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Abstract
Many female carriers of Fabry disease are likely to develop severe morbidity and mortality. However, by our own
estimation, around 80% of female newborns are missed by our current enzyme-based screening approach. Our team’s aim
was to develop an improved cost-effective screening method that is able to detect Fabry disease among female newborns.
In Taiwan, based on a database of 916,000 newborns, ~98% of Fabry patients carry mutations out of a pool of only 21
pathogenic mutations. An Agena iPLEX platform was designed to detect these 21 pathogenic mutations using only a single-
assay panel. A total of 54,791 female infants were screened and 136 female newborns with the IVS4+ 919G > A mutation
and one female newborn with the c.656T > C mutation were identified. Using the current enzyme-based newborn screening
approach as baseline, around 83% of female newborns are being missed. Through a family study of the IVS4 female
newborns, 30 IVS4 adult family members were found to have left ventricular hypertrophy. Ten patients received
endomyocardial biopsy and all were found to have significant globotriaosylceramide (Gb3) accumulation in their
cardiomyocytes. All of these individuals now receive enzyme replacement therapy. We have demonstrated that the Agena
iPLEX assay is a powerful tool for detecting females with Fabry disease. Furthermore, through this screening, we also have
been able to identify many disease-onset adult family members who were originally undiagnosed for Fabry disease. This
screening helps them to receive treatment in time before severe and irreversible cardiac damage has occurred.

Introduction

Fabry disease (MIM 301500) is an X-linked lysosomal
storage disorder that results from a deficiency in α-galac-
tosidase A (α-Gal A) activity [1]. α-Gal A is an enzyme
involved in the metabolic breakdown of globotriaosylcer-
amide (Gb-3) and reduced activity of this enzyme results in
an accumulation of Gb-3 (and its related glyco-
sphingolipids), mainly in the walls of small blood vessels,
nerves, dorsal root ganglia, renal glomerular/tubular epi-
thelial cells, and cardiomyocytes [2]. The clinical features of
classically affected patients include acroparesthesia, angio-
keratoma, and hypohidrosis during early childhood/adoles-
cence and a progression toward renal insufficiency,
cardiomyopathy, and cerebrovascular disease during adult-
hood [3–7].

Patients with later-onset Fabry disease have higher resi-
dual enzyme activity levels than those with classical type
Fabry disease. They also lack the classic symptoms of Fabry
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disease and present with relatively fewer or even single
symptoms, including hypertrophic cardiomyopathy, renal
failure, or cryptogenic stroke, during the later stages of life
[8–11]. The cardiac later-onset phenotype usually presents
only as a cardiac manifestation, such as hypertrophic car-
diomyopathy, mitral insufficiency, and/or arrhythmias from
the fifth decade to the eighth decade of life [9, 12, 13]. The
incidence of Fabry disease has been reported to be between
1 in 40,000 and 1 in 117,000 live births among the general
population. However, recently, using newborn screening,
our team has found a surprisingly high incidence of Fabry
mutation in our male infants (around 1/1600) [14]. Fur-
thermore, several studies carrying out newborn screening
for Fabry disease have revealed that the prevalence of later-
onset Fabry disease is much higher than that of classical
Fabry disease [15–21]. Moreover, our recent study has
demonstrated that severe and irreversible cardiac damages
can occur before there are significant cardiac manifestations
[22]. This finding indicates that late-onset Fabry disease
might be a hidden yet important health issue in some human
populations

Based on the incidence of Fabry mutation in our male
infants (around 1/1471–1/1600) [14, 22], the estimated
incidence of the Fabry mutation in female infants should be
between 1/700 and 1/800. However, based on the results of
our Fabry newborn screening, the incidence of Fabry
mutation in female infants is only 1/3756–1/17,500
[14, 22], which is much lower than the estimated incidence
based on the male infant results. We have retrospectively
analyzed our symptomatic adult female patients with Fabry
disease and found that only around 10% of them have
enzyme activity that is lower than 25% of the norm, which
is the cutoff point of our current enzyme-based newborn
screening [23]. This finding indicates that our enzyme-
based screening has a high false-negative rate for hetero-
zygous females. Importantly, several other studies have
reported similar high false-negative results when enzymatic
assays are used to screen female patients [24, 25].

It is clear that a high percentage of heterozygous females
are likely to develop vital organ involvement, including the
kidneys, heart, and/or brain [26], under these circumstances,
and even females with normal plasma enzyme activity may
still present with severe manifestations of the disease
affecting various different organs [27, 28]. Therefore, it has
become important to develop a more reliable method of
detecting females who are heterozygous for Fabry disease
as part of our newborn screening program.

Using recent advances in molecular genetic high-
throughput mutation detection, we have developed a
simple, rapid, and reliable molecular method for the iden-
tification of the genetic variations present in a female
population that contains individuals who are heterozygous
for a Fabry mutation. In our previous study, two molecular

high-throughput methods, high-resolution melting analysis
(HRM) and Sequenom iPLEX (Agena iPLEX), were
investigated as part of a screening study for Fabry disease
heterozygous females [23, 29]. Both methods showed very
good sensitivity when used to identify Fabry heterozygous
female during screening. However, HRM require an
experienced researcher to analyze the data and involved a
wide range of parameters. In particular, it was found that the
melting temperature (Tm) needed to be adjusted from time to
time. Furthermore, HRM is not able to detect specific
mutations directly and a further confirmatory procedure,
such as Sanger sequencing, is needed. Therefore, Agena
iPLEX was chosen as the approach to screening female
newborns for GLA mutations as part of a newborn
screening studying. The Agena iPLEX assay is a Mas-
sARRAY® genotyping platform that analyzes nucleotide
variations by mass spectrometry (MALDI-TOF); it uses a
distinguishing allele-specific primer to amplify the exten-
sion products [30, 31]. This MassARRAY® assay is a
powerful and flexible method that allows the detection of up
to thousands of gene variations within hundreds of indivi-
duals at the same time [30]. However, conversely, the
limitation of Agena iPLEX is that it only can detect known
mutations that have been designed into the assay panel. In
such circumstances novel mutations will be missed if they
have not been designed in the assay panel. However, in
Taiwan, 98% of Fabry patients have been found to be
affected by a panel of only 21 pathogenic mutations based
on about 916,000 newborns screened [29]. Therefore a
custom-made mass screening approach to Fabry mutation
detection using the Agena iPLEX would seem to be a fea-
sible approach in Taiwan. To reduce the cost of screening,
we re-designed the iPLEX PCR primers and extension
primers to fit all 21 Taiwanese pathogenic mutations and
integrated these into a single assay panel. After accuracy
and sensitivity analysis, we have been screening female
newborns using this new Agena iPLEX panel since 2014.

Materials and methods

Population and methods

A total of 128,883 infants (male: 66,621; female: 62,262)
were screened from August 2014 to December 2016 using a
number of mandatory tests during Taiwan’s newborn
screening program carried out by the Taipei Institute of
Pathology. Around 88.5% of the female’s parents (55,102)
were willing to pay for the enzyme-based newborn
screening of Fabry disease. The female newborns who had
accepted the current enzyme-based newborn screening also
received the Agena iPLEX screening as an additional ser-
vice if we were able to obtain the newborn’s parent’s
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written informed consent. In total, 54,791 female newborns
were enrolled in this study under the above conditions.
Positive result by the new test were confirmed by direct
sequencing of the α-Gal A gene using a BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) and an
ABI Prism 3730 Sequencer. This study was approved by the
Medical Ethics Committee of Taipei Veterans General
Hospital, Taiwan (IRB No. 2014-12-009B).

DNA mass spectrometry

Twenty-one pairs of Agena iPLEX PCR primers (Table 1)
and 21 extension primers (Table 2) were designed for the 21
mutations affecting the α-Gal A gene covered in the new
test and this was done using Designer v.3.1 software
(Sequenom, Inc., CA, USA) initially. However, to reduce
the cost of screening, we re-designed the iPLEX PCR pri-
mers and extension primers so that all of the 21 Taiwanese
pathogenic mutations could be analyzed simultaneously in
only one assay panel. The details of iPLEX PCR primers
and extension primers are shown in Tables 1 and 2.
Genomic DNA was amplified by PCR reaction using the
following temperature cycles: 94 °C for 2 min, [94 °C for
30 s, 56 °C for 30 s, 72 °C for 1 min] × 45 cycles, 72 °C for
1 min, then 4 °C. Subsequently, excess dNTPs were
removed from the PCR product by treatment with shrimp
alkaline phosphatase, then single-base extension was per-
formed using the following temperature cycles: 94 °C for

30 s, [94 °C for 5 s, (52 °C for 5 s, 80 °C for 5 s) × 5
cycles] × 40 cycles, 72 °C for 3 min, then 4 °C. After
desalting, the reaction products were spotted for detection
using a mass spectrometer (Sequenom’s Agena iPLEX
assay) and the data set was then analyzed using Typer
V.4.0 software (Sequenom®) [29].

Family studies based on identification via mutations
in the newborn

When the system produced a positive signal for 1 of the 21
mutation in any of the female newborns, the newborn’s
family members who might carry this mutation were invited
to our hospital to determine whether they carried the
mutation. Adult (>30 years old) family members who were
confirmed to be carrying the IVS4+ 919G > A (IVS4)
mutation then received a careful echocardiographic exam-
ination. All participants were examined by two experienced
cardiologists who were blind to the GLA mutation results.
Echocardiography was performed in accordance with the
recommendations of the American Society of Echocardio-
graphy using ACUSON equipment (Antares, Siemens AG,
Munich, Germany; Sono 7500, Hewlett-Packard Company,
Palo Alto, California). Left ventricular mass (LVM) was
calculated according to the Devereux cube formula [32].
The LVM was normalized against the subject’s height (m)
to power 2.7 power (left ventricular mass index [LVMI]=
LVM/height2.7) [33]. Left ventricular hypertrophy (LVH)

Table 2 Primers used for the
single base extension
amplifications after the first PCR
amplification

Sequence variations Primers for single base extension Molecular mass of product

GLA194G>C GGAGTACCCAATATCTGATAC 6414.3

GLA274G>T TGGTTATGAGTTCCTCTGCATT 6722.4

GLA319C>T CTATTCAGGAGGCAGACTT 5827.9

GLA335G>A GGCGAATCCCATGAGGAAAG 6200.1

GLA394G>A CTTCCAACATCTGCATAAATCC 6598.4

GLA427G>A CTGATGTTGGAAATAAAACCTGC 7071.7

GLA547+1G>A TGACAGTTTGGAAAATTTGGCAGATG 8089.3

GLA612G>A TTCAATGGGCCAGATATTAAGAGG 7440.9

GLA639+919G>A ACCATGTCTCCCCACTA 5050.3

GLA656T>C CAGCCCAATTATACAGAAA 5773.8

GLA901C>T GCTTTATTCATGTCTAATGACCTC 7268.8

GLA902G>A TGGCTTGAGGGCAGATGTGT 6244.1

GLA1034C>G TGGGAACCACCTCTCT 4817.2

GLA1066C>T CTGGGCTGTAGCTATGATAAAC 6774.5

GLA1078G>T GGGATGCTATAAGGGCGcGGTCCAC 7748.1

GLA1081G>T GGTAAACCGGCAGGAGATTGGT 6864.5

GLA1087C>T GGAGATTGGTGGACCT 4977.2

GLA1095dT GGGAGGGAAGCAACTGCGATGGT 7218.7

GLA1194dA GAAGGTAGCGTTCTATGA 5578.7

GLA1228A>G AAGCAAAACAGTGCCTG 5212.5

GLA802_805delTTAG CTAAGTTGCCAATCACT 5129.4

4 Y-H Lu et al.



was defined as a LVMI of >51 g/m2.7 in men and a LVMI of
>48 g/m2.7 in women. According to our previous study,
many IVS4 adults show significant cardiac fibrosis before
the development of LVH or perhaps another significant
cardiac manifestation [22]. Gadolinium-enhanced cardiac
magnetic resonance imaging (GE-CMR) was performed on
the IVS4 adults if they were older than 40 years for females
and 30 years for males or when LVH had been detected by
heart echogram. The IVS4 patients who met the treatment
criteria of the Taiwan Fabry disease treatment guidelines, or
had late enhancement in the GE-CMR, received an endo-
myocardial biopsy and histological investigation. The
details of the GE-CMR, endomyocardial biopsy, and his-
tological procedures have been reported in a previous
publication [22].

Results

Population screening by DNA mass spectrometry

A total of 54,791 female newborns were enrolled in this
study. To our surprise, 137 female newborns were found to
have a GLA pathogenic mutation, with 136 female new-
borns carrying the IVS4 mutation and one female newborn
carrying the c.656T > A mutation. The IVS4 mutation is a
Chinese hot-spot late-onset cardiac type mutation and the
c.656T > A is also a late-onset renal type mutation. In this
study, the overall incidence of female infants with Fabry
mutations would seem to be as high as 1/400, which is

much higher than the previously reported incidence
(1/3,756) among female newborns, who were identified
using the enzyme-based Fabry newborn screening
approach [22].

When the results of the enzyme activity assays of these
137 female newborn were retrieved from our enzyme-based
Fabry newborn screening system, the mean enzyme activity
was found to be 4.03 ± 2.46 μmol/L/h with a range from
1.17 to 15.58 among these female newborns. The distribu-
tion of the enzyme activity of these female newborn is
presented in Fig. 1. As can be seen, 114 females, made up
of 113 females with the IVS4 mutation, and the one female
with the c.656T > C, had enzyme activities that were higher
than the cutoff point for α-Gal A activity used in our current
Fabry newborn screening program. Therefore 83% of the
female newborns would seem to have been missed by our
current enzyme-based Fabry newborn screening approach.

Family study of identified newborns

When we extended our research to include the families of
the identified female newborns, the population was made up
of the families of 75 female newborns that had been referred
to our hospital for a confirmatory diagnosis. On screening
members of these families, a total of 113 family members
were found to have the IVS4 mutation. Out of these indi-
viduals, thirty IVS4 adults had left ventricular hypertrophy.
In total, 34 IVS4 adults, consisting of 17 with LVH and 17
without LVH, received GE-CMR and eight of them (6/17
with LVH, 2/17 without LVH) showed delayed enhance-
ment of their hearts. Ten of these received an endomyo-
cardial biopsy and all of them showed significant Gb3
accumulation in their cardiomyocytes. After approval by the
committee of the Taiwan Health Insurance Bureau, all of
these 10 patients received enzyme replacement therapy and
are in a good condition. The details of these 10 patients are
presented in Table 3.

Within the family with the c.656T > C mutation, two
adult females (the mother and a grandmother) were found to
have the same mutation. The grandmother had renal failure
and was undergoing hemodialysis. Although the mother had
mildly elevated plasma levels of Gb3, there was still no
renal involvement at the present moment. It is well known
that the c.656T > C is a late-onset renal type mutation and
therefore it has been arranged that grandmother to receive
enzyme replacement therapy and the mother is undergoing
regular follow-ups that assess her renal condition.

Discussion

A large cohort study of Fabry disease has revealed that 77%
of women with the disease show neurological involvement,

Fig 1 The incidence of Fabry disease in females as measured by
Agena iPLEX assay. There were a total of 54,791 female infants who
participated in the mass screening program. In total 136 females with
c.639+ 919G > A (IVS4+ 919G > A) and one female with c.656T >
C were identified. The incidence of female infants with Fabry muta-
tions is much higher than expected at approximately 1/400. Out of
these newborns, 113 females with c.639+ 919G > A would have been
missed if screened only using the enzyme-based method, which has a
GLA activity cutoff value for female infants of 2.2 μmol/L/hr.
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59% show cardiac involvement, and 40% show renal
involvement [32]. However, because of the disease’s aty-
pical clinical manifestations, the diagnosis of female Fabry
disease patients is often significantly delayed. Therefore, we
believe it is important to detect high-risk females as early as
possible and before insidious, but irreversible, damage has
affected their vital organs. Furthermore, the present study
has indicated that severity of the disease is not completely
related to the plasma or leukocyte level of α‐galactosidase A
activity in female patients with Fabry disease [32].
This serves to reinforce the point that measurement of
α‐galactosidase A activity in plasma or leukocytes has
limited diagnostic/prognostic value in females and should
not be used to determine treatment options [34].

Therefore the present study, instead of using an enzyme-
based screening approach, has developed a simple, rapid,
and reliable molecular method for identifying and screening
the genetic variations found in female Fabry newborns. The
Agena iPLEX assay uses mass spectrometry (MALDI-TOF)
analysis is able to provide a rapid and efficient screening
system for specific mutations. The approach is able to detect
up to several thousand of gene variations in hundreds of
individuals at the same time with very high accuracy and
sensitivity. Another advantage of the Agena iPLEX assay
for newborn screening is that stringent DNA quality control
of the samples is not required. Unlike Sanger sequencing or
high-resolution melting, where the DNA quality of the
samples can severely affect the results, the Agena iPLEX
assay has shown great adaptability, even being used with
dry blood spot samples. The only disadvantage of the
Agena iPLEX assay is that it can only detect known
mutations that have been designed into the assay panel.
However, In Taiwan, 98% of Fabry patients are known to
be affected by only 21 pathogenic mutations after screening
916,000 newborns via newborn screening. In such cir-
cumstances a custom-made mass screening for Fabry
mutations via the Agena iPLEX system was feasible for
Taiwan. Furthermore, as part of this study, rather than using
computer-designed primers, we used self-designed PCR and
extension primers so that it was possible to analyze all 21
pathogenic mutation in one panel, which reduces the cost of
the screening substantially. Therefore, the running costs of
this method is only about 10 US dollars per infant during
this study. Finally, this study demonstrated that the Agena
iPLEX assay is a powerful tool that has high specificity
when carrying out rapid screening of known GLA muta-
tions among female newborns.

Our family study showed that out of 75 IVS4 and one
c.656T > C families who were referred to our hospital, we
were able to identify 115 family member with Fabry
mutation and, at the same time, pinpoint 30 IVS4 adults
who already had LVH. Ten of these individuals have
received cardiac biopsy and started enzyme replacementTa
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therapy. Before the development of our new newborn
screening system, all of these family members with cardi-
omyopathy would have never known that they had Fabry
disease. These findings highlighted the importance of Fabry
female newborn screening. It is useful for a physician to
identify undiagnosed Fabry patients who may already have
disease-onset, especially the female baby’s fathers with
Fabry disease. It is the daughters of these fathers who are
frequently missed by current enzyme-based newborn
screening approach.

In addition, a recent study has revealed that significant
cardiomyocyte Gb3 accumulation in late-onset patients
often leads to severe and irreversible cardiac fibrosis before
the development of LVH or any other significant cardiac
manifestations [22]. It is likely that in many cases it will be
too late to start enzyme replacement therapy after the
occurrence of LVH or another significant cardiac manifes-
tations when patients have later onset Fabry disease.
Therefore, the female newborn screening, including family
investigations, means we can identify more individuals
carrying GLA mutations and these can then be given
appropriate treatment when necessary. Not only are we able
to find more undiagnosed patients showing disease-onset,
but we also can identified individuals that carrying a
pathogenic mutation, but are as yet without disease invol-
vement. With appropriate and careful follow-up so that
early disease involvement can be detected, these patients
can receive early intervention, which should help to prevent
severe and irreversible tissue damage and this will then
result in a better treatment outcome.

In this study, we identified 137 IVS4 female newborns.
However, our previous studies had demonstrated that most
of IVS4 female started to have LVH after they reach the age
of 40 years and around one third of these individuals do not
seem to develop significant cardiac manifestations of Fabry
disease during their whole life [22]. This raises an important
ethical issue that needs to be discussed. In spite of the fact
that female newborn screening for Fabry disease is likely to
help many of the family members who have been mis-
diagnosed, but show disease-onset of Fabry disease, espe-
cially among fathers, do we need to make a diagnosis of
Fabry disease among these females at such an early stage in
their lives? Furthermore, is there any benefit to these IVS4
females who might never have disease-onset? In addition,
another argument is also important, is it justified to use
newborn screening to help parents or other relatives to
discover they have Fabry disease?

On the other hand, around two-third of females with the
most common late-onset mutation suffer significant cardiac
manifestations of Fabry disease. Importantly, our previous
study revealed that severe cardiac fibrosis may have
developed before the occurrence of any cardiac manifesta-
tion, when it might be too late to start treatment for Fabry

disease. Actually, without this screening, it would be
impossible identify these patients early and before they have
developed irreversible and significant cardiac manifesta-
tions. Furthermore, in an unpublished preliminary study by
our group, it has been revealed that the carriers of IVS4
mutation who smoke, have diabetes mellitus, havehyperli-
pidemia, havehypertension or are obese tend to show an
earlier disease onset and to have more severe clinical
manifestations. Therefore, it is our hope that our identifi-
cation of female with the IVS4 mutation at an early stage
will allows us to advise them on maintain a healthy life
style. This should help to delay disease onset and might
even help to avoid disease onset all together. Nevertheless,
it is necessary that we have in place a good genetic coun-
seling system that is able to explain the natural course of the
disease, together with a good follow-up system and the
creation of patient appropriate treatment plans; this should
help to appease any unnecessary fears of the parents whose
child is undergoing screening.

Since the current screening method based on α-Gal A
activity is unable to identify a large percentage of female
Fabry patients, an accurate screening method that largely
relies on the DNA sequence of the individual being tested is
necessary in order to identify female Fabry patients. In this
study, the Agena iPLEX assay has been shown to be an
effective and reliable method for Fabry newborn screening
in the Taiwanese population. This new newborn screening
approach has helped us identify many undiagnosed Fabry
patients that are showing disease-onset and we have also
been able to pinpoint high-risk potential patients who carry a
pathogenic mutation, but who as yet show no disease-onset.
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