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SUPPLEMENTARY INFORMATION 

METHODS 

Genetic analysis  

Targeted next-generation sequencing of 59 and 62 cardiomyopathy related genes   

Genomic DNA was isolated from peripheral blood samples using standard methods for the detection 

of germline mutations. Haloplex Target Enrichment System (Agilent Technologies) was used to 

capture regions of interest for next generation sequencing. Online design tool SureDesign 

(https://earray.chem.agilent.com/suredesign/) was used to capture of probe design. Target regions 

consisted of exons, UTRs and 10bp flanking regions of 59 (in the index patient) and 62 (in the son of 

the index patient) cardiomyopathy associated genes from the RefSeq and Ensembl databases 

(GRCh37/hg19) (Supplementary Tables 4a and 4b). Total length of the target regions was 496 kbp 

and involved 1478 regions. The design yielded 18767 amplicons covering 491 kbp of target regions. 

Library preparation was performed using HaloPlex Target Enrichment Kit by following the 

manufacturer's instructions. Paired-end sequencing (2 × 300 bp) was performed on MiSeq instrument 

(Illumina) using the MiSeq Reagent Kits v3 (600 cycles). After sequencing, the average sequencing 

depth was 316 fold and 92% of the target regions were sequenced at least 15-fold. 

 

Supplementary Tables 4a and 4b 

Table 4a List of the 59 genes included in the cardiomyopathy gene panel. 

Table 4b List of the 62 genes included in the cardiomyopathy gene panel. 
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Data analysis and variant calling 

In-house developed analysis pipeline was used for the analysis of raw fast files generated by the 

MiSeq-sequencer. Cutadapt (https://code.google.com/p/cutadapt/) software was applied for Illumina 

sequencing adapter removal and read trimming. Reads shorter than 20bp were abandoned. Remaining 

reads were mapped to human reference genome hg19 using BWA-MEM algorithm (http://bio-

bwa.sourceforge.net/). Variant calling (SNVs and indels) was performed using four different variant 

callers: GATK HaplotypeCaller (https://www.broadinstitute.org/gatk/), SAMTools mpileup 

(http://samtools.sourceforge.net/), Atlas2 (http://sourceforge.net/projects/atlas2/) and Platypus 

(http://www.well.ox.ac.uk/platypus). All called variants were annotated using SnpEff 

(http://snpeff.sourceforge.net/), ANNOVAR (http://annovar.openbioinformatics.org/) and different 

public databases (eg, 1000 Genomes, dbSNP and ClinVar). Variants had to meet the following 

conditions to be included in the downstream analysis: 1) located within the exonic or splicing regions, 

2) have high or moderate effect on gene function, and 3) have unknown or variant allele frequency 

below 1% in the 1000 genomes variant database. The alignments at variant positions were visually 

inspected using the Integrative Genomics Viewer (https://www.broadinstitute.org/igv/). Variants that 

met these conditions and passed visual inspection were annotated using Condel 

(http://bg.upf.edu/fannsdb/). 

 

Sanger sequencing of the α-galactosidase A gene  

Cascade mutation screening of the α-galactosidase A gene (GLA) in all available family members 

was performed with Sanger sequencing. Sanger sequencing of the whole coding region of GLA 

covered also at least 56 bases (maximum 376 bases) around all exons. Additionally, in the son and 

two great grandsons carrying T410A/GLA, we screened separately the following intron variants of 

GLA c.369+990C>A, rs1023431 (not reported in ClinVar), c.547+285_c.547+399, c.547+395G>C, 

c.639+329_c.639+330ins113 and c.639+919G>A (IVS4+919G>A), that have been associated with 

Fabry disease.  
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Clinical examination and follow-up 

T410A/GLA positive family members (n=6) were examined at the Kuopio University Hospital. All 

clinical symptoms and signs of Fabry disease (FD) were meticulously investigated and recorded. The 
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patients were monitored regularly at least once a year according to the comprehensive Finnish 

national FD protocol. A pediatrician examined the children (n=2) and a cardiologist (JK, KV) the 

adults (n=4). An examination by an ophthalmologist, dermatologist, neurologist and nephrologist 

were performed when clinically relevant. The young female, who had Rett ́s Syndrome, was excluded 

from detailed clinical studies and yearly follow-up because of severe disability.  

Finnish national Fabry disease protocol  

The Finnish Fabry disease protocol1 includes careful patient examination by specialist (cardiologist, 

internist, nephrologist, neurologist or pediatrician), an interview (symptom and depression 

questionnaire, quality of life measurements, cognitive tests) and several laboratory tests (complete 

blood count, plasma levels of sodium, potassium, creatinine, urea, cystatin C, alanine 

aminotransferase, gamma-glutamyl transpeptidase, brain natriuretic peptide (proBNP), troponin T, 

high-sensitivity C-reactive protein (hsCRP) and thyroid stimulating hormone, fasting plasma glucose,  

glycohemoglobin (Hba1C) and lipids, albumin-to-creatinine ratio, estimated GFR, creatinine 

clearance, ECG, plasma and urine levels of globotriaosylsphingosine (lyso-Gb3) and antibodies if on 

ERT) at least annually. In addition to the above, individually at the discretion of a physician, cardiac 

stress test, 24-hour ECG monitoring, cardiac MRI including LGE and T1 mapping, brain MRI, 

spirometry, audiogram and an examination by an ophthalmologist and dermatologist will be 

performed.  

Reference: 

1. Kantola I, Penttinen M, Nuutila P et al. Fabryn tauti. Duodecim2012;128:729-39. 

Cardiac imaging 

All T410A/GLA positive family members (n=6) were examined by cardiac ultrasound according to 

current guidelines. All of them (n=5), except for the female with Rett ́s syndrome, were investigated 

by CMR at least once by using 1.5 T full-body scanner (Magnetom AERA, Siemens Healthcare, 

Erlangen, Germany). CMR included cine imaging, late gadolinium enhancement (LGE) images, and 

from 2017, T1 and T2 weighted sequences as well. Image analysis was performed with SyngoVia 

image analysis software (Siemens Medical Solutions, Pennsylvania, USA). All but CMR studies of 

the index patient also included non-contrast myocardial T1 mapping (motion corrected shMOLLI).  

The CMR studies were analyzed by imaging cardiologist and cardiac radiologist.  

Cardiac magnetic resonance imaging  

Cine imaging 

Cardiac magnetic resonance imaging (CMR) was acquired with 1.5 T MR scanner (Magnetom Aera, 

Siemens, Erlangen, Germany) by using an 18-channel body array coil. Breath-hold cine MR was 

performed using retrospectively electrocardiographically gated segmented true fast imaging with 

balanced steady-state free precession (bSSFP) TrueFISP sequence. To assess left ventricular (LV) 

and right ventricular (RV) volumes and ejection fractions (EF) cine MR images were obtained in two-

chamber, three-chamber and four-chamber long-axis planes and in short-axis planes covering both 

ventricles from basis to apex. The typical imaging parameters were TR/TE  35/1.2, flip angle 55 º, 

218x256 matrix, 294 x 294 mm2 field of view (FOV). Slice thickness was 6 mm and inter-slice gap 

20 %. 
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Myocardial T1 mapping 

Myocardial T1 mapping was performed before contrast agent injection in a mid-ventricular short-

axis slice using a shortened Modified Look-Locker Inversion-recovery (ShMOLLI) sequence. The 

short axis view imaging plane was chosen based on standard Siemens cardiac imaging routines. Slice 

thickness was set for 8 mm, in-plane resolution 1.4 x 1.4 mm2; FOV 360 x 306 mm2; inversion times 

between 100 and 2910 ms; and flip angle of 35°. 

LGE images 

Ten minutes after injection of contrast agent (gadoteratemeglumine, Dotarem® 0,2 mmol/kg) LGE 

images were acquired in three-chamber, four-chamber and short axis planes similarly to cine images, 

using inversion recovery spoiled gradient echo (IR-SPGR) sequence. The imaging parameters were 

TR/TE 2.58/2.3 ms, flip angle 40°, 256 x 256 matrix, 240 x340 FOV. Slice thickness was 8 mm and 

interslice gap 0%. Inversion time was optimized for each measurement to null the signal intensity of 

normal myocardium (240-360 ms). 

CMR image analysis 

Image analysis was performed by using Sectra IDS7/dx workstation. Images were analyzed by one 

cardiologist specialized to cardiac MR imaging (MH) and one radiology fellow (LL-R). The 

analyzers were blinded to genetic and clinical findings of the study subjects. To evaluate left 

ventricular ejection fraction (LVEF), left ventricular end-diastolic volume (LVEDV), left ventricular 

mass (LVM) and left ventricular end-systolic volume (LVESV), the endocardium and the epicardium 

were traced by using semiautomatic quantification program (Syngo.ViaSRV, Siemens Medical 

Solutions, Pennsylvania, USA), with the papillary muscles and trabeculations excluded. LVESV was 

analyzed from the cine images with smallest LV cavity. Cardiac hypertrophy was defined as increased 

LV wall thickness in one or more myocardial segments of more than 12 mm. Body surface area (BSA) 

was calculated by using Du Bois method. 

Motion corrected T1 maps were generated and T1 estimates were computed on a per-pixel basis by 

performing a non-linear curve fitting using the three parameter signal model. Midventricular 

segmental analysis was used to calculate the mean T1-relaxation values separately from the anterior, 

anteroseptal, inferoseptal, inferior, inferolateral and anterolateral segments of myocardium. In 

addition to segmental analysis we also calculated the mean T1 value of the mid-myocardium. T1 

values were compared with published values for normal healthy myocardium. 1  

The amount and location of LGE were analyzed by visual evaluation.  

Reference:  

1. Piechnik S, Ferreira V, Lewandowski A et al. Normal variation of magnetic resonance T1 relaxation times in 

the human population at 1.5 T using ShMOLLI. J Cardiovasc Magn Reson2013;15(1):13. 

 

Alpha-galactosidase A enzyme activity and lyso-Gb3 levels at baseline 

Alpha-galactosidase A enzyme (α-Gal A) activities were measured in all family members with 

T410A/GLA (n=6) at least once before any treatment for Fabry disease (FD). α-Gal A activities in 

leukocytes of the index patient, her son and two granddaughters in Kuopio University Hospital 

laboratory Islab in Finland at the time of the FD-diagnosis.  α-Gal A activities both in leukocytes and 

in plasma were also measured in the index patient and her son in Sahlgrenska University Hospital 

laboratory in Sweden before they started with enzyme replacement therapy (ERT). α-Gal A activities 

in Dried Blood Spot (DBS) samples were measured in ARCHIMEDlife laboratory in Vienna in two 
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grand grandsons at the time of the FD diagnosis, and in the son of the index patient when he had been 

on ERT for years. Lyso-Gb3 from DBS samples were measured in all family members with 

T410A/GLA in ARCHIMEDlife laboratory in Vienna. Lyso-Gb3 measurements were performed 

before treatment for FD in granddaughters and grand grandsons, but only during ERT in the index 

patient and her son, as the measurements were not available at the time of their diagnosis.  

Alpha-galactosidase A enzyme activity/ Kuopio University Hospital laboratory, Islab  

Alpha-galactosidase A enzyme activity was determined in leukocytes by a fluorometric enzyme assay 

using an artificial 4-methylumbelliferyl-alpha-D-galactoside as substrate. Active enzyme liberates 4-

methylumbelliferyl from the substrate which was measured fluorometrically (excitation at 360 nm, 

emission at 465 nm).  

Alpha-galactosidase A enzyme activity/ Sahlgrenska University Hospital laboratory 

EDTA blood was collected and plasma was isolated by centrifugation at 15 min, 2250 x g where after 

leukocytes were collected by sedimentation in 70% dextran (60g/L). Alpha-galactosidase A enzyme 

(α-Gal A) activity was determined in leukocytes and plasma by a fluorometric enzyme 

assay utilizing 4-methylumbelliferyl-alpha-D-galactoside (Apollo Scientific, Manchester) as 

substrate, according to (see ref below). The assay was performed in the presence of N-acetyl-D-

galactosamine (TRC, Toronto) as an inhibitor of α-N-acetyl-galactosaminidase. Active enzyme 

liberates 4-methylumbelliferyl from the substrate which was measured fluorometrically (excitation 

at 360 nm, emission at 448 nm). Beta-Galactosidase activity was measured as a control for sample 

quality, using the 4-metylumbelliferyl-β-D-galactopyranosid (TRC, Toronto) as substrate. Protein 

concentration was assayed using the bicinchoninic protein assay (BCA, PierceTM, ThermoFisher 

Scientific). 

 References 

1. Svennerholm L, Hakansson G, Mansson J-E, Vanier MT. The assay of sphingolipid hydrolases in white blood 

cells with labelled natural substrates. Clin Chim Acta 1979; 92: 53-64. 

2. Mayes JS, Scheerer JB, Sifers RN, Donaldson ML. Differential assay for lysosomal alpha-galactosidases in 

human tissues and its application to Fabry's disease. Clin Chim Acta 1981; 112: 247-251. 

 

Alpha-galactosidase A enzyme activity/ Sanofi Genzyme/ ARCHIMEDLife laboratory in 

Vienna, Austria 

Alpha-galactosidase A enzyme activity was determined in dried blood spots (DBS) on filter paper 

using a fluorometric assay.  

References:  

1. Stiles A R, Zhang H, Dai J et al. Comprehensive testing algorithm for the diagnosis of Fabry disease in males 

and females. Mol Gen and Metab.2020 Jul;130(3):209-214. 

2. Caudron E, Prognon P, Germain DP. Enzymatic Diagnosis of Fabry Disease Using a Fluorometric Assay on 

Dried Blood Spots: An Alternative Methodology. Eur J Med Genet. (2015) 

 

Lyso-Gb3  

For lyso-Gb3 quantification Dried Blood Spot (DBS) samples were measured using a fully validated 

high-sensitive electrospray ionization liquid chromatography tandem mass spectrometry (ESI LC-

MS/MS). Hereby, a seven-point DBS calibrator for lyso-Gb3 quantification (covering the analytic 

range from 0-120ng/mL; lower limit of quantification: 1.5ng/mL), as well as three level quality 
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controls (3, 30 and 100ng/mL) were used (ARCHIMEDLife Science GmbH, Vienna, Austria; 

www.archimedlife.com). The normal range of lyso-Gb3 was defined < 3.5 ng/ml.  

Lyso-Gb3 analogues 

Metabolic lyso-Gb3 protocol  

Untargeted metabolomic studies were performed to discover lyso-Gb3 analogues in plasma (1) and 

urine (2). These analogues correspond to lyso-Gb3 molecules with a modified sphingosine moiety. 

The modifications -C2H4 (-28 Da), -H2 (-2 Da), +O (+16 Da), +H2O2 (+34 Da), and +H2O3 (+50 Da) 

were observed in both matrices, whereas the modification +H2O (+18 Da) was detected only in 

plasma, and the modifications -C2H4+O (-12 Da) and +O-H2 (+14 Da) were specific to urine. Tandem 

mass spectrometry methods, using the multiple reaction monitoring mode, were developed, and 

validated for the analysis of lyso-Gb3 and its analogues in plasma (3,4) and urine (5,6). Briefly, 100 

µL of plasma was combined with 500 µL of H3PO4 2%, or 500 µL of urine was mixed with 100 µL 

of HCl 1 N. Afterwards, 500 µL of MeOH containing the internal standard (glycinated lyso-Gb3 10 

nM) was added to the sample mixtures. The solid phase extraction was performed using mixed-mode 

strong cation exchange cartridges (Oasis, 30 mg, 60 µm) from Waters Corp.  (Milford, Ma). The 

cartridges were conditioned successively with 1200 µL of H3PO4 2% and 1200 µL of MeOH for 

plasma, or 1200 µL of HCl 1 N and 1200 µL of MeOH for urine. The samples were then loaded on 

the appropriate cartridges. The stationary phase was afterwards washed consecutively with 1200 µL 

of formic acid 2% and 1200 µL of formic acid 0.2% in MeOH, and the sample eluted with 600 µL of 

NH4OH 2% in MeOH for both sample matrices. The samples were evaporated to dryness using a 

nitrogen stream. Finally, the plasma samples were resuspended in 100 µL of ACN/H2O (50:50) 

containing 0.1% formic acid, and the urine samples in 200 µL of ACN/H2O (70:30) containing 0.1% 

formic acid. The chromatographic separation was performed with an Acquity I-Class system (Waters 

Corp.) using a BEH C18 column (1.7 µM, 2.1 x 50 mm, Waters Corp.) for plasma, and an Atlantis 

HILIC Silica column (3 µM, 2.1 x 50 mm, Waters Corp.) for urine. The samples were analyzed with 

a Xevo TQ-S tandem mass spectrometer (Waters Corp.). The urinary biomarkers were all normalized 

to creatinine. 
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Results 

Detailed clinical data of the index patient 

In 2009, the index patient, a Finnish woman in her 60s was admitted to the Kuopio University 

Hospital because of atrial fibrillation (AF). She had no significant previous illnesses except for 

arthrosis-like pains in extremities, atypical chest pain and NYHA 2 class dyspnea in exertion. Six 

years earlier her coronary angiography had been normal. She had no hypertension or other risk factors 

for coronary artery disease, no history of cardiac diseases nor sudden deaths in the family. AF was 

converted to sinus rhythm. In clinical examination, she had normal weight, normal blood pressure 

and no other significant clinical findings. On ECG, there was left ventricular hypertrophy (LVH) with 

ST changes, but no pathological Q waves. On echocardiography, LVH compatible with hypertrophic 

cardiomyopathy (HCM) was recorded. She was genetically tested for α-galactosidase A gene (GLA) 

mutation in London as a part of European multicenter ACES study.1After Fabry disease (FD) 

diagnosis she was investigated anew. She had mild microalbuminuria, but there were no other clinical 

signs of FD.  Brain MRI showed mild white matter changes, but neurological and neuropsychological 

tests were normal at that time. She was diagnosed with Fabry cardiomyopathy and agalsidase alfa 

was started, first two years in Shire TKT-028-REP060-Study,2 and after that in the clinical setting of 

the Kuopio University Hospital. For the first year agalsidase alfa was given 0.2mg/kg intra venously 

(i.v.) weekly, followed by the normal dose 0.2mg/kg i.v. every other week (e.o.w.). Couple of years 

after starting with ERT her brain MRI showed extensive degenerative changes, which were not 

considered to be related to FD but were regarded as sings of Alzheimer ́s disease. Progressive 

dementia ensued and enzyme replacement therapy (ERT) was discontinued after almost four years of 

use. In spite of anticoagulation needed due to AF, she suffered basilar stroke, probably of embolic 

origin, and passed away in her 70s. 

Detailed clinical data of the son of the index patient 

At the time of diagnosis of FD, the son of the index patient in his 40s was sporty, normal weight and 

had a history of well-controlled hypertension. He had no classic symptoms or signs of FD 

(neuropathic pain, gastrointestinal problems, anhidrosis, fatigue) nor heart symptoms except for 

recent paroxysmal AF. His renal function was normal and he had no microalbuminuria at diagnosis. 

At baseline, brain MRI was normal. ECG showed LVH by voltage criteria. Based on cardiac imaging 

and biomarkers he was diagnosed with mild Fabry cardiomyopathy. Troponin T (Tnt) and proBNP 

values were normal at diagnosis. He was started with agalsidase alfa 0.2mg/kg i.v. e.o.w. in his 40s, 

first two years in Shire TKT-028-REP060-Study2, and after that in the clinical setting. Agalsidase 

alfa was continued for almost four years, during which cardiomyopathy progressed further and the 

treatment was changed to agalsidase beta 1mg/kg i.v. e.o.w. After 5 more years cardiomyopathy 

progressed further. He suffered from several AF episodes and occasional short bursts of non-sustained 

ventricular tachycardia (provoked by mild hypokalemia). In his 50s bicycle stress test was normal, 

TnT levels were slightly elevated, NT-pro-BNP values remained in normal range although gradually 

increased compares to the baseline. He started to show mild albuminuria and slightly impaired renal 

function with borderline eGFR values. Blood pressure was invariably well-controlled. He did not 

develop antibodies against ERT. Despite of over 10 years of optimal medical treatment (ERT with 

the recommended dosage, metoprolol, valsartan, spironolactone, lercanidipine, apixaban, 

rosuvastatin), cardiomyopathy had progressed and CMR showed LVH progression and new systolic 

anterior motion of the mitral valve (SAM) (Figures 4A-4C). CMR was performed every year or two 

altogether 7 times. His last ECG just weeks before the death in his 50s showed normal PR interval of 
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168ms, borderline QRS time of 101ms, severe LVH by voltage criteria (R V5 39mm) and associated 

ST changes (ST level depression and deep asymmetric T wave inversions in leads I, avL, V5 and 

V6). He had mild transient symptoms of heart failure without significant increase in NT-proBNP 

levels or radiological signs of heart failure in thorax X-ray, before he suffered sudden cardiac death 

in his 50s, due to cardiomyopathy, documented at autopsy. No coronary disease was evident at 

autopsy.  
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