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Abstract

Aims Fabry disease (FD) is a rare X-linked genetic disorder caused by a-galactosidase A (AGALA) deficiency. Whereas ‘classic’
variant has multisystemic manifestation, the more recently described ‘later-onset’ variant is characterized by predominant car-
diac involvement that often mimics hypertrophic cardiomyopathy (HCM).

Methods and results Consecutive unrelated patients with HCM were screened for FD in 16 (out of 17) cardiac centres in the
Czech Republic covering specialized cardiology care from June 2017 to December 2018. AGALA activity and
globotriaosylsphingosine (lyso-Gbs) levels were measured in all subjects using the dry blood spot method. FD was suspected
in male patients with AGALA activity <1.2 umol/h/L and in females with either low AGALA activity or lyso-Gbs > 3.5 ng/mL.
Positive screening results were confirmed by genetic testing. We evaluated 589 patients (390 males, 66%) with HCM (mean
maximal myocardial thickness 19.1 + 4.3 mm). The average age was 58.4 + 14.7 years. In total, 17 patients (11 males, 6
females) had a positive screening result, and subsequently, six of them (four males and two females) had a genetically
confirmed pathogenic GLA mutation (total prevalence of 1.02%). Five of these patients were carrying the p.N215S mutation
known to cause a typical later-onset cardiac FD.

Conclusions We confirmed the prevalence of FD repeatedly reported in previous screening programmes (approximately 1%
irrespective of gender) in a non-selected HCM population in Central Europe. Our findings advocate a routine screening for FD
in all adult patients with HCM phenotype including both genders. The dry blood spot method used led to identification of
clearly pathogenic variants.
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Introduction

Fabry disease (FD) is a rare genetic disorder caused by
mutations in the GLA gene encoding o-galactosidase
A (AGALA). Deficient AGALA activity leads to intralysosomal
accumulation of neutral glycosphingolipids, predominantly

globotriaosylceramide (Gbs), in various tissues, causing pro-
found structural and functional cellular damage.”? The inher-
itance pattern is X-linked; hemizygous men are usually more
severely affected as compared with heterozygous women.
In the latter, the severity depends also on the X chromosome
inactivation (females with skewed inactivation towards
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expression of the chromosome carrying the mutation may
have a severe course of the disease). Homozygosity in
women appears to be extremely rare.

The classical clinical phenotype is characterized by multi-
ple organ involvement with age-dependent manifestations.
The disease is affecting peripheral and central nervous sys-
tem (leading to neuropathic peripheral pain, white matter
lesions, and premature stroke), skin (angiokeratomas,
hypohidrosis), kidney (albuminuria and glomerular filtration
impairment), gastrointestinal system (abdominal pain,
diarrhoea), and heart. Cardiac involvement consists domi-
nantly of ventricular hypertrophy, progressive left ventricular
(LV) scarring, heart failure, tachyarrhythmias, bradycardia
and AV conduction defects, and valvular involvement.
Because LV hypertrophy is usually pronounced, the manifes-
tation resembles sarcomeric hypertrophic cardiomyopathy
(HCM).2 Besides the classical phenotype, a large proportion
of patients carry mutations causing a later-onset phenotype
with manifestations mostly limited to the heart. Moreover, a
large number of non-pathogenic gene variants or variants of
unknown significance were described.™? Early identification
of affected patients with pathogenic mutations is of
utmost importance as available specific treatment with
enzyme replacement therapy and small molecular
chaperone (migalastat) may slow down the disease
progression and leads to some functional and structural
improvements.*®

Several screening studies in patients with unexplained LV
hypertrophy and/or HCM diagnosis have shown a relatively
high prevalence of previously unrecognized FD in these
cohorts.®® In spite of this evidence, systematic testing for
FD did not fully penetrate to the clinical routine mainly
due to limited availability of enzyme activity assessment
and costs related with gene sequencing.’ Since about
10 years assays of AGALA activity measurements in dried
blood spots (DBS) became available. Low AGALA activity
measured from DBS is a reliable diagnostic tool in male
patients.’® However, in female heterozygotes, AGALA activ-
ity is often borderline or even within normal ranges, and
the diagnosis is often feasible only by gene sequencing.**
This method appears laborious, costly, and problematic
due to identification of large numbers of non-pathogenic
variants and polymorphisms.?*?

The search for an effective biomarker of FD revealed that
plasma globotriaosylsphingosine (lyso-Gbs) is elevated in
presence of pathogenic variants, particularly in classically af-
fected patients.’>** Although lyso-Gbs levels are generally
lower in women as compared with men and less elevated in
later-onset mutations, it has been proposed as a reliable diag-
nostic tool for identification of suspected FD patients in
screening programmes.*®

Because new DBS technique combining AGALA and lyso-
Gbs; measurements allows a screening in both genders, we
designed a large study focusing on a population of HCM

patients diagnosed in tertiary centres and screened both
men and women. The second objective of the study was to
confirm that the selected diagnostic approach based on
lyso-Gbs in females would be able to detect later-onset vari-
ants of FD.®

Methods

The study was organized by the Czech Society of Cardiol-
ogy. In total, 16 out of the 17 specialized tertiary cardiovas-
cular centres providing cardiology care in the Czech
Republic (10.6 million people) participated in the screening.
We included consecutive unrelated patients diagnosed or
followed-up for HCM. The screening took place from 1 June
2017 to 31 December 2018 (at least 12 months in each
centre). HCM was defined by the presence of increased
LV wall thickness (>15 mm) that was not solely explained
by abnormal loading conditions in one or more myocardial
segments on echocardiography, MRI, or cardiac CT.'’
Patients with known FD and other HCM phenocopies
including infiltrative diseases (e.g. amyloidosis) were
excluded. All patients had to be older than 18 years and
required to give a signed informed consent containing the
information about Fabry disease and underlining the need
of a subsequent investigation in a specialized centre to
confirm the test positivity. The study was approved by
multicentre Ethics Committee of the General University
Hospital in Prague.

After completion of a brief questionnaire (age, family his-
tory of HCM, maximal wall thickness, LV outflow tract ob-
struction, implantable cardioverter-defibrillator implantation,
and possible extracardiac manifestation of FD), blood sam-
ples were taken and processed according to the DBS method
described elsewhere.®

All dried DBS kits were collected, anonymized and
shipped to ARCHIMED Life laboratory in Vienna for process-
ing. The samples were used for AGALA and lyso-Gb; mea-
surement from the same filter paper card. Enzyme activity
and lyso-Gb; were measured using a fully validated and
accredited high-sensitive  electrospray ionization—liquid
chromatography tandem mass spectrometry (ESI LC-MS/
MS) assay (ARCHIMED Life Science GmbH, Vienna, Austria;
www.archimedlife.com). FD was suspected in male patients
with AGALA activity <1.2 pmol/h/L and in females with
either low AGALA activity or lyso-Gbs; > 3.5 ng/mL.
Positive screening results were confirmed by gene
sequencing in the presence of a detectable mutation within
the GLA gene.

Categorical variables are expressed as proportions
(percentage) and continuous variables as mean and standard
deviation (SD).
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Results

Of 592 patients who underwent the screening, three were ex-
cluded (in two, DSB samples were insufficient, and one pa-
tient has withdrawn his consent with the study). The final
screening population therefore included 589 patients, of
which 390 (66.2%) were males. The average age was
58.4 14.7 vyears, and the mean LV thickness was
19.1 £ 4.3 mm. According to clinical questionnaire, 124
(21.1%) of the patients had at least one potentially
non-cardiac FD manifestation such as proteinuria, renal insuf-
ficiency, stroke or transitory ischaemic attack history, neuro-
pathic pain, angiokeratomas, or cornea verticillata. The base-
lines characteristics of our cohort are listed in Table 7 and
study flowchart in Figure 1.

Out of the 589 patients, we identified 14 patients in whom
FD diagnosis was suspected based on AGALA activity mea-
surement (11 males, 3 females). Furthermore, three other fe-
males had normal AGALA activity but elevated lyso-Gbs. Of
these 17 patients, the diagnosis of FD was confirmed by ge-
netic testing in six cases (four males and two females). In
the remaining 11, two had negative second sample analysis,
and in nine individuals, the gene sequencing did not identify
any variant within the GLA gene.

Based on the screening results, FD was suspected in six fe-
males. Three of them presented with low AGAL activity, in
two cases associated with increased level of lyso-Gbs. These
two females were subsequently confirmed by genetic testing
as carriers of a pathogenic mutation. The last female patient
with low AGALA activity had normal lyso-Gbs and negative
genetic testing. Three other female patients had normal
AGAL activity with increased lyso-Gbs and had also a negative
genetic testing result.

Among patients with confirmed FD, five patients (four males
and one female) had the p.N215S pathogenic variant (Table 2).
This mutation is known for causing typically the later-onset iso-
lated cardiac disease. The last positive patient was female with
a nonsense p.Leu294* mutation in exon 6. The characteristics

+
+

Table 1 Baseline characteristics of the entire cohort of screened
patients with HCM diagnosis

Age (years) 58.4 + 14.7
Males (n; %) 390; 66%
Maximal LV wall thickness (mm) 19.1 £ 4.3
Family history of hypertrophic 102; 17%
cardiomyopathy (n; %)

Presence of LVOT obstruction (n; %) 259; 44%
ICD implantation (n; %) 94; 16%
Fabry non-cardiac manifestation (n; %) 124; 21%
— Proteinuria or renal insufficiency 61; 10%
— Acroparesthesia 39; 7%
— Stroke/TIA 38; 6%
— Angiokeratoma, cornea verticillata 5, 1%

ICD, implantable cardioverter-defibrillator; LV, left ventricle; LVOT,
left ventricular outflow tract; TIA, transitory ischaemic attack.

of these patients are summarized in Table 2. The female pa-
tient carrying the p.N215S variant was found to have an ex-
tremely rare homozygous configuration, which explains the
severity of her manifestation. Of note, this patient has been
previously treated by a successful alcohol septal ablation
due to significant obstruction of LV outflow tract and im-
planted with an implantable cardioverter-defibrillator; four
other members of her family were identified as mutation car-
riers, one of them having a severe cardiac disease already.

According to the questionnaire, non-cardiac manifesta-
tions of FD were present in two out of the six identified pa-
tients. Both patients—one male with p.N215S and one fe-
male homozygous for p.N215S—had proteinuria with
preserved renal function. In addition, the homozygous female
reported a typical neuropathic pain. Moreover, a systematic
careful evaluation during hospitalization after the screening
found non-cardiac manifestation (angiokeratomas, neuro-
pathic pain, and proteinuria) in the female patient with non-
sense GLA mutation p.L294*.

Discussion

Our study represents another approach for screening in pa-
tients with unexplained LV hypertrophy or HCM by analysing
cases diagnosed and followed up in highly specialized tertiary
centres. Our cohort represents a nationwide sample because
all but one centres agreed to recruit their HCM patients. As
compared with previous screening programme performed in
the Czech Repubilic, this study included both male and female
patients and confirms that FD may mimic HCM findings in
both genders.’

The main novelty of our diagnostic approach is the use of
screening strategy proposed by Kasper and colleagues and
used by ARCHIMED Life laboratory based on measurements
of AGALA activity in men and both AGALA activity and lyso-
Gbs in women. In male patients, the presence of pathogenic
GLA variant is always associated with depressed AGALA activ-
ity to an extent that a false negative diagnosis seems almost
excluded including cases with later-onset variants in whom a
certain residual activity is always present.*® In contrast in fe-
male heterozygotes, AGALA activities may be close to normal
or even within normal ranges. It has been documented that
up to 40% of females may be missed by an enzymatic screen-
ing alone.'® Therefore, we used a second-line screening
method based on lyso-Gb3.2° However, this approach may
also fail to detect FD particularly in women carrying a
later-onset disease causing mutations. As shown by Nowak
et al. using the same method for DBS-measured lyso-Gbs,
the values of lyso-Gbs from DBS and sera are in perfect corre-
lation, but DBS-derived values are about 50% lower. In
later-onset variant heterozygous females (one of them on
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Figure 1 The flowchart of the study showing stepwise diagnostic approach results based on AGALA activity, lyso-Gb3 measurements, and GLA gene
sequencing.
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Table 2 Characteristics of patients with genetically confirmed Fabry disease

Posterior
AGALA Septal wall Positive  Non-cardiac
Gene Variant activity  Lyso-Gbs thickness thickness LVMi family  Fabry disease
Sex Age variant type (umo/L/h) (ng/mL) (mm) (mm) (g/mz) LVOTO ECG ICD history manifestation
M 56 p.N215S Cardiac 0.4 - 20 17 107 Yes Atrial fibrillation, No No No
LBBB
M 57 p.N215S Cardiac 0.7 - 23 21 131 No RBBB + LAH No No No
LV hypertrophy
M 55 p.N215S Cardiac 0.3 - 27 12 112 No RBBB + LAH No No No
M 66 p.N215S Cardiac 0.3 - 22 14 96 No RBBB + LAH No Yes Proteinuria
LV hypertrophy
F 56 p.N215S Cardiac 0.3 10.0 17 23 11 Yes LV hypertrophy Yes Yes Proteinuria
Neuropathic
pain
F 53 p.L294* Novel 0.6 16.0 18 14 116 No LV hypertrophy No  No Proteinuria

Angiokeratomas
Neuropathic
pain

AGAL, o-galactosidase; ECG, electrocardiography; ICD, implantable cardioverter-defibrillator; LAH, left anterior hemiblock; LBBB, left bun-
dle branch block; LV, left ventricle; LVMIi, left ventricular mass index; LVOTO, left ventricular outflow tract obstruction; Lyso-Gbs, plasma
globotriaosylsphingosine; RBBB, right bundle branch block.
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ERT), Nowak et al. reported a median DBS lyso-Gbs level 1.3
(range: 1.1-2.6) ng/mL, therefore below the detection
threshold used in our study. Using the same method, these
authors reported slightly higher levels in more symptomatic
later-onset mutation carrying women reaching 4.9 (1.6—4.9)
ng/mL, thus overlapping with the threshold used in our
study.?* Smid et al. have also demonstrated that later-onset
variants in female patients are associated with a statistically
significant elevation of lyso-Gb; However, values in their co-
hort were also overlapping with normal control subjects.*?
Nevertheless, the recently published analysis in female pa-
tients yielded a high overall positive predictive value (97%)
for the same diagnostic algorithm used in our study. Unfortu-
nately, the studied cohort comprised a low number of
later-onset variant carriers, and the few missed by this diag-
nostic approach were arising from this group.*®

On the one hand, our study demonstrated that the strat-
egy based on lyso-Gbs assessments allows identification of
women carrying pathogenic mutations for FD; on the other,
it did not give an answer whether heterozygous women with
mutations causing later-onset variants would be successfully
identified in screening programmes investigating populations
with cardiac manifestations.

One of the females identified by our study is carrying the
p.N215S variant. However, she was shown to represent an ex-
tremely rare case of homozygosity, therefore manifesting a
disease severity and biomarker levels similar to male pa-
tients. The second female is carrying a p.Leu294* nonsense
mutation with clinical picture suggesting a classical disease.
Although the latter mutation was not described in the litera-
ture yet, its character and the presence of extracardiac man-
ifestations along with relatively high lyso-Gb; suggest the
classical phenotype. Therefore, our study clearly demon-
strates that screening strategies in HCM patients should be
focusing not only on male but also on female patients. How-
ever, our data are unable to confirm that in female patients,
the method based on lyso-Gbs is sufficient as we may have
missed females with later-onset variants in whom enzymatic
assay may show AGALA levels within normal ranges and min-
imal lyso-Gb; elevation.

The question remains whether the risk of missing a female
carrying a later-onset variant by this approach is clinically rel-
evant. First, female patients with advanced LV hypertrophy
mimicking HCM have elevated lyso-Gbs levels as compared
with healthy subjects.'® Second, it seems that the proportion
of females in the cardiac screening programmes carrying a
later-onset variant is lower as compared with the classic phe-
notype carriers. The analysis of published screening
programmes performed by Doheny et al. has shown that
the ratio between the classic and later-onset phenotype in
male patients is usually 1:3 or 1:4, whereas in females, the ra-
tio is reversed ranging from 1:1 up to 4:1.%8

The main advantage of the selected approach is elimina-
tion of frequently encountered benign variants such as p.

E66Q, p.R118C, p.S126G, p.D313Y, or p.A143T. These patients
are usually not presenting with severe clinical phenotype and
have very low lyso-Gbs values, and their inclusion into posi-
tively identified cases falsely increased previously reported
prevalence of FD in high-risk populations. The bias induced
by misinterpretation of pathogenic mutations was analysed
by Doheny et al. in 16 studies of cardiac screening published
till 2017. The authors demonstrated that after elimination of
potentially benign variants, the prevalence of FD in cardiomy-
opathy patients decreased from 1.21% to 0.94% in males and
from 0.90% to 0.56% in females. This number is in agreement
with the results of our study, although we are finding a lower
ratio between classical and late-onset variants 1:5 although
others were reporting a ratio 1:2 in Caucasian patients in
both genders. The need for a careful evaluation of detected
variants based on clinical assessment, family history, AGALA
and Lyso-Gb3 levels, literature and database search, in vitro
predicting tools, assessments of the prevalence of the allele
in the population, and segregation analysis was recently
ascertained by Germain et al. In agreement with previous ev-
idence, their review is also suggesting the benign character of
the above listed variants.?®

Five out of six cases identified in our study were carrying
the p.N215S variant, which appears to be the most common
mutation in Western countries.>* Affected patients may have
significant levels of residual AGALA activity (2-20% of normal
values). Most of p.N215S carriers do not report early symp-
toms of Fabry disease (hypohidrosis, neuropathic pain, febrile
crises, gastrointestinal complaints), and manifestations in
older patients are usually limited to the heart (LV hypertro-
phy, cardiac fibrosis, conduction disturbances, arrhythmias).
However, a subset of patients may present with proteinuria
and mildly decreased renal function similarly to two patients
from our cohort.>® Rarely, a progressive worsening to
end-stage renal disease has been reported.?® The late-onset
nature of disease development and absence of typical signs
of FD may lead to misdiagnosis of FD for HCM delaying a pos-
sibility of early specific treatment initiation. Late stages with
irreversible ventricular fibrosis seem to respond poorly to
ERT and were shown to be associated with arrhythmic
events.?” Therefore, a systematic screening for FD should be-
come part of diagnostic workup in adult HCM patients re-
gardless of the presence or absence of associated
extracardiac signs and symptoms. As shown by our study,
the systematic screening cannot be replaced by clinically ori-
ented screenings. Of note, 21% of our HCM cohort had at
least one of the signs or symptoms reported in classical FD
phenotype. On the other hand, as shown by our case carrying
the p.Leu294* mutation, her clinical signs of FD were
overlooked by cardiology routine follow-up.

The suggested systematic screening for Fabry disease
among HCM patients should allow identification of index
cases and open the possibility for cascade family genetic test-
ing to make a timely diagnosis in affected family members. By
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applying this approach, we were able to detect additional pa-
tients among the relatives of our probands and initiate a
prompt targeted therapy if needed. However, as suggested
by the recent literature review, several cultural, legislative,
and logistic barriers exist in different countries, and in many
of them, this approach remains difficult or impossible.?

It should be emphasized that DBS may be associated with a
false positivity (e.g. due to sampling errors) and always re-
quires confirmatory testing. This is clearly demonstrated by
our result, where 17 cases had positive screening results,
but the disease was confirmed only in six of them.

The major limitation of our work is a potentially limited
sensitivity of the diagnostic algorithm based on AGALA activ-
ity and lyso-Gbs measurements in later-onset mutation car-
riers in females. In absence of a more sensitive biomarker
for FD, this may be solved only by a systematic gene sequenc-
ing. Because many HCM patients undergo a complex search
of sarcomeric genes responsible for the disease anyway,
GLA gene should be included in the diagnostic panel. How-
ever, this approach mandates a careful evaluation of pathoge-
nicity as many common variants within the GLA gene were
shown to be non-pathogenic.

The second limitation may be a pre-selected character of
our population eliminating patients that were previously di-
agnosed in major cardiovascular centres by DBS kits distrib-
uted widely for clinical use. It should be also noted that in a
substantial proportion of patients with late-onset FD, the
myocardial thickening does not exceed the 15 mm threshold
required for HCM diagnosis.?® Because our study was on pur-
pose focusing on those with suspected HCM, our data do not
elucidate the prevalence of FD in patients with milder LVH.

In conclusion, our study demonstrated that the most fre-
quently encountered pathogenic variant in Caucasian popula-
tion with previous diagnosis of HCM in the Czech Republic is
the p.N215S known to cause the later-onset cardiac FD vari-
ant. Our data support recommendation for routine screening
in all adult HCM patients for FD. This screening could be ef-
fectively done by evaluation AGALA activity in males and
AGALA activity and lyso-Gbs levels in females from DBS. De-
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