c.266G>A **, c.316C>T, c.546+5G>T, c.726G>A, c.868A>G <3

Subtotal 16

Total 120

* Noted as presumably non-pathogenic in the updated Pompe variant database: http://pompevariantdatabase.nl. **
Noted as presumably non-pathogenic but pathogenic with a null allele in the updated Pompe variant database:
http://pompevariantdatabase.nl.

The overall pathogenic allele frequency was 115 per million (or 1 in 8700) in California’s NBS
population. Asian and Pacific Islander (API) and African American newborns had relatively higher
frequencies (216/1,000,000 and 161/1,000,000, respectively). The overall pseudodeficiency allele
frequency was also 115 per million, with API having a significantly higher rate of 432 per million
(1 in 2300). Relatively higher frequencies of VUS were found in API and African American as well
(Table 4).

Table 4. Allelic frequency by race/ethnicity.

Pathogenic Pseudodeficiency Allele Uncertain Significance

Race/Ethnicity Count
Allele

Frequency
Count

Allele
Frequency

Count
Allele

Frequency

African American
(n = 37,340) 6 161/1,000,000

(1 in 6200) 4 107/1,000,000
(1 in 9300) 3 80/1,000,000

(1 in 12,500)
Asian/Pacific Islander

(API, n = 69,510) 15 216/1,000,000
(1 in 4600) 30 432/1,000,000

(1 in 2300) 6 86/1,000,000
(1 in 11,600)

Hispanic (n = 214,049) 14 66/1,000,000
(1 in 15,300) 7 33/1,000,000

(1 in 30,600) 5 23/1,000,000
(1 in 42,800)

White (n = 115,281) 17 148/1,000,000
(1 in 6800) 11 95/1,000,000

(1 in 10,480) 2 17/1,000,000
(1 in 57,600)

3.4. Diagnosed Cases and Case Study of IOPD Patients

Of the 18 infants diagnosed with Pompe disease (IOPD and suspected LOPD), 12 had either a
homozygous pathogenic variant or a pair of distinctive pathogenic/likely pathogenic variants (Table 5).
The other six had at least one VUS, indicating a less conclusive diagnosis. Three of the 18 diagnosed
cases also had a pseudodeficiency allele.

42



Int. J. Neonatal Screen. 2020, 6, 9

Table 5. Mutation status of diagnosed cases identified by California newborn screening.

Diagnosis Number of Cases Mutation Status

Pompe—classic infantile onset 1 Pathogenic, homozygous
1 Pathogenic & pathogenic

Pompe—suspected late onset

3 Pathogenic, homozygous
7 Pathogenic & Pathogenic/likely

pathogenic
4 Pathogenic & VUS
1 VUS, homozygous
1 VUS & VUS

We examined the testing results and follow-up reports on the two IOPD cases.
Case 1: This is an infant with homozygous pathogenic variant c.1799G>A, a known pathogenic

mutation linked to IOPD [33,34]. The GAA confirmatory test showed “markedly reduced” enzyme
activity. Further confirmatory testing showed urine glucose tetrasaccharide quantitation (Hex4) was
elevated. Hypertrophic cardiomyopathy and arrhythmia were noted on the service report provided by
the metabolic specialty care center clinical staff. ERT was started at two months of age.

Case 2: This is an infant with two heterozygous pathogenic variants. The c.1979G>A variant has
been associated with both IOPD and LOPD [35,36]; and the c.1754+1_1754+12delinsCCA variant has
no reported link to Pompe disease but was deemed as disease-causing in general [37]. Confirmatory
tests found reduced GAA enzyme activity and mildly elevated Hex4. Abnormal echocardiogram
and electrocardiogram results, as well as hypertrophic cardiomyopathy, were reported at the time of
diagnosis. We confirmed that ERT was started but the exact starting age was unclear.

4. Discussion

The present study is one of the first reports on statewide Pompe disease screening outcomes
after its placement on the RUSP, especially with a relatively large population base. California GDSP
screened almost half a million babies in its first year (2018–2019) and of those referred, indicated a
birth prevalence of 1 in 25,200 (IOPD and LOPD combined), which is within the range of previously
reported prevalence. However, due to the rare occurrence of the disorder in the general population,
only a small number of cases were reported, thus limiting the accuracy of birth prevalence calculation.
With only two cases of IOPD, the birth prevalence in California (approximately 1 in 250,000) was
lower than in other regions (1 in 138,000 in the Netherlands [38], 1 in 50,000 Taiwan [4,6], or 1 in
4500 in Maroon population of French Guiana [39]). However, the prevalence of potential LOPD
(approximately 1 in 37,500) seems to be higher than the previously reported prevalence among the
Dutch population (1 in 57,000) [38], but lower than that of Taiwan (approximately 1 in 25,000) [6].
Based on the birth prevalence of diagnosed Pompe disease cases, the calculated carrier frequency using
the Hardy-Weinberg principle indicates more than five thousand carriers in our screened population.
The number of carriers (34) identified from NBS was significantly fewer than that estimate because the
cutoff of GAA activity in NBS aims at identifying Pompe disease cases, which have significantly lower
GAA enzyme activity than that of carriers.

Six of the 16 suspected LOPD cases had at least one VUS, and since none of them have exhibited
symptoms, some of their diagnoses could be changed to carrier, pseudodeficiency or no disorder based
on the future clinical follow-up results. The inherent uncertainty of VUS results leads clinicians to
cautiously diagnose a late-onset disorder, but affected children and their families might endure years
of anxiety due to the unknown pathogenicity and consequence of the molecular findings [40]. Except
when symptoms are clearly identified and a diagnosis has been made by a specialist, our observations
are preliminary and incomplete given the short follow-up period of this study.

The diagnosis of Pompe disease identified by NBS is largely based on the results from molecular
analysis along with supportive confirmatory testing, especially for patients who have not exhibited
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any symptoms. The high occurrence of the pathogenic c.-32-13T>G variant in our screen positive
samples (40.4% of all pathogenic variants) echoed findings from literature, which reported an allelic
frequency from 40% to 70% [41]. For newly screened rare disorders with late-onset phenotypes like
Pompe disease, one of the greatest challenges for screening is the VUS category in which cases have
an unknown pathogenic molecular profile. Some VUS may eventually be recognized as pathogenic,
but barriers to receiving a thorough clinical work-up or ongoing clinical follow-up (such as factors
associated with access to care), could play a role in obtaining a more definitive diagnosis later. With
a more developed global registry and variant database [32,34] future screening could yield more
predictive results.

California has a vastly diverse population. In our study, Pompe disease-positive newborns with
Asian and Pacific Islander (API) ancestry had a high occurrence of pseudodeficiency alleles, especially
the c.[1726G>A;2065G>A] variant, which represents 80% of all the pseudodeficiency mutations.
This finding confirmed the results from other studies with Asian populations [22,42,43]. Unlike these
other studies, we did not find any Pompe disease cases (IOPD or LOPD) among nearly 70,000 API
newborns, and we only found one c.1935C>A (linked to c.[1726G>A;2065G>A]), which was identified
as the most common pathogenic GAA variants among Asian countries. African American newborns
had a birth prevalence of 54 per million (or 1 in 18,700), which was the highest among all groups.
This result may be indicative of a potentially high Pompe disease birth prevalence among African
Americans, but more data are needed to be conclusive. Previous research identified c.2560C>T as the
most common GAA variant among African Americans [34,44]. We did not have a large enough sample
size (n = 7) of African American infants who had variants to confirm the finding. The only c.2560C>T
variant, however, was indeed detected in an African American sample.

In most of the study period (before 21 August 2019), every newborn with GAA activity <
18% of the daily median was flagged as an urgent call-out by the laboratory before the results of
GAA gene sequencing was available. About six months after the Pompe disease newborn screening
began, NBS received communications from clinical specialists about the follow-up burden for both
patients and providers due to the large number of patients being referred; many of them were either
pseudodeficiency or no mutation based on the sequencing findings. Although previous research
showed that MS/MS analysis of GAA activity could separate pseudodeficiency and Pompe disease
cases [45], our screening test results still showed some overlap in GAA activity for these two groups.
GDSP evaluated the available data and modified the protocol in August 2019 to flag only the cases
with GAA activity less than 10% of the daily median for urgent call-out (the two IOPD cases identified
through the program were well-below this threshold). Newborns with GAA activities between 10% and
18% of the daily median are only referred if the molecular results show pathogenic, likely pathogenic,
or VUS mutations. In other words, we wait so that screen-positive newborns with homozygous or
heterozygous pseudodeficiency alleles or no mutations are not referred to the specialty care centers for
further follow-up. This serves as a good example of how synergy between providers and the newborn
screening program minimized the unnecessary referrals and improved screening performance. If we
later find infants who have GAA activities between 10% and 18% of the daily median diagnosed with
IOPD, we will consider adjusting the cutoff again for urgent call-outs.

More than four years after Pompe disease was added to the RUSP, the adoption and
implementation of newborn screening at the state level has been at a moderate pace. In the first year of
Pompe disease newborn screening in California, we have gained a better understanding of the disease
distribution at the population level, and most importantly, now have experience and evidence to
support effective screening. With a robust long-term follow-up component, GDSP values the necessity
of monitoring all potential cases, including those with a VUS [46]. The growing knowledge from
long-term follow-up will further improve our understanding of the clinical significance of these cases,
especially when case management algorithms are still undeveloped for asymptomatic patients [47].
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While the two newborns with IOPD were identified while in the NICU, almost all of the newborns
with LOPD were identified in the regular nursery. These newborns were asymptomatic and unlikely
to be identified as at risk for Pompe disease except by screening. Now that treatment is warranted
before symptoms develop, the value of population-based screening is clear: to identify the youngest
candidates for treatments that can reduce life-long disability [48].
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Abstract: Pennsylvania started newborn screening for Pompe disease in February 2016.
Between February 2016 and December 2019, 531,139 newborns were screened. Alpha-Glucosidase
(GAA) enzyme activity is measured by flow-injection tandem mass spectrometry (FIA/MS/MS) and
full sequencing of the GAA gene is performed as a second-tier test in all newborns with low GAA
enzyme activity [<2.10 micromole/L/h]. A total of 115 newborns had low GAA enzyme activity and
abnormal genetic testing and were referred to metabolic centers. Two newborns were diagnosed
with Infantile Onset Pompe Disease (IOPD), and 31 newborns were confirmed to have Late Onset
Pompe Disease (LOPD). The incidence of IOPD + LOPD was 1:16,095. A total of 30 patients were
compound heterozygous for one pathogenic and one variant of unknown significance (VUS) mutation
or two VUS mutations and were defined as suspected LOPD. The incidence of IOPD + LOPD +
suspected LOPD was 1: 8431 in PA. We also found 35 carriers, 15 pseudodeficiency carriers, and 2 false
positive newborns.

Keywords: Pompe disease; newborn screening; alpha glucosidase

1. Introduction

Pompe disease is an autosomal recessive inborn error of metabolism caused by mutations
in the glucosidase alpha acid (GAA) gene located on the long arm of chromosome 17q25.2-q25.3.
These genetic mutations cause deficient GAA enzyme activity [1]. Due to the deficiency of this enzyme,
glycogen cannot be metabolized in lysosomes. This causes glycogen accumulation that damages cells
throughout the body, especially muscle cells. Pathologic changes in muscle usually begin long before
patients present with symptoms [2].

The previously estimated overall incidence of Pompe disease is 1 in 40,000 [1 in 138,000 for
Infantile Onset Pompe Disease (IOPD) and 1 in 57,000 for Late Onset Pompe Disease (LOPD)]
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in the Netherlands [3]. This roughly corresponds to the incidence of clinically identified cases in
New York state [4]. The frequency appears to vary significantly in different ethnic groups from 1 in
14,000 to 1 in 600,000 [1,3–7]. Recorded incidence is highest in African Americans and lowest in
Portuguese populations.

Patients with IOPD present with hypertrophic cardiomyopathy, hypotonia, macroglossia,
feeding difficulties, and failure to thrive at around 2 months of age [8]. Some cases develop hypertrophic
cardiomyopathy in utero. IOPD is rapidly progressive, and if left untreated, patients usually die in the
first year of life. IOPD patients, diagnosed clinically or by newborn screening, always have elevated
CK levels as a marker of muscle damage, and elevated urinary glucose tetrasaccharide (Glc4 or Hex4).
Hex4 was shown to correlate with glycogen content in quadriceps biopsies in patients with IOPD [9].
Hex 4 is not only useful in the diagnosis of Pompe but also in monitoring the response to ERT [10].

Patients with LOPD present later in life with proximal muscle weakness, gait abnormalities,
respiratory insufficiency, poor weight gain, and swallowing difficulties [11]. Individuals with
LOPD do not typically develop hypertrophic cardiomyopathy, but some experience arrhythmias.
LOPD patients who are diagnosed clinically often, but not always, have elevated CK and Hex 4 levels.
Baseline evaluation of Hex 4 levels in LOPD cases detected through NBS have been reported to be
within normal range [10].

Diagnostic Odyssey: Before implementation of newborn screening, there was, on average, a 3 month-
delay in diagnosing IOPD after the onset of symptoms [12]. In LOPD, symptoms may begin anytime
from infancy to adulthood. In pediatric onset cases, symptom onset occurs at an average of 6 years
of age, yet the diagnosis is made at an average of 18 years of age. Therefore, on average, there is a
12-year delay in diagnosis [12]. The average age of symptom onset in adult-onset LOPD is 35 years of
age, with a 7-year delay in diagnosis after symptom onset [12]. Non-specific symptoms, seen in other
more common disorders, coupled with lack of knowledge about this rare disorder usually result in
significant diagnostic delays. These factors importantly shape an individual patient’s odyssey and
outcomes with all forms of Pompe disease.

Enzyme replacement therapy (ERT) has been available since 2006 for all forms of Pompe disease.
It has dramatically changed patient outcomes. [13]. ERT improves cardiac and skeletal symptoms and
slows down the progression of disease. Patients with severe disease, who cannot produce any natural
GAA enzyme, are classified as Cross-Reactive Immunological Material (CRIM) negative. In such CRIM
negative patients, the immune system identifies the administered enzyme as foreign and produces
antibodies that make the enzyme therapy less effective [14]. Immune modulation therapy can be used
to inhibit the development of antibody response in CRIM negative patients at the time of the start of
their ERT [15–17].

This life-changing therapy is more effective when initiated before the onset of symptoms [18–22].
When we consider that (a) pathology begins long before patients present with symptoms and (b) many
patients have a protracted diagnostic odyssey, shortening the diagnostic delay through newborn
screening and beginning treatment as soon as possible is crucial for all forms of Pompe disease.

A pilot newborn screening (NBS) was launched in Taiwan in 2005. Chien et al. demonstrated
the importance of NBS not only for IOPD but also for LOPD [19–21]. Between 2005 and 2009,
344,056 newborns were screened in Taiwan, and 13 cases of LOPD were detected [21]. A total of
4 of 13 patients were put on ERT because of hypotonia, muscle weakness, delayed developmental
milestones/motor skills, or elevated CK levels starting at the ages of 1.5, 14, 34, and 36 months.
Muscle biopsy specimens obtained from the treated patients revealed increased storage of glycogen
and lipids [21]. Soon after Taiwan, several pilot programs in Italy, Australia, Japan, Korea, USA,
and Hungary tested the feasibility of Pompe NBS and reported the incidence of and the impact of the
disease [23].

In the USA, Pompe disease was added to the recommended universal newborn screening panel
(RUSP) in February 2015 [24]. Some states such as Missouri, Illinois, and New York started screening
for Pompe before the RUSP recommendation. Pennsylvania started Pompe screening in February 2016.

50



Int. J. Neonatal Screen. 2020, 6, 89

In this paper, we present Pennsylvania data and experience on Pompe NBS. Our aim is three-fold:
to augment state-based knowledge of the disease and its diagnosis through NBS; to document the
benefits and challenges of NBS for Pompe disease in Pennsylvania; and to encourage the speedy
adoption of NBS for Pompe by other states and countries.

2. Materials and Methods

In Pennsylvania, NBS testing is done by PerkinElmer newborn screening laboratory in Pittsburgh,
PA. GAA enzyme activity is measured by flow-injection tandem mass spectrometry (FIA/MS/MS)
using the algorithm shown in Figure 1 [25]. Blood is obtained at around 36 h of life. A second sample is
requested if the first GAA enzyme activity is below the cutoff value. If this second GAA enzyme activity
is below the cutoff, the second-tier test, GAA full gene sequencing (Next Generation Sequencing),
is performed. In Pennsylvania, newborn screening is free, and both GAA enzyme level and full gene
sequencing are done as part of Pompe NBS without any charges. The cutoffwas established at ~18% of
the apparently normal newborn mean GAA activity and is based on the analysis of ~1000 apparently
normal newborns as well as 9 confirmed positive Pompe patients. In PerkinElmer laboratory, it was
determined that the daily patient means are stable, and thus, the use of a fixed cutoff has been utilized
and has been shown to be effective. The use of fixed cutoffs also makes the daily evaluation of data
much less complex. Results falling below this cutoff are considered abnormal.

Figure 1. Flow chart of screening algorithm. 1 Pompe Repeat Request: Results show decreased enzyme
activity for lysosomal alpha-glucosidase (GAA). We recommend a repeat dried filter paper blood
specimen within 48 hours after the reporting of the first abnormal test. You should discuss the case
with one of the metabolism referral centers if newborn has cardiomyopathy or symptoms of Pompe
disease such as hypotonia and feeding issues. 2 Pompe Referral (Sequencing positive): Results continue
to show decreased enzyme activity for Lysosomal alpha-Glucosidase (GAA). This result may be
associated with Pompe disease. We recommend referral to a metabolic specialist. 3 Pompe Consult
(Sequencing pseudodeficiency or no variant): Results continue to show decreased enzyme activity for
Lysosomal alpha-Glucosidase (GAA). Consultation with a metabolic specialist may be considered to
review and interpret these results in context with the patient’s clinical presentation.

A single 1/8-inch (3mm) Dried Blood Spot (DBS) disc is extracted with 30 μL of cocktail solution
containing β-Glucocerebrosidase (ABG), Acid Sphingomyelinase (ASM), Alpha-Glucosidase (GAA),
Alpha-Galactosidase (GLA), Galactocerebrosidase (GALC) and Alpha-Iduronidase (IDUA) substrates
and internal standards (in a buffer of pH 4.8) at 37 ◦C for 18 h +/− 2 h. The enzymatic reactions are
quenched with 50% ethyl acetate: methanol followed by a liquid–liquid extraction using 50% ethyl
acetate: water.
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An aliquot of the organic top layer is transferred into a clean deep well plate, dried under a
gentle stream of nitrogen gas, reconstituted in 80%/20%/0.2% acetonitrile/water/formic acid solution,
and subjected to flow-injection tandem mass spectrometry (FIA/MS/MS). The electrospray source is
operated in positive mode, and the analytes are interrogated in multiple reaction monitoring (MRM)
mode. Blank filter paper spots are analyzed for background correction.

Enzyme activities (in units of μmol/L/h) are defined as the amount of substrate hydrolyzed by
the enzyme in the reaction and are determined by calculating the ion abundance ratio of product to
internal standard, multiplied by the volume and concentration of internal standard, divided by the
response factor ratio of product to internal standard, sample incubation time, and sample blood volume
(Enzyme activity = (P/IS)*[IS]*VIS/RF/3.1 μL/time). A sample volume of 3.1 μL is assigned to a 1/8-inch
DBS punch. A fixed GAA enzyme activity cutoff of 2.10 micromole/L/h is utilized. A repeat specimen
is requested on an initial GAA enzyme result of <2.10 μmol/L/h. A repeat specimen with a second
GAA enzyme level of <2.10 μmol/L/h is reflexed to full GAA gene sequencing. Turn-around-time
for GAA enzyme testing is <72 h from specimen receipt. Full GAA sequencing turn-around time is
7–10 days from reflex.

Newborns with low enzyme activity (<2.10 μmol/L/h) and at least one variant [pathogenic,
likely pathogenic, or variant of unknown significance (VUS)] are referred to one of the seven metabolic
referral centers in Pennsylvania by pediatricians and department of health newborn screening program.
Newborns with low enzyme activity and sequencing revealing only pseudodeficiency allele(s) are not
referred to metabolic centers by the state. However, some pediatricians refer them to the metabolic
centers for further clarification.

After the initial metabolic evaluation and confirmatory test results, patients are classified as
IOPD, LOPD, “suspected” LOPD, or carrier. If patients carry one pathogenic variant and one
VUS or two VUS, they are defined as “suspected” LOPD. After genetic counseling, carriers and
those with pseudo-deficiency mutations are discharged with no further follow-up; all others are
followed by a metabolic geneticist. Although there are slight differences among Pennsylvania
centers in the initial work up, confirmatory GAA enzyme activity, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), creatine kinase (CK), urine glucose tetrasaccharide (Glc4 or Hex4)
levels are tested in all cases. At the outset of NBS for Pompe, all centers performed electrocardiogram
(ECG) and echocardiogram (ECHO) at the time of referral. As centers gained more experience,
some decided not to perform ECG and ECHO at the first visit in cases with late onset mutations.
Patients with LOPD and suspected LOPD are usually seen every 3 months in the first year and
subsequently, every 6 months. In IOPD patients, treatment, including appropriate immunomodulation,
is initiated immediately.

Statistical Analysis: The demographic and laboratory data were summarized by median and
interquartile range (IQR) for continuous variables and frequency and percentage for categorical
variables. Wilcoxon rank sum test was used to compare the GAA enzyme activity, as well as AST, ALT,
CK, Hex4 levels between groups, either disease groups or genotype groups. Two-sided p values less
than 0.05 were considered statistically significant. All data analyses were performed using SAS 9.4.

The Institutional Review Board reviewed and deemed this study exempt (IRB 20-017914).

3. Results

Between February 2016 and December 2019, 531,139 newborns were screened for Pompe disease.
A total of 180 newborns (0.03%) had a low GAA enzyme activity on the first NBS. Repeat GAA enzyme
activity from a second filter paper specimen was lower than the cutoff in 115 newborns (0.02%),
and subsequently full GAA gene sequencing was performed. The screening algorithm is shown in
Figure 1. Final diagnosis, screening and biochemical data from patients with a confirmed diagnosis
are summarized in Tables 1–3. All positive cases were referred to one of the seven metabolic centers.
The incidence of IOPD + LOPD was 1:16,095 and IOPD + LOPD + suspected LOPD was 1:8431 in PA.
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Based on the PA DOH records, 5 newborns with positive screening were lost to follow up and never
seen in metabolic centers. All 5 newborns were carriers based on the genetic test result.

Table 1. Final diagnosis of newborn screening for Pompe disease.

Pompe Disease n Incidence

IOPD 2 1:265,570

LOPD 31 1:17,134

Suspected LOPD 30 1:17,705

IOPD+LOPD 33 1:16,095

IOPD+ LOPD+ suspected LOPD 63 1:8431

Carriers 35 1:15,175

Pseudodeficiency 15 1:35,409

False positive (Normal confirmatory GAA activity, negative GAA full gene sequencing) 2 1:265,570

Total newborns screened: 531,139, Total positive n (%):115 (0.02).

IOPD: Two patients were diagnosed with IOPD. Their GAA enzyme levels were both
0.65 micromole/L/h at the first screening and 0.22 and 0.34 at the second screening, respectively.
They both had lower GAA enzyme activities compared to carriers and pseudodeficiency; yet, there was
overlap with other forms of Pompe disease. Both patients were compound heterozygous for mutations
previously reported in patients with IOPD (Table 2).

The first patient was in the hospital and admitted for hypertrophic cardiomyopathy when the
NBS was reported. He had elevated CK, AST, ALT, BNP, and Hex4 levels. ECG showed biventricular
hypertrophy. ECHO findings included (1) moderately to severely decreased left ventricular systolic
wall motion, (2) moderate hypertrophy of the left ventricle, and (3) severe right ventricular hypertrophy.
The CRIM status was determined based on the genotype. ERT with immunomodulation (CRIM negative
protocol) was started at 21 days of age [16]. At 31 months of age, he has normal cardiac functions but
global developmental delay. He has obstructive sleep apnea and requires BiPAP at night. He continues
to receive physical, occupational, and speech therapies.

The second patient had elevated CK, AST, ALT, BNP, and Hex4 levels. ECG showed short
PR interval and biventricular hypertrophy. ECHO findings were (1) severe septal left ventricular
hypertrophy and (2) mildly hypertrophied right ventricle. He was CRIM positive based on his genotype.
ERT with immuno-modulation (methotrexate only) was started at 10 days of life [17]. His cardiac
functions stabilized by 4 weeks on this regimen and normalized within 3 months. His CK never rose
above 900, and down trended after the 3rd infusion and has been normal since then. He had mild
motor delay on exam at 6 months old.

LOPD: Thirty-one newborns were identified to have LOPD (Table 2). Twelve of them (39%) were
homozygous for the most common splice site mutation (c.-32-13T>G). A total of 16 patients were
compound heterozygous, and 11 of them carried the splice site mutation (c.-32-13T>G). Three cases
were homozygous for c.2238G>C mutation.
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All patients had low confirmatory GAA enzyme activity except two patients who had levels
within normal range (patient 5, and patient 16 in Table 2). Both of these patients were homozygous for
the c.-32-13T>G mutation. CK levels ranged from 48 to 617 U/L, with 11 individuals demonstrating
mildly elevated CK levels. Urine Hex4 levels were within normal range in all cases. All but 2 cases
had ECGs at the initial visit. ECHO was done at the time of initial visit in 24 patients. Two cases had
their first ECHO at 3 months and 6 months, respectively. One case showed mild ventricular septal
hypertrophy and mild hypertrophy of the left ventricle at the time of confirmatory test but follow up
ECG and ECHO were normal at 3 months of age. Otherwise, ECG and ECHO at the time of diagnosis
were normal or demonstrated nonspecific findings. Chest radiograms were done only by one referral
site, and they were normal.

Suspected LOPD: Thirty patients were compound heterozygous for one pathogenic variant and
one variant of unknown significance (VUS) or two VUS and were defined as suspected LOPD (Table 3).
A total of 16 of 30 carried the most common splice site (c.-32-13T>G) mutation. The confirmatory GAA
enzyme activity was lower than normal in most cases; three individuals had levels within the low-end
of the normal range (Table 3). CK levels ranged from 65 to 668 U/L. Six cases had slightly elevated
CK levels at the time of initial visit. Urine Hex4 levels were normal in all suspected LOPD patients.
ECGs were normal or showed non-specific findings. A total of 20 cases had ECHO at the time of
diagnosis, and they were normal demonstrated non-specific findings such as PFO or secundum ASD.

Pseudodeficiency: Fifteen infants had one or two pseudodeficiency alles, and they were reported
as pseudodeficiency carriers. Although a referral to a metabolic center was not made, PCPs were
given an option to consult with a metabolic physician about these cases. A total of 8 of 15 newborns
with pseudodeficiency were referred to metabolic centers to enhance families’ understanding of the
meaning of pseudodeficiency alleles.

Carriers: Thirty-five newborns had low enzyme activity and one mutation. Further work up,
including deletion and duplication testing, confirmed that they were carriers for Pompe disease.
Parents of these infants received genetic counseling in each case.

False positive: There were two newborns who had GAA enzyme activities 1.78 and 1.61
(>2.0 micromole/L/h) on the second NBS, respectively, but they had negative GAA gene sequencing.
They were seen at a metabolism referral center, and their confirmatory enzyme levels were 4,6 (>3.88)
and 5.6 (>3.88), respectively. Both were reported as false positive.

Questions raised by Screening Results

Biomarker data collected through NBS for Pompe disease raised several important questions.
Do NBS GAA and confirmatory GAA levels make it possible to distinguish different types of

Pompe disease, pseudodeficiencies, and carriers?

The median level of GAA in LOPD patients was lower than those of suspected LOPD, carriers,
and pseudodeficiency cases. Patients with LOPD had significantly lower levels of GAA enzyme activity
compared to cases who are carriers or have pseudodeficiency alleles in all NBS and confirmatory
tests (p < 0.003, 0 and 0.007). There was no statistically significant difference in GAA levels between
LOPD and suspected LOPD cases except the second NBS (p < 0.015). Patients with suspected LOPD
also had statistically lower GAA levels in all NBS and confirmatory tests compared to those of
carriers/pseudodeficiency (p < 0.029, 0.002, 0.001) (Figure 2).
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Figure 2. Comparing NBS and Confirmatory GAA enzyme activities of LOPD to
Carriers/Pseudodeficiency or to Suspected LOPD patients, and suspected LOPD to
carriers/pseudodeficiency) using Wilcoxon rank sum test. NBS GAA#1 (Median: Min, Max): LOPD
(n:22) (1.08:0.56,1.86); Suspected LOPD (n:21) (1.19: 0.19, 2.06); Carriers or Pseudo (n:30) (1.62: 1.01,
2.06), NBS GAA#2 (Median: Min, Max): LOPD (n:30) (0.77:0.19, 1.44); Suspected LOPD (n:30) (1.03:0.12,
2.06); Carriers or Pseudo (n:43) (1.42:0.43, 2.04), Confirmatory GAA (Median, Min, Max): LOPD (n:23)
(2.4:0.7, 6.9); Suspected LOPD (n:23) (2: 0.43, 6.05); Carriers or Pseudo (n:28) (3.5:1.7, 12.4).

Answer: In our cohort, the median value of GAA enzyme levels were statistically different, and it
was possible to differentiate LOPD and suspected LOPD cases from pseudodeficiency and carriers.
Two IOPD cases had much lower NBS GAA enzyme values compared to others. Although there were
statistically significant differences, it is not always possible to utilize GAA levels to identify the Pompe
disease status in individual newborns because of overlapping GAA values.

Do initial AST, ALT, CK, and Hex4 levels make it possible to distinguish different types of

Pompe disease?

The median values of AST (72.5 U/L) and ALT (42.5 U/L) were higher in LOPD patients compared to
those of suspected LOPD (AST: 64 U/L, ALT: 36 U/L) and carriers and pseudodeficiency (AST: 63.5 U/L,
ALT: 32 U/L). The statistical difference was only noted in ALT values between LOPD and suspected
LOPD (p < 0.048), and LOPD and carriers/pseudodeficiency (p < 0.002) (Figure 3).

Figure 3. Comparing AST and ALT values of LOPD to Carriers/Pseudodeficiency or to Suspected LOPD
patients, and suspected LOPD to carriers/Pseudodeficiency using Wilcoxon rank sum test. AST (U/L)
(Median:Min, Max): LOPD (n:22) (72.5:21.1,168); Suspected LOPD (n:24) (64:23, 156); Carriers or
Pseudo (n:20) (63.5:39, 105), ALT(U/L): LOPD (n:22) (42.5:23.1, 104); Suspected LOPD (n:24) (36:19, 103);
Carriers or Pseudo (n:22) (32:9, 69).
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The median value of CK (265 U/L) was significantly higher in LOPD patients compared to the
median values of the suspected LOPD (123 U/L) or carriers/pseudodeficiency (107) (p < 0.034 and 0,
respectively) (Figure 4).

Figure 4. Comparing CK and Hex4 levels of LOPD to Carriers/Pseudodeficiency or to Suspected LOPD
patients, and suspected LOPD to Carriers/Pseudodeficiency using Wilcoxon rank sum test. CK (U/L)
(Median:Min, Max): LOPD (n:25) (265:48, 617); Suspected LOPD (n:25) (123:65, 668); Carriers or Pseudo
(n:27) (107:35, 344), Hex4 (mmol/mol creatinine): LOPD (n:21) (5.23:2.6, 12.6); Suspected LOPD (n:24)
(4.5:2.4, 15.7); Carriers or Pseudo (n:26) (3.95:2.3, 17.6).

Although the median value of Hex 4 (5.23 mmol/mol creatinine) was higher in LOPD,
it was not statistically different than those of suspected LOPD (4.5 mmol/mol creatinine) or
carrier/pseudodeficiency (3.95 mmol/mol creatinine) (Figure 4).

None of these biomarkers were significantly different between suspected LOPD and
carriers/pseudodeficiency (Figures 3 and 4).

Answer: In our cohort, the median values of CK and ALT (but not Hex4 or AST) levels were
significantly higher in LOPD compared to other forms of Pompe disease detected by NBS. Two IOPD
cases had much higher CK, AST, ALT and Hex4 levels compare to others. It is important to note that
the analytes alone may not be used to make phenotyping or clinical decision in all cases.

Do cases homozygous for the common splice site mutation (c.-32-13T>G) have different GAA

enzyme or CK levels compared to other LOPD patients?

The median values of GAA enzyme activity (NBS#2: 0.81 μmol/L/h, Confirmatory GAA: 3.3)
were higher, and the median value of CK level (204 U/L) was lower in the patients homozygous
for c.-32-13T>G mutation than those of other LOPD patients (NBS#2: 0.56 μmol/L/h, confirmatory
GAA:2.2, CK:324 U/L), but we could not find any statistically significant difference (Figure 5).

Answer: No, GAA enzyme or CK levels do not help to differentiate cases homozygous for common
splice site mutation from LOPD cases caused by other pathogenic mutations.
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Figure 5. Comparison of NBS #2, Confirmatory GAA enzyme activities, and CK between c.-32-13T>G
mutation homozygous patients and others in LOPD group, using Wilcoxon rank sum test. NBS GAA#2

(Median:Min, Max): LOPD (homozygous for c.-32-13T>G) (n:12) (0.81:0.26, 1.08); LOPD-other
pathogenic mutations (n:18) (0.56:0.19, 1.44); Confirmatory GAA: LOPD (homozygous for c.-32-13T>G)
(n:10) (3.3:0.7, 6.9); LOPD-other pathogenic mutations (n:13) (2.2:0.93, 5.3); CK (U/L): LOPD (homozygous
for c.-32-13T>G) (n:11) (204:122, 530); LOPD-other pathogenic mutations (n:14) (324:48, 617).

4. Discussion

Newborn screening detects all subtypes of Pompe disease. The reported incidence of the
disease has increased since initiation of NBS, with values ranging from 1:8684 to 1:23,596 [23,26,27].
Increased incidence is largely due to improved detection of LOPD and suspected LOPD cases through
NBS. In Pennsylvania, we found a similar increase with a combined incidence of IOPD and LOPD of
1:16,095 and a combined incidence of IOPD, LOPD, and suspected LOPD of 1:8,431. The incidence of
IOPD by itself was 1:265,570 in Pennsylvania.

NBS for Pompe is done either by measuring only GAA enzyme activity or both GAA enzyme
activity and full gene sequencing. In Pennsylvania, we chose to perform both GAA enzyme activity and
gene sequencing in the NBS to increase certainty of diagnosis and provide a more detailed definition
of positive screening at the initial patient visit [28]. Performing genetic testing as part of NBS has
multiple advantages. The genetic test identifies those with pseudodeficiency alleles that are common
in Pompe. Such patients do not need referral to a metabolic center for additional workup. Having a
molecular diagnosis at the time of first visit informs the discussion of the different forms of the disease.
It decreases anxiety by offering families a final diagnosis and a follow up plan based on the NBS
test result. The availability of genotype at the time of reporting of abnormal NBS can also help in
predicting CRIM status in IOPD patients and facilitates an informed and swift decision about the need
for immunomodulation. In the absence of the results of genotype testing, families are subjected to
uncertainty of diagnosis during the minimum two-week period required to order and receive the
results of the genetic test. Including genetic testing with NBS for Pompe also circumvents the risk
that insurance companies might deny coverage for it and guarantees that patients do not bear any
additional financial burden.
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NBS detects both IOPD and LOPD. Detecting IOPD cases in the first weeks of life is essential
for initiation of therapy to yield optimal outcomes [21,29]. In our cohort, 2 patients with IOPD were
detected (the incidence of IOPD by itself was 1:265,570 in Pennsylvania) and treated with ERT. The first
patient was in the NICU of a local hospital and evaluated for feeding difficulty and cardiomyopathy.
The physicians started a diagnostic work up to rule out potential etiologies and waited for the final
result of Pompe NBS, which showed that he had IOPD at 19 days of age. This case showed us that there
is a risk of delaying diagnosis of IOPD in the current Pompe algorithm in Pennsylvania. A second
specimen is necessary to complete the sequencing test due to depletion of blood on the initial specimen
on which all other newborn screening tests are performed. After detecting the first case of IOPD,
we updated the NBS algorithm in Pennsylvania for Pompe to minimize delays in diagnosis of IOPD.
The updated algorithm requires department of health (DOH) nurses to ask pediatricians if newborn
has cardiomyopathy or symptoms of Pompe disease such as hypotonia and feeding issues when the
first abnormal test is reported.

We identified 31 patients with LOPD. In addition to molecular testing results, biochemical findings
such as GAA enzyme activity and CK level may help to differentiate LOPD cases from suspected LOPD
or carriers/pseudodeficiency at the initial visit. In general, in LOPD cases as compared to suspected
LOPD and carriers/pseudodeficiency carriers, GAA enzyme activities were lower, and CK levels were
higher. Hex 4 levels were elevated and helpful biomarker for IOPD cases, but it was normal in LOPD
cases at the time of diagnosis.

Since LOPD patients may present with symptoms at any age from infancy to adulthood, some may
question the benefits and consequences of detection of LOPD patients via NBS. Early detection may
increase family anxiety [30]. However, genetic counseling and clear explanations about LOPD along
with a detailed follow-up plan reduce family anxiety accompanying initial diagnosis. We know that
an extended delay in diagnosis occurs in most LOPD patients, which adversely impacts outcomes.
Outcomes of early treatment of LOPD patients detected by NBS in Taiwan have been promising (21).
Several metabolic centers in Pennsylvania closely follow patients with LOPD detected by NBS to
make judgments about when to start treatment based on very early signs and symptoms of disease
(biomarkers and developmental tests) in each individual patient.

The leaky GAA splice site variant, c.-32-13T>G in intron 1 is found on at least one allele in 68–90%
of Caucasian patients [31]. In our NBS cohort, 74% had at least one c.-32-13T>G variant. There was
no statistically meaningful difference in GAA enzyme or CK levels at the time of diagnosis between
LOPD patients homozygous for c.-32-13T>G and other pathogenic mutations. Patients homozygous
for c.-32-13T>G usually develop mild LOPD. However, recent reports described patients with more
classical LOPD and highlighted the risk for arrhythmias in these patients [32–34]. These reports
emphasize the importance of close follow up and detailed evaluations in all Pompe patients regardless
of genotype.

We also identified 30 patients with suspected LOPD, i.e., they harbor two VUS or one pathogenic
allele and one VUS. In this group, average GAA enzyme activity was significantly lower than those of
carriers and cases with pseudodeficiency alleles on both NBS and confirmatory tests. The values of
biomarkers such as CK, Hex4, AST, and ALT did not differ from those seen in carriers or pseudodeficiency
carriers. This group poses a significant challenge. Some of these cases might never develop symptoms
of Pompe disease; however, given our inability to fully assess disease risk in this cohort, they require
ongoing monitoring. We follow up these patients every 6 months.

Pennsylvania data differ from those of Illinois and Missouri. In Illinois, a total of 684,290 infants
were screened between 3 November 2014 and 30 September 2019 [27]. A total of 395 newborns
with positive NBS were referred to metabolic centers. A total of 234 of 395 (59%) were false positive
(normal confirmatory enzyme activity), and 62 (26%) carried pseudodeficiency alleles; this compares
to only 1.7% and 13% in Pennsylvania, respectively. In Missouri, 467,000 newborns were screened for
Pompe disease, and 274 had a positive test based on decreased GAA activity between January 2013 and
December 2018 [35]. A total of 97 of 274 (35%) were false positive based on normal GAA activity, and 53
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of 274 (19%) carried pseudodeficiency alleles; this compares to only 1.7% and 13% in Pennsylvania,
respectively. These differences may arise from the fact that (1) Pennsylvania measures GAA activity
twice on two different samples; Illinois and Missouri only test once; (2) each state makes its own
decision about the chosen cutoff value for GAA; and (3) each state has different percentages of ethnic
groups in the population.

5. Conclusions

The Pennsylvania experience shows that the overall incidence of Pompe cases increased after
initiation of NBS compared to previously reported incidence [3–7] due to increased numbers of LOPD
cases detected by screening. Furthermore, in our experience, NBS can detect suspected LOPD cases,
some of whom may never go on to develop symptoms. Genotyping as a second-tier test was essential
to inform the final diagnosis. This timely molecular diagnosis facilitated clear results disclosure at
the first clinical visit and reduced parental anxiety. Finally, false positive and pseudodeficiency cases
occurred at much lower rates than previously reported in other states.

Close monitoring and data collection on all patients detected through NBS is essential to assess
the long-term outcomes and success of NBS for Pompe disease. NBS registries should be created
and funded to enable data collection. Increased data collection will make it possible to identify and
understand the pathogenic vs benign nature of VUS in cases defined as suspected LOPD.
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Abstract: Pompe disease Newborn screening (NBS) aims at diagnosing patients with infantile-onset
Pompe disease (IOPD) early enough so a timely treatment can be instituted. Since 2015, the National
Taiwan University NBS Center has changed the method for Pompe disease NBS from fluorometric
assay to tandem mass assay. From 2016 to 2019, 14 newborns were reported as high-risk for Pompe
disease at a median age of 9 days (range 6–13), and 18 were with a borderline risk at a median age
of 13 days (9–28). None of the borderline risks were IOPD patients. Among the 14 at a high-risk
of Pompe disease, four were found to have cardiomyopathy, and six were classified as potential
late-onset Pompe disease. The four classic IOPD newborns, three of the four having at least one allele
of the cross-reactive immunologic material (CRIM)-positive variant, started enzyme replacement
therapy (ERT) at a median age of 9 days (8–14). Western Blot analysis and whole gene sequencing
confirmed the CRIM-positive status in all cases. Here, we focus on the patient without the known
CRIM-positive variant. Doing ERT before knowing the CRIM status created a dilemma in the decision
and was discussed in detail. Our Pompe disease screening and diagnostic program successfully
detected and treated patients with IOPD in time. However, the timely exclusion of a CRIM-negative
status, which is rare in the Chinese population, is still a challenging task.

Keywords: infantile-onset Pompe disease; GAA sequencing; immune modulation therapy;
enzyme replacement therapy; cross-reactive immunologic material

1. Introduction

Pompe disease, a genetic disorder caused by variants of the glucosidase alpha acid (GAA) gene,
leads from acid alpha-glucosidase (GAA) deficiency. The phenotypes of Pompe disease vary widely,
ranging from the most severe classic infantile-onset Pompe disease (IOPD) to the later-onset Pompe
disease (LOPD). Currently, enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA)
is the only approved therapy. We have performed newborn screening (NBS) for Pompe disease [1]
since 2005, and our results demonstrate that the early initiation of treatment improves the prognosis
IOPD patients [2], thus confirming the value of newborn screening for Pompe disease.

However, there are still challenges when an infant receives a positive screening result. First, the
phenotype cannot be predicted by GAA activity [3,4]. Mutation analysis of the GAA gene can predict
the phenotype in a portion of patients [5]. But more precisely, newborns with classic IOPD should have
presented with cardiomyopathy and muscle weakness at birth clinically [2,6]. Second, ERT with rhGAA
may trigger an immune response with neutralizing antibodies, especially in patients negative for the
cross-reactive immunologic material (CRIM) [7]. Prophylactic immunologic modulation therapy may
overcome the problem, but the CRIM status needs to be defined before initiating ERT [8]. Nowadays,
some GAA variants are associated with a known CRIM status [9].
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The National Taiwan University Hospital (NTUH) Newborn Screening Center, established since
1985, is responsible for the screening of more than one-third of all newborns in Taiwan [10]. In 2005,
we were the first to implement Pompe disease newborn screening [1]. Initially, dried blood spot (DBS)
GAA activities were measured using fluorogenic (4-methylumbelliferone) substrates [4]. Since 2015,
we have been using tandem mass assay (MS/MS) substrates in order to accommodate multiplexing
ability [11]. The medical genetics department in the NTUH is also the referral center for Pompe disease
detected by the NTUH. The hospital staff work closely with the screening center in order to make
a timely management of IOPD. Here, we describe our practice in the past seven years.

2. Methods

NBS for inborn errors of metabolism in Taiwan was established in 1985, and, currently, the National
Taiwan University Hospital (NTUH) holds one of the three screening centers in Taiwan. There are
more than 300 birthing facilities that collect newborn dried bloodspots (DBS) and ship them promptly
to the NBS labs. DBS sampling is usually performed 48–72 h after the birth of the babies, and shipping
by priority mail typically takes less than two days. The NBS labs are requested to report high-risk
results within 72 h after receiving the samples [10]. Although NBS is not mandatory in Taiwan, close to
100% of newborns acquired NBS. In 2008, Pompe disease newborn screening was added by the NTUH
NBS Center and also by the other two screening centers [12], but written consent from the parent(s)
is required. More than 95% of parents receiving service of NTUH NBS center provide consents for
having Pompe disease newborn screening. The methods of Pompe disease NBS has been described
previously [1,11,13]. Initially, GAA activity in DBS elute is measured using fluorogenic substrates,
but the method was changed to the tandem mass spectrometry (MS/MS) at the end of 2015. From
the first DBS, we set two cutoffs of the GAA activity measurements. Values exceeding the critical
cutoff imply a high risk of having Pompe disease and that emergent confirmatory diagnostic testing
is necessary. Values exceeding the borderline cutoff, mostly due to pseudodeficiency, will trigger a
second-tier test, generating the value of % inhibition, before the final assignment [4]. If the second-tier
test is positive, the baby will be suggested to have the confirmatory diagnostic testing. Since 2013, we
employed the second-tier test to avoid requesting a second sample to prevent delay in the initiation of
treatment. DBS DNA genotyping [14] may be applied to categorise the newborns. For confirmatory
diagnostic testing, a whole blood sample was used for the measurement of GAA activity, genotyping,
and CRIM test [10]. The CRIM test was performed by Western Blot analysis, using anti-GAA and
anti-alpha-tubulin antibodies. For GAA protein detection, 15 μL of sonicated lymphocytes protein
from patients was loaded in each lane (only 2 μL was used for normal control) and the X-ray film was
exposed overnight. For alpha-tubulin (the control protein), 10 μL of sonicated protein was loaded
in each lane and the X-ray film was exposed for 15 min. The Taiwanese common variant, p.D645E
(p.Asp645Glu) [6,15], was rapidly screened by polymerase chain reaction-restriction fragment length
polymorphism analysis (RFLP) using the BsaHI restriction enzyme. Since p.D645E is a CRIM-positive
variant [16], patients with this variant should be CRIM-positive. Enzyme replacement therapy (ERT) is
scheduled for the next day after the heart involvement is confirmed, unless immunomodulation therapy
to prevent anti-GAA antibodies production is planned. For babies without heart involvement at birth,
a follow-up plan was initiated, including the development milestone, motor function, and biomarkers
as described [10], and ERT was initiated until abnormalities appeared in the follow-up period.

3. Results

3.1. Performance of Screening and Diagnostic Testing

From 2016 to 2019, Pompe disease NBS was performed by the MS/MS method. The timeliness
of the performance of other screening conditions (glucose-6-phosphate dehydrogenase deficiency,
congenital hypothyroidism, galactosemia, congenital adrenal hyperplasia, and MS/MS acylcarnitine
profile) during this period was similar to the previous three years (2013–2015); i.e., the compliance rates

68



Int. J. Neonatal Screen. 2020, 6, 30

of reporting NBS results by 8 days of age were between 98.66% to 99.01%, compared to 98.85%–99.14%
in the previous 3 years. With the MS/MS platform, 14 newborns were reported as high-risk for Pompe
disease at a median age of 9 days (range 6–13). For newborns with a borderline risk for Pompe disease,
18 were reported at a median age of 13 days (9–28), but none of them were IOPD. During the previous
3 years (2013–2015), when Pompe disease NBS was performed using the 4MU platform, there were no
Pompe disease high-risk newborns and 44 were reported as a borderline risk reported at a median age
of 12 days (7–41), but none were IOPD.

Among the 14 newborns at a high risk of Pompe disease, four were found to have cardiomyopathy,
as shown by electrocardiography, chest X-ray, echocardiography, and an elevation of serum creatine
kinase (CK) and pro-brain natriuretic peptide (pro-BNP). Six [11,13] were found to have GAA deficiency
and biallelic GAA variants but normal CK and no cardiomegaly and therefore were classified as
potential LOPDs. The remaining four of the total 14 newborns were not affected. As for the 18 infants
with the borderline risk, only 2 infants [11] were classified as potential LOPDs, while the rest were not
affected. The four classic IOPD newborns were treated starting from a median of 9 days (8–14 days).
GAA gene sequencing confirmed all pathogenic variants in these patients. Three of the four had at least
one allele of the p.D645E variant. CRIM status (all CRIM positive (denoted as CRIM +)) was approved
by Western Blot analysis in all four patients, including the one who did not have the p.D645E variation.
The newborn who did not have the p.D645E variant did create a dilemma in the decision, and the
history is described below.

3.2. Case Description

A 7-days-old female newborn was requested to visit our hospital due to an abnormal Pompe
disease screening result [13]. She was born at full-term to a G1P1 mother with a birth bodyweight of
4380 gm. The parents denied poor feeding, poor activity, nor weak crying in this baby. NBS included
Pompe disease, and other conditions were performed on her third day of life. On Day 4, our NBS
laboratory received her sample. On Day 6, a high risk of Pompe disease was reported (GAA activity
0.18 uM/h (critical cutoff < 0.5); ratio 42.87 (critical cutoff acid β-glucosidase (ABG)/GAA ≥ 20) so
an urgent visit to our hospital was arranged on Day 7. When we saw her, she had normal muscle
power, normal reflex, no macroglossia, but her facial folds decrease slightly. Laboratory examination
revealed an elevation of pro-BNP (8738 pg/mL), CK (722 U/L), and alanine aminotransferase (ALT)
(112 U/L). A chest X-ray revealed mild cardiomegaly (Figure 1). Echocardiography revealed moderate
left ventricle (LV) and right ventricle (RV) hypertrophy, with a LV mass index (LVMI, measured by 2-D
method) of 115.7 g/m2 (normal range < 65 g/m2). A whole blood sampling at Day 7 revealed deficient
lymphocyte GAA activity (1.33 nmol/g pro/h, normal mean 66.7) and thus confirmed the diagnosis of
IOPD. However, she did not have the common CRIM-positive Taiwan Pompe disease p.D645E variant,
tested using DNA extracted from the first DBS. Although her CRIM status was unknown, her parents
refused prophylactic immune modulation therapy. Western Blot analysis using the white blood cells as
the material soon revealed the 110 kDa precursor GAA band (Figure 2), suggesting a CRIM-positive
status. She received her first dose of rhGAA (20 mg/kg) at the age of 8 days. Mutation analysis showed
heterozygous c.2024_2026del (p.N675del) and c.2040+1G>T variants in trans, compatible with IOPD.
There were no CRIM status predictions about these two variants [9].

The study was approved by the ethical committee of National Taiwan University Hospital, Taipei,
Taiwan (201906053RINB, 1st approved date 2019/08/05). The clinical information was gathered from
the hospital medical records retrospectively, and no individual’s consent was required.
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Figure 1. CXR at D7 in a newborn with a positive Pompe newborn screening result. Mild cardiomegaly
was noted.

Figure 2. Blood glucosidase alpha acid (GAA) Western Blotting of this case (S), indicating a cross-reactive
immunologic material (CRIM)-positive status. The lymphocytes were sonicated and then blotted with
antibodies to detect human GAA and α-tubulin protein presence. M: marker; N: normal newborn; No. 1
and No. 3 were from infantile-onset Pompe disease (IOPD) patients with the CRIM(+) GAA variant;
No. 2, No. 4–7 were from newborns with low GAA activity. N: normal control sample; M: marker.
Precursor: 110 kDa GAA. Mature: 70/76 kDa GAA.

4. Discussion

Pompe newborn screening was included in Taiwan’s newborn screening system as well as in the
Recommended Uniform Screening Panel (RUSP) in the USA. Therefore, the timeliness requirements of
newborn screening, i.e., the efficient collection, transportation, testing, and reporting of the results,
also benefit Pompe newborn screening. In Taiwan, the recommended timelines for the high-risk
babies is to report and communicate the results to the newborn’s healthcare provider/parent(s) within
6–8 days of life, regardless of the location of newborns, which maybe 300 km away from the screening
centers/treatment centers (Figure 3). The compliance rate for reporting by age 8 days in our center
was over 99%. In the present case, we informed the result by D6 and made the diagnosis by D7,
demonstrating the discrimination power of applying the critical cutoffs and the well-established
newborn screening system in Taiwan.
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Figure 3. The coverage map of the National Taiwan University Hospital Newborn Screening Center.
The samples ship from the gray areas to our screening center, designated by the government, including
the three far areas indicated by the lines. The distances from the birthplaces to the screening center
were around 300 km.

The more challenging part of this case was the preparation of ERT, starting after the confirmation
of cardiomegaly and muscle damage. In this case, the decision for ERT was tentatively made at D7 and
the ERT was initiated at D8, after reconfirming the GAA deficiency and confirming the CRIM status. In
such classic IOPD newborns waiting for the decision of prophylaxis immunomodulation, we routinely
check the predicted CRIM status by screening the p.D645E, commonly seen in our Pompe patients [6],
using RFLP so that we could have the result in half day. Since p.D645E is related to CRIM-positive
status [16], patients with at least one p.D645E allele will be CRIM-positive, and doing prophylaxis
immunomodulation on such cases may not achieve benefit-risk balance. On the other hand, we plan
to apply prophylactic immune modulation therapy for IOPD infants if a CRIM-negative status is
confirmed. Therefore, in this case, we performed the blood Western Blotting assay as described [17] to
determine the CRIM status since the GAA sequencing result took more time, and the CRIM status
for a novel variant may not be predicable, especially for the splicing mutation [9] presented in this
case. Rapid sequencing, or screening for several common variants, may replace the blood CRIM status
measurement in such a situation.

In conclusion, we demonstrate here the performance of the NBS system in Taiwan and the
decision steps for positive Pompe NBS. Knowing the genotype/CRIM status was necessary for the
ERT initiation but it made for very intensive work. Depending on the different geographic regions
and various resources available, each team needs to prepare themselves with a standardized and
comprehensive algorithm for the confirmation and treatment of classic IOPD patients. With the
timeliness of screening and diagnosis, we were able to start the treatment as early as possible to achieve
the best treatment outcome.
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Abstract: Pompe disease (PD) is screened by a two tier newborn screening (NBS) algorithm, the first
tier of which is an enzymatic assay performed on newborn dried blood spots (DBS). As first tier
enzymatic screening tests have false positive results, an immediate second tier test on the same
sample is critical in resolving newborn health status. Two methodologies have been proposed for
second tier testing: (a) measurement of enzymatic activities such as of Creatine/Creatinine over
alpha-glucosidase ratio, and (b) DNA sequencing (a molecular genetics approach), such as targeted
next generation sequencing. (tNGS). In this review, we discuss the tNGS approach, as well as
the challenges in providing second tier screening and follow-up care. While tNGS can predict
genotype-phenotype effects when known, these advantages may be diminished when the variants are
novel, of unknown significance or not discoverable by current test methodologies. Due to the fact that
criticisms of screening algorithms that utilize tNGS are based on perceived complexities, including
variant detection and interpretation, we clarify the actual limitations and present the rationale that
supports optimizing a molecular genetic testing approach with tNGS. Second tier tNGS can benefit
clinical decision-making through the use of the initial NBS DBS punch and rapid turn-around time
methodology for tNGS, that includes copy number variant analysis, variant effect prediction, and
variant ‘cut-off’ tools for the reduction of false positive results. The availability of DNA sequence data
will contribute to the improved understanding of genotype-phenotype associations and application
of treatment. The ultimate goal of second tier testing should enable the earliest possible diagnosis for
the earliest initiation of the most effective clinical interventions in infants with PD.

Keywords: newborn screening; lysosomal storage diseases; variant cut-off; next generation
sequencing; diagnosis; dried blood spots

1. Introduction

Newborn screening (NBS) for Pompe disease (PD), utilizes dried blood spots (DBS) to detect
deficient alpha-glucosidase (GAA) activity. As part of currently employed NBS algorithms for PD
screening in public health laboratories (PHLs), a first tier biochemical test based on MS/MS or digital
microfluidics measures the enzyme activity. The disease is suspected if the enzyme activity is below
a previously established cut-off value [1]. However, without two tiered or reflex testing, programs
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using only first tier biochemical assays would yield poor positive predictive values with high false
positive rates or risk high false negative rates due to stringent first tier cut-offs [2]. False-positive
results on first tier testing of PD create a high referral burden, often related to the prevalence in the
population of non-disease causing pseudodeficiency alleles that lead to low enzyme activity without
causing PD. Inclusion of a second tier test, on first tier positive NBS samples provides an opportunity to
resolve these false-positives prior to reporting, thus avoiding re-contact, needless referrals and creation
of parental anxiety. When GAA activity is below established cutoff values, a second tier test can
confirm or disprove the diagnosis of PD. Current algorithms applied by NBS programs may perform
repeat sampling and redo the GAA enzyme activity test [3]; or use a second tier test (in-house or as a
send-out service) such as DNA sequencing that uses traditional DNA Sanger sequencing technique [4],
or the newer targeted next generation sequencing (tNGS) method. Recently, a new second tier test
marker—the ratio of creatine/creatinine to alpha-glucosidase activity—has also been proposed [5].

From a clinical standpoint, PD has a wide spectrum of phenotypes ranging from early onset with
muscle and cardiac involvement (infantile-onset PD; IOPD) to later juvenile or adult onset (later-onset
PD; LOPD). LOPD symptomatology may overlap with other neuromuscular disorders, and timely
diagnosis is challenging for both forms of the disease. Most early onset cases are symptomatic in some
form at birth. Two NBS algorithms for diagnostic confirmation have been developed by a group of
international experts on both NBS and PD, the Pompe Disease Newborn Screening Working Group,
based on whether DNA sequencing is performed as part of the screening algorithm [6]. Applying the
recommendations of either algorithm can lead to a diagnostic characterization as: (a) classic IOPD,
(b) “predicted” LOPD, or (c) no disease/not affected/carrier. In both algorithms, a variety of clinical tests
are necessary to confirm the diagnosis and generate a treatment plan, including DNA sequencing, since
the GAA gene variant analysis is essential for confirming the diagnosis and developing a treatment
strategy of PD [6]. A challenge to pursuing DNA sequencing as part of NBS algorithms is that many
NBS PHLs and clinical referral centers do not perform or have ready access to sequencing resources on
premises. When an NBS laboratory does not provide rapid DNA sequencing results through either
send-out services or sequencing on premises, the responsibility of obtaining the GAA gene sequencing
result that is necessary for diagnosis and treatment initiation falls directly on the referral center. Delays
in obtaining DNA sequencing results may lead to poorer outcomes or possible loss to follow-up. Loss
to follow-up is a concern given the spectrum of phenotypes, many of which present with a delay
in onset of symptoms and loss in benefit opportunity of early treatment. If an infant is found to
have any form of disease, follow-up with appropriate treatment is necessary and should start early.
Recent reports on IOPD continue to shed light on some of the unique challenges care providers face in
diagnosing and managing this genetic disease [2,7]. While delays in PD symptom onset and diagnosis
are less common in IOPD (under 3–4 months) compared to LOPD, based on the Pompe Registry
data [8], the IOPD cases with cross-reactive immunological material (CRIM), negative statuses almost
invariably develop high antibody titers to enzyme replacement therapy (ERT). As high antibody titers
to ERT reduce the effectiveness of ERT treatment, CRIM-negative patients require immunomodulation
therapy prior to initiation of ERT. If CRIM negative IOPDs are not identified in the newborn period,
and if immune modulation therapy and ERT treatment are not initiated within days of birth, 100%
ventilator free-survival is unlikely, and death may occur within the first two years of life [2,9]. Several
Australian IOPD cases that were not identified by NBS, but identified by clinical examination alone have
responded poorly to ERT and developed high antibody titres [7]. CRIM-positive IOPDs can also show
high antibody titres, which may be predicted based on genotype [10,11]. Rapid recognition of PD at the
molecular genetics level, in conjunction with clinical characterization, can guide treatment strategies
that may include ERT for IOPD (with or without immune modulation therapy) and LOPD, and may be
critical to ensuring the best patient outcomes while preventing irreversible clinical changes [2,12,13].
Given the clinical workup necessary after NBS to confirm a PD diagnosis and direct therapeutic strategy,
and the time sensitive nature of the treatment in some PD cases, it may be imperative to also choose a
second tier tNGS test that aligns with clinical algorithms and avoids delayed initiation of beneficial PD
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treatment. Stepwise serial testing between NBS and referral centers, can lead to obtaining DNA results
in weeks, delaying initiation of treatment. The typical confirmatory diagnostic DNA sequencing test
takes 3–6 weeks and may require reimbursement authorization, and therefore, is inadequate for the
prompt genetic testing required for PD. If rapid DNA sequencing testing is included as part of NBS
second tier testing, such delays are avoided. Furthermore, such testing may be more equitable for
individuals who have no insurance coverage for post-NBS DNA sequencing test. Such decisions,
of course, have cost implications for NBS programs.

We therefore also present the rationale for optimizing second tier molecular genetic testing
emphasizing (a) fast turn-around time; (b) inclusion of variant effects such as cross-reactive
immunological material (CRIM) status, predicted age of symptom onset and heuristics that impact
treatment strategies; (c) incorporation of copy number variation and library preparation methods from
DBS as part of a tNGS second tier algorithm; and (d) variant prioritization ‘cut-off’ tools to reduce
the number of false positives and to help with PD phenotype prediction. Challenges in addressing
health information privacy, policy, regulation, parental consent, and secondary or incidental findings
associated with genetic tests are topics beyond the scope of this review.

2. Current Approach to Second Tier and Follow-Up Testing

The Taiwanese PD NBS algorithm measures GAA, neutral α-glucosidase (NAG), and
maltase-glucoamylase (MGA) activities in separate fluorometric assays, using commercially available
fluorogenic (4-methylumbelliferone) substrates [2] normalized to protein concentrations. These values
discriminate between true GAA deficiency-confirmed positives from false-positives. The percentage of
acarbose inhibition as a second tier test, for samples with inconclusive results, further improves the
performance of testing in this algorithm.

A second tier test marker for NBS of PD recently reported by Tortorelli et al. [5] describes a reduced
false-positive rate through the use of a ratio calculated between the creatine/creatinine (Cre/Crn) ratio
as the numerator and the activity of acid α-glucosidase (GAA) as the denominator. This ratio is
incorporated alongside a post-analytical tool: Collaborative Laboratory Integrated Reports (CLIR;
https://clir.mayo.edu) and routinely used in second tier evaluations to address the issue of false positives
due to pseudodeficiency.

Because DBS GAA enzyme activity measured in the first tier NBS cannot predict PD phenotype,
additional follow-up evaluation using chest X-ray, electrocardiogram (EKG), creatine kinase (CK) levels,
pro-B-type natriuretic peptide (pro-BNP) levels, echocardiogram and genotyping or DNA sequencing
(to confirm the presence of two pathogenic variants) is required. Western blot analysis of cultured
skin fibroblast lysates has been the gold standard for determining cross-reactive immunologic material
(CRIM) status [14], although rapid blood-based assays are also available. Other follow-up tests such as
urinary Glc4 levels are also recommended [2,6].

3. The Variant Spectrum of Pompe Disease

PD is an autosomal recessive disorder resulting from two pathogenic variants, including
multi-exonic deletions, in the GAA gene. The variant spectrum in the GAA gene is highly heterogeneous.
To date, over 500 pathogenic (P) or likely pathogenic (LP) variants and numerous benign variants and
variants of unknown significance (VUS) in the GAA gene have been reported (ClinVar, 2017; Erasmus
MC University Medical Center, 2017; Aggregation Databases (ExAC, gnomAD), 2017; Leiden Open
Variation Database (LOVD), 2018; The Human Genome Mutation Database (HGMD), 2017). A review
of GAA variants suggests that missense variants are the most frequent molecular genetic cause of PD
(~50%), followed by small deletions [8,15]. Variant hotspots are also known, such as the c.-32-13T>G
splice site single nucleotide variant and the exon 18 deletion (c.2481+102_2646+31del). These and
other ethnic variants are well described [8,15], but require detection by DNA sequencing methods that
can identify both single nucleotide variations (SNVs), as well as copy number variations (CNVs, also
known as deletion/duplication events), and these are discussed later.

77



Int. J. Neonatal Screen. 2020, 6, 32

4. Hybrid Capture tNGS as a Second Tier Method

For NBS programs utilizing second tier DNA sequencing, both tNGS on small panels of genes and
exome sequencing are considered (see Section 9). Cost and time efficiency needs, along with specimen
requirements and future expansion needs, make DNA hybrid-capture based sequencing protocols for
tNGS ideal for PD screening/diagnostic algorithms (see Section 5 below for additional considerations).
A reduced time through the pipeline due to a more efficient process means shorter time to results and
needed treatment for affected infants. A hybrid-capture based tNGS workflow [16], as outlined in
Figure 1, may be performed on 1–2 newborn DBS punches, with end-to-end testing time from sample
receipt to initiating reports of ~35 h (Figure 1a). In our experience, this approach used for the NBS
second tier testing of PD and other lysosomal storage disorders leads to the return of results in less
than a week. Reagents used are typically ‘kit-based’ and the processing protocol may be optimized
specifically as needed. Most send-out DNA sequencing services typically have a turn-around time of
several weeks, as well as referral and sample redraw, making this process challenging for the rapidity
needed in NBS protocols. In our experience of processing second tier tNGS for several US PHLs,
we have been able to report variant information in seven days, and reduce the referral burden in some
cases by 70% (reports that did not have any P/LP variant or had exclusively pseudodeficiency variants).
These reports, therefore, were capable of providing carrier status, CRIM prediction, and severity of the
known reportable variants, which would not otherwise be possible.

1) Block Library 
Fragments

2) Hybridize to 
Capture Probes

3) Bind SA Mag 
Beads to Probes 4) Capture 

Targets

Figure 1. Hybrid Capture-Sequencing tNGS Workflow. Many components of the workflow may
be automated: (a) DNA Isolation—This step in the workflow may be performed with two 3.2 mm
DBS punches, takes 2 h (h) to perform and is an essential requirement of second tier testing as most
tNGS protocols call for 2–10 mL of blood; (b) DNA hybrid Capture and Sequencing—DNA capture
requires library preparation and bait based DNA hybridization-based capture of target regions, which
is followed by DNA sequencing (Illumina MiniSeq). (c) Raw data management—Involves moving data
across secure compliant environments for storage, processing and linking into databases; (d) Analysis,
database and interpretation—Involves analysis for single nucleotide variants and copy number variant
callers, comparative analysis with other database annotations, interpretation and reporting. This overall
process takes ~35 h. Adapted from Bhattacharjee et al. [16].

DNA library preparation involves sonication or a kit-based enzymatic DNA fragmentation step
(amenable to automation and high throughput) followed by subsequent adaptor ligation/indexing.
Indexed DNA fragments are then hybridized to custom DNA enrichment probes in order to target
the specific genes on the panel (Figure 1b). Such DNA probes are available from various commercial
sources and may be custom designed to target 100–200 genes. Sequencing may be performed on
several sequencing platforms. The Illumina MiniSeq platform shown in the example (Figure 1b),
takes around 14h to complete a run and can parallel process 20 samples per run. The bioinformatics
workflow (raw data management) is processed mostly in parallel and can take an additional 2 h.
Custom QC metrics provide insight into sequence quality for each sample as well as coverage gap
analysis (Figure 1c). A custom copy number variation (CNV) caller can be used on the same sequence
dataset to identify CNVs (Figure 1d, Figure 2a). Strict quality metrics prevent CNV calling on samples
with low coverage. An in-house variant database with a well-established analysis platform, such as
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from OpalTM (Fabric Genomics), can appropriately annotate the data set in real-time and help generate
sequencing reports more efficiently. Automated variant scoring allows a reduction in time for data
interpretation, and thus drives higher throughput.

Figure 2. Second tier Testing features: (a) Top panel shows how GAA gene structure is targeted for
sequencing with overlapping single stranded DNA or RNA probes of 60–200 nucleotides in target
exonic regions (blue rectangles), adjoining splice junctions (marked in green), and known hotspots
(red). The bottom panel shows the results of a in-house algorithm that integrates detection of copy
number variation (CNV) or del/dup events in Pompe disease, such as the GAA exon 18 deletion; (b) 2nd
tier tNGS provides variant (genotype) information for better clinical predictions and management of
care. Pseudodeficient alleles, variant effect, and cross-reactive immunologic material (CRIM) prediction
can be elucidated from previously observed data [8,14].

5. Ideal PD Second Tier tNGS Testing Features

5.1. Timeliness

The US Federal and State Public Health programs emphasize the importance of timeliness of
NBS, setting benchmarks for the efficient collection, transportation, testing, and reporting of results.
First and second tier tests are combined to optimize detection of cases at a false positive rate as low
as possible and keep overall costs of the combined tests low. Upon referral, necessary diagnostic
tests are done. For many diseases that progress slowly, the split in the burden between screening
and diagnostic phases may be sufficient. However, this tiered/serial testing and patient recall can
cause delays in time-sensitive PD. For most of the LOPD cases that progress slowly, this approach
would be sufficient without causing harm. However, for suspected IOPD cases, time to treatment
initiation within two weeks is critical. Therefore, timely second tier tNGS reporting in IOPD may be the
only option for avoiding diagnostic and treatment delays and avoiding a negative impact on quality
of life and potentially on lifespan [7,13]. The treating clinician, in the case of classic IOPD, would
need DNA sequencing data in the diagnostic-phase to determine treatment-associated predictive
sequence information (CRIM status and phenotype onset predictions) prior to initiating enzyme
replacement therapy [2,6]. Although controversial, suspected LOPD patients identified by NBS second
tier tNGS may also benefit from follow-up and earlier intervention [2,13,17]. Rapid return of results is a
frequent claim by providers of DNA sequencing for diagnostic testing. However, the DNA sequencing
turnaround time is generally inadequate for early onset PD (minimum industry standard is three weeks’
turnaround). Such inefficiencies make utilization of most commercial resources untenable for the
required timeframe of treatment following the diagnostic phase. Second tier tNGS workflow services,
if performed end-to-end, may be completed in ~35 h, and reports can be finalized consistently within
5–7 days of receiving the sample. If NBS programs routinely perform tNGS on premises, or use DNA
sequencing services that return results within 7 days, then overall reporting and treatment initiation
may occur within 10 days, benefiting classic IOPD or CRIM-negative IOPD cases. Starting ERT within
this timeframe for CRIM-negative IOPD, and before the immune system has matured, might also enable
natural immune tolerance [7]. Omitting the tNGS assay as the second tier PD NBS test and putting the
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burden on the follow-up referral centers to obtain a molecular diagnostic result, while providing a faster
NBS turn-around time may delay treatment initiation. Due to the fact that the optimal effectiveness of
ERT in IOPD hinges on the prompt identification of two GAA pathogenic variants in-trans [6], a second
tier tNGS assay may actually be beneficial by shortening the time to treatment initiation. Identification
of one or two pathogenic variants (without cis or trans determination), combined with a low GAA
activity is sufficient to consider need for further confirmatory testing.

5.2. Prediction of Genotype-Phenotype Effects

These topics have been well covered by other reviews [8,15], and therefore only discussed in
the context of second tier testing algorithm for PD NBS (Figure 2). In PD, the genotype is generally
fully penetrant; IOPD phenotypes especially demonstrate limited heterogeneity. A pseudodeficiency
allele is always a pseudodeficiency allele as it causes low measured GAA activity that does not
change from individual to individual. However, predicted CRIM status may not exactly correlate
as observed in some patients with Western blot analysis of cultured skin fibroblast lysates or for
splice variants and may require additional studies [14]. Identification of variants in the GAA gene
provides valuable information for determining variant-phenotypes, establishing genotype–phenotype
correlations, confirming diagnosis or carrier status and counseling about the significance of these
findings [6]. Measuring first tier GAA activity, genotyping, and determination of CRIM status from
genotype (important for phenotype onset prediction) is necessary to start therapy [14,18].

5.3. Prediction of CRIM Status

In general, for babies with IOPD who have cardiac involvement, treatment with recombinant
human GAA (rhGAA) is initiated immediately after confirmation of GAA deficiency and positive
CRIM status, either by genotyping prediction or by western blot [2,6]. ERT is started after the
cardiac involvement is confirmed, unless immunomodulation therapy to prevent anti-GAA antibodies
production is planned. For infants without cardiac involvement, close follow up is needed and ERT
treatment is delayed until symptoms appear. As confirmatory biochemical tests and assays are not
readily available for PD, and additional testing may delay initiation of therapy, sequence variant
identification may be useful to predict CRIM status, thereby directing treatment decisions [14,18].
The presence of two nonsense or frameshift-termination variants is a good predictor of CRIM status,
typically resulting in CRIM-negative status, unless the premature stop codon is in the last exon of the
gene [14].

5.4. Copy Number Variation (CNV) and False Negative Risk

Due to the fact that CNV events such as those reported in GAA exon 18 [8,15] and other
heterogeneous CNVs comprise a significant fraction of pathogenic PD variants, a PD NBS second tier
tNGS assay must integrate detection of CNV events. While data from targeted small gene panels
are scarce, recent reports of PD whole exome sequences provide insight into CNVs. Mori et al. [19]
evaluated whole exome sequencing to identify infantile- and late-onset PD (n = 93), concluding that
some pathogenic variants may have been missed, since the variant pipeline used did not identify
variant hotspots such as the exon 18 deletion (Figure 2a), and c.-32–13 single nucleotide variant.
A sensitivity of near 100% can be achieved if issues with custom design, gap filling, improving >20X
sequence coverage and deletion duplication coverage are addressed.

5.5. False Positives Resolved by Second Tier tNGS Testing

The variant burden and its effect on an individual is unknown at birth, and phenotype characterized
by biochemical activity alone may be imprecise. Low GAA enzyme activity detected by first tier assays
may identify pseudodeficiency cases and carriers of a single pathogenic GAA variant as a false positive,
thus enzyme activity results alone are not definitive and cannot differentiate between true PD and
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newborns who carry pseudodeficiency alleles or sometimes PD carriers (P/LP variants). Such cases can
be distinguished by genetic testing.

5.6. Other Considerations

Occasionally it may be difficult to resolve a false positive with second tier tNGS. Hypothetically,
if a sample has a low enzyme activity value on first tier testing and there are no findings on second
tier tNGS, the etiology of the low enzyme activity has not been identified and the result can be called
negative in screening, or an additional biochemical test can be done. The etiology of discordant results
may involve sample mix up or other technical issues. A sample mix up can sometimes be addressed by
comparing imputed sex from tNGS data to that reported on accession data. Monitoring of additional
DBS enzyme activity values may also indicate false positive risk. For example, if some additional
enzyme activity values are all low, it may suggest issues with stability, storage or transportation.
As mentioned, new post-analytical tools, such as Collaborative Laboratory Integrated Reports (CLIR;
https://clir.mayo.edu) and second tier biochemical testing are becoming available to address these
issues [5,17]. A tNGS false negative result when the first tier has low enzyme value is very unlikely
given the recessive nature of PD, where the presence of at least two causal variants in trans is expected.
We discuss below the post-analysis of tNGS data, including statistical tools to predict and reduce the
number of false positives and understand PD phenotypes.

6. Genome Scale Data and Its Impact on PD Screening

We evaluated how information in public genomic databases would inform and impact PD NBS
that utilized second tier tNGS. In order to identify potential pathogenic variants for the detection of
PD through NBS, we reviewed GAA allele frequencies in the gnomAD database. Based on gnomAD
and ClinVar, pathogenic and likely pathogenic (P/LP) variants have a total allele frequency of 0.635%.
Assuming these alleles segregate independently and are fully penetrant, the probability of inheriting
two such alleles is the square of 0.635 or 0.004%. This roughly equates to an expected incidence
of 1/24,780 births, which is in the expected range for PD (1/14,000 to 1/100,000). This means that a
significant proportion of the variant alleles that cause PD are known and can be automatically identified
in a high-throughput fashion.

For the sake of timeliness, it is critical to have a tNGS assay that can identify all genetic variations in
a single test. To assemble relevant variants for the diagnosis of PD through NBS, we reviewed alleles in
the gnomAD database for potential CRIM status. GnomAD’s GAA sequences from 141,456 individuals
revealed 213 (0.15%) predicted LOF variants (pLOF) at 82 unique sites, of which approximately 50%
were frameshift termination and 25% each were splice-site and stop-gain variants. None of these
mutations were present in a homozygous state and although an additional mutation may be present
in trans; it is more likely that these individuals are presumed carriers. Based on gnomAD data, the
carrier frequency of unique pLOF variants is 0.15% (213/141,456) in the population, which is 4-fold
less than P/LP variants in gnomAD. Estimates of carriers in general uncovered by NBS is a fraction
(0.007–0.013%) of that observed frequency in gnomAD [17]. Although some may be, most PD carriers
will not be detected by NBS program based on pLoF or P/LP variant frequencies in gnomAD. While
reporting on carrier status is not the aim of most NBS programs (most try to avoid detecting carriers),
parents of affected PD patients are obligate carriers. The risk for two carrier parents to have an affected
child is 25% with each pregnancy. Thus, the mode and impact of reporting carrier status to parents
after detection through a PD tNGS second tier NBS algorithm require careful consideration. Other
NBS disorders deal with this issue routinely (e.g., cystic fibrosis carriers via a DNA based second tier,
or sickle cell anemia via electrophoresis).

A family history of negative PD screens without carrier information gives families a false sense
of security, as reported in the Australian PD cases [7]. A significant fraction of FPs will be due
to recurrent carriers or pseudodeficiencies with low enzyme values, and a likely source of anxiety
or rightful concern in future newborn births in those families. Thus, a delay in relaying carrier or
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pseudodeficiency information may have secondary consequences that may need to be considered.
Recently, the BabySeq Project (a part of NSIGHT), evaluated newborn diseases using genome scale
sequencing in a randomized clinical trial pilot. The cohort studied included both well newborns and
those admitted to a neonatal intensive care unit [20,21]. In a cohort of 159 newborns that underwent
genome scale NGS based whole exome sequencing (WES), one carrier of a pathogenic GAA variant was
identified. As part of that study protocol, the in-person genetic counseling was provided to the family.

We also queried 14,821 WES individuals referred for clinical genetic testing to determine a ‘hit
rate’ for GAA, generating a list of reportable variants by curating pathogenic and likely pathogenic
variants from reputable sources in ClinVar and from manual literature curation. These estimates are
useful in understanding PD causal variant frequencies and database quality. This curation resulted
in over 100 GAA reportable variants. For each case, the exome variant file (variant call format (VCF)
file) was scanned through our database and scored as to whether that sample was identified (“hit”).
Only one homozygous hit (allele fraction > 90%) was observed for GAA. Due to the fact that testing
was performed on single samples, it was not possible to know if multiple variants were in cis or trans.
Thus, we defined a compound heterozygous hit as having two or more variants in a single gene, in a
single sample, from our reportable list of variants. Only two cases had reportable variants in GAA and
thus the potential “hits” for the referred population was 2/14,821 (0.014%), a value that was consistent
with the incidence of PD. These types of analyses have several limitations: (a) no ethnicity control was
available, as ethnicity of patients was not known, and therefore impact on actual screening could be
variable; (b) consanguinity of patients was not known; (c) patients in the dataset were likely depleted
of traditional PD; (d) it was not possible to distinguish the cis and trans configuration of multiple
hits in a single individual; (e) this analysis did not take into account novel variants, nor did it take
into account copy number variants; (f), variant calls were affected by coverage of the gene/base and
particularities of the caller. Thus, while it was not possible to perfectly match the false positive /false
negative rate of the caller, this effect was likely small.

7. Variant ‘Cut off’ for PD

To reduce the burden of interpreting variants of uncertain significance (VUS), we considered a
‘cut off’ model to filter variants that are too common in population to cause disease. We estimated
the maximum credible allele frequency (MCAF), using a statistical framework that was previously
reported for a recessive inheritance model by Wiffin et al. [22] Variants that occur more frequently than
the MCAF cutoff should not be considered as a causative variant for the disease.

The equation to calculate MCAF is as follows (1):

MCAF = sqrt(v) × c × sqrt(g) × 1/sqrt(p) (1)

where c is the maximum allelic contribution, which represents the proportion of cases that are
attributable to the gene that is attributable to an individual variant, g is the maximum genetic
contribution representing the proportion of all cases that are due to the gene, v is the prevalence and
p is the penetrance. This value can be further refined by assuming that the most common causative
alleles are known.

For the GAA gene, we identified common alleles that were both expertly curated and present in
ClinVar. Furthermore, we established a set of trusted ClinVar submissions (multiple sites with no
conflicts (GeneDx and Invitae)) and identified all P/LP variants. From this we identified the most
common pathogenic variants that contribute to the disease (ClinVar and trusted submitters). We then
made the assumption that once the most common variants are accounted for, the maximum allelic
contribution of any additional variant is 5%. We use 0.000025 (1/40,000) as the incidence of high-risk
PD, 1 as the penetrance and assume all causes of PD are attributable to variants in GAA. The calculation
for MCAF is then: sqrt(0.000025) × 0.05 × sqrt(1) × 1/sqrt(1) or 0.00025. We then compare this to the
maximum MAF in manually curated or trusted submitter (Table 1). This value can then be used to
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remove likely spurious entries in ClinVar from further consideration. Furthermore, novel variants
(VUSes) with MAFs above this cut-off can likely be discarded as likely benign.

Table 1. Maximum Credible Allele Frequency (MCAF): Allelic Contribution, Penetrance, MAF cutoff,
pathogenic variants in ClinVar from Trusted submitters and final MAF cutoff.

Prevalence
Max. Allelic
Contribution

Penetrance
MCAF

(Whiffin et al. [22])
Max. MAF in

ClinVar
Final Cut Off

0.000025 0.05 1 0.00025 0.00358 0.00025

8. Follow-Up Infrastructure for Families, Screen Positive Infants and Carrier Status

Some of the most difficult issues generated by NBS for PD will be the follow-up care, for not only
the infants who screen positive, but also for the parents and families. As of 2017, the Pompe Disease
Newborn Screening Working Group has proposed options for including DNA sequencing as part of the
screening algorithm or follow-up [6]. The Pompe Registry, a long-term, multinational observational
program (NCT002314000), designed to improve understanding of the natural history and outcomes of
patients with PD, started in 2004, and is sponsored and administered by Sanofi Genzyme (Cambridge,
MA), the pharmaceutical company that markets PD ERT. The Pompe Registry has GAA variants
and phenotypes for 1079 patients [8]. Despite the existence of this network, challenges surround the
referral of those patients to appropriate care centers, to ensure that up to date care guidelines that
reflect the current standards of the PD NBS community are adhered to. Given that current disease
modifying treatments for PD may depend on knowing the specific genetic defect, it is critical and
ethically required, that all screen positive infants have timely access to genetic testing, as either part
of NBS or as referral within the timeframe. Testing should define the specific variants and access
to appropriate follow up clinical expertise, so that the appropriate treatment is provided. Future
therapies, once approved, such as chaperones, c.-32-splice switching antisense oligonucleotides and
AAV-directed gene therapies will need variant information.

Testing parents to determine which parent carries which PD variant is necessary to provide
appropriate counseling regarding future reproductive risk for family members. Knowing familial
variants for PD can be useful for reproductive planning and the avoidance of recurrence, but is not the
primary goal of NBS. Most guidelines recommend against carrier testing of minors and minor siblings,
as there is no medical benefit until reaching reproductive age and age of consent [23–25].

Some screen positive infants will have an early-onset form of the disease while others will develop
LOPD. Knowing the precise genetic defect in a screen positive IOPD case is critical for the prediction of
the long-term clinical outcome of ERT and the development of antibodies against the infused enzyme.
An analysis of CRIM status for every IOPD patient within the first two weeks of life is essential. For
this reason, sequence analysis of the GAA gene may be justified as a tiered testing step for PD NBS
programs or a rapid turnaround confirmatory test for the referral center. Some first tier screen positive
newborns may have resolution on a tNGS second tier test, as they may carry pseudodeficiency alleles
or a variant burden, that are otherwise low risk. For parents of screen positive infants with identified
variant(s), familial testing is relatively simple and may be considered in reproductive planning. Normal
GAA enzyme activity, or an above threshold value on a PD NBS, does not confirm a non-carrier status.
It is possible that a pathogenic variant may have been missed or that a phenotype may manifest later.
The potential therefore exists for misconstruing a negative PD NBS. Further studies must evaluate
whether all infants identified with disease or as carriers have received adequate follow-up, including
diagnostic confirmation after a positive screen, referral to appropriate clinical care centers and delivery
of best practice treatment and management across the lifespan. State NBS programs must have a
short-term follow-up plan in place to ensure tracking of screen positive newborns for the receipt
of proper referral to appropriate care centers for diagnosis and treatment. Ideally, this short-term
follow-up program should have access to resources that include: (a) GAA sequencing availability or
referral for rapid turnaround DNA sequencing for screen positive infants; (b) the ability to provide
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cascade genetic testing of both family and extended family members; and (c) the ability to carry out
all necessary confirmatory testing. Furthermore, referral sites should be able to appropriately triage
infants found to have incidental findings like other overlapping neuromuscular diseases, such as Limb
Girdle muscular dystrophy. Since it is recommended that CK levels be determined in all infants in
whom 1st and 2nd tier testing is suspicious of PD, there will likely be utility in determining baseline
CK levels from DBS at the time of initial enzyme testing. This would be helpful not only for confirming
the diagnosis and establishing a baseline level prior to starting treatment, but also allowing for early
identification of other neuromuscular disorders if there is persistence of hyperCKemia, despite negative
testing for PD. As with all genetic testing, identifying and implementing appropriate educational
programs is key. Improving health care provider and parental genetic literacy about genetic disorders
is required.

9. Current and Future Utilization of tNGS Testing

PD was added to the U.S. Recommended Universal Screening Panel (RUSP) in 2015. Targeted
NGS could reduce the treatment delay for those identified by PD screening by allowing analysis,
interpretation, and appropriate reporting of healthcare related information in a timely manner. Already
several PHLs in the USA have adopted second tier tNGS in-house or as a service [26,27]. New York
and California PHLs have strong DNA sequencing second tier programs including tNGS for PD
and other NBS disorders. Several other NBS PHLs use ‘send-out second tier tNGS services’ for PD.
Given developments in genome scale technologies, such as WES or whole genome sequencing (WGS),
the utilization of tNGS may be co-opted for needs in second tier testing of PD. Recently, the Utah PHL
has started implementing a second tier exome sequencing protocol for genes associated with newborn
screening abnormalities [28]. Furthermore, tNGS based testing can avoid constraints or complicating
factors associated with biochemical testing, such as the infant’s gestational age at birth, transfusion
status, age at sample collection, need for repeat sampling (rescreens or redraws), and metabolic and
feeding states. The NIH funded NSIGHT consortium (Newborn Sequencing in Genomic Medicine and
Public Health) evaluated newborn diseases using genome scale sequencing in randomized clinical
trials [21,22,29]. This is an exciting time to be at the forefront of applying genomic information to
rapidly identifying and treating genetic disorders such as PD. We envision that population level
screening as first tier WES or WGS, or even first tier small gene panel based tNGS testing, is unlikely to
be the avenue by which PD may be identified in the near term, due to considerations such as cost and
complexity. However, with improvements in technology and a decrease in cost, this may likely be the
NBS of the future.

10. Conclusions

In summary, molecular based NGS testing approaches are suitable for NBS of PD, and may be
used in algorithms that include either a tandem second tier test or in a contingent fashion. The primary
goal of NBS is identifying patients who can be treated to establish significant health gain. Secondary
goals, such as shortening the diagnostic odyssey, identifying carriers and providing information for
reproductive options are of lesser concern. However, as PD is a spectrum disease simply providing
biochemical screen positive information alone delays treatment initiation in those phenotypes with
rapid disease progression, which impacts the ultimate outcome. PD has both pseudodeficiencies as
well as early-onset and late-onset clinical phenotypes, presenting a special challenge to families and
medical follow-up centers. Early genotype information in PD management allows for prompt treatment
initiation and the potential for better clinical outcomes, especially in infantile onset disease [2,3,9,12,13].
Considering the recommended diagnostic algorithm [2,6], of which DNA sequencing is a part, the use
of second tier tNGS sequencing is only logical, irrespective of whether the PHL yet has sequencing
capabilities, since NBS may be the only way to provide molecular genetic information for early
determination and treatment of PD in an equitable manner. Several PHLs including New York and
California have already introduced DNA sequencing in their PD NBS algorithms. While second tier
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biochemial tests are capable of PD identification, second tier tNGS test for PD can provide rapid and
precise information on highly penetrant recurrent pathogenic variants, distinguish pseudodeficiency
alleles with lower biochemical values that are false-positives, provide clues for CRIM status, and
identify variants associated with IOPD or LOPD phenotypes. A combination of early detection, close
monitoring, and early ERT is likely to be beneficial to LOPD patients, but additional data are needed.
Consistent with the original intent of NBS, PD must be considered a time critical condition, for which all
PD NBS results including second tier should be provided as early as possible. Given the ever-increasing
population-based variation outcome data for PD [30], implementation of tNGS second tier testing of
PD from a DBS [16], is both feasible and sufficient in the required time frame for NBS and follow up.
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Abstract: In 2015, Pompe disease became the first lysosomal storage disorder to be recommended
for universal newborn screening by the Secretary of the U.S. Department of Health and Human
Services. Newborn screening for Pompe has been implemented in 20 states and several countries
across the world. The rates of later-onset disease phenotypes for Pompe and pseudodeficiency alleles
are higher than initially anticipated, and these factors must be considered during Pompe disease
newborn screening. This report presents an overview of six years of data from the Missouri State
Public Health Laboratory for Pompe disease newborn screening and follow-up.
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1. Introduction

Pompe disease, also called glycogen storage disease type II, is a rare genetic disorder in which
variants in the glucosidase alpha acid gene (gene abbreviation: GAA) result in low levels of acid
alpha-glucosidase enzyme (enzyme abbreviation: GAA) and consequent accumulation of glycogen in
various tissues of the body [1,2]. The build-up of glycogen damages muscles throughout the body,
most notably the heart and skeletal muscle, and leads to general muscle weakness, breathing problems,
and feeding difficulties. The onset and severity of disease symptoms vary widely based on the precise
GAA variant(s) inherited [3]. The most severe phenotype, the classical infantile form, is clinically
apparent in the first two months of life, causes cardiomyopathy, and is typically fatal in the first year
of life [4]. The nonclassical infantile form of Pompe disease typically presents in the first year of life,
progresses more slowly than the classical infantile onset form, and typically leads to respiratory failure
without cardiomyopathy and death in later childhood. Later-onset forms of Pompe disease, with onset
ranging from infantile to early adulthood, are also possible and progress at a variable rate [3].

Targeted enzyme-replacement therapy (ERT) for Pompe disease can effectively slow disease
progression by providing sufficient enzyme to degrade glycogen [5]. Because ERT has the greatest
benefit if started prior to the onset of symptoms [6] and individuals with Pompe disease are typically
asymptomatic at birth, newborn screening for Pompe disease has been recommended by the Secretary
of the U.S. Department of Health and Human Services [7] to identify children at risk for Pompe disease
as early as possible.

The Missouri State Public Health Laboratory (MSPHL) initiated universal newborn screening for
Pompe disease in January 2013, following guidance set by House Bill 716, the Brady Alan Cunningham
Act [8]. This bill was signed into law in 2009 and mandated the expansion of newborn screening
to include Pompe disease and several other lysosomal storage disorders (LSDs). This manuscript
summarizes how MSPHL has refined its Pompe newborn screening protocols over the first six years in
practice and highlights important findings through the follow-up program.
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2. Materials and Methods

On 16 October 2012, MSPHL received a waiver from the Missouri Department of Health and
Senior Services’ Institutional Review Board, as implementation of LSD screening did not meet the IRB
definition of research. MSPHL utilizes digital microfluidic fluorometry (DMF) (SEEKER; Baebies, Inc.,
Durham, NC) for Pompe disease screening [9–11]. Decreased enzyme activity of acid α-glucosidase
(GAA) indicates an increased risk for Pompe disease. MSPHL initially established cutoffs based on
the enzyme activity of diagnostic samples from patients with Pompe disease, which were provided
by the Missouri genetic referral centers. These samples included newborn and nonnewborn samples
from patients with infantile Pompe as well as later-onset Pompe. As more data was collected from
routine newborn screening for Pompe, cutoffs were refined to better reflect newborn enzyme activity
levels. As depicted in Figure 1, samples with measured enzyme activity above the instrument cutoff are
presumed to be normal and no further testing is performed. For any samples with measured activity
below the instrument cutoff, testing is repeated in duplicate and the average of the three values is
calculated and used to assess risk. If the average value is below the referral cutoff, the baby is referred
to a genetic referral center for evaluation and diagnostic confirmatory testing. If the average value
is below the borderline cutoff but above the referral cutoff, an additional newborn screening sample
is requested to repeat the dried blood spot (DBS) screening test. If the average value is above the
borderline cutoff, the sample is presumed normal.

Figure 1. Representative depiction of the distribution of acid alpha-glucosidase (GAA) enzyme activity
(low to high) in newborns. The small population to the left of the referral cutoff (depicted in red)
indicates the high risk patient population that is referred for confirmatory testing. The large distribution
to the right of the borderline cutoff (depicted in green) indicates the presumed normal population, who
require no further action. As with many other newborn screening assays, there is an area of overlap
between the affected and normal populations (indicated in yellow).

The cutoffs initially established by MSPHL did not account for age of the baby at sample collection,
but after gathering population data over time, it was apparent that GAA enzyme activities decreased
with the age of the newborn at the time of sample collection and that age-related cutoffs should be
utilized. New cutoffs for samples from newborns >14 days of age at collection were implemented in
mid-2013 and further refined as more data were collected and analyzed. MSPHL also discovered that
lysosomal enzyme activities were affected by seasonal variability. Enzyme activities were reduced
during the summer months, causing an increase in false positive referrals. After observing this
trend, MSPHL implemented cutoff adjustments between winter and summer to reduce unnecessary
referrals. Because four lysosomal enzymes are measured simultaneously with the DMF method,
MSPHL leverages all four lysosomal enzyme results to ascertain sample quality. If multiple lysosomal
enzyme activities are below their respective cutoffs, the sample is considered to have compromised
quality and an additional newborn screening sample is requested. Whereas many other screening
programs base GAA cutoffs on the percent of the daily mean or median, MSPHL has found that with
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the relatively small number of births per day in Missouri, fixed cutoffs that can be modified seasonally
are more effective.

Because the need for second-tier testing for some LSDs was unrecognized when MSPHL began
screening and there were no established second-tier testing options available at the time, MSPHL did
not employ second-tier testing for Pompe disease. All presumptive positive screens were referred to a
genetic referral center for diagnostic testing. In Missouri, there are four such centers to accept these
patient referrals, and referrals are made based on predetermined geographic boundaries. The diagnostic
testing performed for a presumptive positive patient is dependent on the referred condition; for Pompe
disease, this testing may include leukocyte GAA enzyme activity, creatine kinase (CK) enzyme activity,
urinary glucotetrasaccharide (HEX4), targeted gene sequencing, and cardiac evaluation. Additional
testing may include quantification of lactic acid dehydrogenase (LDH), CK-MB (an isoenzyme of
creatine kinase that is found mostly in the heart), liver enzymes (AST and ALT), and/or brain natriuretic
peptide (BNP). While confirmatory testing for Pompe disease follows a general protocol, the procedure
for each patient is highly dependent on the specific clinical presentation.

The predicted onset—infantile or late—is made during the time of confirmatory testing based on
biochemical test results, imaging, clinical presentation including presence of cardiomyopathy, and
variant analysis. Table 1 outlines the criteria used by the Missouri follow-up program to determine
disease status. These are the general guidelines; the final classification is made by the follow-up team
based on evaluation of all of the clinical information. Following a confirmation of infantile onset
Pompe disease, treatment with enzyme replacement therapy is typically initiated as quickly as possible;
in patients with a diagnosis of later-onset Pompe, treatment with ERT is typically delayed until the
onset of symptoms or laboratory results consistent with progression of disease are observed.
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3. Results

3.1. Screening Results

In the first six years of LSD screening (January 2013 through December 2018), MSPHL tested
approximately 467,000 newborns, of which 274 screened positive based on decreased GAA activity.
Results of confirmatory testing for these specimens are presented in Table 2.

Table 2. Results of Confirmatory Pompe Testing.

Total Screened ~467,000

Screen Positives 274

Confirmed Disorders 46

Infantile Onset Pompe Disease 10

Later-onset Pompe Disease 36

Genotypes of Unknown Significance 8

Pseudodeficiencies 53

Carriers 65

Normal 97

Lost to Follow-up 5

Positive Predictive Value (PPV) 17.1%

False Positive Rate (FPR) 0.05%

Ten newborns were found to have infantile Pompe disease, and 36 were found to have later-onset
Pompe disease. Eight newborns were found to have genotypes of unknown significance (GUS), and 51
newborns that screened positive were found to have pseudodeficiency variants. The false positive rate
(FPR—0.05%) and the positive predictive value (PPV—17.1%) for the Pompe assay is comparable to
published prospective screening results for GAA without the use of second-tier screening [12] and for
other newborn screening tests in general [13].

Each genetic referral center was contacted to request follow-up information for newborns
diagnosed with Pompe disease or a genotype of unknown significance. For each case, the
referral center was asked to provide variant information and biochemical or other diagnostic test
results. Additionally, referral centers were surveyed with specific questions about the current
developmental status of each patient remaining in active follow-up. This survey collected binary
responses (e.g., improved/unchanged/worsening) for symptoms in the following categories: cardiac,
myopathy/hypotonia, respiratory, feeding, hearing, overall development, and laboratory test results
(normal/abnormal).

Data from confirmatory testing for newborns confirmed with Pompe disease (infantile and
later-onset) as well as newborns with genotypes of unknown significance was compiled (Table 3).

Table 3. Confirmatory Test Results for Patients with Pompe Disease or Genotypes of Unknown
Significance (GUS).

Disease Classification HEX4 (nmol/mol Creatinine) Creatine Kinase (U/L)

n (Data Reported) Median Range n (Data Reported) Median Range

Classical Infantile 7 (7) 22.7 13.4–38.6 7 (7) 662 466–3537

Nonclassical Infantile 3 (3) 5 3.7–25.2 3 (2) 416 398–435

Later-onset 36 (26) 4.65 2.3–12.3 36 (25) 127 50–466

GUS 8 (5) 6.6 2.3–7 8 (7) 87 71–203

Normal Range <20 nmol/mol creatinine <305 U/L
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3.2. Confirmed Positive Pompe Patients

3.2.1. Infantile Onset

Ten newborns were found to have infantile onset Pompe disease, with seven considered “classical”
and three considered “nonclassical”. Classical infantile Pompe is differentiated from nonclassical
infantile Pompe by the presence of hypertrophic cardiomyopathy at birth. Of the classical infantile
onset patients, all seven received testing for urine HEX4 and CK. Six (86%) had elevated HEX4 and
seven (100%) had elevated CK activity. Six cases received a cardiac workup including EKG and
echocardiogram; all six cases (100%) showed evidence of cardiomyopathy. The seventh case that did
not receive a cardiac workup was diagnosed via amniocentesis, and had extremely elevated HEX4
and CK levels. All seven newborns began treatment with enzyme replacement therapy (ERT) at ages
ranging from four days to one month. One of these patients was CRIM-negative and thus underwent
immunosuppressive therapy prior to receiving ERT.

Three newborns were diagnosed with nonclassical infantile onset Pompe disease. Two of the three
newborns were from the same family (separate births); both newborns were compound heterozygotes
for the severe c.525DelT variant and the common later-onset c.-32-13T>G variant. These two newborns
had normal HEX4 levels but mildly elevated CK. While the first newborn’s HEX4 and cardiac workup
were normal, the patient’s liver enzymes (AST and ALT) were abnormal, CK-MB and LDH were
elevated, and the newborn was failing to thrive. This newborn was initiated on enzyme replacement
therapy at 29 days of age. The second newborn also had normal HEX4 but showed mild concentric left
ventricular hypertrophy and elevated LDH. This newborn began treatment with ERT at 1 month of age.
The third newborn with nonclassical infantile onset Pompe disease had significantly elevated HEX4
and CK. This newborn was compound heterozygous for the c.2560C>T variant, which is commonly
associated with classical infantile onset Pompe disease and the c.2236T>C variant, which is a less
common missense variant. This newborn began ERT at 1 month of age.

3.2.2. Later-Onset

Through screening, 36 newborns were identified and subsequently diagnosed with later-onset
Pompe disease. Of these, 35 newborns received tests for HEX4 only (n = 7), CK only (n = 9), or both
(n = 19). All newborns that received testing had normal results for HEX4 and six (21%) had mildly
elevated CK. Ten of the newborns were found to have abnormal results for some combination of liver
enzymes, LDH, CK-MB, and/or BNP.

Sixteen newborns received cardiac testing including a combination of chest x-ray, EKG, and
echocardiogram—of which 15 were within normal limits. The other newborn in this group had an
abnormal ECG with concern for right ventricular or biventricular hypertrophy. This newborn was
compound heterozygous for the c.2560C>T variant and the c.-32-13T>G variant. During follow-up
testing, this newborn exhibited worsening cardiomyopathy and hypotonia as well as abnormal labs;
the newborn began ERT at 13 months of age.

3.2.3. Genotypes of Unknown Significance

Eight newborns were found to have genotypes of unknown significance. All eight received testing
for either HEX4 only (n = 1), CK only (n = 3), or both (n = 4); all results were normal. Additionally,
three of the newborns received an EKG and echocardiogram; these results were also normal. The
genotypes of these eight patients were all different, and four of the eight had at least three detected
variants. Two of these newborns remain in active follow-up and neither has begun to show clinical
manifestations of Pompe disease. For two others, follow-up was deemed unnecessary unless clinical
concerns arose, and the remaining four cases were lost to follow-up.

92



Int. J. Neonatal Screen. 2020, 6, 11

3.2.4. Pseudodeficiencies

Through screening, 53 newborns were found to have GAA pseudodeficiency. Three common
GAA pseudodeficiency variants were represented in the Missouri population: c.1726G>A, c.2065G>A,
and c.271G>A, including the common c.1726G>A/c.2065G>A haplotype. In total, the incidence of
pseudodeficiency homozygotes or compound heterozygotes was 1:8811 (0.01%).

3.2.5. Other Results

Sixty five newborns were found through confirmatory testing to be heterozygous for a pathogenic
variant, likely pathogenic variant, or variant of unknown significance. Additionally, 97 newborns were
classified as normal due to normal confirmatory enzyme activities.

3.3. Current Follow-up Status

Of the 54 newborns identified with infantile onset or later-onset Pompe disease, or a genotype of
unknown significance, 59% (32/54) remain in active follow-up with the genetic referral centers.
This includes 7/10 infantile onset cases, 23/36 later-onset cases, and 2/8 with genotypes of
unknown significance.

All ten patients with infantile onset Pompe disease—seven classical and three
nonclassical—initiated enzyme replacement therapy at ages between four days and one month.
Four of the classical infantile onset cases remain in active follow-up (two of the patients have moved out
of the state and one is deceased). Cardiac symptoms (hypertrophic cardiomyopathy) have improved
in all four active cases (4/4). In three of the cases, myopathy/hypotonia, growth, respiratory symptoms,
hearing, feeding, and overall development have improved or remained unchanged since the initiation
of ERT. In the remaining case, in which the patient has been receiving ERT for approximately 5.5
years, myopathy and hypotonia have worsened, hearing loss has occurred, and overall development
has slowed.

All three of the newborns with nonclassical infantile onset remain in active follow-up. Cardiac
symptoms, hypotonia, respiratory, hearing, feeding, and development status are unchanged in all
three cases. In one case, ERT was discontinued within the first year of life due to infusion-related
reactions. A desensitization protocol was attempted and unsuccessful. This patient is still followed
closely and continues to have normal labs, normal growth, and no pulmonary concerns.

Of the 23 later-onset cases that are still in active follow-up, the status of 20/23 is unchanged
and ERT has not been administered. In one case, cardiac symptoms improved without the aid of
ERT; in another case, both cardiac symptoms and myopathy improved without ERT. In the final case,
hypotonia worsened on follow-up and labs were abnormal, which resulted in the introduction of ERT
at 13 months of age.

4. Discussion

4.1. Screening Results

Through nearly 6 years of prospective testing, Missouri screened approximately 467,000 newborns
for GAA activity; as a result of this screening, 46 newborns were diagnosed with Pompe disease,
including 10 with infantile onset Pompe disease. From the evidence report compiled in 2013 by the
Condition Review Workgroup of the Advisory Committee on Heritable Diseases in Newborn and
Children (ACHDNC), the incidence of Pompe disease in the United States was estimated at 1:28,000,
with approximately 28% of the cases (1:100,000) presenting in the first 12 months of life (infantile
onset) [4]. Missouri’s screening program identified a higher than expected overall rate of Pompe
disease (1:10,152) and infantile Pompe disease (1:46,700), with a slightly lower than expected percentage
of cases diagnosed with infantile onset (22%).

The Missouri newborn screening laboratory overcame several challenges during the first months of
screening for Pompe. As the first U.S. state to screen for Pompe, there was limited data available for the
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laboratory to reference when determining preliminary cutoffs, specifically for demographic variables.
For example, the laboratory implemented age-related cutoffs for GAA activity after approximately
four months of live screening when it was observed that median GAA activity decreases by more than
30% from birth to the 14th day of life. The decrease in median enzyme activity as a function of age at
sample collection is illustrated in Figure 2. After implementation of age-related thresholds, the retest
and false positive rates for the assay both decreased.

 

Figure 2. GAA enzyme activity decreases during the first 30 days of life. GAA enzyme activity data (Y
axis) from this chart includes average screening results from 338,743 full-term newborns (>38 weeks
gestational age) prospectively screened at MSPHL. Age at DBS sample collection (X axis) was rounded
down to the nearest full day.

Similarly, the laboratory began to utilize the activity of all tested lysosomal enzymes as a measure
of sample quality. This was beneficial with leukodepleted samples; since lysosomal enzymes in
blood are predominantly present in white cells, activity of all lysosomal enzymes can be decreased in
leukodepleted samples. Evaluation of all lysosomal enzymes is also useful during periods of high
temperature and humidity. During the summer months, lysosomal enzymes may be denatured during
extended exposure to elevated heat and humidity. Beginning the first summer following the start of
screening, MSPHL has used all lysosomal enzyme activities as an indicator of sample quality and
considers results that were abnormal for multiple lysosomal enzymes to be inconclusive, thereby
requiring only a repeat/second newborn screen. The laboratory also adjusts the cutoffs during the
summer months to account for the decrease in activity.

Comparison of HEX4 and CK, two diagnostic tests that are completed during the Pompe follow-up
protocol, shows a correlation between disease severity and HEX4 and CK levels. The classical infantile
onset patients all displayed elevated HEX4 and CK, while the nonclassical infantile and later-onset
patients had results within the normal limits or mildly elevated results. Although CK activity for the
nonclassical infantile cases was only mildly elevated, these cases were significantly elevated (median =
416) relative to the later-onset group (median = 126).

4.2. Variant Frequencies

4.2.1. Infantile and Later-Onset Variants

Of the 10 newborns diagnosed with infantile onset Pompe through screening, a total of 13 different
variants were identified. Specific variant information is presented in Table 4. The c.525DelT variant
was the most common infantile onset variant in this cohort, as was found in 3/10 cases, including two
newborn family members prospectively identified through screening. The c.1447G>A, c.1802C>T,
c.2560C>T, c.-32-13T>G, and exon 18 deletions were found in two patients each.
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Table 4. Variants Identified in Infantile Pompe Disease Patients through Prospective Screening.

Diagnosis Variants

Classical Infantile c.1548G>A/del exon 18
Classical Infantile c.1447G>A/c.2560C>T
Classical Infantile c.670C>T/c.2481+31Del
Classical Infantile c.525DelT/c.1447G>A
Classical Infantile c.1827C>G/c.2662G>T
Classical Infantile c.1802C>T/c.1802C>T
Classical Infantile c.947A>G/del exon 18

Nonclassical Infantile c.-32-13T>G/c.525DelT
Nonclassical Infantile c.-32-13T>G/c.525DelT
Nonclassical Infantile c.2560C>T/c.2236T>C

Of the later-onset patients, 36 different variants were detected. The most common variant detected
was the c.-32-13T>G variant, which was found in 66.7% (24/36) patients, including 10 homozygotes.
The c.841C>T variant was also found as part of a compound heterozygote in four different patients.

4.2.2. Pseudodeficiency

The frequency of pseudodeficiency variants was also evaluated. Of the 53 cases classified as
pseudodeficiencies, variant information was available for 49 newborns. Of these 49 newborns, 48 (98%)
had the common c.1726G>A/c.2065G>A pseudodeficiency haplotype. Two newborns also possessed
the c.271G>A pseudodeficiency variant; one newborn was homozygous for this allele, and one newborn
possessed this allele as a compound heterozygote with the c.1726G>A/c.2065G>A haplotype. When
evaluating the ethnicities of the pseudodeficiency cases, 43 (88%) of the 49 cases with available variant
information reported the newborn’s ethnicity on the sample collection form as either “Asian”, “Pacific
Islander”, or multiethnic including at least one of those two groups. These pseudodeficiency variants
have previously been reported at high prevalence in the Asian population [14,15], and the results of
screening in Missouri indicate that the vast majority of GAA pseudodeficiency cases are of Asian
ethnicity. Based on the 2010 U.S. Census [16], 2.0% of Missouri’s population is of Asian ethnicity, which
is significantly below the U.S. average of 5.6%; other U.S. states or territories with a higher population
proportion of Asian ethnicity may encounter higher rates of pseudodeficiency.

4.3. Current Follow-up Status

Fifty nine percent of newborns with Pompe disease or genotypes of unknown significance have
maintained active follow-up after the initial diagnosis. All infantile onset patients remain in active
follow-up with the exception of two families that no longer reside in the state; however, the proportion
of later-onset patients and patients with genotypes of unknown significance that maintain active
follow-up is far lower (23 of 36 later-onset, 64%, remain active; 2 of 8, 25%, GUS remain active).

Of the 10 infantile onset cases diagnosed, all 10 started enzyme replacement therapy. Nine of the
infantile cases were CRIM-positive. Eight of ten have improved or unchanged symptoms, with one
case of worsening hypotonia after more than 5 years on ERT, and another discontinuing ERT after
less than one year following development of infusion-related reactions. Both of the newborns with
worsening symptoms or adverse reactions were CRIM-positive. The CRIM-negative newborn has
moved out of state and is no longer in active follow up in Missouri. One of the later-onset cases has
developed symptoms consistent with Pompe disease and has initiated treatment; as this patient was 13
months of age at initiation of treatment, it reinforces that patients with later-onset Pompe disease may
develop symptoms and require intervention with ERT in early childhood.

5. Conclusions

The Missouri newborn screening program continues to operate the longest continuous Pompe
screening program in the United States and has screened approximately 467,000 newborns during its
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first six years of screening. Pompe screening has been very successful as 46 patients (approximately
1:10,000) have been diagnosed with Pompe disease, including 10 children (1:46,700) with infantile
onset disorder. MSPHL also detected several common pseudodeficiency variants through screening,
which caused an increased false positive rate. Implementation of second-tier testing would improve
the FPR and PPV, as these pseudodeficiency variants are prevalent in the state’s population; Missouri is
currently evaluating options to implement second-tier testing for Pompe as well as use of postanalytical
tools. Through analysis of screening results, the laboratory found that GAA activity decreases from
birth to the 14th day of life and requires age-related cutoffs for the most appropriate risk assessment.
MSPHL also found that testing for multiple lysosomal enzymes can aid in the determination of sample
quality, as the lysosomal enzyme activities can be decreased in leukodepleted samples or in samples
that are exposed to elevated heat and humidity.

To date, 11 patients (10 with infantile onset, 1 with later-onset) have begun treatment with enzyme
replacement therapy through the screening and follow-up program. Early initiation of ERT has led to
normal development and cardiac improvement for the majority of the infantile onset Pompe disease
cases, and only one patient has discontinued ERT due to infusion-related reactions. Additionally, the
presence of a patient with diagnosed later-onset disease that has already begun ERT offers a case study
that later-onset disease may still present in infancy or early childhood.
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Abstract: Public health programs in the United States screen more than four million babies each
year for at least 30 genetic disorders. The Health and Human Services (HHS) Advisory Committee
on Heritable Disorders in Newborns and Children (ACHDNC) recommends the disorders for state
newborn screening (NBS) programs to screen. ACHDNC updated the Recommended Uniform
Screening Panel (RUSP) to include Pompe disease in March 2015. To support the expansion of screening
for Pompe disease, the Association of Public Health Laboratories (APHL) proposed the Newborn
Screening Technical assistance and Evaluation Program (NewSTEPs) New Disorders Implementation
Project, funded by the HHS’ Health Resources and Services Administration (HRSA) Maternal and
Child Health Bureau (MCHB). Through this project, APHL provided financial support to 15 state NBS
programs to enable full implementation of screening for Pompe disease. As of 27 April 2020, nine of the
15 programs had fully implemented Pompe disease newborn screening and six programs are currently
pursuing implementation. This article will discuss how states advanced to statewide implementation
of screening for Pompe disease, the challenges associated with implementing screening for this
condition, the lessons learned during the project, and recommendations for implementing screening
for Pompe disease.

Keywords: newborn screening; Pompe disease; new disorders implementation

1. Introduction

Public health programs in the United States screen more than four million babies each year for at
least 30 genetic disorders. Through the newborn screening (NBS) program, states identify newborns
at risk for certain metabolic, endocrine, hemoglobin, neuromuscular, and other inherited conditions.
To guide this process, the Health and Human Services (HHS) Advisory Committee on Heritable
Disorders in Newborns and Children (ACHDNC) recommends the disorders for state NBS programs
to screen [1]. Each disorder is selected through a vigorous evidence review process. Once approved,
these disorders are included on the Recommended Uniform Screening Panel (RUSP).

There are 35 core disorders on the RUSP, as of April 2020 [2]. ACHDNC updated the RUSP to
include Pompe disease in March 2015.

Pompe disease is a multi-systemic lysosomal storage disorder (LSD) caused by a deficiency in the
acid alpha glucosidase (GAA) enzyme. This enzyme helps lysosomes breakdown glycogen, a complex
sugar, in the body. Without this enzyme, glycogen accumulates in the cells, causing them to lose their
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ability to function properly. If left untreated, babies born with the most severe form of Pompe disease
die within their first year of life [3]. In the United States, Pompe disease affects approximately one in
40,000 births. Implementing NBS for Pompe disease allows babies with the disorder to be identified
and linked to care, often before symptoms arise. As of April 2020, 23 states in the US screen for Pompe
disease, nine of which received direct funding and technical assistance from the Association of Public
Health Laboratories (APHL) to implement screening for Pompe disease.

To implement universal screening for Pompe disease, there are many factors for state NBS
programs to consider. This includes determining the cost to screen for the disorder, gaining legislative
and funding approval to screen, securing fee increases if necessary, selecting a technology and
methodology to screen, expanding laboratory space and capacity, acquiring the appropriate equipment,
hiring laboratory and follow-up staff, and developing and implementing education initiatives for the
public and for clinical providers. While these factors are important for the addition of all new disorders
to state screening panels, Pompe disease introduced unique considerations for the newborn screening
system. States screening for this disorder must consider establishing algorithms for the detection of
infantile Pompe disease in distinction from late onset Pompe disease, defining the duration of short
term follow up and late onset Pompe disease and defining the role of NBS in long term follow up
(LTFU) for individuals identified with the disorder.

2. Methods

APHL was awarded a cooperative agreement from the HHS’ Health Resources and Services
Administration (HRSA) Maternal and Child Health Bureau (MCHB) to expand the ability of state
NBS programs to screen for Pompe disease. Through the New Disorders Implementation Project,
the APHL Newborn Screening Technical assistance and Evaluation Program (NewSTEPs) provided
financial support over the course of three years to 15 state NBS programs to enable and accelerate full
implementation of newborn screening for Pompe disease [4].

APHL also selected and funded three additional states to serve as Peer Network Resources Centers
(PNRCs) during the course of the New Disorders Implementation Project. The PNRCs served as content
area experts providing technical assistance and training regarding laboratory techniques, follow-up
procedures, and educational processes related to Pompe disease, as well as for other new disorders
screening as needed. Each state NBS program and PNRC applied to participate in the project through
a competitive request for proposals (RFP) and a subsequent evaluation process. In the RFP, NewSTEPs
proposed a four-phase model to stratify the NBS implementation process, as seen in Figure 1 [5]. In their
RFP response, each state program indicated where they were in the implementation of screening
for Pompe disease, which other new disorders they were seeking support for, what they hoped to
accomplish with this funding opportunity, and how they would use the funding.

The 15 participating state NBS programs provided a combination of monthly and annual progress
reports where they described activities and progress toward full implementation and also participated
in monthly calls with NewSTEPs staff to track and describe their activities and indicate their successes,
challenges, needs, lessons learned, and recommendations.
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Phase 4- Full Implementation Stage

New condition NBS is required and offered to all newborns and the new condition education 
materials are appropriate for all audiences. 

Phase 3- Education/Information Dissemination Stage

Programs that require assistance developing and fully implementing new condition NBS 
education initiatives. 

Phase 2- Logistics/Testing Implementation and Development of Follow-Up Network Stage

Programs that require assistance obtaining equipment and training to perform new condition 
screening. 

Phase 1- Legislative/Mandate Stage
Newborn Screening Programs that require assistance/guidance for adding new conditions to the 

required list in the state, including but not limited to fee increases to support capital and 
ongoing expenditures and legislative mandates. 

Figure 1. Phases of Implementation for New Disorders Newborn Screening.

3. Results

Of the 15 funded state newborn screening programs, nine were also funded to implement screening
for Mucopolysaccharidosis type I (MPS I) and X-linked adrenoleukodystrophy (X-ALD) simultaneously
with Pompe disease and six were funded to implement MPS I simultaneously with Pompe disease.

Additionally, the 15 funded programs set varied project goals and objectives to move them toward
full implementation of screening for Pompe disease during the funding period. A summary of these
goals are found in Table 1.

Table 1. Goals being pursued by the 15 Association of Public Health Laboratories (APHL) funded
states for Pompe disease newborn screening implementation.

Project Goals for Pompe Disease Implementation Number of States (% of Total, n = 15)

Full implementation of population screening 5 (33%)
Implementation of education or follow-up activities 4 (27%)

Validation activities and pilot screening 6 (40%)

3.1. Progress toward Pompe Disease NBS Implementation

Upon initiation of the funded project, two of the 15 state NBS programs were working on Phase 1
(Figure 1) to obtain approval and secure fee increases from their NBS Advisory Committee, Board of
Health Commissioner, and/or State Budget Authority to screen for Pompe disease.

Upon initiation of the funding project, nine state NBS programs reported that they were working
on Phase 2 (Figure 1) toward ensuring infrastructure and staffing readiness for Pompe disease newborn
screening. Activities during this time included identifying screening methodologies, acquiring
equipment, developing algorithms and protocols for screening, determining cut-off values for analysis,
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establishing contracts with medical specialists and treatment centers, developing long-term follow-up
programs, pursuing assay validation, and integrating Pompe disease reporting features into their
Laboratory Information Management Systems (LIMS).

Upon initiation of funding, three state NBS programs reported that they would be working
toward Phase 2 (Figure 1) in securing infrastructure and staffing readiness simultaneously with Phase
3 (Figure 1) in developing educational materials for providers, families, and the general public as well
as implementing educational and outreach activities.

Upon initiation of funding, only one state NBS program reported that they would be engaging in
Phase 1, Phase 2, and Phase 3 (Figure 1) simultaneously.

In their applications, 10 state NBS programs anticipated that they would have implemented
Pompe disease screening at the end of the project period, one program anticipated that they would
have entered Phase 3 (Figure 1), and two programs anticipated that they would have entered Phase 2
(Figure 1) at the conclusion of the funding period.

3.2. How States Advanced to Statewide Implementation of Screening for Pompe Disease

Participating state NBS programs utilized funding from the NewSTEPs New Disorder
Implementation Project to purchase equipment and supplies, develop and translate educational
materials, develop a statewide outreach program, host a community engagement event, hire laboratory
and follow-up personnel, purchase software for sequence analysis, travel to professional meetings or
to PNRCs for training, configure LSDs workflow in Laboratory Information Management Systems
(LIMS), and develop a long-term follow-up program (Table 2).

Table 2. Utilization of funding by states to implement screening for Pompe disease.

Project Expenses Number of States (n = 15)

Equipment and supplies 2
Staffing 1

Educational activities 0
Travel 0

Other expenses 0
Equipment, supplies, and travel 2

Equipment, supplies, and educational activities 1
Staffing, travel, educational activities, and other expenses 2

Equipment, supplies, staffing, educational activities, and other expenses 2
Equipment, supplies, staffing, travel, educational activities, and other expenses 3

Equipment, supplies, travel, educational activities, and other expenses 1
Equipment, supplies, staffing, and other expenses 1

Each program engaged at least one PNRC for technical assistance during the project. The PNRCs
provided states with LSD standard operating procedures and algorithms, sample panels for validation,
technical assistance around LSD test validation, LSD cost data, comparison analysis, second-tier testing
guidance for Pompe disease, DNA sequence analyses for Pompe disease, and Pompe disease related
educational materials for primary care providers and parents. The PNRCs also retested abnormal LSDs
for state programs. One PNRC hosted an annual Tandem Mass Spectrometry, DNA Sequencing, and a
Follow-up hands-on workshop. Another program prepared Pompe disease follow-up flow diagrams.
State NBS programs also visited PNRCs for direct one-on-one-training to learn laboratory and follow
up best practices and to observe processes.

As of 27 April, 2020, nine of the 15 programs that participated in the project had fully
implemented Pompe disease newborn screening, offering the screening universally to all newborns
in the following states: California, Michigan, Minnesota, Nebraska, New Jersey, Ohio, Tennessee,
Virginia, and Washington. The other six programs are currently pursuing screening implementation
for Pompe disease.
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Programs participating in the NewSTEPs New Disorders Implementation project to implement
Pompe Disease Newborn Screening also achieved the following milestones during the course of the
funding period: created and deployed an online education module for providers and parents, educated
500 health care professional across the state regarding Pompe disease, implemented second-tier
testing for Pompe disease, developed a follow-up quality improvement plan, and hosted a successful
deliberative community engagement event.

It is important to note that while the activities for the 15 state newborn screening programs
highlighted here are specific to their pursuit of Pompe disease newborn screening, additional disorders
(MPS I and x-ALD) were also pursued by a number of these programs. There are several aspects of the
newborn screening multiplexing of the screening assay, development of educational materials, and
training of implementation activities described above that are generalizable to these other disorders,
including laboratory and follow-up staff, establishment of reporting algorithms, among others.

4. Challenges

The participating state NBS programs faced several challenges implementing screening for Pompe
disease. As noted above, while many barriers and challenges in implementing newborn screening are
generalizable to multiple disorders, the challenges presented below are articulated by the 15 newborn
screening programs pursuing Pompe disease newborn screening during the course of the NewSTEPs
New Disorders Implementation Project. These challenges are as follows (Table 3):

Table 3. Challenges reported by participating state newborn screening programs when implementing
Pompe Disease Newborn Screening during the course of the NewSTEPs New Disorder
Implementation Project.

Challenge Reason Provided

Hiring
Lengthy in-state human resources approval processes

Lack of qualified applicants to perform enzyme activity detection and/or
genetic testing

Lack of qualified applicants to analyze results and perform risk assessments
for the various stages of Pompe disease onset

Retention of Staff
Availability of more lucrative positions elsewhere

Staff retirements coupled with lack of backfilling these vacancies

Procurement Delays Complicated and time-consuming state procurement processes
Delays by the state procurement office in establishing contracts with

vendors to purchase reagents and lease instrumentation to perform the
assay for Pompe disease

Instrumentation Challenges New instrumentation did not perform as expected

Infrastructure Challenges
Delays in the construction of adequate laboratory space to house

instrumentation required for the addition of Pompe disease newborn
screening

Information Technology

Delays by vendors to complete upgrades to Laboratory Information
Management Systems (LIMS) to accommodate results reporting and

messaging for newly added disorder (Pompe disease) to the workflow
Time and expense involved in gathering system requirements and working
with Information Technology (IT) developers and informatics support to

modify LIMS and vendor specific software

Clinical Follow-up
The pediatric community and other healthcare providers who would be
responsible for caring for babies with an abnormal result have limited

knowledge regarding Pompe disease

5. Lessons Learned

When implementing screening for Pompe disease the participating state newborn screening
programs recommended allowing for sufficient time to accomplish procurement of instrumentation
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required for first tier detection of GAA enzyme activity. Multiple methodologies exist to perform a
Pompe disease newborn screening assay, including the use of digital microfluidics or tandem mass
spectrometry, and programs recommended building in sufficient time to identify the methodology to
use [6]. In addition, delays should be anticipated when performing building and space modifications to
accommodate Pompe disease newborn screening into the existing workflow. In order to address these
delays associated with introducing Pompe disease newborn screening, while maintaining existing
quality practices, adequate staffing should be available.

Before implementing full population screening for Pompe disease, the participating states noted
that NBS programs should determine second-tier needs, address special populations since these infants
can potentially influence the determination of cut-off values for assay analysis and may require repeat
screening, and ensure LIMS integration is complete. The introduction of Pompe disease newborn
screening can increase the workload for all staff involved in the testing and reporting process, therefore
affecting communication with providers.

6. Recommendations

At the end of the NewSTEPs New Disorder Implementation Project, the participating state
NBS programs provided recommendations for implementing newborn screening for Pompe disease.
The recommendations included participating in APHL NewSTEPs committees and in-person meetings
to collaborate and connect with other programs and NBS stakeholders, creating standardized
educational materials and long-term follow-up strategies that can be modified for state-specific use,
and ensuring that all state stakeholders including pediatric subspecialties and parent representatives
are involved in discussing all plans for implementation. Other recommendations include adding
second-tier screening to reduce false positives and monitoring screening outcomes and refining cut-off
reporting algorithms. Prior to implementing second-tier screening or refining cut-offs, states’ programs
screening for Pompe disease using tandem mass spectrometry or digital microfluidics reported higher
than expected false positive and referral rates, increasing the patient load at NBS follow-up coordinating
and genetic centers. Implementing second-tier testing and refining cut-offs reduced false positive and
referral rates. Participating state NBS programs also recommended developing long-term follow-up
guidelines for cases of Late Onset Pompe Disease (LOPD).

7. Conclusions

The ACHDNC updated the RUSP to include Pompe disease in March 2015. To support the
expansion of newborn screening across the United States for Pompe disease, APHL proposed the
NewSTEPs New Disorders Implementation Project, funded by HRSA. Through this project, 15 state
NBS programs received direct funding through a competitive RFP process to implement screening for
Pompe disease and all states had access to technical assistance and training via PNRCs. To provide
further support to state NBS programs with the implementation of Pompe disease, APHL hosted
national meetings to provide a platform for state programs to share their experiences implementing
screening, hosted disease-specific webinars, and convened a NewSTEPs New Disorders Workgroup
to serve as educational experts. As a result of the project, all states had access to information and
resources regarding Pompe disease screening implementation.

To ensure that all states have the capacity to screen for Pompe disease and newborns living with
this disorder are identified and linked to care, APHL will continue to provide support through technical
assistance, training, webinars, quality improvement initiatives, and national meetings.
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Abstract: Pompe disease (GSD II) is an autosomal recessive disorder caused by deficiency of the
lysosomal enzyme acid-α-glucosidase (GAA, EC 3.2.1.20), leading to generalized accumulation of
lysosomal glycogen especially in the heart, skeletal, and smooth muscle, and the nervous system. It
is generally classified based on the age of onset as infantile (IOPD) presenting during the first year
of life, and late onset (LOPD) when it presents afterwards. In our study, a cohort of 13,627 samples
were tested between January 2017 and December 2018 for acid-α-glucosidase (GAA, EC 3.2.1.20)
deficiency either by fluorometry or tandem mass spectrometry (MS). Testing was performed for
patients who displayed conditions of unknown etiology, e.g., CK elevations or cardiomyopathy, in
the case of infantile patients. On average 8% of samples showed activity below the reference range
and were further assessed by another enzyme activity measurement or molecular genetic analysis.
Pre-analytical conditions, like proper drying, greatly affect enzyme activity, and should be assessed
with measurement of reference enzyme(s). In conclusion, at-risk testing can provide a good first step
for the future introduction of newborn screening for Pompe disease. It yields immediate benefits for
the patients regarding the availability and timeliness of the diagnosis. In addition, the laboratory
can introduce the required methodology and gain insights in the evaluation of results in a lower
throughput environment. Finally, awareness of such a rare condition is increased tremendously
among local physicians which can aid in the introduction newborn screening.

Keywords: newborn screening; Pompe disease; dried blood spots; Pompe disease diagnostics testing

1. Introduction

Pompe disease (GSD II) is an autosomal recessive disorder caused by deficiency of the lysosomal
enzyme acid-α-glucosidase (GAA, EC 3.2.1.20), leading to a generalized accumulation of lysosomal
glycogen especially in the heart, skeletal and smooth muscle, and the nervous system. It is generally
classified based on the age of onset as infantile (IOPD) presenting during the first year of life, and late
onset (LOPD) when it presents afterwards [1–3]. IOPD is usually associated with cardiomyopathy and
then referred to as classic Pompe disease [1]. Infants with classic Pompe disease typically present during
the first few weeks of life with hypotonia, progressive weakness, macroglossia, and hepatomegaly. Most
of these infants die by their first birthday [4]. In the rare instances presenting without cardiomyopathy,
it is referred to as non-classic Pompe disease [5–7].

The diagnosis of Pompe disease is usually made based on the typical clinical presentation followed
by the demonstration of deficiency of GAA enzyme activity in muscle, skin fibroblasts or more recently
dried blood spots (DBS) as well as GAA mutation analysis [2,8]. Diagnosis of Pompe disease through
newborn screening (NBS) is also possible [9,10]. Prior to the initiation of enzyme replacement therapy,
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rapid determination of CRIM status [11,12] in patients with infantile onset Pompe disease is extremely
important [13]. Depending on results immune-suppressive therapy may be initiated. Pompe disease
is still considered to be a rare inborn error of metabolism with an estimated frequency of about
1/40,000 and a higher incidence in certain populations such as African Americans (1/14,000), Northern
Europeans of Dutch origin and South East Asians [2]. Early results of newborn screening pilot studies
from Taiwan [14] and the USA [15–17] indicated a higher general incidence, especially of LOPD cases
which may be missed as clinical symptoms are less clear.

GAA catalyzes the hydrolysis of α1→4 glucosidic linkages in glycogen at acid pH [2]. Specificity
for the natural substrate (glycogen) is gained during its maturation. The activity of mature (76/70-kDa)
GAA for its natural (glycogen) substrate is considerably more robust than its activity towards the
artificial substrate (4-methylumbelliferyl-α-d-glucoside; 4-MU), which is frequently used in in-vitro
assays. However, 4-MU is also a substrate for several other enzymes including “leukocyte” neutral
isoenzymes, glucosidase II (GANAB), neutral α-glucosidase C (GANC), and maltase glucoamylase
(MGAM). Therefore, using maltose or, preferably, acarbose as an inhibitor of MGAM activity, allows for
the measurement of GAA activity in DBS samples with minimal interference by other α-glucosidases.
This assay serves as the basis for newborn screening and the non-invasive diagnosis of Pompe
disease [18–20]. As a result, multiplex newborn screening assays for Pompe disease (based on GAA
enzyme activity) and other lysosomal storage disorders using fluorometry, digital microfluidics or
tandem mass spectrometry have been developed [10,21–23]. In addition for qualitative and quantitative
assessments of the disease burden, and clinical measurement of the impact of Pompe disease on
various affected systems, urinary glucose tetrasaccharide (Glc4), a biomarker of glycogen storage
with 94% sensitivity and 84% specificity for Pompe disease, is frequently used in monitoring the
response of patients to enzyme replacement therapy and as an adjunct to acid α-glucosidase activity
measurements [24–26]. However, there is still no reliable biomarker to predict the natural course of
the disease in an individual or the point of time when ERT should be administered for LOPD cases.
This complicates the introduction of newborn screening in many areas. In contrast, diagnostic testing
allows early detection of LOPD cases without ethical problems and may pave the way for a future
introduction of whole population Pompe screening.

In this paper, we present the data from testing over 13,000 individuals suspected having of Pompe
disease collected over a two-year period by two different centers in Europe (Hamburg, Germany and
Vienna, Austria). At-risk testing is the use of the assay to determine whether an individual at increased
risk of having Pompe disease (because they have family history or symptoms remotely associated
with the disease but not pathognomic for the disease such as CK-elevations of unknown origin) has a
deficiency of GAA. Further diagnostic testing will be required for individuals whose test is suggestive
of the condition to confirm true deficiency of enzyme or for example a compromised sample, as sample
quality and shipping conditions can affect the results.

2. Materials and Methods

A DBS kit containing a customized card (Whatman 903) for blood sampling and sampling
instructions, and an envelope was provided to physicians upon request for α-glucosidase testing.
Dried blood specimens were received with brief clinical details and an ICF (informed consent) between
January 2017 through December 2018. DBS protocols used to measure α-glucosidase (EC:3.2.1.20)
enzyme activities are given below.

2.1. Fluorometric Method

The method by Chamoles et al. [18] was slightly modified. A 3 mm DBS was eluted with 360 μL
of demineralized water, then 40 μL aliquots transferred to a 96-well plate. The test was run using the
artificial substrate 4-methylumbelliferyl-α-d-glucoside (1.4 mM, Sigma-Aldrich, Darmstadt, Germany)
in 40 mM sodium acetate (CH3COONa) buffer at pH 3.8 (Merck, Darmstadt, Germany) with and without
the addition of 10 μL of 80 μM acarbose solution (Toronto Research Chemicals, North York, ON, Canada).
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The assay was also performed at pH 7.0 (40 mM CH3COONa buffer adjusted with hydrochloric
acid/sodium hydroxide (HCl/NaOH) to pH 7.0), to assess the quality of the DBS. The α-glucosidase
activity at pH 7.0 is a convenient tool for quality assessment because the same buffers adjusted to pH
7.0 can be used as for the target enzyme at pH 3.8. In addition, the enzyme activity at pH 7.0 is usually
less stable than α-glucosidase activity at pH 3.8 when subjected to detrimental pre-analytical conditions,
thereby being an early marker for specimen quality. All tests were run in duplicate. After incubation
for 21 h at 37 ◦C, the reaction was stopped by the addition of 200 μL EDTA buffer (150 μM, pH 11.5;
Sigma-Aldrich). The 40 μL of DBS eluate that had been stored at 4 ◦C overnight was added to specific
wells that served as blanks. A standard curve of 4-methylumbelliferone (0 to 3 μM (Sigma-Aldrich))
run on each plate was used for the calculation of enzyme activities. The fluorescence was read on a
Victor D instrument (Wallac Oy, Turku, Finland) or a BioTek Synergy H1 (Bad Friedrichshall, Germany).
In addition to enzyme activity, the percent inhibition with acarbose and the ratio of α-glucosidase
activities at pH 3.8 with inhibition to the activity at pH 7.0 were calculated to aid in the interpretation
of results [27]. For samples from patients older than 1 year of age, a truncated assay which relied
only on the measurement of α-glucosidase with acarbose inhibition was used. As a reference enzyme,
β-galactosidase was run on these samples. Specimens from infants and those that showed diminished
α-glucosidase activity in the truncated test, were analyzed using the test with and without acarbose.
The calculation of additional ratios allowed for a better interpretation of results from samples with
borderline values. Individuals from whom specimens with normal results in the truncated assay
were considered not affected by Pompe disease and this assay allowed higher throughput testing and
expedited reporting of results.

2.2. MS Method

The assay was based on previously published methods [9,28]. The samples were processed
using the following steps. The activities of acid β-glucocerebrosidase (ABG; Gaucher disease), acid
sphingomyelinase (ASM; Niemann-Pick A/B disease), α-glucosidase (GAA; Pompe disease) and
α-galactosidase; GLA; Fabry disease) were measured in a multiplex assay. The extract from one 3.2 mm
punch per DBS sample was combined with substrate and internal standard (S&IS) mixtures. Incubation
was performed at 37 ◦C for 20–22 h. The reaction was stopped by adding 100 μL stopping solution
(80% acetonitrile plus 0.2% formic acid in water). Aliquots were transferred to a new deep-well plate,
covered with aluminum foil and centrifuged at 3000× g for 15 min prior to mass spectrometry analysis.
Background activity of a blank blood collection paper spot was subtracted from the DBS activity. Two
QC samples with previously established activity levels for each enzyme and heat inactivated samples
were included in each plate as assay controls.

3. Results

Between January 2017 and December 2018 13,627 specimens were tested for GAA deficiency by
fluorometry or tandem mass spectrometry (MS) using Dried Blood Spots (DBS) (Table 1). Specimens
came from 51 different countries but most were from Germany, Poland, Turkey, Italy and Iran.
Approximately 30% of all samples submitted were from infants. The median age was 17 years and the
range 1–95 years. Specimens from individuals with family history of the condition were excluded.

Table 1. Number of samples tested between January 2017 and December 2018 at the specialized centers
in Hamburg, Germany and Vienna, Austria.

Fluorometry Method MS Method

Number of tests 7340 6287
Normal enzyme activity 6921 5591
Enzyme activity below cut-off (positive) 419 (6%) 696 (11%)
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Most of the tested samples (92%) showed normal enzyme activity. 8% of the samples showed
enzyme activity below the respective cut-off. In most cases with decreased enzyme activity (419 from
the fluorometric method and 696 from the MS method) genetic analysis was performed on the same
bloodspot. 35–40% of the low enzyme samples screened by the MS method were genetically confirmed
with two pathogenic variants, and similar confirmation rates have been obtained for the fluorometric
method. Fluorometry has lower sensitivity in comparison to mass spectrometry [29].

Some positive results were obtained in specimens affected by detrimental pre-analytical conditions
which did not necessarily reduce other enzyme activities. In those instances, a second card was
requested for analysis.

Unfortunately, not all DBS came with a description of clinical symptoms. However, the major
symptoms that were given are summarized in Table 2 grouped by analogous symptoms and sorted
by severity. Cardiomyopathy was present almost exclusively in infant cases while CK-elevations of
unknown origin or limb girdle muscle dystrophy of unknown origin were more prominent among
LOPD cases in the Hamburg cohort.

Table 2. Clinical symptoms provided for samples submitted to the study centers in Hamburg and
Vienna. Not all specimens contained such information.

Clinical Presentation

1 Cardiomyopathy

2 Hypotonia—floppy baby, proximal and progressive muscle weakness, limb girdle muscle weakness,
muscle pain, loss of strength and myalgia

3 Scoliosis myopathy, rigid spine, diffuse myopathy, myopathic syndrome, EMG: myogenic
involvement, motor deficit of the belt

4 Elevated biomarkers—CK, myoglobin, transaminases

Statistical results of the GAA enzyme activity measurement using either fluorimetry or tandem
mass spectrometry are listed in Table 3.

Table 3. Statistical results for both reference methods used in Hamburg (fluorometry) and Vienna (MS).
For the normal values all specimens from individuals considered unaffected by Pompe disease have
been included.

Fluorometry Method
[μmol/punch/h]

Tandem Mass
Spectrometry Method

[μmol/L/h]
with Acarbose

α-Glucosidase
with Acarbose

α-Glucosidase
without Acarbose

Mean 7.43 × 10−8 1.24 × 10−7 9.24
Median 6.57 × 10−8 1.05 × 10−7 8.12
1st Percentile 2.14 × 10−8 5.05 × 10−8 4.69
99th Percentile 2.28 × 10−7 3.75 × 10−7

99.9th Percentile 3.84 × 10−7 5.42 × 10−7

Reference range 4.29–34.29 × 10−8 7.14–47.62 × 10−8

Affected range <0.4 n/a 3.3

The effect of drying conditions on GAA enzyme activity was studied. Duplicate specimens were
collected. One was dried at room temperature overnight (dry) while the other remained in a plastic
wrapping for 2 days to simulate transport without proper drying (wrapped). After this time period the
sample was taken out of the plastic bag and dried overnight. Both were tested using the fluorometric
method with and without addition of acarbose and as at pH 7.0 (reference enzyme). A significant
decrease of enzyme activity (on average 50%) was observed if samples were not dried properly. In two
cases (sample 2 and 3) it led to results that could be interpreted as consistent with Pompe disease or
carrier status, while the interpretation of sample 5 changed from borderline positive into an unsuitable
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specimen. This observation is consistent with previously reported results [30]. Data are summarized
in Table 4.

Table 4. Degradation study of GAA activities for five dried blood specimens that showed different
index activities. Samples were either dried overnight after spotting (dry) or put into sealed plastic bags
immediately, in order to simulate shipping without proper drying (wrapped). After 2 days the samples
were taken out and allowed to dry overnight. Both specimens were tested in the same run in duplicates.
All samples showed a significant decrease in activity when the specimen was not dried before shipping.

α-Glucosidase Activity
[nmol/punch × 21 h]
(Reference Range)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Wrapped Dry Wrapped Dry Wrapped Dry Wrapped Dry Wrapped Dry

pH 3.8
2.07 3.02 0.82 2.06 1.28 3.09 1.92 2.56 0.29 1.6(>1.5)

pH 7.0
5.4 6.47 1.8 4.48 3.33 6.12 4.07 6.04 0.9 5.52(>1.8)

pH 3.8 with acarbose
1 1.72 0.54 1.19 0.72 1.86 1.12 1.35 0.18 0.58(>0.9)

4. Discussion

Newborn screening for Pompe disease can be performed by a variety of methods based on enzyme
activity measurement. NBS provides early identification of both classic severe IOPD and less-severe
LOPD patients. With early detection and ERT, there are benefits for classic severe IOPD patients,
however current therapy has limitations, especially with respect to the neurologic manifestations of
the disease. The combination of early detection, close monitoring, and early ERT may be beneficial to
less-severe LOPD patients as well. However, in some countries and regions the identification of LOPD
presents an ethical problem and whole population screening poses financial constraints on health care
systems. In contrast, at-risk testing as presented here, may be a potential first step. It allows for earlier
identification of IOPD cases and potentially also LOPD when performed with a targeted approach
using nonspecific symptoms loosely associated with Pompe disease, such as CK elevations of unknown
origin. Interestingly, usually mild to moderate CK elevations are observed in patients with Pompe
disease, which do not improve under therapy. In our study we have received specimens from patients
who presented with non-specific symptoms and thus, may have Pompe disease but may have had
another disorder hence GAA measurement aids in the differential diagnosis. Among 13,627 samples
tested, 8% had decreased enzyme activity. We have shown that detrimental pre-analytical conditions
may also affect enzyme activities negatively, so further confirmation is necessary. For that purpose,
another enzyme measurement can be performed, and a molecular genetic assay should also be carried
out. Previously, we have demonstrated that about. 2% of patients tested are eventually confirmed
with Pompe disease which is in agreement with other international studies [31,32]. This demonstrates
the high efficacy of the at-risk testing approach. The time to diagnosis can be significantly shortened,
especially for LOPD patients who present with less specific symptoms. For IOPD patients, testing may
be helpful in regions that are not familiar with the specific symptoms however due to the first clear
symptoms, in particular floppiness, which occurs around 2–3 months of age, an even earlier diagnosis
remains restricted to newborn screening.

Interest in Pompe disease testing within NBS programs has increased substantially in recent
years. Sample quality greatly affects results from Pompe testing and newborn screening in general.
As previously described [30], the combination of humidity and heat has the greatest impact on enzyme
stability. The authors also showed with their shipping study that when properly dried DBS were stored
in either paper envelopes or plastic bags, enzyme activities remained essentially intact for nine days
in the US postal setting [30]. In contrast, insufficient drying combined with shipping of the samples
in sealed (plastic) containers leads to grossly reduced activity, especially of the acid α-glucosidase
and may even result in erroneous interpretation of the results as the activity of the reference enzyme
remains in the normal range.
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For adequate samples, GAA levels in specimens from affected patients are well resolved from those
observed in specimens from healthy subjects using either fluorometry or tandem mass spectrometry
(Table 3). The strength of mass spectrometry lies especially in its ability to measure several enzyme
activities simultaneously. This is beneficial for newborn screening when various different lysosomal
storage disorders are included in a national panel. Furthermore, the different enzyme activities may
aid in the evaluation of sample quality and thus differentiate the cause of low enzyme activity between
deficiency in the individual and deficiency caused by inappropriate storage conditions or transport.
Using the fluorometric method as described the activity of α-glucosidase at pH 7.0 can be measured.
This is usually less stable than the acid α-glucosidase and therefore, is a good indicator of negative
environmental influences. For α-glucosidase tests which only include the activity with inhibition,
β-galactosidase may be an alternative reference enzyme to monitor sample quality. This additional
fluorometric test is fast and inexpensive, however, it must be used with some caution. β-galactosidase
in dried blood may be relatively stable, therefore, a low enzyme activity result for α-glucosidase may
still be caused by pre-analytical conditions rather than an actual disease. This applies to reference
enzymes in general, as different environmental conditions may affect these enzymes to varying degrees.
Thus, despite problematic conditions prior to the arrival of the specimen in the laboratory, the reference
enzyme(s) may still show normal activity levels in the DBS. Therefore, the assessment of another
specimen, either again in DBS or in a different material should always be considered as a second step.
For further confirmation, a molecular genetic assessment is necessary. In case of IOPD, it may replace
the second enzyme assessment or can be carried out in parallel to save valuable time and initiate
therapy more rapidly.

In conclusion, at-risk testing can provide a good first step for the future introduction of Pompe
disease to a newborn screening program as the laboratory can introduce the required methodology
and gain insights in the evaluation of results in a lower throughput environment. It yields immediate
benefits for the patients regarding availability and timeliness of the diagnosis. Finally, awareness of
this rare condition is increased tremendously among local physicians which can aid in the introduction
of Pompe disease into a national newborn screening program.
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Abstract: Pompe disease is an inherited lysosomal storage disorder caused by acid alpha-glucosidase
(GAA) enzyme deficiency, resulting in muscle and neuron intralysosomal glycogen storage.
Clinical symptoms vary from the severe, infantile-onset form with hypertrophic cardiomyopathy,
gross motor delay, and early death from respiratory insufficiency; to a late-onset form with variable
onset of proximal muscle weakness and progressive respiratory insufficiency. Newborn screening
programs have been instituted to presymptomatically identify neonates with infantile-onset Pompe
disease for early initiation of treatment. However, infants with late-onset Pompe disease are also
identified, leaving families and physicians in a state of uncertainty regarding prognosis, necessity, and
timing of treatment initiation. This report presents a 31 5/7 weeks’ gestational age premature infant
flagged positive for Pompe disease with low dried blood spot GAA activity; sequencing identified
biparental c.-32-13T>G/c.29delA GAA variants predicting late-onset Pompe disease. The infant’s
parents’ initial reactions to the positive newborn screen, subsequent experience during confirmatory
testing, and post-confirmation reflections are also reported. While uncertainties regarding natural
history and prognosis of presymptomatically-identified late-onset Pompe disease infants will be
elucidated with additional experience, suggestions for education of first-line providers are provided
to accurately communicate results and compassionately counsel families regarding anxiety-provoking
positive newborn screen results.

Keywords: Pompe disease; late-onset; infantile-onset; newborn screening; presymptomatic;
c.-32-13T>G

1. Introduction

Pompe disease, caused by acid α-glucosidase enzyme deficiency (GAA; EC 3.2.1.20) due to
pathogenic variants in GAA, is characterized by intralysosomal accumulation of glycogen throughout
bodily tissues, most notably within cardiac and skeletal muscle.

Muscle lysosomal glycogen storage results in hypertrophic cardiomyopathy and skeletal muscle
weakness varying in age of onset and severity according to residual GAA enzymatic activity. Skeletal
myopathy is also augmented by spinal cord anterior horn and brain neuronal glycogen storage and
dysfunction [1]. Infantile-onset Pompe disease (IOPD), caused by near-absence of lysosomal GAA
enzyme, typically manifests in the first two months of life with progressive and severe hypertrophic
cardiomyopathy, heart failure, marked hypotonia, respiratory failure; if untreated, death from
cardiopulmonary complications typically occurs within the first 14 months of life [2].

Late-onset Pompe disease (LOPD) patients have pathogenic GAA variants that reduce, but do not
completely abolish, acid α-glucosidase enzyme activity. The residual enzyme attenuates the disease
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course; prior to initiation of newborn screening programs for Pompe disease, LOPD patients were
often diagnosed in adulthood following decades of proximal myopathic symptoms. Without treatment,
LOPD patients experience deterioration of skeletal muscle strength, becoming nonambulatory and
dependent upon artificial ventilation (non-invasive positive airway pressure, or invasive mechanical
ventilation) [3].

Pompe disease patients typically have elevations of serum creatine phosphokinase and
transaminases secondary to myopathic injury. However, these tests are neither sensitive nor specific
for Pompe disease, nor is urinary hexose tetrasaccharide, which is an excreted marker of glycogen
accumulation. A diagnosis of Pompe disease relies upon identification of deficient white blood cell
GAA enzymatic activity and biparentally inherited variants in GAA [4].

Development of intravenous enzyme replacement therapy (ERT) in the form of recombinant
human GAA (rhGAA) enzyme, has radically transformed the natural history of Pompe disease.
The efficacy of rhGAA ERT is well documented for both IOPD and LOPD. IOPD patients’ overall
survival and ventilation-free survival are drastically prolonged; early initiation of rhGAA therapy
is associated with better developmental and survival outcomes [5]. Since immune response and
cross-reactive immunologic material (CRIM) status play a significant role in outcomes, pre-rhGAA
immunomodulation is also indicated to mitigate the neutralizing effect of the anti-rhGAA immune
response [6]. LOPD patients also demonstrate improvement in ambulatory and pulmonary function,
with delayed onset of declines in six-minute walk and pulmonary function testing [7].

Given the significant improvement in survival, hypertrophic cardiomyopathy, and pulmonary
outcomes in infantile-onset patients, Pompe disease was included in newborn screening (NBS) programs
around the world. Taiwan, which has been screening for Pompe disease since 2005 due to a founder
effect for IOPD [8], reported 28 newborns affected with either form of Pompe disease out of 473,738
screened (1 case per 16,919 newborns) [9]. Surprisingly, prevalences from NBS programs without
known Pompe disease founder effects have also been much higher than expected. The Austrian
program identified 4 Pompe disease infants out of 34,736 screened (1 case per 8,684 newborns) [10].
Pilot NBS programs in the United States also identified a high prevalence of Pompe disease; the state
of Missouri identified 8 affected out of 43,701 screened (1 case per 5463 newborns) [11], while the state
of Illinois identified 10 affected out of 219,973 screened (1 case per 21,979 newborns) [12].

Favorable outcomes of NBS-identified IOPD infants in these programs led to the eventual inclusion
of Pompe disease to the United States Health and Human Services “Recommended Uniform Screening
Panel” in 2013, leading to the implementation of universal newborn screening for Pompe disease in
the United States. NBS for Pompe disease began in the state of California in July of 2018.

New challenges emerge with the implementation of every newborn screening program.
Quantification of GAA enzymatic activity in NBS samples cannot distinguish between IOPD and
LOPD patients. Consequently, for each IOPD case identified, there are anywhere from 1 to 4 LOPD
cases identified. If GAA enzymatic activity alone is utilized as the first-tier analyte, heterozygous
and pseudodeficiency-carrying infants are also identified. Though rapid initiation of rhGAA ERT is
clearly beneficial for IOPD babies, the management—including potential decisions regarding ERT—of
NBS-identified, presymptomatic LOPD infants is not clearly defined [13].

Because NBS for Pompe disease was recently introduced in the United States, a clearer
understanding of early childhood LOPD phenotypes and natural history will require more time
for additional cases to be identified and followed longitudinally. Only then can clear guidelines for
clinical follow-up and potential initiation of ERT be issued.

These early uncertainties present difficulties for the clinicians who are the initial evaluators of
NBS-identified LOPD infants, and create anxiety and distress for the infants’ parents. This scenario
is not novel to the practice of newborn screening: Following implementation of universal screening
for phenylketonuria, another inborn error of metabolism for which early institution of treatment
significantly impacts outcome, parents of infants ultimately found to be false positives for the
disorder demonstrated long-lasting anxiety about their baby’s health [14]. In the era of tandem mass

116



Int. J. Neonatal Screen. 2020, 6, 22

spectrometry-based NBS for multiple inborn errors of metabolism, infants with NBS false positives
were hospitalized twice as often as infants with normal NBS [15] due to higher parental stress levels,
dysfunction, and perceptions of fragility. If such a possibility for psychological harm exists for parents
of infants with false positives, it is undoubtedly present for parents of infants with attenuated conditions
for which no clear standard of care yet exists.

The purpose of this report is to highlight one case of LOPD identified through the California
Newborn Screening program. More importantly, this report aims to gain insight into how the infant’s
parents initially responded to the revelation of their child’s condition, and how they processed and
coped with the realization that their child had LOPD. Their goal in sharing their experience and
suggestions, which have been curated, is to help all medical staff involved in the newborn screening
process—not only medical geneticists, but also the primary care pediatricians’ offices and neonatal
intensive care units—better understand the complexities of screening for a heterogeneous disorder and
how to effectively counsel and communicate with families whose infants have been identified by NBS.

2. Case Report

Parents of the proposita have provided consent for publication of clinical data. The proposita is
a second twin, born at 31 5/7 weeks’ gestational age with a birth weight of 1550 g. Her mother was
a 36-year-old gravida 2/para 1-2-0-3 woman whose twin pregnancy was monitored closely due to
anti-protein S antibodies; she experienced prolonged premature rupture of membranes leading to the
proposita’s delivery via repeat Cesarean section. Prenatal screening included normal prenatal nuchal
translucency, first trimester laboratory testing, and monitoring ultrasounds.

Initial Apgar scores were 7 at 1 min and 8 at 5 min. She experienced an uncomplicated neonatal
course; in the perinatal period, she received empiric antibiotics, phototherapy, and was placed on nasal
continuous positive airway pressure. She did not require intubation or supplemental oxygen, and was
hospitalized for a total of four weeks in the neonatal intensive care unit advancing oral feedings.

Her newborn screening was flagged for potential Pompe disease as blood spot GAA enzymatic
activity was low at 2.7 nmol/mg protein/h (reference range 20.9–140.7). Control β-galactosidase
enzyme was within normal range. Blood creatine phosphokinase level was 134 units/liter (reference
range <235 units/liter). While urinary hexose tetrasaccharide (uHex4) and GAA molecular sequencing
were pending, an echocardiogram was performed which documented normal atrial and ventricular
dimensions, normal left ventricular wall thickness without evidence of cardiomyopathy, and a normal
left ventricular ejection fraction of 72.4%.

Initial uHex4 level was elevated at 25.2 mmol/mol creatinine (reference range <17.6 mmol/mol
creatinine); because this was obtained when she was 32 5/7 weeks’ adjusted gestational age, when low
urinary creatinine excretion of a premature infant could interfere with accurate measurement, it was
repeated five weeks later which was normal at 4.1 mmol/mol creatinine. GAA sequencing identified
two pathogenic variants: the paternally inherited “common” late-infantile onset c.-32-13T>G variant,
and the maternally inherited c.29delA (p.His10Profs*33) variant.

Subsequent measurements of creatine phosphokinase continued to be normal at 215 units/L
(23 days of life) and 212 units/L (2.5 months of life). An echocardiogram performed at two months of life
continued to show normal ventricular dimensions and function without left ventricular hypertrophy.
She had retinopathy of prematurity, which subsequently resolved. She also had apnea of prematurity,
for which she was initially placed on caffeine citrate while hospitalized, and subsequently monitored
with an apnea monitor after two episodes of apnea following discharge.

Prior to her first evaluation with the author, she was rehospitalized twice for respiratory issues.
The first, occurring at 6 weeks of age, was due to respiratory distress caused by rhinovirus bronchiolitis,
for which she was placed on nasal continuous positive airway pressure with supplemental oxygen.
The second, occurring at 8 weeks of age, took place because she experienced apnea at home requiring
cardiopulmonary resuscitation. She was hospitalized for intravenous antibiotics for treatment of
presumptive pneumonia and for observation.
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Following her hospitalizations, she experienced good subsequent weight gain without any
feeding difficulties. At approximately four months of age (two months adjusted for prematurity),
her weight was 5.13 kg (50th percentile), length was 54.6 cm (15th percentile), and head circumference
39.5 cm (75th percentile). Examination identified head lag, absence of calf pseudohypertrophy, normal
patellar/biceps/triceps/brachioradialis deep tendon reflexes, and reduced truncal and appendicular
muscle tone.

3. Parental Perspective

We had finally escaped the fluorescent lighting and beeps of the machines in the NICU for a
brief moment to take our older son and my mother out for a well-needed frozen yogurt. The phone
rang—with the number of the hospital on the screen—sending chills down my spine. The doctor
informed us that one of our twins, who were born two months prematurely, had an abnormality on the
newborn screening test. “What disease and what baby?” I asked.

“Pompeii disease in baby B” he seemed to have said. Images of an entire civilization frozen in
molten lava came flooding through my mind. “It’s a metabolic disease. It’s most likely a false positive.
We see this a lot. Once the baby eats and the metabolism stabilizes, the test will most likely be normal.
We will confirm with a genetic test and a few other tests. Just don’t look it up online.” So, of course,
immediately, my husband and I looked it up. Autocorrect changed “Pompeii” to “Pompe.” From the
(now I understand outdated) catastrophic and deadly description of the disease online, I would have
preferred a Roman volcanic eruption.

We would later learn that this description was for IOPD before the current enzyme replacement
therapy treatments, which have dramatically improved the outcome for Pompe disease patients.
We would also later learn that there are at least two very distinct types of Pompe disease, infantile,
and late-onset, and that doctors, researchers, and biotech companies have made tremendous strides
in understanding, treating, and halting the progression of the disease. Some born with IOPD can
walk, dance, sing, and even attend college. Late-onset patients are now identified more quickly
due to newborn screening, and can be treated before muscular deterioration occurs. I have since
met a successful scientist, a neurologist, and the head of a foundation who all have LOPD, and you
would most likely never know they had it. Furthermore, with gene therapy clinical trials already
accepting applicants and gene editing on the horizon, there is even the prospect of the eliminating the
disease entirely.

However, at this point, we were only seeing what was online. “It’s a lysosomal storage disease”,
I said to my mother while driving back in the car. She stopped the car, paralyzed. “That’s what your
brother had. It’s a different gene but the same category of disease.” How could this be? My brother
had died of Batten Disease, and my husband and I underwent extensive genetic counseling to help
insure that none of our children would have a rare genetic disease.

What I found out later about prenatal carrier testing was that I was only tested for the common
variant of Pompe disease (c.-32-13T>G), which I do not carry, but my husband does. I later discovered
that I carry a previously unrecorded, but most likely very severe, mutation that contains a deletion. In our
prenatal counseling, my husband was not tested as a carrier for Pompe disease at all. One counselor
had told me I had the same risk as the general population. Another doctor said it would be unlikely
that I would carry Pompe disease because I was not of Dutch descent.

When we did receive the genetic confirmation that our baby did indeed have the disease,
the genotype–phenotype correlation baffled the NICU doctors and the consulting geneticist. She had
the common variant (predicting late-onset Pompe disease) and this unrecorded severe mutation
(predicting infantile Pompe disease). Whereas classic IOPD, defined by cardiomyopathy as well
as low GAA enzymatic levels in an infant younger than one year of age, is very severe, LOPD can
be potentially mild with a later multi-symptom disease progression. Cardiac involvement is rarely
involved in the c.-32-13T>G mutation [16]. In one study, ERT was initiated early with some LOPD
infants exhibiting very mild early signs of muscle weakness [17].
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However, because one of our child’s confirmatory tests were abnormal with elevated uHex4 levels,
which could indicate glycogen storage, the doctors did not know whether the baby had infantile or
late-onset Pompe disease. Although infantile Pompe disease is sometimes known as “floppy baby
syndrome,” she was not floppy at all but had excellent muscle tone. Her treatment depended upon a
correct diagnosis: infantile-onset Pompe disease needed enzyme replacement therapy treatment right
away, while for late-onset Pompe disease, enzyme replacement therapy was less urgent. The laboratory
performing the uHex4 test informed us that this elevation was due to prematurity; thankfully, in the
next test, the uHex4 levels were normal.

There was quite a learning curve with terms like “uHex4,” “ERT (enzyme replacement therapy)”,
“leaky splice site,” “c.-32-13T>G,” “GAA-levels”, “CK levels,” “exon,” “del (deletion),” and “dup
(duplication)”, but after a few months of research, we found ourselves able to understand much of the
genetic lingo and code. I found it most helpful to start with the articles referencing the specific alleles
(if previously reported), which were cited in the genetic confirmation of the disease. This evolved
to understanding broader issues and concepts in the Pompe community by attending conferences
focusing on Pompe or rare disease and by making contact with leading researchers, doctors, and
biotech companies interested in Pompe as well as parents of kids with Pompe and patients with Pompe.

We also researched observational studies and clinical trials. There are many groups on social
media to connect people as well. In the rare disease community, we discovered, as one patient put it,
“patients and parents are treated as collaborators.” There is so much hope in this field, and no parent
needs to be devastated by the newborn screening results. In fact, we are also filled with gratitude that
this disease was caught early and can be treated and eventually eliminated.

4. Suggestions from Parents, to Medical Staff Counseling or Seeing Families Screening Positive
for Pompe NBS

4.1. Screening and Genetic Counseling

Do not minimize the initial results for the parents by telling them that chances are the test is a false
positive. The follow up testing may in fact demonstrate that the initial result was in fact a true positive.

Do not tell parents that infantile Pompe disease means that the child will die as an infant.
Do not tell parents not to look up the disease online. Instead, give them suggestions of what to

look up and what to ignore.
A person does not have to be Dutch to carry a Pompe disease gene mutation.
A baby that “looks healthy” can still have a genetic disease.
The common c.-32-13T>G variant of Pompe, even when present on one allele with a normal echo,

does not result in IOPD. It predicts later onset Pompe disease.

4.2. Pompe Disease Management and Treatment

Do not early discharge premature infants from the NICU if Pompe disease, or any other serious
metabolic disorder, is suspected. The geneticist should perform a clinical evaluation and examination
of the child. Prematurity should also be closely monitored.

Teach other health care staff about the difference between infantile and late-onset Pompe disease.
Learn about enzyme replacement therapy and inform the parents about it.
IOPD babies must be treated with enzyme replacement therapy as soon as possible once CRIM

status has been confirmed and immunomodulation potentially initiated [6].
Give a referral to a dietician versed in Pompe disease. Diets should be high in protein but low in

simple carbohydrates [18].
Give a referral to physical therapy if possible and if necessary. We have found that physical

therapy can help build up muscle strength even without ERT yet.
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4.3. Family Advocacy

Tell the parents about all the incredible resources there are for Pompe patients, which will inform
parents of gene therapy studies, observational newborn studies, clinical trials, next generation ERT
therapies, pharmacological chaperones and put them in touch with the Pompe community.

Tell parents to research and contact the leading Pompe doctors, researchers, and biotech companies
in the country.

Inform the parents about registries.
Tell the parents to have hope! Pompe disease has been thoroughly researched. It is precisely

because there is treatment that it is on the NBS, and the one word that continuously circulates in
discussions of upcoming and eventual gene therapies for Pompe disease is “cure.”

5. Discussion

This report highlights a case of a neonate in the State of California screening positive for Pompe
disease. Reported herein are findings of clinical, biochemical, and molecular confirmatory testing that
ultimately identified a diagnosis of late-onset Pompe disease. Additionally reported are the reactions
and emotional journey taken by the infant’s parents from initial notification, to definitive diagnosis,
and subsequent follow-up.

The child’s neonatal course was complicated by prematurity, not only due to premature
physiology resulting in increased excretion of urinary hexose tetrasaccharide, but also due to
apnea of prematurity episodes/intercurrent illness in which she required supplemental oxygen
or cardiopulmonary resuscitation. She has hypotonia on physical examination, and it is too early to
tell if the hypotonia is a result of her prematurity, potential neurologic sequelae from hypoxia, or due
to early symptoms of LOPD.

Review of clinically-diagnosed (not NBS-identified) Pompe disease patients indicates that patients
with the common c.-32-13T>G intronic splice site GAA variant uniformly develop LOPD are very
rarely develop childhood-onset cardiac disease [16]. While most of these patients develop myopathic
symptoms and are at risk of dysrhythmias and left ventricular hypertrophy in adulthood, a small
subset may manifest gross motor delay and proximal muscle weakness during their first years of life.
A retrospective review of 84 symptomatically-identified LOPD patients with at least one c.-32-13T>G
variant identified four patients presenting with symptoms prior to 20 months of age; of these patients,
three had elevated creatine phosphokinase and two had elevated uHex4 levels [19]. An examination of
7 NBS-identified LOPD patients with the c.-32-13T>G variant demonstrated that while all infants had
some degree of muscle weakness, the four patients with the most notable weakness had elevations in
creatine phosphokinase. All NBS-identified infants had normal uHex4 levels [17].

For the infant in this report, physical therapy was recommended due to her hypotonia, prematurity,
apnea of prematurity, and LOPD diagnosis. Quarterly monitoring for signs and symptoms of spinal
and pelvic girdle muscle weakness, calf pseudohypertrophy, as well as laboratory quantification
of transaminases, creatine phosphokinase, and uHex4 was instituted. Given the difficulties of
secure intravenous access, potential for infusion-associated reactions, and absence of creatine
phosphokinase/uHex4 elevation at assessment, ERT was deferred. The infant is now considered
a “patient-in-waiting”, with her parents and her metabolic physician placing her under surveillance
for development of symptoms, “living between health and disease” and unable to determine when
treatment should be instituted [20].

Pompe disease was added to newborn screening panels in order to rapidly identify and initiate
treatment for neonates with the severe, infantile-onset form of the disease. Cardiac, motor, and overall
survival outcomes in early-treated IOPD babies is superior to outcomes in IOPD babies initiated with
ERT after symptomatic presentation [13]. However, since NBS identifies neonates with LOPD as well
as those bearing pseudodeficiency variants and GAA variant heterozygotes, the implementation of
NBS for Pompe disease has created considerable uncertainty. First, for parents of NBS-flagged infants,
who must wait for results of confirmatory testing and undoubtedly experience some degree of anxiety
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after reading about the morbidity and mortality associated with Pompe disease; second, for medical
providers—especially primary care practitioners and non-physician staff—who are often tasked with
notifying parents about NBS results, but may feel their knowledge about Pompe disease is inadequate
and subsequently either minimize the significance of the NBS or transmit their apprehension to the
parents. Finally, after confirmation of LOPD, uncertainty exists for parents and specialty caregivers
as there is currently no established management guideline for presymptomatically-identified LOPD
infants. Our family’s experience mirrors closely those of other families receiving Pompe disease
NBS results [21]. As additional LOPD cases are identified and followed longitudinally with existing
NBS-identified LOPD cases, a clearer natural history, prognosis, and recommendations for timing
of treatment initiation will arise. Increased knowledge will help allay some of the anxieties and
uncertainties faced by families of NBS-identified LOPD babies.

It is our parents’ hope that their suggestions, which we are in agreement with, and the experience
of other families will enhance health care practitioners’ abilities to accurately communicate results and
compassionately counsel families regarding anxiety-provoking positive newborn screen results.
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Abstract: Pompe disease (PD) is a rare, autosomal-recessively inherited deficiency in the enzyme
acid α-glucosidase. It is a spectrum disorder; age at symptom onset and rate of deterioration can
vary considerably. In affected infants prognosis is poor, such that without treatment most infants
die within the first year of life. To lose a baby in their first year of life to a rare disease causes
much regret, guilt, and loneliness to parents, family, and friends. To lose a baby needlessly when
there is an effective treatment amplifies this sadness. With so little experience of rare disease in the
community, once a baby transfers to their home they are subject to a very uncertain and unyielding
diagnostic journey while their symptomology progresses and their health deteriorates. With a rare
disease like PD, the best opportunity to diagnose a baby is at birth. PD is not yet included in the
current newborn screening (NBS) panel in Australia. Should it be? In late 2018 the Australian Pompe
Association applied to the Australian Standing committee on Newborn Screening to have PD included.
The application was not upheld. Here we provide an overview of the rationale for NBS, drawing on
the scientific literature and perspectives from The Australian Pompe Association, its patients and
their families. In doing so, we hope to bring a new voice to this very important debate.

Keywords: Pompe disease; newborn screening; diagnosis; infantile onset Pompe disease; late onset
Pompe disease; patient perspective

1. Introduction

Pompe disease (PD), also known as glycogen storage disease II or acid maltase deficiency, is a
rare, progressively debilitating lysosomal storage disorder. It is named after Joannes Cassianus Pompe,
who first described a case of idiopathic hypertrophy of the heart in a 7-month old infant in the
Netherlands in 1932, noting massive vacuolar glycogen accumulation not only in the heart but in all
tissues examined [1].

Affected patients have an autosomal-recessively inherited deficiency in the enzyme acid
α-glucosidase (GAA, also called acid maltase). This deficiency leads to accumulation of glycogen in
multiple tissues, especially in the skeletal muscles, heart, and liver [2]. These glycogen deposits disrupt
muscle cell architecture and function, causing progressive motor, respiratory, and cardiac dysfunction.
While both genders are equally affected, PD is a spectrum disorder in which the age at symptom onset
and rate of deterioration can vary considerably.
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The clinical impact of PD is determined primarily by the amount of residual GAA enzyme activity.
Enzyme activity is absent or minimal (<3%) in infantile-onset disease (IOPD), but may be reduced to
varying degrees (3%–30%) in those with juvenile-onset (JOPD) or late-onset disease (LOPD) [3]. A lower
residual enzyme activity level is associated with earlier onset, more severe disease, faster progression,
worse prognosis and a shorter survival time [4]. In IOPD clinical symptoms typically become apparent
within the first few months of life; prognosis is poor such that without treatment most infants die
within the first year of life [5].

The rarity of PD combined with a variety of overlapping clinical signs and symptoms hamper
its diagnosis and the initiation of therapy [6–8]. Such delays have a significant negative impact on
patients and their families. Recent research has shown that newborn screening (NBS) appears to be
better at identifying PD cases than does clinical examination, especially for classical IOPD [9]. Is NBS
the ultimate strategy to reduce diagnostic delays in PD? Here we provide an overview of the rationale
for NBS, drawing on the scientific literature and including perspectives from patients and their families.
In doing so, we hope to bring a new voice to this very important debate.

2. Diagnostic Delay

Diagnostic delay is common in PD, and it exists across the disease spectrum [8]. Data from
the Pompe Registry has found the diagnostic gap to be shortest (average 1.4 months; range:
0.0–13.9 months) in patients with classic IOPD and longest in patients with JOPD (average 12.6 years;
range: 0.0–60.0 years). Delays are also significant for LOPD (average 6.0 years; range: 0.0–49.8 years) [8].
Within Australia, IOPD diagnosis can occur within a few months of initial symptom onset, but diagnostic
delays of up to 7 months have been reported in the literature [10].

The impact of this delay is such that for many patients, health and functional status is often
already severely impaired at the time of their diagnosis. Analysis of data from 53 patients (age range
0–64 years) has shown that at the time of diagnosis [11]:

• Classic IOPD patients—cardiac function, hearing, muscle strength and motor development were
all impaired, one in three (36%) required supplemental oxygen and two in three (64%) required
nasogastric tube feeding;

• LOPD patients—advanced muscle weakness and impaired respiratory function were present,
causing varying degrees of handicap, and respiratory support (14% of adults) and use of a
wheelchair (7% of adults) were required.

2.1. Barriers to Timely Diagnosis—Australian Perspectives

Although not specific to PD, prompt diagnosis of rare diseases can have many important positive
ramifications. Prompt diagnosis facilitates access to appropriate treatment, it can help parents to better
understand their child’s condition and explain it to others, it may reduce the burden of blame parents
feel and it may alleviate some of the stress of the unknown [12].

Australian research (Table 1) has highlighted a lack of screening tests and limited knowledge
amongst healthcare professionals as key barriers to diagnostic delays in rare diseases, with the authors
calling for more educational support and wider access to a multi-disciplinary team approach to patient
care [13]. Australian pediatric research has shown that more than half of the children with a rare
disease were not diagnosed until after referral to a clinical specialist in a large metropolitan pediatric
hospital [12], confounding the diagnostic delay.
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Table 1. Australian survey data: Diagnostic delays are common in rare diseases.

Age Group Results Reference

Adults Time to diagnosis:

• 1 year in 51.2% of cases
• ≥5 years in 30.0% of cases

Number of doctors seen to get confirmed diagnosis:

• 1–2 in 33.7% of cases
• 3–5 in 37.4% of cases
• ≥6 in 28.8% of cases

Number with at least one incorrect diagnosis:

• 45.9% of cases

Molster, 2016 [13]

Children Time to diagnosis:

• 1 year in 59.8% of cases
• ≥3 years in 8.0% of cases

Number of doctors seen to get confirmed diagnosis:

• 1–2 in 12.5% of cases
• 3–5 in 41.8% of cases
• ≥6 in 27.7% of cases

Number with at least one incorrect diagnosis:

• 27.3% of cases

Zurynski, 2017 [12]

Key Considerations:

• Receiving a diagnosis of a rare disease is a life-changing event; delays in receiving a
diagnosis are associated with anxiety, stress, symptomatic worsening, inappropriate use of
resources and lack of access to appropriate support and care;

• Health professional education is needed to increase awareness of rare diseases and
improve the diagnostic process;

• Resources, including access to multi-disciplinary care teams, are needed to support the
requirements of people newly diagnosed with rare diseases.

Specialist referral is reported as a pivotal step in obtaining a clinical diagnosis of rare diseases in
Australia [12]. In accordance with this, a recent European survey exploring diagnostic odyssey in PD
found that circuitous involvement of several healthcare professionals increased the diagnostic delay of
IOPD by 200% compared to direct referral to a specialist center [14].

Australians living in rural and remote areas have additional diagnostic barriers, confounded by
lack of proximity and timely access to such specialist healthcare providers. In such cases, the typical
care pathway involves multiple steps—initial parental recognition that something is not right with
their baby, general practitioner (GP) acknowledgement, and referral to a pediatrician—before the child
can be seen in a specialist center. This stepwise approach can take a minimum of 3 months and can
place a significant financial and psychosocial burden on the family. Some babies survive the time it
takes to confirm a diagnosis, but many do not.

2.2. Diagnostic Delays—Australian IOPD Experiences

In the case of PD, the presenting symptoms are diverse and not likely to be suggestive of this
diagnosis unless another family member or relative has already been diagnosed [15]. A high index of
clinical suspicion is needed to ensure that patients are appropriately examined and tested. A doctor
with intimate experience in the diagnosis or management of PD may be more likely to recognize
symptoms in an undiagnosed patient; unfortunately very few doctors will have seen a PD patient
in Australia. Testing for PD is a relatively simple procedure that can be undertaken in a few days.

125



Int. J. Neonatal Screen. 2020, 6, 1

Clinician awareness of, and increased vigilance for, the early symptoms of PD are therefore also
important contributory factors to timely diagnosis [10].

A particular case in point is that of NP (Figure 1). NP was born 4–6 weeks prematurely; whilst he
developed normally at first, early symptomology became apparent within the first few months of his
life. Hypotonia, dysphagia, and developmental delays resulted in the family GP diagnosing failure to
thrive at age 2 months and NP was placed on a wait-list for pediatrician referral. At age 6 months, not
having seen the pediatrician, NP contracted a viral infection. He was hospitalized initially in a regional
hospital 58 km from home and transferred 2 days later to the main tertiary hospital, 168 km away.
Upon being admitted to the tertiary hospital blood samples were taken and sent interstate (to South
Australia) and overseas (to the USA) for analysis. Ten days later the results were returned and NP was
formally diagnosed with IOPD. The extent of physical damage sustained to his body during the time
to diagnosis was such that NP was unable to survive, passing away aged 32 months.

 

“With the logistical issues from living in a rural area, despite a 
known family history of PD, it still took more than 7 months to get a 
diagnosis of IOPD. He never regained movement in his legs and did 
not fully recover from the viral infection. He always had breathing 
difficulties and respiratory infections. The heartbreak at the loss of 
such a young life after undergoing months of uncertainty is difficult 
to comprehend, particularly given that earlier diagnosis would have 
enabled him to have access to treatment and potentially provided a 
better long-term outlook.” 

NP diagnosed at age 7 months. 

 

“She had been a more sleepy baby than our first and we put it down to 
jaundice but then she was slow to put on weight and fell behind in 
some key markers at maternal health appointments. The maternal 
health nurse noticed her shallow breathing at around 9 weeks; I took 
her hospital they put it down to suspected bronchiolitis and we stayed 
the night for monitoring. At the next weeks’ appointment, the 
pediatrician picked up that the hospital chest X-ray showed her heart 
was enlarged. We then saw a pediatric cardiologist who diagnosed her 
with hypertrophic cardiomyopathy and the concern was to why at a 
young age she has this and the reasons being life threatening. We then 
sought further advice from the hospital team and they ran a series of 
tests after she was admitted at around 12 weeks of age and she never 
left. We anxiously waited for test results, which validated one of the 
worst outcomes of Infantile Pompe. It all happened so quickly and she 
passed away at 14 weeks old, just 99 days. We had never heard of this 
disease and have no family history on either side of the condition.” 

LC diagnosed at age 12 weeks. 

Figure 1. Parents’ perspectives on Australian infantile-onset disease (IOPD) diagnostic experiences.
In lieu of patient informed consent, photographs and comments have been provided by, and reproduced
with permission from, the parents of these two children both of whom were deceased at the time the
paper was written.

In the last 5 years, the Australian Pompe Association is aware of at least four infants passing
away in their first few months of life. These include a baby girl (LC, Figure 1), who was diagnosed at
age 12 weeks and three baby boys the youngest of whom died at age 15 weeks. A further two young
children, one of whom was diagnosed at age 3 months and died at 19 months and the other who was
diagnosed at 9 months and died at 24 months, both had commenced enzyme replacement therapy
(ERT) but experienced substantial immune responses [10].
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3. What Do We Know about NBS for PD?

The overarching aim of any NBS program is to improve early identification of patients with
treatable genetic metabolic disorders diseases in order to confirm diagnosis and initiate management
to improve overall health outcomes [16]. Since the initiation of NBS for phenylketonuria, the criteria
published by Wilson and Junger in 1968 have provided guiding principles to determine which
conditions should be added to the panel [17]. These criteria include availability of a suitable screening
test, an effective treatment, an early onset form of the disease that would be debilitating if not treated
soon after birth, and consideration of overall cost-effectiveness [18].

Population NBS for PD was first implemented in Taiwan in 2005. A decade later, in 2015, it was
added to the USA Department of Health and Human Services-endorsed Recommended Uniform
Screening Panel (RUSP) [19]. As of November 2019, implementation has occurred in 23 states and
a further 9 states are actively pursuing implementation or conducted pilot studies [20]. Including
Taiwan, an estimated 239,333,512 people benefit from the protection of NBS for PD. Pilot NBS studies
have also been conducted in Austria, Italy, Hungary, and Japan [21]. Whilst establishment of these
programs is challenging and controversial, key driving factors include [19]:

• The development of promising new treatment options;
• Advances in screening technology;
• Advocacy by special interest groups.

3.1. Benefits of NBS for PD

3.1.1. Reduced Diagnostic Odyssey in IOPD

The primary benefit of NBS for PD is the potential to identify patients before symptoms arise,
enabling timely initiation of therapy before irreversible damage occurs. Babies with IOPD identified
via NBS would be eligible to receive treatment at around 22 days of life, compared to 4 or 5 months of
age when relying on symptom-based referral and subsequent diagnosis [8].

Research based on using different decision-analytic models has demonstrated NBS to be superior
to clinical examination in identifying IOPD cases, with a significant, positive impact on projected
health outcomes [9]. Identifying 40 cases of IOPD via NBS would avert 13 (range 8–19) deaths and 26
(range 20–28) cases of ventilator dependence amongst babies surviving to 36 months of age, assuming
all children were treated with ERT. The authors compared their analysis to available real-world data
from infants who had undergone NBS for PD in the USA pilot studies at that time, noting that this
data supported their models and indicated that the number of cases likely to be detected would be at
the upper range of these predictions [9].

3.1.2. Greater Knowledge of Reproductive Risk

At present PD is carried undetected in the community. While patients who have a family history
of PD are cognizant of its impact, for many patients there is no such history and a diagnosis of PD
can devastate these unexpecting families. NBS provides secondary benefits that positively impact
these families, and the wider community, by creating an opportunity to inform about reproductive
risks [22]. Early diagnosis of LOPD enables these patients to make better-informed choices regarding
future family planning. In addition, a positive NBS screen can be the stepping-stone to identifying
reproductive risks in the parents before the birth of a second child. NBS will provide recourse to advice
and options, and with knowledge comes informed choices.

Clear frameworks would need to be established to ensure patients and their families are closely
followed-up and provided with access to genetic counseling. Equipping key healthcare providers,
such as the GP, with information about carrier results and their reproductive implications may help to
facilitate parents’ understanding of their child’s NBS results.
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3.1.3. Improved Understanding of the True Prevalence of PD

PD has been thought of as a rare genetic metabolic disease; estimates vary but the literature
generally states an incidence of approximately 1 in 40,000 births, of which one-third are infants with
IOPD. The Australian Pompe Association membership register does not reflect these IOPD numbers.
The youngest treated child currently listed in the Australian Pompe Association membership register
is 5 years old; the group is aware of a younger child, aged 4 years, who is diagnosed but not a currently
registered member of the Association.

Published Australian data from the mid-1990s estimated an incidence of 1 in 201,000, a prevalence
of 1 in 146,000 and a carrier frequency of 1 in 191,000 [23]. No breakdown on the type of PD was
provided. As part of reforms into the Government-funded Life Saving Drug Program, a protocol has
been established to review the prevalence of PD in Australia based on literature and other published
data sources [24]. Data from this review are not yet available, but it is recognized that it will be limited
by the availability and incompleteness of identified datasets.

NBS for PD provides a means to help better quantify the true prevalence of this disease. The number
of PD cases identified in NBS programs are summarized in Table 2 [21]. These data demonstrate that
NBS is finding up to twice the number of cases than were previously thought to exist, underscoring
the immense difficulty in diagnosing this condition based on clinical symptomology alone.

Table 2. Results from newborn screening (NBS) programs for Pompe disease (PD). Adapted from
Bodamer 2017 [21].

Country and Region Sample Size Total Cases of IOPD Total Cases of LOPD Prevalence

Taiwan 473,738 9 19 1/16,919
Austria * 34,736 0 4 1/8684

Italy * 3403 0 0 -
Hungary * 40,024 7 2 1/4400

USA (State):
Illinois * 166,463 2 9 1/15,133
Missouri 269,500 4 20 1/11,229

Washington * 154,544 0 5 1/31,000
New York 390,000 1 30 1/165,000

* Pilot studies.

It is possible that in Australia alone up to two or more babies may die every year without
ever having been diagnosed with their underlying IOPD; with these deaths being registered instead
as cardiomyopathy or other symptoms of unknown cause. Importantly, the diverse origins of the
Australian population may alter the prevalence of PD in the community, but a true understanding
of this will not be known without including PD in the national NBS program or, at the very least,
investing in a pilot NBS study.

3.2. What Have We Learnt from Current PD NBS Programs?

NBS for PD was first piloted in Taiwan in 2005 and introduced into the Taiwan NBS panel in
2007 [25]. Modification of methodology and systems over time has resulted in a substantial shortening
of time to first diagnosis from 19 to 9 days and the time to first treatment initiation from 26 days to
1 day after IOPD confirmation.

Many factors can influence an individual’s response to treatment with ERT, including their age
and the extent of preexisting pathology [26]. Experience in Taiwan shows that the sooner ERT is
commenced, the better the results are [27]. Commencing ERT even a few days earlier can lead to better
patient outcomes [28]. For example, 100% of the patients identified through NBS in Taiwan who were
initiated on ERT at 6–34 days, and treated for a median of 63 months, remained ventilator-free and
have been able to meet age-specific developmental milestones, such as normal independent walking
age [29]. By comparison, studies assessing the long-term outcomes of IOPD patients in countries that
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do not have NBS (including the UK, Germany, the Netherlands, and Italy) report that a substantial
number (27%–40%) of children pass away within the first years of life despite ERT [30].

The Taiwanese experience demonstrates that earlier intervention with ERT in IOPD cases can have
a positive impact by reducing the future burden of this disease. Moreover, the Erasmus university PD
variant database (http://www.pompevariantdatabase.nl/pompe_mutations_list.php?orderby=aMut_
ID1) provides data linking the progression and outcomes of over 860 patients with their genetic errors.
If genetic sequencing is included as part of NBS confirmatory protocols, this information provides an
opportunity to better understand the mutation and to more clearly predict the outcome for the patient.

On this basis, we are of the opinion that the costs of early identification via NBS and early
initiation of ERT treatment could be offset by the potential for improved patient quality of life, reduced
disease-related disability (such as reduced need for ventilatory support) and reduced associated
costs. However, we are unable to support this with hard data at present. Importantly, we remain
cognizant that that the current treatment for PD is a first generation product. With considerable research
underway for second generation ERT and the potential of gene therapy, the current challenge is to keep
Pompe babies as well as possible with the technology available today until a cure is available tomorrow.

3.3. Impact on Immunomodulation Protocols

The development of high and sustained antibody titers (HSAT) is most often associated with
IOPD patients who are cross-reactive immunological material negative (CRIM-negative) leading
to the recommendation that these patients receive prophylactic immunomodulatory therapy [31].
Whilst ERT has improved clinical outcomes for many patients with PD, there is a risk of developing
anti-drug antibodies. HSAT can be associated with worse clinical outcomes. Prophylactic and
therapeutic immunomodulation reduce antibody levels, but questions remain as to optimal timing and
protocols [32]. HSAT has also been observed in some CRIM-positive patients, raising questions as to
how to determine which of these patients should also receive prophylactic immunomodulation [26].

Initiating ERT within the first month of life has not been shown to prevent HSAT [26]. However,
experience from Japan, not undertaken in the context of a NBS setting, suggests that early initiation of
ERT in the pre-symptomatic period may prevent the progression of IOPD and reduce the likelihood of
anti-drug antibody production [33]. These authors suggested that starting ERT before the immune
system had matured might have enabled natural immune tolerance. Further research is clearly
needed in this area, but this finding opens up possibilities of additional benefits for NBS beyond
diagnosis and treatment initiation, because earlier treatment may modify the need for and extent of
immunomodulatory approaches.

3.4. Weighing Prognostic Uncertainty against Informed Decision Making

3.4.1. False Positives

Identification of false positive and subsequent prognostic uncertainty is always going to be a core
consideration with any NBS program. The extensive Taiwanese experience reports a false positive
rate of 0.02% in IOPD targets and 0.01% in IOPD/LOPD targets. Similarly low false positive rates of
0.04% (38.3 per 100,000) and 0.05% (53.2 per 100,000) have been reported from pilot NBS programs in
Missouri and Illinois [17] and in a Japanese feasibility study (false positives 0.3%, 2/530) [34].

The literature demonstrates that while prognostic uncertainty does cause heightened anxiety
amongst parents in the short-term, there are no documented long-term harms [35]. Options are available
to mitigate the issues surrounding identification of false-positives. For example, integrating tandem
mass spectrometry with multivariate pattern recognition software to determine which patients warrant
second-tier confirmatory testing has been evaluated in the USA with good results, significantly reducing
the false-positive rate [36]. The investigators involved in the New York State pilot NBS program
suggest the use of second-tier molecular analysis to reduce the burden of referral in screen-positive
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infants [37]. With their long history of experience in NBS for PD, Taiwanese experts also suggest a
second-tier test to reduce the rate of false-positives and facilitate referral of true positives [38].

3.4.2. Early Identification of LOPD

Given that PD is a spectrum disorder, NBS also has the potential for identifying babies with
LOPD, noting that their clinical symptomology would not manifest until later in life. Current estimates
of the Australian Pompe Association would suggest that if Australia first-tier testing of dry blood
spot samples were to take place, for every IOPD case identified there would also be 6 LOPD cases
identified. This brings with it several ethical questions surrounding when to start treatment and the
burden placed on the patient and their family in terms of waiting for symptoms to appear [39,40].

In the Taiwanese NBS program, 473,738 newborns were screened and 19 LOPD cases had been
identified by 2011; 6 (32%) of these patients had commenced ERT between the ages of 1.5–36 months [25].
All 6 patients showed abnormalities with glycogen storage prior to commencing treatment; currently,
aged 8–13 years, they have met normal developmental milestones. The remaining 13 patients have
not been treated and continue to develop normally, likely representing a milder phenotype [25].
This experience suggests that close monitoring of symptoms and timely ERT initiation, in combination
with genetic counseling, education and support should form key aspects in the long-term care of less
severe LOPD patients identified through NBS. The ultimate aim being to minimize early medicalization
of children while at the same time providing robust protocols to assure the appropriate provision of
available treatments.

Aside from treatment and care considerations, there are many positives that must also be
considered in the early detection of LOPD cases. These include the ability to learn more about the
natural history of the disease and to better As we enter the 2020s equip individuals to make informed
choices later in life regarding family planning issues, as discussed above.

The humanistic burden of LOPD is high [41]. Misdiagnosis further impacts this, in terms of costs to
the healthcare system incurred as a result of multiple tests and medications being tried without treating
the underlying cause and to the patient in terms of ongoing uncertainty, dealing with symptoms and
never being quite sure if they would have a better quality life now had they been diagnosed earlier.
Early diagnosis of LOPD enables more timely management and may help prevent complications and
improve outcomes now that therapy is available [42].

Consider a patient in their 30–40s with mild symptomology. The differential diagnosis for PD is
so wide that confirmation of diagnosis may take several years (estimates are in the range of 5–8 years).
Importantly anecdotal experience dictates that diagnosis frequently comes after a crisis or other major
life event, such as after childbirth, creating additional complexity to what is already a potentially
difficult situation.

Without NBS, LOPD patients may go for many years endeavoring to find a diagnosis.
The Community loses so much through the cost of unnecessary health care visits while patients
struggle for years to find a diagnosis for the want of a simple test at birth that would have alerted the
parents or the patient. From a patient’s perspective a key advantage to early identification of LOPD
via NBS is that it vastly reduces their personal diagnostic journey. In the words of an Australian PD
patient, diagnosed in 2010 after a 13-year diagnostic journey:

“There is much that needs to be done to help people with rare diseases, particularly around raising
awareness to the public and also medical professionals in order for early diagnosis and also correcting
misdiagnosis to occur. Had I been diagnosed even in 1997 when I was 17 and received treatment as
soon as it became available perhaps my life would be very different today.”
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4. Specific Considerations for NBS in the Australian Setting

4.1. Current NBS Policies and Processes

Within Australia, NBS is offered free of charge, and, although not compulsory, participation is
high [43]. Australian NBS programs began with screening for phenylketonuria (1967), followed by the
addition of congenital hypothyroidism (1977), cystic fibrosis (1981 in New South Wales, 1999 in all
other states) and galactosemia (early 1980s). In the late 1990s with advances in technology the list has
expanded to include around 25 different disorders [44]. There had been a long silence, with no new
conditions added for over 17 years, until the recent initiation of two pilot studies in New South Wales,
for primary immune deficiency and spinal muscular atrophy.

All NBS services are coordinated from five centralized screening laboratories (one each in New
South Wales, Queensland, South Australia, Victoria, and Western Australia). However, prior to 2018,
specific program policies and which conditions to include were individually decided by each state
jurisdiction. This has now been replaced with a National Policy Framework, which is accessible via
the internet (http://www.cancerscreening.gov.au/internet/screening/publishing.nsf/Content/newborn-
bloodspot-screening) [45]. This framework unites these programs for the first time since their inception
over 50 years ago. Importantly, it provides a nationally agreed vision and way of working and outlines
what will be needed to ensure the ongoing success of the NBS program in Australia; noting that state and
territory governments will have the final responsibility for adding the condition in their jurisdictions.

As part of this framework, there is now a national evidence-based process to evaluate proposals to
include new conditions in the NBS program [45]. This framework requires the provision of published
evidence to support the condition proposed, the test that will be used and the availability and efficacy
of treatment such that decisions to include new conditions can be made in line with agreed criteria.
These criteria include consideration of (1) whether there is benefit to the baby from early diagnosis of
conditions screened, (2) whether the benefit is reasonably balanced against any harms and costs, (3) the
availability of a reliable test suitable for newborn bloodspot screening and (4) the availability of a satisfactory
system in place to deal with diagnostic testing and follow-up care of babies with abnormal screening results.

The National Policy Framework sets out a step-wise decision-making pathway to carefully
evaluate all applications [45]. Following a request to include a new condition in the NBS program
and assessment of the available evidence, the possible outcomes include a recommendation to screen,
a recommendation to conduct a pilot study, a recommendation to review at a later point in time and a
recommendation not to screen.

4.2. Application to Include PD in the NBS

On the basis of the criteria set out in the new NBS National Policy Framework, the Australian
Pompe Association took the initiative to submit an application to add IOPD to the NBS program.
An initial application was submitted in 2018 but was not reviewed; it was then resubmitted in November
2018 to meet the timelines for a 2019 meeting and decision.

As part of its submission, the Australian Pompe Association calculated that the cost of first-tier
dry blood spot testing for PD would be $8.78, amounting to approximately AUD$2.7 million each year,
assuming an estimated total birth rate of 310,000 per annum and testing via established tandem mass
spectrometry methods. However, recognized additional cost considerations included the need for each
State/Territory to purchase a new mass spectrometer because current facilities are believed to be at
capacity, funding for additional staff to manage this workload, the establishment and provision of
genetic counseling services and costs incurred in second-tier confirmatory testing.

A key consideration of the application was its focus on IOPD, given that this has the most benefit
to be gained by minimizing the diagnostic delay. It was hoped that, at the very least, this application
would have been seen as a positive step forward and enable a pilot program to be implemented.
A pilot program to evaluate first-tier testing has been developed but not implemented due to lack of
funding and clinical resources. Such a program would help to define the prevalence of PD in Australia,
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enable evaluation of the optimal methodology for measuring GAA activity, and better inform costs
and resourcing needs for NBS. In addition, it would aid in establishing post-testing diagnostic and
confirmatory protocols and procedures for managing JOPD, LOPD, and patients with pseudodeficiency
alleles that can lead to false positives.

After consideration by the Standing Committee on Screening, the application has not progressed
to a more detailed review. The primary reasons for this being limited longitudinal evidence of
survival improvements in treated IOPD patients as a result of identification via NBS and concerns
regarding the negative impact of identifying patients at risk of developing LOPD. To a large extent,
as has been discussed in this paper, literature providing answers to these concerns is becoming more
readily available.

The rapid pace at which new data are emerging, coupled with the increase in uptake of NBS
in developed countries like the USA, underscores the drive of the clinical, research and patient
communities to provide earlier diagnosis and better outcomes for PD patients and their families.
The Australian Pompe Association is encouraged by this and will seek to resubmit its nomination for
adding IOPD to the Australian NBS program in the future.

4.3. Access to Current Therapies in Australia

Australia has an established and advanced program for the treatment of rare diseases, the Life
Saving Drugs program (LSDP) was established in the mid-1990s and provides people with rare and
life-threatening disease with access to medicines that are not listed on the Pharmaceutical Benefits
Scheme. Currently 10 conditions are supported by the program, and of the treatments available
alglucosidase alfa (Myozyme®) is subsidized for the treatment of IOPD, JOPD, and LOPD.

The LSDP requires that patients meet specific conditions to obtain access to treatment; including
initial and ongoing eligibility criteria, and that they undergo annual reviews. Clear protocols are in place
for diagnosing the disease and for its ongoing management, including starting and stopping treatment.

The decision by the Australian government to fund treatment through the LSDP is an example to
all countries for programs to establish treatment for minority patient groups who face the challenge
of living with a rare disease. Treatment is expensive. The only currently approved treatment is ERT
and a recent review of the economic costs of PD has established that while available data demonstrate
a high cost to patients and healthcare systems, there are substantial gaps in the literature [46]. It is
hoped that as new treatment options became available, and competitive interest develops, production
methodology will become more cost effective enabling the overall cost of ERT treatment to decline.

4.4. Potential Impact of Future Therapies

Prior to 2006, the only therapy available to patients with PD was palliative. ERT, the only currently
available treatment for PD, has been very successful; it can extend the lifespan of babies born with
IOPD and stabilize disease progression in patients with LOPD. However, it does not represent a
cure. Research continues with many potential avenues including investigations into other therapies
such as immune modulation, upregulation of receptor expression, second-generation recombinant
ERT, chaperone therapy, substrate reduction therapy, and gene therapy [47]. Recent reviews provide
up-to-date information of the available data for these potential new therapies [48,49].

Amongst these therapies, the prospect of gene therapy is of great interest. Currently several
biotechnology companies are actively developing gene therapies for PD, while some therapies are
still in preclinical development, other have entered early phase clinical trials [48]. Gene therapy has
the potential to enable sustained enzyme supply after a single medical intervention; by enabling the
patient to produce his or her own enzyme it will vastly change the way in which PD is managed.

As we enter the 2020s, for the first time in 56 years we have an opportunity to significantly reduce
the suffering, distress and despair that a diagnosis of PD brings. NBS combined with the potential for
gene therapy provides hope that in the not too distant future such patients will be able to say ‘Yes I had
PD as a baby, but I am fine now thanks to my early detection and treatment’.
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5. Conclusions

NBS has emerged over the past decade as an important contributor to more timely diagnosis and
treatment of PD, particularly for babies with IOPD who would otherwise not survive and pass away
with their true diagnosis undocumented. Early diagnosis and early access to treatment are pivotal to
optimal clinical outcomes.

Australia is not alone in not yet having an NBS program for PD. Here, as in many other
countries, the current scenario for patients with PD involves a lengthy diagnostic journey and belated
commencement of treatment; in the case of IOPD often after considerable damage has already occurred.
NBS facilitates earlier diagnosis and treatment access in a disease in which this timing is absolutely
crucial. Identifying and treating IOPD earlier can make a difference between survival and death,
between positive outcomes and severe disability. Existing NBS programs have demonstrated the
ability to improve patients’ lives. Thus, despite its challenges, these positives greatly outweigh the
negatives. While we have not had a positive outcome from our application, we hope that by taking the
initiative to submit a proposal to include IOPD on the Australian NBS program it will encourage other
groups elsewhere to be proactive in investigating and utilizing whatever systems are available in their
countries to make similar applications.

The Pompe patient community, both in Australia and around the globe, is highly supportive
of NBS [50]. Much headway has been made in ensuring that this patient voice is heard by medical
specialists, scientific researchers and industry. Now it is time that this voice is also heard by the
regulator to ensure equal and equitable access to NBS and the many benefits it can bring to the lives of
PD patients and their families.
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