
Newborn Screening for Lysosomal Storage
Disorders
Roy W. A. Peake1 Olaf A. Bodamer2,3

1Department of Laboratory Medicine, Boston Children’s Hospital,
Boston, Massachusetts, United States

2Division of Genetics and Genomics, Department of Medicine, Boston
Children’s Hospital, Boston, Massachusetts, United States

3Harvard Medical School, Boston, Massachusetts, United States

J Pediatr Genet 2017;6:51–60.

Address for correspondence Olaf A. Bodamer, MD, PhD, FACMG, FAAP,
Boston Children’s Hospital, 300 Longwood Avenue, Boston, MA 02115,
United States (e-mail: olaf.bodamer@childrens.harvard.edu).

Introduction

Newborn screening (NBS) is a public health programwith the
purpose of identifying presymptomatic newborn infantswith
treatable conditions associated with significant morbidity
and mortality. Since its implementation for the detection of
phenylketonuria (PKU) over 50 years ago, NBS has evolved to
one of the most effective public health initiatives worldwide.
Approximately 4million newborn infants in the United States
are screened annually for a minimum of 29 core conditions,
resulting in approximately 12,000 diagnoses every year.1

The concept of NBS was coined by Robert Guthrie for PKU
in the early 1960s, when he developed a bacterial inhibition
assay for mass screening through detection of abnormal
blood phenylalanine levels.2 Dried blood spots (DBS) were
punched from a filter card (“Guthrie card”) and transferred to
an agar plate containing a bacterial species that only grew in
the presence of phenylalanine.2Guthrie proceeded to develop
similar assays for the detection of maple syrup urine disease
(MSUD), homocystinuria, and galactosemia.3However, it was
not until the late 1960s when an attempt was made to define
criteria (“Wilson-Jungner” criteria) applicable to conditions

in NBS programs.4 Although these criteria laid the foundation
for future expansion of NBS programs, the addition of con-
ditions such as congenital hypothyroidism, sickle cell anemia,
congenital adrenal hyperplasia (CAH), and biotinidase defi-
ciency was largely driven through the development of novel
screening assays.5–8

A major milestone in NBS was achieved in the mid-1980s
with the development of the electrospray ionization interface for
mass spectrometry.9 The potential of this device for the screen-
ing for inborn errors of metabolism (IEM) was first realized by
Millington in 1990, when he reported the application of electro-
spray ionization tandem mass spectrometry (ESI-MS/MS) to
acylcarnitine profiling using DBS.10 This analytical approach
offered multiplex high-throughput capabilities to NBS laborato-
ries, allowing accurate and efficient detection of multiple dis-
orders with excellent performance characteristics at a relatively
low cost.11 The introduction of tandem mass spectrometry
(MS/MS)–based methods allowed both the expansion of NBS
programs, and replacement of the existing traditional screening
assays for PKU, MSUD, and homocystinuria.12–15

The early population-wide detection of many IEM has led
to a reduction in morbidity and mortality, an overall
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identification of late-onset phenotypes remain. This review provides a critical appraisal
of the current state of newborn screening for lysosomal storage disorders.
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improvement of clinical outcomes and increased detection
rates through the identification of milder phenotypes.16–18

The relatively rapid expansion of NBS programs warranted a
more standardized approach for inclusion of conditions
across the United States, which led the American College of
Medical Genetics (ACMG) to convene an expert panel that
recommended universal screening of 29 core disorders.19 The
core panel includes disorders of fatty acid oxidation, disorders
of amino acid metabolism (including PKU), disorders of
intermediary metabolism (organic acidopathies), hemoglo-
binopathies, cystic fibrosis, hypothyroidism, CAH, biotinidase
deficiency and galactosemia.19 Recent additions include
severe combined immune deficiency (SCID) and cyanotic
heart disease.20 It is well recognized that MS/MS will also
detect conditions that are not included in the core panel,
designated “secondary targets.”19

The nomination of new disorders for NBS in the
United States is under the auspices of the Advisory Commit-
tee on Heritable Disorders in Newborns and Children. Estab-
lished under the Public Health Service Act, the committee
advises the Secretary of the U.S. Department of Health and
Human Services on the application of new technologies,
policies, guidelines, and standards to universal NBS testing.20

Disorders to be considered for inclusion are nominated
through the Nomination and Prioritization Workgroup of
the Discretionary Committee on Heritable Disorders in New-
borns and Children (DACHDNC). The workgroupwill convene
additional external review groups including experts for the
respective conditions to provide an evidence-based review
and recommendation. Pompe disease and mucopolysacchar-
idosis type I (MPS I) have been recently reviewed and
recommended for inclusion into NBS, whereas Fabry disease
has been reviewed but not recommended.20 Interestingly
Krabbe, Niemann Pick, and Gaucher diseases have not been
reviewed at all, despite their inclusion in NBS in several states.
Most notably, Krabbe disease screening has been performed
in New York State since 2006.21

Lysosomal Storage Disorders

Lysosomal storage disorders (LSDs) comprise a heterogeneous
group of approximately 50 IEM due to defects in either a
lysosomal enzyme, transport, or membrane protein.22 The
resulting accumulation of intermediate metabolites leads to
a variable clinical phenotype, depending on the nature and
severity of the defect and organ systems involved. Almost any
organ, including the central nervous system, can be affected.23

The clinical phenotype represents a continuous spectrum;
more severe cases typically present during the neonatal period
and infancy, withmilder cases presenting during adulthood or
not all. Most LSDs are inherited as autosomal recessive traits,
whereas few are inherited as X-linked recessive traits.
Although individually rare, the cumulative incidence of LSDs
may be as high as 1:2,000 live births or higher in certain ethnic
groups.24 Different modalities of treatment, including enzyme
replacement therapy, stem cell transplantation, substrate
reduction therapy, and others are available for several LSDs
and have been shown to improve outcome.25

LSD Assays for Newborn Screening

Different assays using either fluorometry, MS/MS, or immu-
noquantification have been used for high-throughput analy-
sis of lysosomal enzymes in DBS (►Table 1).

Enzyme Activity Measurement using Fluorescence
The pioneering work of Chamoles and coworkers was thefirst
demonstration of using hydrated DBS specimens with stan-
dard fluorometric assays.26–31 Conventional fluorometric
methods have subsequently been developed for at least
14 lysosomal enzymes.32 This approach entails assaying the
enzyme of interest using an artificial substrate derivatized
with a fluorescent tag, such as 4-methylumbelliferone
(4-MU). These assays have been successfully adopted for
high-throughput analysis, as demonstrated in an NBS pilot
study for Pompe disease in Taiwan using a modified 96-well
plate version of the conventional 4-MU assay for GLA activi-
ty.33 However, these methods have restricted capacity for
multiplexing, where only one or two enzymes can be assayed
reliably using conventional 96-well microplate technology.
This has proven to be a major limitation of the method when
considering its potential use in NBS programs for LSDs, where
economic viability is dependent on analyzing multiple en-
zymes simultaneously. Multiplexing also provides the flexi-
bility to include additional LSDs in testing profiles. The
subsequent development of digital microfluidic chip technol-
ogy was intended to convert existing conventional fluoro-
metric enzyme assays into high-throughput methods capable
of measuring multiple enzymes simultaneously.34–36

Digital microfluidics involves the transport of sub-micro-
liter volumes of both sample and enzyme assay components
over an array of electrodes under the influence of an electric
field. All assay steps including sampling, addition of substrate
and reaction buffer, mixing, incubation, quenching, and
product detection are performed within a chip on a dispos-
able cartridge. The entire process is fully automated and
performed on a small bench-top analyzer. Sista et al described
the performance of a 5-plex assay for Pompe, Fabry, Gaucher
diseases,MPS I, andMPS II in a small screening pilot study.36A
digital microfluidics prototype cartridge (Advanced Liquid
Logic, Inc., Morrisville, North Carolina, United States) was also
used in a screening pilot study for Pompe, Fabry, and Gaucher
diseases at the Illinois Department of Public Health laborato-
ries. From a total of 8,012 newborns screened, 7 cases of Fabry
disease and 2 of Gaucher disease were detected. Despite
improvements in sample throughput, the digital microfluidic
plate assays are not able to match the throughput of contem-
porary MS/MS assays. A single MS/MS instrument has the
throughput equal to around 7.8 digital microfluidics plate
readers.37 There may also be evidence to suggest that MS/MS
methods have potentially lower screen false-positive rates
than equivalent digital microfluidic methods. As more data
becomes available fromNBS programs using either technique,
more effective comparisons will be feasible.

Fluorometric assays have also been limited by the avail-
ability of suitable enzyme substrates and reagents. The
production of fluorometric substrates of adequate purity is
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Table 1 Summary of methods used for LSD screening assays

Performance
characteristics

Screening method

MS/MS
(2014)a

MS/MS
(2008)b

LC-MS/MS Standard
fluorometry

Digital
microfluidics

Immunoquantification

Low false-positive
rate

þþ þ þ þþþ þþ þ þ þ þþþ þþ

High sample
throughput

þþ þ þ þþ þ þ þþ þ þ þ þþþ þþ

Multiplexing
capability

þþ þ þ þþ þ þ þþ þ þ þ þþ þ þ þþ þ þ

Low cost per sample þþþ þþþ þþþ þþ þþþ þþ
Reliable supply
of reagents

þþ þ þ þþ þ þ þþ þ þ þþþ þþþ þ

Complexity of
sample preparation

þ þþ þ þþþ þþ þþ

Dynamic range þþ þ þþ þþþ þþþ þþ þþþ þþþ
Newborn screening
program(s)
using method(s)

• University of
Washington

• New York
State

• Illinois
• Austria

(Pilot)

• Taiwan • Missouri • N/A

Abbreviations: LSD, lysosomal storage disorder; LS-MS/MS, liquid chromatography mass spectrometry; MS/MS, tandem mass spectrometry; N/A,
(data) not available.
aFlow-injection MS/MS assay developed in 2014 using Perkin Elmer reagents.
bFlow-injection MS/MS assay developed in 2008 using Genzyme-CDC reagents.

Table 2 Summary of NBS pilot study data

Program Started Method Number Observed incidence False-positive rate

Missouri69 2013 Digital microfluidic
enzyme assay

43,701 Fabry (1:2,913)
Gaucher (1:43,701)
Pompe (1:5,463)
MPS 1 (1:14,567)

Fabry (0.025%)
Gaucher (0.020%)
Pompe (0.009%)
MPS 1 (0.037%)

Washington70 2012 MS/MS 111,544 Fabry (1:16,667)
Pompe (1:30,000)
MPS 1 (1:30,000)

Fabry (0.01%)
Pompe (0.012%)
MPS 1 (0.006%)

New York State68 2006 MS/MS 550,000 Krabbe (1:50,000) N/A

Austria64 2010 LC-MS/MS 34,736 Fabry (1:3,859)
Gaucher (1:17,368)
Pompe (1:8,684)
Niemann-Pick A/B (N/A)

Fabry (0.055%)
Gaucher (0.006%)
Pompe (0.003%)
Niemann-Pick A/B (0.003%)

Japan67 2013 Fluorometric
enzyme assay

21,170 Fabry (1:7,057) Fabry (0.018%)

Italy65 2003 Fluorometric
enzyme assay

37,104 Fabry (1:3,100) Fabry (0.078%)

Hungary66 2012 MS/MS 40,024 Fabry (1:13,341)
Gaucher (1:13,341)
Pompe (1:4,447)
Niemann-Pick A/B (1:20,012)

Fabry (0.080%)
Gaucher (0.035%)
Pompe (0.14%)
Niemann-Pick A/B (0.007%)

Taiwan61 2012 Modified Fluorometric
enzyme assay

473,738 Pompe (1:16,900) Pompe (0.47%)

Illinois71 2011 Digital microfluidic
enzyme assay

8,012 Fabry (1:1,144)
Gaucher (1:4,006)

Fabry (0.05%)
Gaucher (0.25%)
Pompe (0.025%)

Abbreviations: LS-MS/MS, liquid chromatography mass spectrometry; MS/MS, tandemmass spectrometry; N/A, (data) not available; NBS, newborn screening.
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not always straightforward. In addition, assay reagents are
not always available from generic vendors, potentially
hampering assay development. There have also been con-
cerns surrounding the nonspecificity of fluorometric assays
for detection of Niemann-Pick A/B disease. The incorporation
of a fluorophore into substrates for acid sphingomyelinase
(ASM) has led to several false-negative results being reported
in patients with a common mutation in the ASM gene
(p.Gln292Lys).38,39

Enzyme Activity Determination Using MS/MS
The development of MS/MS methods for use with DBS has
transformed high-throughput screening for IEM.10,40 MS/MS
combines the advantages of improved selectivity and excellent
sensitivitywithmultiplexing capability. ThefirstMS/MSmethods
for LSDs including enzyme-specific substrates and internal stand-
ards were developed by Gelb and coworkers, who reported a
single multiplexing MS/MS assay for Pompe, Fabry, Gaucher,
Niemann-Pick A/B, and Krabbe diseases,41,42 and later for MPS I
and II.43,44 In addition to DBS proficiency testing materials, LSD
assay cocktail preparations containing substrates and internal
standards are distributed by the Newborn Screening Quality
Assurance Program at the Centers for Disease Control and
Prevention (CDC).45,46 These developments ultimately led to
robust, multiplexing MS/MS protocols for LSD testing using
commercially available substrates andvalidated controlmaterials.

The first MS/MS assays (known collectively as flow-injection
MS/MS assays) were largely limited by the “pre-MS/MS”
component of the method. The mass spectrometer measures
enzymatic reaction products that can be readily multiplexed in
rapidly occurring simultaneous experiments. Sample through-
put is, however, limited by complicated, time-consuming, and
labor-intensive sample preparative steps prior to injection onto
the MS/MS. First, enzymatic reactions require long incubation
periods (typically�20hours at 37°C) anduniquebuffer cocktails
optimized for each individual reaction. Second, the components
of the reaction buffers are incompatible with MS/MS and
require intensive clean-up procedures using a combination of
liquid/liquid and solid-phase extraction (SPE) steps. Several
groups have taken various approaches to help address these
issues. Combined enzymatic assays were subsequently devel-
oped for LSD assay panels using a common reaction buffer for all
enzymes, as described for the triplex assay for Fabry, Pompe
diseases, and MPS I.47 Others have investigated the necessity of
long incubation periods for enzymatic reactions. A short-incu-
bation protocol was proposed by Mechler et al whereby they
developed a 5-plex LSD assay with 3-hour incubations followed
by detection of enzymatic products by MS/MS.48 Assay perfor-
mance was deemed acceptable for imprecision compared with
standard 20-hour incubation protocols. Further attempts to
automate the sample clean-up process have resulted in the
development of liquid chromatography tandemmass spectrom-
etry (LC-MS/MS) methods. Multidimensional chromatographic
methods using online trapping columns and valve-switching
apparatus have been described by several groups.49–51 The
LC-MS/MS approach was further developed by incorporating a
universal assay incubation buffer for triplex (Pompe, Fabry
diseases, and MPS I) and 9-plex assays.52,53

Recently, there has been much debate regarding the use of
flow-injection MS/MS versus LC-MS/MS methods for incom-
ing NBS programs. There are concerns over the added costs
and complexity associated with the introduction of chroma-
tography steps in large population screening methods. The
group at the University of Washington in collaboration with
PerkinElmer Corp has developed a novel flow injection MS/
MS method using a simple liquid-liquid extraction step. This
method uses a universal substrate/internal standard reaction
mix for the 6-plex assay (Pompe, Gaucher, Fabry, Niemann-
Pick A/B, Krabbe diseases, and MPS I) and is commercially
available from PerkinElmer Corp. (Indianapolis, IN) for adop-
tion by screening laboratories. It has been suggested that this
latest version of the MS/MS assay outperforms earlier ver-
sions, and also the microfluidics assay in terms of false-
positive rates. In addition, the “pre-MS/MS” phase of the
new MS/MS assay is reported to be more streamlined com-
pared with previous versions.37

Immunoquantification Assays
In most LSDs, pathogenic mutations lead to a decreased
amount of protein and subsequent reduced enzyme activity.
This observation was exploited in the development of immu-
noquantification assays.54 Enhanced performance immune
quantification assays using immunocapture microbead tech-
nology have been developed in multiplex format for up to 11
LSDs for use with DBS.55 Trials using this approach have
demonstrated its usefulness for NBS in the identification of
patientswith Pompe, Fabry, Gaucher diseases, andMPS II.56–59

Variations of the immunoquantification assay incorporating
additional biomarkers such as α-N-acetylglucosaminidase and
chitotriosidase may increase the diagnostic efficiency of the
method for Pompe and Gaucher diseases.60

Newborn Screening Initiatives

Global Pilot Programs
Most of the available information on NBS for LSDs has been
gained from pilot studies. At least seven LSDs have been
proposed for NBS including Pompe, Gaucher, Fabry, Niemann-
Pick A/B, Krabbe diseases, and MPS I.23 Several countries
around the world and several states within the United States
have already shared data and reported their experiences
(►Table 2).

Taiwan
NBS for Pompe disease has been performed across multiple
centers in Taiwan since 2005 because of the high prevalence
of the condition in the population and availability of treat-
ment.33 In a recent large-scale study, NBS was performed on
473,738 patients on samples collected at age 48 to 72 hours.61

As a first-line screening test, modified fluorometric enzyme
assays were used to measure two enzymes: acid α-glucosi-
dase (GAA) activity at pH 3.8 in the presence of acarbose and
neutral α-glucosidase (NAG) activity at pH 7.0 in the absence
of acarbose. A final calculation of specific activity was deter-
mined using the neutral to acid ratio (NAG/GAA). A cutoff for
NAG/GAA 100 or greater was designated screen positive and
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reflexed to confirmatory testing. Using these screening crite-
ria, 31 newborns exceeded the cutoff, of which there were 5
confirmed cases of classic infantile Pompe disease and 19
cases of late-onset Pompe (including nonclassic disease).
A third assay measuring total GAA (tGAA) activity at pH 3.8
without acarbose was performed as a second-line test for
samples that had an equivocal first-line result (NAG/GAA� 30
to < 100). Screen-positive results after second-line testing
led to referral for confirmatory testing. Of 2,210 samples
submitted for second-line testing, 219 retested positive.
Confirmatory molecular analysis revealed two additional
late-onset Pompe disease patients.

The high prevalence of pseudodeficiency alleles in Taiwan
necessitates the need formore complex screening approaches
using second-tier analyses. For instance, the frequency of the
pseudodeficiency allele p.G576S in the Taiwanese population
is reported to be as high as 14.5%, which makes it more
difficult to detect Pompe disease by enzyme activity deter-
mination alone. By using conventional fluorometric enzyme
assays, measurement of the NAG/GAA ratio is essential to
avoid a high false positive rate.62

In another NBS pilot program, screening for Pompe, Fabry,
Gaucher diseases, and MPS I disorders was performed using
both fluorometric and flow-injection MS/MS methods.63

MS/MS is particularly advantageous for detection of Pompe
disease in the Taiwanese population as it is not necessary to
measure both acid and NAG activities. Rather, a single assay
may be performed using substrates of different masses that
can be selected apart. In the Pompe program, a total of
191,786 newborns were screened using a screen-positive
GAA cutoff value of 1.6 μmol/L/h. A total of nine cases were
referred to hospitals directly with GAA values below the
“critical” cutoff value of 0.20 μmol/L/h. Four of these cases
were confirmed to have infantile Pompe disease and three
were designated late-onset Pompe disease. Following first-
line screening, 874 newborns were re-called for second-line
testing, of which 225 were referred with decreased enzyme
activity using a reduced cutoff value for GAA (1.0 μmol/L/h)
activity. Of these referrals, only 16 cases were confirmed by
GAA mutation analysis to have Pompe disease (5 infantile
Pompe and 11 classified as late-onset Pompe disease). The
high false-positive rates observed are likely due to the high
frequency of the pseudodeficiency allele in the population.
However, the authors suggest that there was a significant
reduction in the false-positive rate observed for Pompe
screening when using MS/MS compared with the previously
used fluorometric enzyme assay. In the Fabry study, 191,767
newborns were screened using a positive GLA cutoff value of
1.5 umol/L/h. After first-tier testing, 379 newborns had
equivocal results and were re-called. After second-tier
screening, there were approximately 79 suspected cases
with reduced enzyme activity, out of which 64 newborns
were confirmed to have Fabry mutations by molecular anal-
ysis. In the Gaucher study, 103,134 newborns were screened
using a positive cutoff value of 7.5 umol/L/h. After the first-
tier screen, approximately 141 newborns had equivocal
results andwere re-called for second-line testing, after which
5 cases were referred for low activity. Three cases were

eventually confirmed as having at least one ABG gene muta-
tion. In the MPS I study, a total of 60,473 newborns were
screened using a positive cutoff value of 3 μmol/L/h. Only two
confirmed positive cases of MPS I were detected and
confirmed.

Austria
In 2010, a large-scale pilot studywas performed as part of the
national Austrian NBS program using a multiplex screening
assay for Pompe, Gaucher, Fabry, and Niemann-Pick A/B
diseases.64 Screening was performed on 34,736 newborns
using LC-MS/MS. Screen cutoff values for normal activitywere
set according to the 0.1th percentile of 5,000 samples as
follows: Gaucher, 4·0 μmol/h/L; Pompe, 2·0 μmol/h/L; Fabry,
2·8 μmol/h/L; Niemann-Pick A/B, 1·3 μmol/h/L. First-line
screening identified 124 samples with low activity for all
four enzymes: β-glucocerebrosidase (ABG) 29; GAA 25; α-
galactosidase (GLA) 42; ASM 28. After retesting, 38 samples
screened positive, of which 15 cases were confirmed by
molecular analysis as having pathogenic mutations. This
translates to a positive predictive value of between 32 and
80% for all disorders. Of the 15 confirmed cases, the authors
were unable to find a significant correlation between low
enzyme activity and mutation. They also reported that 75% of
mutations were associated with a mild phenotype character-
ized by late-onset disease. The overall incidence observed in
this study was unexpectedly high, at 1 in 2,315 live births for
all disorders.

Italy
Spada et al reported the screening of 37,104male newborns
from 2003 to 2005 for Fabry disease using fluorometric
enzyme assay determination of GLA activity.65 First-line
testing identified 41 neonates with decreased GLA activity
using a positive screen cutoff value of 2.5 U/mL or less. This
number was reduced to 12 neonates following molecular
confirmation, only one of which possessed a known patho-
genic mutation causing the classic phenotype. This trans-
lates to a population incidence of 1 in 37,000 males for
classic Fabry disease, consistent with previously published
estimates. The remaining 11 newborns had both known
pathogenic and novel mutations associated with the later-
onset phenotype. When known pathogenic and novel GLA
mutations were combined, the study revealed an incidence
of 1 in 3,100. This represented a much higher incidence of
later-onset Fabry disease than expected, compared with
the classic phenotype.

Hungary
Wittmann et al reported results from the Hungarian
program.66 NBS was performed on 40,024 newborns for
Gaucher, Pompe, Fabry, and Niemann-Pick A/B disorders
using an MS/MS method. In an attempt to maintain a low
re-call rate, screen-positive cutoff values were fixed between
the lower 0.25th and 0.5th percentile of distribution of
measured enzyme activities as follows: ABG 3.5 µmol/L/h;
GAA 3.0 µmol/L/h; GLA 2.5 µmol/L/h; ASM 2.0 µmol/L/h. A
total of 642 samples were positive for low enzyme activity:
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141 for ABG (Gaucher diseases), 163 for GAA (Pompe
diseases), 224 for GLA (Fabry diseases) and 114 for ASM
(Niemann-Pick A/B). Following second-line testing on initial
screen positives, 120 total samples were subjected to molec-
ular analysis: 3 patients were confirmed as having Gaucher
disease, 9 confirmed cases of Pompe disease (with a further 2
unclear), 3 confirmed cases of Fabry disease (with a further 2
unclear), and 2 confirmed cases of Niemann-Pick A/B. The
resulting prevalence of each disorder was as follows: Gaucher
disease 1:13,341; Pompe disease 1:4,447 to 1:20,012; Fabry
disease 1:13,341; Niemann Pick A/B 1:20,012 to 1:40,024.
The overall prevalence of all four combined LSDswas between
1 in 2,354 and 1 in 4,447 live births. The authors noted that
the screen-positive cutoff values used in this study were at
the limit of detection for Pompe and Gaucher diseases, and
that further reduction would almost certainly have resulted
in missed cases.

Japan
AnNBS pilot studywas conducted for Fabry disease in Japan
from 2007 to 2010.67 Over a 37-month period, a total of
21,170 newborns were enrolled (approximately equal
numbers of males and females) and screened using a
fluorometric enzyme assay with a screen-positive cutoff
value for GLA activity of less than 20 AgalU. Using these
criteria, seven newborns (five males and two females)
tested positive for low GLA activity in DBS samples, four
of which exhibited decreased GLA activities when assayed
in leukocytes. Subsequent molecular analysis confirmed
known pathogenic mutations in the GLA gene for three
screen-positive newborns. The calculated prevalence of
Fabry disease in this population was 1 in 7,057, based on
confirmed cases with pathogenic mutations. The observed
prevalence, although much higher than expected, was
consistent with equivalent data from other pilot screening
programs.

Newborn Screening within the United States
Several states in the United States have opted to expand NBS
to include LSDs. The New York State and Missouri NBS
programs were the first to offer state-wide screening of
any LSDs in 2006 and 2013, respectively. Pilot programs
have also been performed inWashington State. Several other
states have since passed legislation requiring mandatory
screening for LSDs, including Illinois, New Mexico, and
New Jersey.

New York State
The New York State NBS program for Krabbe disease was
implemented in 2006. Duffner et al reported the findings
from a pilot study where they screened approximately
550,000 newborns for Krabbe disease over a 2-year period
using flow-injection MS/MS.68 Using a screen-positive
cutoff value based on a percentage of the daily mean
galactocerebrosidase (GALC) activity, they identified 10
newborns with enzyme activities in the high- or moder-
ate-risk categories (4 high-risk and 6moderate-risk). Of the
four high-risk newborns, two had mutations associated

with early infantile Krabbe disease and exhibited neuro-
logic testing results consistent with established diagnostic
criteria. The other two high-risk newborns were neurolog-
ically and developmentally normal. Of the six moderate-
risk newborns, all were reported to be developing normally.
The New York State experience has challenged previous
knowledge regarding both disease prevalence and disease
phenotype. The difference between the published reported
incidence of Krabbe disease (�1 in 100,000 live births) and
the observed incidence (1 in 50,000 newborns, based on
screen positives with high or moderate risk for disease) was
a noteworthy finding. In addition, it was expected that
most patients would be diagnosed with the early infantile
Krabbe phenotype. However, in this study, only 20% of
newborns in the high- or moderate-risk categories for
disease were diagnosed with the early phenotype. In fact,
during the first 8 years of Krabbe screening, the early-onset
phenotype was detected in only 1 in 400,000 newborns.
The authors suggest that this finding might represent a
significant underestimation of later-onset Krabbe diagno-
ses in the absence of NBS programs.

Missouri
In 2013, the Missouri State Public Health Laboratory man-
dated NBS for LSDs. Population screening is currently ongo-
ing for Pompe, Fabry, Gaucher, MPS I, and Krabbe diseases
(Krabbe disease analysis was outsourced to the New York
State program). The Missouri program was the first state
program to perform a comprehensive population pilot
screening study with follow-up care for each of the four
conditions. It was also the first state program to use a
multiplexing digital microfluidic fluorometric enzymatic
assay. Hopkins et al reported the findings from the first
6 months of screening on 43,701 newborns.69 Enzyme
activity screen-positive cutoff values chosenwere as follows:
GLA (Fabry disease), 5.5 µmol/L/h; GAA (Pompe disease), 8.0
µmol/L/h; ABG (Gaucher disease), 4.5 µmol/L/h; IDUA (MPS
I), 4.0 µmol/L/h. Using these criteria, 27 newborns were
identified and confirmed as having a disorder (15 Fabry
disease, 8 Pompe disease, 1 Gaucher disease, and 3 MPS I).
In a similar trend to that previously reported in several other
NBS programs, there was a marked difference between the
expected and observed prevalence of each disorder. For Fabry
disease, the number of confirmed cases translated to an
incidence of 1 in 2,913, compared with the published esti-
mated incidence of 1 in 40,000. Similar differences were
observed for Pompe disease (observed: 1 in 5,463; expected:
1 in 40,000), Gaucher disease (observed: 1 in 43,701; ex-
pected: 1 in 50,000), and MPS I (observed: 1 in 14,567;
expected: 1 in 100,000). The Fabry data obtained from this
study are consistent with other NBS program pilot studies.
However, there was significant variation between studies in
the detection rates observed for Pompe and Gaucher dis-
eases. The authors also suggest that the false positives
obtained in the study were probably due to the relatively
conservative screen-positive cutoff values used, and argue
that some of these cases may in fact be carriers for the
condition.
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Washington State
In the Washington State pilot program, screening was per-
formed at the University of Washington on 111,544 newborns
using flow-injection MS/MS for Fabry disease, Pompe disease,
andMPS I.70Arbitrary enzymeactivity cutoffswere assigned at
19%or less of the dailymeanvalue for GLA (1.91 umol/h/L), 15%
or less of the daily mean value for GAA (2.60 umol/h/L), and
32% or less of the daily mean value for IDUA (1.15 umol/h/L).
Screen-positive cases were confirmed by DNA sequencing.
Using these criteria, the estimated prevalence of Fabry disease
was 1 in 7,800 males; Pompe disease, 1 in 27,800 newborns;
and forMPS I, 1 in 35,500 newborns. The combined prevalence
for all three disorders was 1 in 7,700 newborns. The false-
positive rates for each disorder were also deemed sufficiently
low for this study. As of June 2014, the Washington state NBS
laboratory have been conducting a pilot study using the new
flow-injection MS/MS commercial 6-plexassay provided by
PerkinElmer. In a recent review by Gelb et al , the authors
reported a very low number of screen positives using the new
kit method.37 This is particularly encouraging for laboratories
operating MS/MS methods using CDC-distributed reagents,
since the CDC are scheduled to discontinue the distribution
of substrate kits by the end of 2015.

Illinois
A pilot NBS program for LSDs was performed in the State of
Illinois in 2011, where at total of 8,012 newbornswere screened
for Pompe, Fabry, and Gaucher diseases using the digital micro-
fluidicfluorometric enzymeassayplatform.71Twopositive cases
were initially identified for Pompe disease via screening, but
they were normal on confirmatory testing. For Fabry disease
screening, 11 newborns were identified (8males and 3 females)
with 7 confirmed on confirmatory testing. Gaucher disease
screening revealed 22 positive cases, of which 2 cases were
subsequently confirmed. The pilot project was stopped because
of technical issues involving the assay method. A second pilot
program using MS/MS was proposed for 2013.

Ethical Considerations of Newborn
Screening

As NBS for LSDs evolves from pilot studies to whole-popula-
tion programs, the ethical considerations associated with
screening for these disorders have been subject to consider-
able debate. Advocates of NBS have pointed toward the
mounting evidence that early diagnosis and treatment of
many LSDs are strongly associated with better clinical out-
comes. Skeptics of NBS have countered that there is still much
uncertainty surrounding whole-population screening for
LSDs, including the inability to predict phenotype and the
lackof consensus about when to initiate treatment formost of
the conditions. Critics of NBS also argue that is not just a panel
of screening tests, but rather a multifactorial care pathway
involving parental education, follow-up, diagnosis, treatment
and management, and program evaluation. All of these
components must be in place and fully functional to reap
the benefits of screening.72 There is also concern that state
mandates for NBS is being driven by powerful lobbyist groups

and parent advocates, bypassing state public health depart-
ments and advisory committees.73

Ethical Approval
In a review from Dees and Kwon reviewing the lessons
learned from the New York State pilot screening program
for Krabbe disease, they concluded that Krabbe screening
should only be continued as a research project that requires
the informed consent of parents prior to testing.74 During the
pilot study, informed parental consent was required, as was
institutional review board (IRB) approval, consistent with
research protocols. However, New York State later mandated
NBS for Krabbe disease without seeking IRB approval or a
requirement for consent.75 Some commentators suggest that
perhaps a two-tiered approach to NBS should be adopted,
involving mandatory screening for conditions that meet the
public health screening criteria and voluntary screening for
other conditions, requiring informed consent.74

Late-Onset Phenotypes
One of themain controversies associatedwith NBS for several
LSDs is the identification of infants with anticipated late-
onset disorders. This has the undesirable effect of creating a
population of asymptomatic children who are essentially
“patients in waiting.”76 It also violates most international
pediatric genetic ethics guidelines that stipulate that screen-
ing is not advised for late-onset conditions.77 The New York
State NBS program for Krabbe disease identified a large
number of children as being moderate to high risk requiring
aggressive clinical follow-up. There have been questions
raised regarding the psychosocial impact that such aggressive
clinical follow-up may cause to these children. There is also
debate as to whether or not the level of GALC activity or the
genotype can accurately predict whether the child will
develop early infantile-onset, adolescent-, or adult-onset
phenotype. This has serious implications regarding effective
treatment of the early infantile phenotype. There are similar
concerns regarding later-onset phenotypes for Fabry disease.
The question of when to screen patients for the late-onset
disease is still under debate, particularly considering the
relatively high incidence of this form of the disorder.

Counseling
There have always been concerns whether newborns testing
positive in newborn mass screening programs are given a
presymptomatic diagnosis by genetic testing. Ideally, such
testing should only be performed after providing parents
with sufficient counseling tomake an informed decision. This
should include adequate education on the symptoms and
disease progression, and future medical management and
risk of recurrence. For X-linked disorders such as Fabry
disease, counseling may create a burden to mothers and
may adversely affect family relationships.

Conclusion

The imminent widespread introduction of NBS for LSDs repre-
sents an intriguing new development in preventive medicine.
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Despite reservations surrounding the identification of late-onset
phenotypes for disorders such as early-onset Pompe disease,
Krabbe disease, and MPS I, it is clear that early, presymptomatic
intervention is imperative to help prevent severe, life-threaten-
ing disabilities. Over the past decade, there have been significant
developments in large-scale biochemical screening methods for
LSDs. Cost-effective, high-throughput assays are nowavailable in
standardized format for incoming NBS programs. However,
biochemical methods have their limitations, and molecular
analysis is still required for confirmatory analyses. At present,
molecular testing is not being used as the primary screening or
diagnostic method for LSDs. However, this may change in the
near future, as newer versions of next-generation sequencing
(NGS) platforms becomemore rapid, reliable, and cost-effective.
Even if this is technically possible, the challenges associatedwith
incorporatingNGS inNBSprogramshavebeenwidely debated.78
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