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der Johannes Gutenberg-Universität Mainz 

 

Vorgelegt von 

 

Babette van Baarsel 

aus Den Haag 

 

 

 

Mainz, 2020  



 
2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag der Promotion:    30 Juni 2020 



 
3 

to my family, for believing in me and encouraging me all the way through the 

development of this thesis. 

  



 
4 

Table of Content 

Table of Content .......................................................................................................... 4 

List of Figures .............................................................................................................. 9 

List of Tables ............................................................................................................. 11 

List of Equations ........................................................................................................ 15 

Index of abbreviations ............................................................................................... 16 

Introduction ................................................................................................................ 21 

Aim / objective of this thesis ................................................................................... 22 

Background ............................................................................................................ 22 

Literature discussion.................................................................................................. 23 

History.................................................................................................................... 23 

Incidence, inheritance and molecular genetics of the disease ............................... 23 

Pathophysiology .................................................................................................... 26 

Organmanifestation and complications .................................................................. 28 

1.1.1. Cardiac manifestation ......................................................................... 30 

1.1.1.1. Cardiac hypertrophy ........................................................................ 31 

1.1.1.2. Cardiac fibrosis: .............................................................................. 32 

1.1.1.3. Conduction tissue disease .............................................................. 34 

1.1.1.4. Electrophysiological abnormalities in Morbus Fabry ....................... 34 

1.1.1.4.1. Atrial depolarization .................................................................. 34 

1.1.1.4.2. Atrioventricular conduction ....................................................... 35 

1.1.1.4.3. Ventricular depolarization ......................................................... 35 

1.1.1.4.4. Ventricular Repolarisation ......................................................... 35 

1.1.1.4.5. Electrocardiographic detection of fibrosis ................................. 35 

1.1.1.5. Valvular disease .............................................................................. 36 

1.1.1.6. Vascular disease ............................................................................. 36 



 
5 

1.1.1.7. Diastolic function ............................................................................. 37 

1.1.1.8. Systolic function .............................................................................. 38 

Diagnosis and prognosis ........................................................................................ 40 

Therapy .................................................................................................................. 40 

1.1.2. Enzyme replacement therapy ............................................................. 40 

1.1.3. Migalastat HCl .................................................................................... 42 

Importance of early Diagnosis: .............................................................................. 43 

Methods..................................................................................................................... 44 

Patient acquisition .................................................................................................. 44 

Diagnosis ............................................................................................................... 44 

1.1.4. Alpha Galactosidase activity ............................................................... 44 

1.1.5. Proof of the genetic mutation .............................................................. 44 

Patient collective description .................................................................................. 45 

1.1.6. Cardiological examination .................................................................. 45 

1.1.6.1. Conduct of examination................................................................... 46 

1.1.6.2. Determination of the arterial blood pressure ................................... 46 

1.1.6.3. Electrocardiographic examination ................................................... 46 

1.1.6.3.1. Measured ECG parameters ...................................................... 46 

1.1.6.3.2. Calculated Parameters ............................................................. 47 

1.1.6.3.3. Myocardial Hypertrophy ............................................................ 48 

1.1.6.4. Echocardiographic examination ...................................................... 49 

1.1.6.4.1. M- Mode echocardiographic parameters .................................. 50 

1.1.6.4.2. Left ventricular muscle mass .................................................... 50 

1.1.6.4.3. Myocardial hypertrophic changes ............................................. 52 

1.1.6.4.4. Doppler sonographic data......................................................... 53 

1.1.6.4.5. Systolic Parameters .................................................................. 55 

1.1.6.4.6. Parameters of diastolic function ................................................ 56 



 
6 

1.1.6.4.7. Grading of the diastolic function ............................................... 58 

Control group ......................................................................................................... 59 

Analysis Process ................................................................................................... 59 

1.1.7. Statistical methods ............................................................................. 59 

1.1.8. Graphic presentation .......................................................................... 59 

Results ...................................................................................................................... 60 

Patient collective .................................................................................................... 60 

Comparing males and females .............................................................................. 61 

1.1.9. Basic clinical data and cardiac parameters ........................................ 61 

1.1.10. Basic echocardiographic parameters ................................................. 64 

1.1.11. Calculated echocardiographic parameters ......................................... 66 

1.1.12. Systolic echocardiographic functional parameters.............................. 67 

1.1.13. Diastolic echocardiographic parameters ............................................. 68 

1.1.14. Basic electrocardiographic parameters .............................................. 69 

1.1.15. Calculated electrocardiographic parameters ...................................... 71 

Comparing patients with and without cardiomyopathy ........................................... 73 

1.1.16. Geometry of the left ventricle .............................................................. 74 

1.1.17. Basic clinical data and cardiac parameters ........................................ 74 

1.1.18. Basic echocardiographic parameters ................................................. 79 

1.1.19. Calculated echocardiographic parameters ......................................... 81 

1.1.20. Systolic echocardiographic parameters .............................................. 82 

1.1.21. Diastolic echocardiographic parameters ............................................. 84 

1.1.22. Basic electrocardiographic parameters .............................................. 86 

1.1.23. Calculated electrocardiographic parameters ...................................... 88 

Comparing patients with normal and impaired diastolic function ........................... 90 

1.1.24. Basic clinical data and cardiac parameters ........................................ 91 

1.1.25. Basic echocardiographic parameters ................................................. 92 



 
7 

1.1.26. Calculated echocardiographic parameters ......................................... 94 

1.1.27. Systolic echocardiographic parameters .............................................. 95 

1.1.28. Diastolic echocardiographic parameters ............................................. 95 

1.1.29. Basic electrocardiographic parameters .............................................. 97 

1.1.30. Calculated electrocardiographic parameters ...................................... 98 

Cardiac involvement and clinical effects .............................................................. 100 

1.1.31. NYHA ............................................................................................... 100 

1.1.32. CCS .................................................................................................. 102 

ECG-Index, ECG changes as a sign of diastolic dysfunction ............................... 104 

1.1.33. Correlation of the ECG-Index and age ............................................. 105 

1.1.34. Correlation of the ECG-Index and left ventricular mass.................... 106 

1.1.35. Correlation of the ECG-Index and mean left ventricular wall thickness .. 

  ......................................................................................................... 107 

1.1.36. Correlation of the ECG-Index and relative wall thickness ................. 108 

The correlation of the ECG-Index and echocardiographic diastolic functional 

parameters ........................................................................................................... 109 

1.1.37. Correlation between the ECG-Index and the E-wave Vmax ............. 109 

1.1.38. Correlation between the ECG-Index and the A-wave Vmax ............. 110 

1.1.39. Correlation between ECG-Index and the E/A ratio ........................... 111 

1.1.40. Correlation between the ECG-Index and isovolumetric relaxation time .. 

  ......................................................................................................... 112 

1.1.41. Correlation between the ECG-Index and the left atrial volume ......... 113 

ECG-Index and diastolic dysfunction ................................................................... 114 

Discussion ............................................................................................................... 116 

Arterial blood pressure and hypertension ............................................................ 116 

Morbus Fabry associated cardiomyopathy .......................................................... 117 

Echocardiographic parameters ............................................................................ 118 

1.1.42. Systolic function and myocardial changes ........................................ 118 



 
8 

1.1.43. Diastolic function and myocardial changes ....................................... 119 

Diastolic function and left ventricular geometry .................................................... 120 

Diastolic dysfunction and electrocardiography ..................................................... 121 

Clinical cardiac manifestation .............................................................................. 123 

1.1.44. Clinical cardiac manifestation with regards to diastolic functional 

parameters ....................................................................................................... 123 

1.1.45. Clinical cardiac manifestation with regards to systolic functional 

parameters ....................................................................................................... 123 

Study limitations ................................................................................................... 124 

Outlook ................................................................................................................ 125 

Summary regarding the aims of this study ........................................................... 127 

Zusammenfassung .............................................................................................. 129 

Addendum ............................................................................................................... 131 

Literature ................................................................................................................. 137 

Acknowledgement ................................................................................................... 162 

 

  



 
9 

List of Figures 

Figure 1: Classic X-linked inheritance, percentage signifies chance of inheritance 

respectively ............................................................................................................... 24 

Figure 2: Graphic representation of the Lyon hypothesis .......................................... 25 

Figure 3: Enzymatic separation of galactose and lactosylceramide by alpha 

galactosidase A [31]. ................................................................................................. 27 

Figure 4: Electron microscopic image of a valvular fibroblast loaded with stored 

glycolipid (left). Transverse section of a small subepicardial branch of a coronary 

artery loaded with PAS + glyolipid (right) [59, 60]. ..................................................... 27 

Figure 5: Cornea verticillata in a young female which led to the diagnosis Morbus 

Fabry (left) {Vislisel, 2019 #1077}. Angiokeratomas on the lateral side of the 

abdomen of a young man (right) {dermatology, 2019 #1076}. ................................... 30 

Figure 6: Cardiac MRI showing marked thickening of the left ventricle with late 

gadolinium enhancement in the basal posterolateral myocardial segments {Yousef, 

2013 #310}. ............................................................................................................... 33 

Figure 7: Schematic illustration of Trend-P and Trend-Q measurements reflect the 

electrical and mechanical diastole respectively [206]. ............................................... 47 

Figure 8: Digital M-mode image of patient with severe left and right ventricular 

hypertrophy. .............................................................................................................. 51 

Figure 9: Schematic classification of diffferent types of left ventricular geometry by 

Ganau et al. [1] edited by Wiethoff 2008 [2]. ............................................................. 53 

Figure 10: PW Doppler flow over the mitral valve, measurement of the E-wave Vmax 

(77.0 cm/s) and A-wave Vmax (50.0 cm/s) [31], E/A ratio= 1,54, which would 

correspond to moderate diastolic dysfunction if the LA_Vol_i ≥34ml/m2, see Figure 

11. ............................................................................................................................. 54 

Figure 11: Grading of diastolic function ..................................................................... 58 

Figure 12: Patient flow chart ...................................................................................... 60 



 
10 

Figure 13: Correlation of the A-wave Vmax [m/s] and LVM [g] in MF patients. ......... 85 

Figure 14: Correlation of the IVRT [ms] and LVM [g] in MF patients. ........................ 86 

Figure 15: Percentage [%] of patients with or without cardiomyopathy and the 

occurrence of diastolic dysfunction ............................................................................ 90 

Figure 16: Correlation of the ECG-Index [ ] and age [yrs] in MF patients. ............... 105 

Figure 17: Correlation of the ECG-Index [ ] and LVM [g] in MF patients. ................ 106 

Figure 18: Correlation of the ECG-Index [ ] and MVWT [mm] in MF patients .......... 107 

Figure 19: Correlation of the ECG-Index [ ] and RWT [ ] in MF patients. ................. 108 

Figure 20: Correlation of the ECG-Index [ ] and E-wave Vmax [m/s] in MF patients.

 ................................................................................................................................ 109 

Figure 21: Correlation of the ECG-Index [ ] and A-wave Vmax [m/s] in MF patients.

 ................................................................................................................................ 110 

Figure 22: Correlation of the ECG-Index [ ] and E-wave Vmax/ A-wave Vmax [m/s] in 

MF patients. ............................................................................................................. 111 

Figure 23: Correlation of the ECG-Index [ ] and IVRT [ms] in MF patients. ............. 112 

Figure 24: Correlation of the ECG-Index [ ] and LA Volume [ml] in MF patients. ..... 113 

Figure 25: Normal and impaired diastolic function in MF patients in relation to the 

ECG-Index [ ]. .......................................................................................................... 114 

Figure 26: Normal and impaired diastolic function in male and female MF patients in 

relation to the ECG-Index [ ]. ................................................................................... 115 

Figure 29: Correlation of A-wave Vmax [m/s] and IVRT [ms] in MF patients] .......... 136 

  



 
11 

List of Tables 

Table 1: Gender differences in Morbus Fabry [74] .................................................... 28 

Table 2: Age dependent symptoms of Morbus Fabry patients [6, 19, 31] ................. 29 

Table 3: Basic clinical data in male and female MF patients ..................................... 61 

Table 4: Basic cardiac parameters in male and female MF patients ......................... 62 

Table 5: Male and female MF patients with and without arterial hypertension .......... 63 

Table 6: Different forms of hypertrophy in MF patients with and without hypertension

 .................................................................................................................................. 63 

Table 7: Basic echocardiographic parameters in male and female MF patients ........ 64 

Table 8: Echocardiographically measured wall thicknesses in male and female MF 

patients ...................................................................................................................... 65 

Table 9: Calculated echocardiographic parameters in male and female MF patients 67 

Table 10: Systolic functional echocardiographic parameters in male and female MF 

patients ...................................................................................................................... 68 

Table 11: Diastolic functional echocardiographic parameters in male and female MF 

patients ...................................................................................................................... 68 

Table 12: Basic electrocardiographic parameters in male and female MF patients ... 69 

Table 13: ECG P-wave and QRS duration in male and female MF patients ............. 70 

Table 14: ECG: R- and S- amplitudes and angle alpha in male and female MF 

patients ...................................................................................................................... 71 

Table 15: Calculated electrocardiographic parameters in male and female MF 

patients ...................................................................................................................... 72 

Table 16: Calculated electrocardiographic parameters in male and female MF 

patients ...................................................................................................................... 73 



 
12 

Table 17: Male and female MF patients with and without cardiomyopathy................ 73 

Table 18: Different forms of hypertrophy in male and female MF patients ................ 74 

Table 19: Basic clinical data in MF patients with and without cardiomyopathy .......... 75 

Table 20: Basic clinical data in MF patients with and without severe cardiomyopathy

 .................................................................................................................................. 76 

Table 21: Basic cardiac parameters in MF patients with and without cardiomyopathy

 .................................................................................................................................. 77 

Table 22: MF patients with and without cardiomyopathy and the occurrence of arterial 

hypertension .............................................................................................................. 78 

Table 23: Aortic and LA diameter in MF patients with and without cardiomyopathy .. 79 

Table 24: Echocardiographically measured wall thicknesses in MF patients with and 

without cardiomyopathy ............................................................................................. 80 

Table 25: Calculated echocardiographic parameters in MF patients with and without 

cardiomyopathy ......................................................................................................... 81 

Table 26: Systolic functional echocardiographic parameters in MF patients with and 

without cardiomyopathy ............................................................................................. 82 

Table 27: Number of patients with values for LAX>63%, LAX<35% and FS>48%, 

FS<28% .................................................................................................................... 83 

Table 28: Systolic functional echocardiographic parameters in MF patients with and 

without severe cardiomyopathy ................................................................................. 83 

Table 29: Diastolic functional echocardiographic parameters in MF patients with and 

without cardiomyopathy ............................................................................................. 84 

Table 30: Basic electrocardiographic parameters in MF patients with and without 

cardiomyopathy ......................................................................................................... 87 

Table 31: ECG: R- and S- amplitudes and angle alpha in MF patients with and 

without cardiomyopathy ............................................................................................. 88 



 
13 

Table 32: Calculated electrocardiographic parameters in MF patients with and 

without cardiomyopathy ............................................................................................. 89 

Table 33: Calculated electrocardiographic parameters in MF patients with and 

without cardiomyopathy ............................................................................................. 89 

Table 34: Different forms of hypertrophy in MF patients with normal and impaired 

diastolic function ........................................................................................................ 91 

Table 35: Basic clinical data in MF patients with normal and impaired diastolic 

function ...................................................................................................................... 91 

Table 36: Basic cardiac parameters in MF patients with normal and impaired diastolic 

function ...................................................................................................................... 92 

Table 37: Aortic and LA diameter in MF patients with normal and impaired diastolic 

function ...................................................................................................................... 93 

Table 38: Echocardiographically measured wall thicknesses in MF patients with 

normal and impaired diastolic function ...................................................................... 93 

Table 39: Calculated echocardiographic parameters in MF patients with normal and 

impaired diastolic function ......................................................................................... 94 

Table 40: Systolic functional echocardiographic parameters in MF patients with 

normal and impaired diastolic function ...................................................................... 95 

Table 41: Diastolic functional echocardiographic parameters in MF patients with 

normal and impaired diastolic function ...................................................................... 96 

Table 42: Basic electrocardiographic parameters in MF patients with normal and 

impaired diastolic function ......................................................................................... 97 

Table 43: ECG: R- and S- amplitudes and angle alpha in MF patients with normal 

and impaired diastolic function .................................................................................. 98 

Table 44: Calculated electrocardiographic parameters in MF patients with normal and 

impaired diastolic function ......................................................................................... 99 



 
14 

Table 45: Calculated electrocardiographic parameters in MF patients with normal and 

impaired diastolic function ......................................................................................... 99 

Table 46: NYHA grading {Herold, 2016 #868} ......................................................... 100 

Table 47: NYHA Scores of MF patients with and without cardiomyopathy .............. 101 

Table 48: LV Geometry in MF patients in relation to NYHA scores ......................... 101 

Table 49: Normal and impaired diastolic function in MF patients in relation to NYHA 

scores ...................................................................................................................... 102 

Table 50: CCS grading {Campeau, 1976 #865{Campeau, 2002 #1072}} ............... 102 

Table 51: CCS Scores of MF patients with and without cardiomyopathy ................ 103 

Table 52: LV Geometry in MF patients in relation to CCS scores ........................... 104 

Table 53: Normal and impaired diastolic function in MF patients in relation to CCS 

score........................................................................................................................ 104 

Table 54: Basic cardiac parameters in MF patients with and without severe 

cardiomyopathy ....................................................................................................... 131 

Table 55: Aortic and LA diameter in MF patients with and without severe 

cardiomyopathy ....................................................................................................... 132 

Table 56: Echocardiographically measured wall thicknesses in MF patients with and 

without severe cardiomyopathy ............................................................................... 133 

Table 57: Calculated echocardiographic parameters in MF patients with and without 

severe cardiomyopathy ........................................................................................... 134 

Table 58: Diastolic functional echocardiographic parameters in MF patients with and 

without severe cardiomyopathy ............................................................................... 135 

 

  



 
15 

List of Equations 

Equation 1: ECG-Index: Electrocardiographic index with Tend-P [ms], PQ [ms], Age 

[years]........................................................................................................................ 43 

Equation 2: BSA: Body Surface Area [cm2], KL: height [cm], KG: body weight [kg] .. 45 

Equation 3: BMI: Body Mass Index [kg/m2]: KG [kg]; KL [cm] ................................... 45 

Equation 4: Electrocardiographic index: Tend-P [ms], PQ [ms], Age [years] [206] .... 48 

Equation 5: LVMase: left ventricular muscle mass according to the ASE norm (1.04: 

specific weight of the heart muscle) [g]...................................................................... 51 

Equation 6: LVM [g]: echocardiographically determined left ventricular muscle mass 

that correlates to the muscle mass of a necroptic heart specimen ............................ 51 

Equation 7: LVM_h [g/m2.7], LVM [g] und KL [m] ....................................................... 51 

Equation 8: RWT [ ]: IVSd [mm], PWd [mm], LVId [mm]............................................ 52 

Equation 9: MVWT [mm]: mean end-diastolic wall thickness of the ventricle ............ 53 

Equation 10: FS [%]: shortening fraction of the left ventricle ..................................... 55 

Equation 11: FSmid [%]: fractional shortening of the left ventricle related to the wall 

thickness ................................................................................................................... 55 

Equation 12: LAX [%]: calculated long axis shortening of the left ventricle................ 56 

Equation 13: LVIdV [ml]: left ventricular end-diastolic volume ................................... 56 

Equation 14: EF [%]: Ejection fraction ....................................................................... 56 

Equation 15: E/A Ratio [ ], the relation of the maximum flow over the mitral valve of 

the E-wave and the A-wave. ...................................................................................... 57 

Equation 16: LA_Vol_i[mm/cm2]: Left atrial volume indexed by body surface area ... 57 

  



 
16 

Index of abbreviations 

12vP     12 lead voltage duration product  

2DSTE    2D speckle tracking echocardiography 

α-Gal A    alpha- Galactosidase A 

Angle alpha    electrical axis heart determined by the ECG 

Ao     diameter of the aortic valve  

ASE     American Society of Echocardiography 

AV     atrioventricular 

A-wave    the late- diastolic active filling of the left ventricle 

A-wave Vmax   maximum velocity of A – wave 

BMI     body mass index 

BSA     body surface area 

CCS     Canadian cardiovascular society 

CH     concentric hypertrophy 

CM     cardiomyopathy 

CMR     cardiac magnetic resonance  

CornP     Cornell Product 

CP     chaperone protein 

CR     concentric remodelling 

CW     continuous wave 

DD     diastolic dysfunction 

ECG     electrocardiography 



 
17 

ECG-Index    Electrocardiographic-Index  

EF     ejection fraction 

EH     eccentric hypertrophy 

ERT     enzyme replacement therapy 

E-wave    early diastolic passive filling of the left ventricle 

E-wave Vmax   maximum velocity of the E-wave 

FOS     Fabry Outcome Survey 

FS     fractional shortening 

FSmid     FS applied to the middle of the ventricular wall 

Gb2     Digalactosylceramide 

Gb3     Globotriaosylceramide  

GFR     glomerular filtration rate  

GVUS     Genetic Variants of Unknown Significance  

HF     heart rate 

I-MIBG     123 I-meta-iodobenzylguanidine imaging  

IVCT     isovolumetric contraction time  

IVSd  end-diastolic thickness of the interventricular 

septum  

IVSs     end-systolic thickness of the interventricular septum  

IVRT     isovolumetric relaxation time 

KG     weight 

KL     height 



 
18 

LA     left atrium  

LAd     diameter of the left atrium at atrial diastole 

LAd_i  diameter of the left atrium at atrial diastole indexed 

by body surface area 

LA_i     left atrium indexed by body surface area 

LA_Vol    left atrial volume 

LA_Vol_i    left atrial volume indexed by body surface area 

LAX     longitudinal axis shortening  

LGE     late gadolinium enhancement  

LV     left ventricle 

LVH     left ventricular hypertrophy 

LVId     end-diastolic diameter of the left ventricle  

LVIdV     left ventricular end-diastolic volume  

LVIs     end-systolic diameter of the left ventricle  

LVM     left ventricular mass 

LVM_h     LVM indexed to body height 

LVM_i     left ventricular mass indexed by body surface area 

LVWT     left ventricular wall thickness 

LSD     lysosomal storage disorders  

MF      Morbus Fabry 

MRI     magnetic resonance imaging  

MVWT    mean end-diastolic wall thickness of the ventricle 



 
19 

NS     not significant (p > 0,3) 

N     normal 

n     number 

NYHA     New York Heart Association 

P-wave  time interval of atrial depolarisation/ contraction in 

the ECG 

PET     positron emission tomography  

PW     pulsed wave 

PWd  end-diastolic thickness of the left ventricular 

posterior wall 

PWs  end-systolic thickness of the left ventricular 

posterior wall 

PQ  time interval from beginning of P-wave to end of Q-

spike in ECG 

QRS  time interval from beginning of Q-spike to end of S-

spike, ventricular contraction in ECG 

QT  time interval from beginning of Q-spike to end of T-

wave 

QTc  time interval from beginning of Q-spike to end of T-

wave, corrected for heart rate 

RA     right atrium 

RRdias    diastolic blood pressure 

RRmid    mean arterial blood pressure 

RRsys     systolic blood pressure 

RaVL      R- voltage in limb lead aVL of the ECG 



 
20 

RV     right ventricle 

RV5      R- voltage in chest lead V5 of the ECG 

RVAWd    right ventricular anterior wall thickness 

RVH     right ventricular hypertrophy 

RWT     relative wall thickness  

SLP     Sokolow-Lyon Product  

SSCP     single strand conformation polymorphism 

SPSS     Superior Performing Software System  

SV1     S- voltage in chest lead V1 of the ECG 

SV3      S- voltage in chest lead V3 of the ECG  

TDI     tissue Doppler imaging  

TIA     transient ischemic attack 

  



 
21 

Introduction 

Morbus Fabry Anderson (referred to as Morbus Fabry – abbreviated as MF –  in the 

following thesis) is a rare X-linked lysosomal storage disorder. Due to the deficiency 

of the enzyme alpha Galactosidase A (α-GAL A), the substrates of this enzyme 

accumulate in lysosomal cells of multiple organs. As the lysosomal deposits 

aggregate in the kidneys, gastrointestinal tract, skin, central and peripheral nervous 

system and the heart, the function of these organs deteriorates. Symptoms including 

renal failure, cardiac insufficiency, cerebrovascular events, typical skin lesions, 

chronic pain and depression may occur. 

One of the crucial organs affected is the heart, there within comprised, the 

myocardium, endocardium, endothelium and conduction cells. 

In 2001 enzyme replacement therapy (ERT) was introduced, which presented the 

first causal therapy for this disease and has shown promising effects over the past 18 

years. A new pharmacological chaperone, Migalastat HCl, has been subject to 

ongoing research. Migalastat binds to the misfolded but catalytically competent 

enzyme and traffics it into the lysosome, where α-GAL A can resume its’ function. 

The advantage of dual therapy, Migalastat in combination with active alpha 

Galactosidase A versus the effects of a monotherapy are subject to current research 

[3].  
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Aim / objective of this thesis 

Herewith I aspire to lay the ground work for the discussion of benefits of the 

Electrocardiographic-Index (ECG-Index) as an objectified diagnostic tool for the 

assessment and early diagnosis of diastolic dysfunction (DD) of the heart in Morbus 

Fabry, as early initiation of therapy is crucial in Fabry patients. 

1) Comparison of systolic and diastolic echocardiographic changes between 

hemizygous males and heterozygous females at baseline examination 

before treatment. 

2) Comparison of ECG changes between hemizygous males and heterozygous 

females at baseline examination before treatment. 

3) Presentation of systolic and diastolic echocardiographic changes and 

electrocardiography (ECG) changes in patients with cardiomyopathy 

compared to patients without cardiomyopathy.  

4) Presentation of systolic and diastolic echocardiographic changes and ECG 

changes in patients with normal diastolic function compared to patients with 

impaired diastolic function. 

5) Performance and diagnostic value of the ECG-Index regarding diastolic 

dysfunction in Morbus Fabry patients 

Background 

Morbus Fabry is probably the most researched storage disease of at least 40 

lysosomal storage diseases. The enzyme alpha galactosidase A is deficient or 

lacking due to a genetic mutation on the X-chromosome, which thus causes the 

accumulation of the substrates Globotriaosylceramide (Gb3) and 

Digalactosylceramide (Gb2) in multiple cell complexes, urine and blood [4]. This 

causes multiorgan dysfunction, a wide variety of symptoms and reduced quality of life 

[5-8]. 
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Literature discussion 

History 

Morbus Fabry Anderson was described independently by two dermatologists in 1898, 

by Dr. Johannes Fabry (1860-1930) in Germany and Dr. William Anderson in 

England (1842-1900). Dr. Fabry described the case of a 13 year old boy who 

presented with albuminuria and a maculopapular rash, the purpura haemorrhagica 

nodularis, starting on his legs and subsequently spreading over the rest of his body in 

the following years [9]. Dr. Anderson in turn described a 39 year old man with finger 

deformities, albuminuria, varicosis, neuroma, rectal hemorrhage and angiokeratomas 

spread over the entire body (Angiokeratoma corporis diffusum) [10]. In 1950 the 

disease was classified as a lipid storage disease by Scriba [11]. 15 years later Opitz 

et al. discovered the condition to be an X-chromosomal recessive disease [12]. In 

1967 Brady et al. proved the cause of the disease to be a deficiency of 

ceramidtrihexosidase (alpha Galactosidase A) [13] and in 1989 the alpha 

galactosidase A (Α-GAL A) coding gene was sequenced [14]. The first discovery of a 

cardiac variant was made in 1990 [15, 16]. The first description of the clinical 

manifestation of a large cohort of females with Fabry disease was in 2001 [7]. 

Incidence, inheritance and molecular genetics of the disease 

Morbus Fabry is one of approximately forty lysosomal storage disorders (LSD) which 

have an overall prevalence of 1:7.700 live births [17]. The lysosome is a structure 

that is enclosed in every cell of the body and is involved in innumerous cellular 

processes. When one of the enzymes which engages in these processes is deficient, 

a wide variety of symptoms can occur. The LSD’s are classified according to the 

deficient enzyme [18]. All LSD’s are recessively linked autosomal diseases, except 

for three X-chromosomally linked diseases, which include Morbus Fabry, Hunters 

syndrome and Danon disease. Morbus Fabry is the second most common LSD after 

Gaucher’s disease [17-19]. Morbus Fabry has a prevalence of 1:40.000 to 1:117.000 

[17, 20] for the ‘classic’ form. It is estimated that the unrecorded number of cases is 

high, especially since late-onset cardiac and renal variants have been identified, in 

which residual enzyme activity is preserved [15, 16, 21, 22]. Α-GAL A gene 

sequencing in newborn screenings in Italy showed an incidence of late-onset variants 
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of up to 1:3.100 and a frequency of the ‘classical’ Morbus Fabry mutations of 1:37 

000 [23]. In male Taiwanese newborns 1:1.250 presented with a Morbus Fabry 

mutation, of which 86% exhibited a mutation typical for the late-onset variants [24]. 

According to a recent systematic review of the prevalence of Genetic Variants of 

Unknown Significance (GVUS), the ratio of variants that cause the ‘classic’ Morbus 

Fabry compared to GVUS is approximately 1:5 [25]. Yet, as the acronym indicates 

the clinical importance of the various GVUS is not yet clear. The disease is prevalent 

in all ethnicities, but most common in the white ethnicity [26]. 

Morbus Fabry was believed to be transferred recessively on the X-chromosome [12], 

which would imply that the disease manifests only in men. However, evolving 

knowledge has shown that the scale of severity in females ranges from mildly 

affected to as severely affected as males [7, 27-30]. More recent studies suggest that 

Morbus Fabry is inherited in a dominant manner [28, 31]. Dobyns suggests 

genetically X-linked diseases may be purely X-linked, neither recessive nor dominant 

[32]. 

 

Figure 1: Classic X-linked inheritance, percentage signifies chance of inheritance 

respectively 
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Figure 2: Graphic representation of the Lyon hypothesis 

According to the X-linked inheritance when the father is affected by Morbus Fabry, 

the daughters are all affected whereas the male offspring is not affected at all as they 

receive the X chromosome from the mother. However, when the mother is affected 

by a X-linked disease, she has a 50% chance of passing the mutated gene to her 

son and 50 % of the daughters risk to be heterozygous for the disorder [33]. The 

expression of the mutation depends on the penetrance of the mutation [34].  

The Lyon hypothesis states that a random inactivation of the mutated or non-mutated 

X chromosome during early embryonic stages in females takes place in every cell. 

The active chromosome transfers the genetic information [35, 36]. This creates a 

mosaic of mutated and non-mutated cells and is expressed in varying severity of 

symptoms [37]. On average, there is a 50:50 ratio of the mutated versus non-mutated 

chromosomes. As females with a mosaic of random inactivation age, the symptoms 

increase. This is hypothesized to be due to the lack of cross correction between 

healthy and affected cells, as the individual ages [38-40]. Research on the skewing of 

X-chromosome distribution, where either the maternal or paternal X-chromosome is 

predominantly expressed [38, 41], also referred to as the mosaic phenomenon, has 

produced conflicting results regarding the importance and influence on the onset and 
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progression of Morbus Fabry. However, an association between the predominantly 

expressed mutant X-chromosome and disease onset, severity and age has been 

described in multiple cases [40, 42-44]. Moreover, other studies did report evidence 

to support the hypothesis of X-chromosomal skewing explaining phenotypical 

variability [45, 46], which suggests there may be further factors influencing the 

genotype-phenotype relationship. 

Morbus Fabry is caused by a genetically transmitted defect in the Α-GAL A gene, that 

codes for the enzyme alpha Galactosidase A [13]. This gene is located on the q22.1 

region of the X-chromosome, it has a length of 12 kilobases and is made up of 7 

exons [31, 47]. The precursor glycoprotein it codes for is made up of 55 kDa (429 

amino acids) and is then converted into the active enzyme which is made up of 

51kDa (398 amino acids) [31, 48]. A variety of more than 900 Α-GAL A gene 

mutation variants (Human Gene Database Professional) have been determined of 

which approximately 400 cause an error in the folding of the proteins [49, 50]. 

Approximately 75% are nonsense and the greater part are missense point mutations 

[51, 52]. The vast array of mutations explains the ample variety of phenotypical 

heterogeneity and illustrates the difficulty in finding the genotype-phenotype 

correlation. 

Pathophysiology 

The deficient activity of the lysosomal enzyme α-GAL A in leucocytes [13] causes 

intracellular accumulation of the lipid substrates, predominantly Gb3 and to a lesser 

extent Gb2. Gb3 is physiologically transformed into galactose and lactosylceramide, 

which can subsequently pass through the cell membrane [31]. When the substrate is 

not transformed due to the deficient activity of alpha galactosidase A, it progressively 

accumulates in the form of myelin-like, concentric lamellar inclusions with a 

pathogonomic periodicity of 6 to 7nm, this distinguishes Fabry’s lamellar myelin-like 

inclusions from those commonly found in other storage diseases [31, 53-56]. The 

lamellar inclusions are located predominantly within the lysosomes yet also within the 

endoplasmic reticulum, cell membrane and nucleus [57, 58] of multiple tissues, 

impeding the normal function of the cell and consequently leading to multi organ 

pathology [31].  
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Figure 3: Enzymatic separation of galactose and lactosylceramide by alpha 

galactosidase A [31]. 

 

Figure 4: Electron microscopic image of a valvular fibroblast loaded with stored 

glycolipid (left). Transverse section of a small subepicardial branch of a coronary 

artery loaded with PAS + glyolipid (right) [59, 60]. 
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Organmanifestation and complications 

The affected tissue complexes are characteristically endothelial cells of the vascular 

intima of coronary arteries, myocytes, conduction cells and valvular fibroblasts [61-

64]. The tubular epithelial cells of the renal glomeruli and the podocytes are affected 

as well as the endothelial and smooth muscle cells of blood vessels [65-67]. 

Furthermore, the corneal epithelium, the neurons of the dorsal root of nerve 

ganglions and the autonomic nervous system are also involved [31, 63, 64, 68-73].  

 Males Females 

Cardiovascular involvement Always Variable 

Date of onset Earlier Delayed (~10years) 

Disease progression Faster Slower 

Survival Lower Greater 

Left ventricular hypertrophy 

(LVH) 
More prevalent Less prevalent 

Myocardial fibrosis in cardiac 

Magnetic resonance (CMR) 

Always in 

combination with 

LVH 

Exists in non-

hypertrophied stages of 

the disease 

Cardiac variant Less common More common 

Dominant cause of death 
End-stage renal 

failure 

Cardiovascular 

complications, heart 

failure 

Table 1: Gender differences in Morbus Fabry [74] 
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Typical symptoms arise in different age groups and are summarized in Table 2. 

Age Clinical signs and symptoms 

Childhood ( 16 years old) 

Neurological symptoms: impaired hearing, neuropathic pain, 

acroparesthesia, dyshydrosis (hypo- and hyperhidrosis), abnormal 

temperature tolerance, Vestibular and auditory dysfunction 

Onset of cardiac and renal involvement (microalbuminuria, proteinuria, 

glomerular filtration rate (GFR) reduction, abnormal heart rate variability, 

beginning left ventricular hypertrophy (LVH) 

Angiokeratomas, peripheral vasospasms 

Ophthalmological symptoms: Eyelid oedema, cornea verticillata, tortuous 

retinal blood vessels 

Gastrointestinal problems: obstipation, diarrhoea, nausea, vomiting, 

abdominal pain, motility disturbances 

Lethargy, fatigue 

Early adulthood (17-30 

years old) 

Aggravation of any of the above symptoms 

Symptoms of progressive renal insufficiency: proteinuria, lipiduria, 

hematuria, oedema 

Cardiomyopathy 

Transient ischemic attacks (TIA), cerebrovascular infarctions, 

Depression 

Facial dysmorphism 

Fever, anhydrosis, isothermia 

Abdominal cramps 

Lymphadenopathy, Extensive angiokeratomas 

Late adulthood (>30 years 

old) 

Worsening of any of the above 

Manifest cardiac disease (LVH, valvular dysfunction, conduction 

abnormalities, arrhythmia, shortness of breath, angina) 

Renal insufficiency 

Cerebrovascular events (TIA, stroke, myocardial infarction) 

Neurological changes comparable to multiple sclerosis 

Osteopenia and osteoporosis 

Table 2: Age dependent symptoms of Morbus Fabry patients [6, 19, 31] 
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Figure 5: Cornea verticillata in a young female which led to the diagnosis Morbus 

Fabry (left) {Vislisel, 2019 #1077}. Angiokeratomas on the lateral side of the 

abdomen of a young man (right) {dermatology, 2019 #1076}. 

One of the earliest manifestations and most common of the disease is the 

development of chronic neuropathic pain [7, 27]. Other symptoms include 

hypohydrosis, gastro-intestinal symptoms, corneal changes and angiokeratomas [7, 

8]. Another onerous consequence is depression, most likely as a result of reduced 

quality of life [5, 26]. As the disease progresses multiorgan dysfunction occurs with 

renal failure, cardiac insufficiency and cerebrovascular incidents such as strokes and 

heart attacks [31, 75]. End-stage renal disease generally affects males around the 

age of 40 years [75, 76]. In women it is less severe and progresses more slowly [7]. 

In the end stages of the renal disease, dialysis or kidney transplants are often 

necessary [8, 76]. In 2001 renal failure was the most common cause of death 

reported by the Fabry outcome survey (FOS). Currently cerebrovascular incidents 

are the leading cause of death in Morbus Fabry patients [39, 77, 78], probably due to 

the increased number of kidney transplants performed since 2001 [77].  

Other cardiac involvement such as valvular dysfunction and conduction abnormalities 

respectively also determines the rate of morbidity and mortality to a great extent [7, 8, 

79, 80]. 

1.1.1. Cardiac manifestation 

The accumulation of Gb3 is found in multiple cardiac tissue complexes [61-63]. This 

leads to arrhythmia, dyspnoea (shortness of breath) and angina pectoris (sudden 

chest pain), which occurs in up to 65% of female and 69% of male Fabry patients 
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[27]. Further symptoms include syncope, fatigue and palpitations [64]. Cardiac 

dysfunction is caused by arrhythmia, conduction abnormalities, valvular alterations 

and insufficiencies [39, 81]. Yet the most prominent finding is left ventricular non-

dilative hypertrophy.  

1.1.1.1. Cardiac hypertrophy 

Morbus Fabry is characterized by a progressive, infiltrative, mostly concentric left 

ventricular hypertrophy (LVH) of the heart, which occurs in 18-33% of women and 

53-61% of men   [39, 59, 81, 82]. Heterozygous women develop LVH 10 to 15 years 

later and the left ventricular mass increases at a lower rate than in hemizygous males 

[29, 59, 81-84]. Right ventricular hypertrophy (RVH) is also common and occurs in up 

to 56% of females and 84% of males [84, 85]. 

The most common form of LVH in Fabry patients is concentric hypertrophy [31, 59, 

82, 86], it is preceded by concentric remodeling, which is frequently found in patients 

with normal left ventricular mass (LVM) [59, 60]. Morbus Fabry’s ventricular 

hypertrophy is known to be symmetric, yet an asymmetrical variation may occur in 5 

– 66% of patients [59, 73, 86, 87].  

The increase of left ventricular wall thickness in Morbus Fabry has been confirmed by 

imaging techniques for example echocardiography and magnetic resonance imaging 

(MRI), scintigraphy and patho-anatomical analysis [31, 59, 83, 88, 89]. Histologically 

the highest quantity of lamellar Gb3 deposits occurs in the heart compared to other 

organs, yet the glycosphingolipid deposits merely make up approximately 1% of the 

total mass of the heart (11mg/g heart wet weight) [15]. It is therefore likely that other 

neurohormonal, inflammatory or vasoreactive mechanisms play a role in tissue 

ischemia, hypertrophy and fibrosis [90].  

Aerts et al. identified high concentrations of Globotriaosylsphingosin, a deacylated 

Gb3 metabolite, in the blood, which is likely to act as an inhibiting factor to α-GAL A 

activity and a proliferating factor to smooth muscle cells [91]. Brakch et al. 

hypothesized that Sphingosin-1-Phosphat, which can be found in increased 

concentrations in plasma of Fabry patients, functions as a proliferating factor and is 

furthermore associated with cardiovascular remodeling [92]. Moreover, Barbey et al. 

showed a strong positive correlation between the intima media thickness of the 
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common carotid artery and increased LVM and suggest a growth promoting factor, 

confirmed in vitro, may be the underlying cause [93]. Another hypothesis indicates 

that Gb3 deposits trigger the production of reactive oxygen species in cultured 

endothelial cells, which may influence the development of hypertrophy [94]. 

Yet another approach to explain the mechanism leading to cardiac hypertrophy is 

mitochondrial dysfunction and thus inefficient energy utilization caused by the Gb3 

accumulation [95-97]. Thus, further research is needed to evaluate the exact 

mechanisms leading to LVH. 

An increased LVM has been found to correlate with age, increased occurrence of 

valvular disease, conduction abnormalities, arrhythmia and severity of typical cardiac 

symptoms such as angina [29, 59, 82, 86]. Furthermore, LVH is associated with 

mostly preserved systolic function, mild to moderate diastolic impairment and 

increased LV filling pressures [98, 99]. However, the end stages of cardiomyopathy 

are characterized by fibrosis, marked by late enhancement during cardiac magnetic 

resonance (CMR), and regionally severely reduced left ventricular (LV) function. This 

comprises the LV longitudinal function, which deteriorates first and the radial function 

[100, 101]. Consequently, LVH is an important risk factor for cardiovascular disease 

progression and cardiac events [80, 102]. 

1.1.1.2. Cardiac fibrosis:  

Myocardial fibrosis is found in 25-83 % of Fabry patients [84, 103-106] and occurs in 

both ventricles [17, 61, 86, 100, 103, 105-110]. Cardiac fibrosis mostly seems to 

occur in conjunction with hypertrophy [4, 100, 101, 105, 106]. Yet signs of fibrosis 

have been found in women without the development of LVH, which suggests fibrosis 

and hypertrophy are not necessarily associated [101, 108, 111, 112]. Fibrosis can be 

detected using late gadolinium enhancement (LGE) during CMR. Intravenously 

applied gadolinium contrast diffuses freely between the cells and does not transcend 

cell membranes. When the extracellular space (intercellular space) is widened due to 

fibrosis, combined with slower wash out kinetics, the contrast can be detected in the 

late washout phase, as is the case in Fabry patients [101, 113]. 
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Figure 6: Cardiac MRI showing marked thickening of the left ventricle with late 

gadolinium enhancement in the basal posterolateral myocardial segments {Yousef, 

2013 #310}. 

In patients with pacemakers or cardiac defibrillators, that cannot be examined by MRI 

and patients with end-stage renal disease, in which case contrast agents are 

contraindicated, the only method to examine this group of patients would be by 

echocardiography. There are two methods to detect replacement fibrosis indirectly: 

strain rate imaging and two-dimensional speckle tracking.  

The fibrotic process initially starts with midmyocardial (intramural) involvement and 

advances by means of transmural progression. It is predominantly localized in the 

basal inferolateral myocardial segments [22, 90]. The mechanism behind the specific 

pattern of distribution is not entirely clear, however this has also been found in other 

metabolic cardiomyopathies, such as Duchenne’s dystrophia and Friedreich’s ataxia 

[114-116]. Presumably fibrosis is associated with cardiac kinetics, work load and 

structural wall differences, which subsequently lead to pressure overload and 

increased wall stress stimulating fibrosis [22, 100]. Furthermore, chronic inflammation 

may play a role in the pathogenesis of myocardial fibrosis in Fabry patients [111, 

117]. Moreover, recent CMR/positron emission tomography (PET) studies, that 

combined metabolic and molecular imaging with morphological and functional 

imaging, suggest chronic inflammation to be the histological correlate of LGE, rather 

than fibrosis [101]. Further research is needed to establish the exact process of 

fibrosis and its’ association with LVH in Fabry patients. 
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1.1.1.3. Conduction tissue disease 

Lipid deposits (Gb3) in the conduction system dispose the heart to atrioventricular 

(AV) conduction delay, complete AV blocks [118], bundle branch blocks, progressive 

sinus node dysfunction [119] and premature supraventricular beats [31, 119-126].  

Tachy- and bradyarrhythmia have also been found to be common in Fabry patients. 

Furthermore, impaired autonomous regulation can cause an irregular heart rate and 

decreased heart rate variability [64, 68, 127-129]. Longitudinal studies found 15-42% 

of males and 21- 27% of females to suffer from arrhythmia [39, 75]. The most 

common types of arrhythmia are supraventricular tachycardia, atrial fibrillation and 

atrial flutter [119]. The occurrence of malignant arrhythmia has been found to 

correlate with the extent of cardiomyopathy and burden of fibrosis [130].  

1.1.1.4. Electrophysiological abnormalities in Morbus Fabry 

The most common electrocardiographic abnormalities in Fabry patients with cardiac 

manifestation are repolarization irregularities and high amplitudes in chest leads 

reflecting left ventricular hypertrophy [59, 131-133]. A recent study found ECG 

abnormalities in general to significantly correspond with the progression of cardiac 

disease, irrespective of age, left ventricular mass and gender. Patients with ECG 

abnormalities showed an eight fold higher relative risk for cardiac disease 

progression than patients with a normal ECG[134]. The following ECG abnormalities 

in Fabry patients have been recorded in the different phases of the heart action. 

1.1.1.4.1. Atrial depolarization 

A study comparing 30 newly diagnosed Fabry patients to heart rate and age–

matched controls found the PQ interval to be shortened [135]. This was attributed to 

a shortened P-wave, due to accelerated intra-atrial conduction as a result of an 

increased diameter of the conduction cells by Gb3 accumulation [120, 135, 136]. A 

larger study with 150 genetically confirmed Fabry patients and varying levels of 

cardiomyopathy did not find a significant difference in the duration of the P-wave or 

PQ segment in Fabry patients compared to the norm [133]. 
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1.1.1.4.2. Atrioventricular conduction 

A shortened PR interval was observed in early reports [121]. Since then multiple 

studies including two large studies of 207 and 150 cases found a shortened PR 

interval in 14% and 16% of patients respectively [118, 133, 137]. PR prolongation 

correlates with increasing age and disease progression [122, 138]. This suggests 

that LVH and increasing Gb3 burden may slow down atrioventricular conduction due 

to cellular dysfunction[122, 138]. 

1.1.1.4.3. Ventricular depolarization 

Namdar et al. found the shortening of the QRS segment in a cohort of 30 Fabry 

patients compared to heart rate and age matched healthy persons [135]. Contrarily a 

prolonged QRS segment was found to correlate strongly with age [138] in Fabry 

patients and with LVM in echocardiography [119, 131, 138] and CMR [133]. This 

suggests the shortening of the QRS segment is a characteristic of early stage 

cardiomyopathy in Fabry patients and QRS prolongation correlates with the 

progression of the disease, which is in agreement with the findings above (PR 

segment).  

1.1.1.4.4. Ventricular Repolarisation 

The QT, QTc and QT dispersion was normal in a cohort of 150 untreated Morbus 

Fabry patients [133]. Namdar et al. found the QTc interval to be prolonged and the 

repolarization dispersion to be more distinct than in age and heart rate matched 

controls and suggests this may predispose to ventricular arrhythmia [135]. 

1.1.1.4.5. Electrocardiographic detection of fibrosis 

ST segment and T-wave abnormalities commonly occur in the precordial leads V4-V6 

[131, 132, 139]. This correlates well with the typical localization (basal postereolateral 

wall) of fibrosis determined by LGE during CMR. Niemann et al. found normal values 

for ST or T-waves to correlate with the absence of late enhancement in the CMR and 

in reverse conclusion he suggests that abnormalities of the ST segment or T-wave 

may reflect the development of fibrosis and may be an indication to proceed with an 

echocardiography if CMR is not available to assess the presence of cardiac fibrosis 
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[133]. Linhart et al. describe an association between ST segment/ T-wave 

abnormalities and LVH and cardiac remodeling [59]. 

1.1.1.5. Valvular disease 

Gb3 accumulation and fibrosis of valvular tissue is responsible for valvular disease in 

Morbus Fabry patients [140, 141]. Valvular involvement is found in up to 55% of 

Fabry patients [59, 83, 142, 143]. Minor abnormalities of the mitral and aortic valve 

are common and only seldomely associated with a severe degree of valvular 

regurgitation. Specifically, mild aortic valve regurgitation is reported in 10-15%, 

tricuspid valve regurgitation in 34% and mitral valve regurgitation in 25-51% of 

Morbus Fabry patients [143]. Moderate valve regurgitation is reported in less than 4% 

of Fabry patients [144].  

Aortic root and aortic valve abnormalities are more frequent in older patients, as well 

as in patients with cardiac disease progression defined by the presence of LVH, 

whereas mitral valve thickening and prolapse is typical in younger patients [59, 83, 

145]. Nevertheless, valvular dysfunction rarely progresses to a degree which requires 

an intervention [146]. 

The pulmonary valve is only very rarely affected, this is presumably due to lower 

hemodynamic stress compared to the left heart valves, which also explains the 

relatively low occurrence of tricuspid valve involvement [137]. 

1.1.1.6. Vascular disease 

Up to every second Fabry patient has experienced chest pain [7, 8, 75]. Yet less than 

1 % of Fabry patients require coronary revascularization reported by the FOS 

database in 2005. The pain usually presents itself despite the lack of coronary artery 

stenosis [81, 146]. Nevertheless, Fabry patients with relevant symptoms should 

undergo coronary catheterization to exclude the stenosis as they seem to 

accumulate cardiovascular risk factors i.e. hyperlipidemia, hypertension and renal 

disease [39, 81]. Factors contributing to chest angina may be increased oxygen 

requirement by hypertrophied cells, decreased coronary reserve and raised diastolic 

filling pressures, resulting in decreased blood flow in subendocardial capillaries, 

which may cause anginal chest pain [59, 81, 146]. Moreover, microscopically, 

endothelial dysfunction caused by Gb3 accumulation may be associated with 
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coronary vasospasm, inducing anginal pain [146]. Furthermore, endothelial 

dysfunction can cause thromboembolic incidents [73].  

1.1.1.7. Diastolic function 

Diastolic function is made up of four phases: the relaxation period of the ventricle and 

the passive filling period, which requires good compliance. The diastasis phase, 

occurs when the left atrial (LA) and LV pressures are almost equal and the filling of 

the left ventricle is determined by the flow in the pulmonary veins and lastly the active 

phase, which involves the atrial contraction [147]. Diastolic dysfunction occurs when 

the active or passive phase of the filling of the ventricle is shortened, lengthened or 

incomplete [148]. This is commonly due to increased stiffness of the left ventricle 

which equates to decreased elasticity and compliance during the filling phase and 

therefore a restricted amount of blood flow into the ventricle. This leads to more 

blood accumulation and higher pressures in the left atrium and subsequently atrial 

enlargement develops [73, 149, 150]. This was confirmed by Saccheri et al. who 

recorded an enlargement of the indexed left atrial volume in 20 Fabry patients with 

LVH [151]. Another study comprised of 33 Fabry patients (14 with LVH), found 

increased LA volume and reduced left atrial compliance in non-ERT Fabry patients 

compared to age- and gender-matched controls [152]. However, this is in 

disagreement with Putko et al, who did not find a significant enlargement of the left 

atrium in 31 Fabry patients compared to healthy controls, yet 58% of their patients 

were under ERT, which may have influenced the absence of atrial remodelling [153]. 

Furthermore, left atrial function and size has been described as an important marker 

for the severity and chronicity of diastolic dysfunction [151, 154].  

Mild to moderate DD is common in Fabry patients. Severe global diastolic 

dysfunction is rare, yet when it occurs it results in decreased cardiac output [31, 59, 

61, 81, 98, 146, 155, 156]. Clinically, DD may be asymptomatic, however in Fabry 

patients it is the main cause of dyspnoea [81, 98, 147]. 

The classical diastolic functional parameters, early (E)- and late (A)-wave were 

recorded by means of pulsed wave Doppler and the isovolumetric relaxation time 

(IVRT) was recorded by continuous wave Doppler. The E-wave, corresponds to the 

maximum velocity of the early diastolic passive filling of the left ventricle and the A-

wave, is equivalent to the maximum velocity of the late diastolic active filling (atrial 
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contraction) of the left ventricle. IVRT is the time between the closing of the aortic 

valve and the opening of the mitral valve, during which the ventricle loses its capacity 

to shorten and generate power and recoils into a state of unstressed length and force 

[157]. Another parameter to measure diastolic function is the E/A ratio, which 

determines the ratio of the early (E) and late (A) maximum mitral inflow velocities 

during diastolic filling of the LV. It is sensitive to change when more than half of the 

LV segments are affected by impaired relaxation [155]. The E/A ratio is an important 

factor in the estimation of LV filling and hereby has shown a high value in the 

diagnosis of diastolic dysfunction [147, 156]. It was therefore used as a criteria of 

diastolic grading in this study [158]. 

IVRT prolongation, a sign of abnormal relaxation of the ventricle, is more common in 

Fabry patients [31, 155, 159]. Fabry patients with LVH or increased relative wall 

thickness show longer IVRT, than patients without LVH or relative wall thickness [31, 

73]. One study found IVRT to be within the normal range in Fabry patients with and 

without LVH [82]. In contrast, IVRT may also be shortened, which indicates a 

restrictive filling pattern, yet this is extremely rare in Fabry patients [31, 59, 81, 85, 

98, 160]. The E/A ratio correlates inversely with LV- and LA- wall thickness and LVM 

in Fabry patients. In patients with LVH the E/A ratio decreases and the A-wave Vmax 

significantly increases compared to patients without LVH and controls [73].  

Diastolic dysfunction is not only relevant in the left side of the heart, it also commonly 

occurs in the right ventricle. Palecek et al. found DD in 47% of 45 Fabry patients. 

Furthermore, DD is associated with RVH and correlates significantly to increased 

right ventricular wall thickness, age and indexed LVM [156, 161].  

1.1.1.8. Systolic function 

Systole is made up of the simultaneous contraction of both ventricles, with the left 

ventricle moving its volume into the aorta and the right ventricle moving its content 

into the pulmonary artery. Echocardiographic parameters commonly used for the 

evaluation of the global systolic function are the ejection fraction (EF) and fractional 

shortening (FS) of the diameter of the ventricle. FSmid corresponds to FS applied to 

the middle of the ventricular wall. In cases where FS and EF may not adequately 

represent reduced systolic function due to altered left ventricular geometry, FSmid is 

a reliable parameter. FS and FSmid represent the radial function, whereas the 



 
39 

longitudinal axis shortening (LAX) reflects the longitudinal function. Differences in EF 

and FS between genders have not been established and the global systolic function 

is typically normal in Morbus Fabry patients [73, 82-84, 100, 145, 159, 162]. Yet with 

the progression of the disease and increasing LVM, FS and FSmid decrease [29, 31, 

59, 81, 100, 159]. One study was not able to confirm these results [82]. Similarly, 

LAX is impaired as LVM increases [29, 31, 81, 100]. The longitudinal function of the 

left ventricle is impaired before the radial function is reduced [29, 81, 84, 100]. 

Early dysfunction of the LV and moreover of the RV and LA, such as decreased 

contractility [100] and reduced myocardial velocities can be detected in asymptomatic 

carriers without LVH [73] and when conventional echocardiography parameters have 

not detected change. The following methods are used for early detection; tissue 

Doppler imaging (TDI), 123I-meta-iodobenzylguanidine imaging (I-MIBG imaging) and 

2D speckle tracking echocardiography (2DSTE) [73, 84, 107, 155, 159, 163-166]. A 

possible explanation for the dysfunction may be a mechanical and functional 

interference of the Gb3-deposits with the contraction/relaxation cycle of the 

sarcomeres, leading to cellular hypertrophy and decreased tissue velocities for the 

contraction and relaxation cycles [73]. This is underlined by the fact that histological 

evidence of Fabry’s cardiomyopathy and myocyte abnormalities can be found at 

early stages of the disease, when LVH has not yet developed [73, 155]. Isovolumetric 

contraction time (IVCT) has also been described as a very sensitive tool to determine 

preclinical cardiomyopathy in Fabry patients. The prolongation of IVCT may be due 

to the onset of compensating mechanisms caused by reduced myocardial function 

[155].  

Systolic dysfunction of the ventricle primarily seems to occur regionally. The 

basolateral segment is most commonly the initial area involved, which is concurrent 

with the area of initial development of fibrosis. This raises the question whether the 

determining factor in the development of systolic dysfunction may be fibrosis rather 

than an increase in LVM. Histologically this may be explained by increased interstitial 

volume, not macroscopically visible, and a decrease in contractile fibers impeding the 

ventricles function [61, 100, 105, 106, 108, 113, 162, 167]. Furthermore, regarding 

the right ventricle, Weidemann et al. found a significantly reduced RV longitudinal 

function in patients with fibrosis, and a normal RV longitudinal function in the patient 

group with hypertrophy and without fibrosis. The radial function of the right ventricle 
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was not significantly different to controls. A second study found a normal regional 

myocardial function of the right ventricle [84, 100]. The discrepancy between these 

two studies may be explained by the absence of patients with fibrosis in the study of 

Weidemann et.al. 

On the contrary, a recent study demonstrated a stronger link between global LV 

myocardial dysfunction and left ventricular wall thickness (LVWT) than between 

global LV myocardial function and fibrosis [107]. Conform to these findings, another 

study found basolateral segments with impaired longitudinal function in the early 

stages of the disease, in the absence of cardiac fibrosis [100, 162]. Either way, left 

ventricular hypertrophy, myocardial fibrosis and left ventricular dysfunction 

characterize the end stages of Fabry’s cardiomyopathy and ultimately lead to 

progressive heart failure [100, 163, 164] . 

Diagnosis and prognosis 

The first symptoms arise at a mean age of 11-14 years in males and 16-23 years in 

females. The time between the onset of the first symptoms and the diagnosis ranges 

between 14 years in men and 16 years in females [26, 27]. One of the reasons for 

this is that the disease is rare, another is that awareness of the disease is not 

widespread amongst clinicians and the public. Furthermore, a contributing factor 

might be the unspecific symptoms and the fact that the disease manifests in different 

organs and creates multiple symptom complexes, which differ in degrees of severity. 

The median life expectancy is 50 years in men and 70 years in women, which is a 

reduction of 20 and 10 years respectively compared to the United States general 

population’s average life expectancy [7, 8, 75, 168]. This is mostly due to 

cerebrovascular, renal and cardiac complications [31, 75]. 

Therapy 

1.1.2. Enzyme replacement therapy 

Morbus Fabry disease is the second lysosomal storage disease following Gaucher’s 

disease that has enzyme replacement therapy available. Two different products 

(Algasidase alfa and beta) were granted marketing authorization in 2001 and multiple 
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studies have since determined the effect of the products on different organs and their 

functions.  

Quality of life and average pain improved over 4 – 5 years [169-171]. The 

stabilisation or slower deterioration of the kidney function, has been noted [66, 170-

178]. Furthermore, the effects of treatment on left ventricular mass and function of 

the heart seem to be inconsistent or generally diminish over time  [102, 163, 179-

181]. In patients without LVH, LVM was found to stabilize in multiple studies [99, 163, 

169-171, 182, 183]. Yet in patients with LVH (LVM>50g/m2.7) and severe LVH 

(LVM>85g/m2.7), the LVM decreased constantly over a period of 10 and 4 years 

respectively [99, 171]. Moreover, the benefit of ERT in terms of myocardial function, 

exercise capacity and the reduction of the left ventricular mass, was increased in 

patients without fibrosis compared to patients, who had already developed mild to 

severe fibrosis. These patients showed no improvement of cardiac function and 

merely a mild reduction in LVM [105, 163, 182].  

Schuller et al. criticizes that many studies used biomarkers that were insufficiently 

studied as clinical endpoints specifically in regard to morbidity and mortality in the 

evaluation of ERT and therefore found the effectiveness of ERT to be unclear [184]. 

However, a recent review in an overview of 77 cohort studies with over 15.000 

patients, revealed that agalsidase beta is associated to a significantly lower incidence 

of renal, cardiovascular and cerebrovascular events compared to no ERT and to a 

significantly lower incidence of cerebrovascular events than algasidase alfa [185]. 

Patients responses to ERT are variable and may be explained by the serum 

mediated inhibition of ERT (in 40-88% in male Fabry patients), which may increase 

risk for the development of Fabry specific symptoms such as decreased kidney 

function and increased LV mass [186-189]. In the cases of ERT inhibition positive 

patients, immune modulation therapies are subject to future studies, although a 

recent study by Sato et al. using anti B- lymphocyte antibodies has shown promising 

results in terms of inducing immune tolerance in 50% of Fabry mice models during 

ERT. The effect in humans remains to be investigated [190]. Another reason for 

variable effects of ERT may be different cellular pathomechanisms influencing 

variable activity, insufficient distribution and concentration of the infused enzyme in 

different cell types [70, 187, 191]. 
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1.1.3.  Migalastat HCl 

A new product was granted marketing authorization in April 2016. The product 

Galafold, which consists of migalastat as the active substance, is a chaperone 

protein (CP). A chaperone protein binds to the misfolded but catalytically competent 

enzyme alpha Galactosidase A, which is generally destined to stay in the 

endoplasmic reticulum due to its mutation. However, the chaperone-linked enzyme is 

trafficked into the lysosome where it can resume its function. Simultaneously 

Migalastat (1-deoxygalactonojirimycin) is a competitive inhibitor of α-GAL A and in 

subinhibitory doses induces the effective clearance of lysosomal Gb3 storage in 

multiple organs in transgenic mice [192], in fibroblasts of cell cultures [193, 194] and 

furthermore enhances the activity of α-GAL A in cultured lymphoblasts [194-197]. 

The co-administration of ERT and Migalastat HCl has been found to have a superior 

effect compared to exclusive ERT therapy in plasma of Morbus Fabry patients and in 

cultured Morbus Fabry fibroblasts. It resulted in increased activity of α-GAL A in 

plasma and within the cells. Additionally, the amount of intralysosomal α-GAL A 

increased and the clearance of Gb3 was improved [3, 198]. 

Positive effects have been recorded in patients with and without a history of ERT 

treatment [3, 199, 200]. Hughes et al. showed similar effects of ERT and Migalastat 

on renal function, yet a significant decrease in left ventricular mass indexed to body 

surface area (LVM_i) after 18 months of Migalastat treatment was documented, 

whereas under ERT treatment no significant change was observed [200]. However, 

Migalastat is only administered in patients with amenable Α-GAL A gene mutations 

(responsive to migalastat) [3]. The advantage of this product is the method of 

administration, as Migalastat is administered as a capsule in contrast to ERT 

treatment which is an infusion administered intravenously biweekly, which is more 

invasive and may lead to the delay of the initiation of therapy. Furthermore, in 

transgenic mice the chaperones have been shown to reach different types of tissues 

for example brain tissue [192]. Whereas in ERT the enzyme insignificantly reduces 

the accumulation of Gb3 in some cell types [201] or the administered α-GAL A is not 

detectable in some tissue types, potentially due to inefficient delivery and uptake [70, 

202]. Additionally the PC could avoid the risk of immunogenicity reactions and 

complications related to ERT [186, 200]. 
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Importance of early Diagnosis: 

The Gb3 accumulation begins early in life, yet left ventricular hypertrophy most 

commonly manifests itself only decades later; at a median age of 43.5 years 51.5% 

of men and at 54.9 years 38% of women presented with LVH [39, 82, 139]. 

Consequently, the detection of left ventricular hypertrophy may not be useful for the 

recognition of early stages of the disease. Furthermore, evidence has shown that a 

determining factor in cardiac outcome under ERT is the severity of baseline left 

ventricular hypertrophy and fibrosis [105, 139, 163, 182]. It is therefore suggested 

that early treatment is most effective [203-205] . Yet adversely Rombach et al. shows 

progression in adolescents with early disease manifestation does occur and suggests 

that long-term ERT does not prevent this, but rather decreases the risk of developing 

additional complications [180]. Nevertheless, increased awareness and subsequent 

earlier diagnosis of the disease at least enables earlier symptomatic treatment by 

means of administration of diuretic, antiarrhythmic, antiplatelet and anti-heart failure 

drugs decreasing the rate of complications.  

ECG-Index   

This thesis serves as ground work for the further evaluation of the hypothesis that 

ECG parameters and specifically the ECG-Index, can serve as an early diagnostic 

marker for diastolic dysfunction before abnormalities are recorded in 

echocardiography. The index was developed using the parameters that correlated 

best to diastolic dysfunction [206].  

𝐸𝐶𝐺 − 𝐼𝑛𝑑𝑒𝑥 =
𝑇𝑒𝑛𝑑 − 𝑃

𝑃𝑄 𝑥 𝐴𝑔𝑒
 

Equation 1: ECG-Index: Electrocardiographic index with Tend-P [ms], PQ [ms], 

Age [years] 

It was tested on a group of 172 non-Fabry individuals that suffered from diastolic 

dysfunction diagnosed by means of echocardiography. The index proved a high 

accuracy for the diagnosis of DD and showed an even higher diagnostic value in 

combination with left atrial volume [206].   
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Methods 

Patient acquisition 

The pediatric department of the university hospital in Mainz is specialized and 

performs extensive research on storage disorders such as Morbus Fabry. The 

research center therefore has a large collective of patients that can be tracked and 

observed for research benefit. Using family trees, the group of patients was enlarged 

by recruiting all potentially affected male and female family members of patients, that 

were already registered in Mainz. 

The group of patients that qualified for this research project was derived from this 

large pool of patients. Patients were excluded if they showed signs of atrial 

fibrillation, higher than grade 1 AV block, had atrial or ventricular pacing or had 

already started ERT. This was necessary to prevent wrong measurement of the 

different ECG durations and furthermore atrial fibrillation for example may influence 

diastolic function and therefore may be a confounding variable. 

Diagnosis 

The potential candidates were thoroughly clinically examined for variable symptoms 

corresponding with clinical signs of Morbus Fabry. In correspondence, the patients 

were genetically tested for the various mutations and the level of the alpha-

galactosidase in leucocytes was determined to confirm the diagnosis. 

1.1.4. Alpha Galactosidase activity 

The level of enzyme activity was determined in the laboratories of the pediatric 

department of the university hospital of Mainz (then director: Prof Dr. Beck). The 

assay was conducted with the substrate alpha Galactosidase A- 4-methylbelliferyll-

alpha-D-galactopyranosid (sigma chemical, ST. Louis, USA) and N-acetyl-D-

galactosamine was added to inhibit alpha-N-acetylgalactosaminidase [31, 207, 208]. 

1.1.5. Proof of the genetic mutation 

The genetic sequencing was performed by the institute of human genetics at the 

university hospital of Hamburg-Eppendorf (then director: Prof. Dr. med A. Gal). The 
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seven exons of the gene that are responsible for the coding of the α-GAL A enzyme 

were sequenced and analysed by means of single strand conformation 

polymorphism (SSCP) [31]. 

Patient collective description 

The following demographic data was recorded: 

 Gender  [male/female] 

 Age  [years] 

 Height  [cm] 

 Weight  [kg] 

For the comparability and standardization of the parameters, the body surface area 

(cm2) is an appropriate parameter. It is calculated by the formula of Du Bois and Du 

Bois [31, 209] 

𝐵𝑆𝐴 = 𝐾𝐿0.722 ∗ 𝐾𝐺0.425 ∗ 71.84 

Equation 2: BSA: Body Surface Area [cm2], KL: height [cm], KG: body weight [kg] 

The body weight also has an influence on the extent of the left ventricular mass, 

therefore the BMI is taken into account. 

𝐵𝑀𝐼 =
𝐾𝐺

𝐾𝐿2
 

Equation 3: BMI: Body Mass Index [kg/m2]: KG [kg]; KL [cm] 

1.1.6. Cardiological examination 

All patients that were diagnosed with Morbus Fabry were subsequently 

cardiologically examined. A clinical examination including the measurement of blood 

pressures was performed and cardiac function was assessed by means of an 

electrocardiographic and echocardiographic examination. Only patients with a 

complete set of data were admitted to the study. 
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1.1.6.1. Conduct of examination 

Due to the reduced physical capacity of the patients, they were examined after a 15 

minute rest on the bed without any disturbing factors. No sedation was necessary 

during any of the examinations [31]. 

1.1.6.2. Determination of the arterial blood pressure 

The blood pressure of the right arm was measured every 5 minutes during the 

echocardiographical examination. The cuff used for the measurements was adapted 

to the body weight and age of the patient. The measurements were performed with a 

Dinamap (Criticon, USA). The mean of the measured systolic and diastolic blood 

pressures and mean blood pressure calculated by the Dinamap were used to 

calculate the final mean blood pressure [31]. Arterial hypertension was classified 

according to the current guidelines at the time of data acquisition [210, 211]. 

1.1.6.3. Electrocardiographic examination 

All electrocardiographic examinations were conducted under standardized conditions 

with a Megacard ECG System (Siemens Elema, Sweden). They were recorded at a 

speed of 50mm/s and had an amplitude of 1mV/10mm with an alternating current 

filter of 50 Hz. The electrocardiographic derivations were made up of the bipolar limb 

leads according to Goldberger and Einthoven and the precordial derivations V1 to V6 

(according to Wilson). It is presumed that the leads V1 and V2 represent the area to 

the right side of the septum, V3 and V4 the septum itself and V5 and V6 the electrical 

activity to the left of the septum. The leads consequently represent the structures in 

the above mentioned areas.  

After the recording, the ECGs were scanned and digitally evaluated using the “Image 

Tool” Software Package (developed at: the University of Texas Health Science 

Centre, San Antonio, Texas, USA) [31]. 

 

1.1.6.3.1. Measured ECG parameters 

 P-wave: time interval of atrial depolarisation in the ECG 
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 PQ: time interval from beginning of P-wave to end of Q-spike in ECG 

 QRS: time interval from beginning of Q-spike to end of S-spike, ventricular 

contraction in ECG 

 QT: time interval from beginning of Q-spike to end of T-wave 

 RaVL: the voltage of the R-wave in limb lead aVL 

 RV5: the voltage of the R-wave in chest lead V5  

 SV1: the voltage of the S-wave in chest lead V1 

 SV3: the voltage of the S-wave in chest lead V3 

 Angle alpha: electrical axis of the heart in ECG 

1.1.6.3.2. Calculated Parameters  

Tend-P 

Tend-P is the duration between the end of the T-wave to the beginning of the P-

wave. It was calculated by the measurement of one complete cycle (RR) minus PQ 

minus QT. 

 

Figure 7: Schematic illustration of Trend-P and Trend-Q measurements reflect the 

electrical and mechanical diastole respectively [206]. 

ECG-Index 

The ECG-Index is a parameter highly associated with diastolic dysfunction [206]. It is 

based on the PQ interval, which is significantly longer in patients with DD, the Tend-P 

reflects the electrical diastole, which is shortened in DD [206, 212]. Furthermore, the 

index takes age into account, which is associated with an increasing incidence of DD 

[206]. 
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𝐸𝐶𝐺 − 𝐼𝑛𝑑𝑒𝑥 =
𝑇𝑒𝑛𝑑 − 𝑃

(𝑃𝑄 × 𝐴𝑔𝑒)
 

 

Equation 4: Electrocardiographic index: Tend-P [ms], PQ [ms], Age [years] [206] 

1.1.6.3.3. Myocardial Hypertrophy 

Since patients suffering from Morbus Fabry commonly develop left ventricular 

hypertrophy, the above measured ECG parameters were implemented in formulas 

that describe left ventricular hypertrophy. However, these formulas are typically used 

to detect left ventricular hypertrophy in patients suffering from arterial hypertension or 

other conditions that result from excessive pressure in the left ventricle. 

Sokolow- Lyon Index- LVH 

This index is calculated by creating the sum of the amplitudes of S in V1 and R in V5 

[213]. 

Cornell Index 

The Cornell index is calculated by creating the sum of the amplitudes of R in aVL and 

S in V3. To correct the gender dependence, 8mm (0.8mV) are added to the Cornell 

index, when a female is concerned [214]. 

12 Lead voltage 

The total amplitude of all derivations are added and result in the 12 lead voltage 

[215]. 

123 Lead voltage 

The amplitude of the I, II and III derivations are added and result in the 123 lead 

voltage. 
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Voltage duration products 

Considering that the QRS duration is also an indicator for myocardial hypertrophy, 

voltage duration products can be calculated by the multiplication of the QRS duration 

with the Sokolow-Lyon Index, the corrected Cornell Index and the 12 Lead Voltage 

and respectively creates the Sokolow-Lyon Product (SLP), the Cornell Product 

(CornP) and the 12 lead voltage duration product (12VP) [214] The different products 

have shown higher correlations to the different types of hypertrophy compared to the 

necroptic weight of the heart, than purely the indices or the duration of QRS [31]. 

1.1.6.4. Echocardiographic examination 

Echocardiography is a non-invasive reliable tool to determine the systolic function, 

diastolic function and dimensions of the heart [216]. The echocardiographic 

examination followed the electrocardiographic examination. Patients were positioned 

on their left side slightly tilted backwards towards the stretcher which they were lying 

on during the examination. To rule out machine-dependent variances, a single digital 

Ultrasound machine (Power-Vision, SSA380, Toshiba, Japan) was used for all 

echocardiographic examinations. Depending on the age of the patient either a 2.5 

MHz, 3.5 MHz or 5 MHz sector scanner was used. 

The pre- and postprocessing signal was set and the same mode was used for all 

patients. The depth sensitivity is very variable in every echocardiographic 

examination. Therefore, manual adjustments were made according to set criteria of 

optimal optical configuration. Only echocardiograms with sufficient quality were 

analysed. The signal was transferred onto a MD (Sony, USA) as a video loop or as a 

single image. The videos were copied onto SVHS Video, which resulted in the loss of 

image quality. They were therefore only used as a control. Consequently, only Cine-

Loops and images of MD Digital were used to evaluate the echocardiograms. 

Due to the variability caused by breathing and the change in pre- and afterload of the 

heart, the measurements were recorded a minimum of three times. ‘Beat to beat’ 

variability was minimized using the mean of multiple measurements. A ‘day-to-day’ 

variability was not considered due to the model of the study. 

Simultaneously ECG leads were attached to the patients’ limbs and synchronized to 

the 2D, Doppler and M-mode on the monitor. The recording speed was set at 
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50mm/s or 100mm/s to record and analyse one full cycle of information on the 

monitor and on a single picture. All measurement were performed in end-expiration 

[31]. 

1.1.6.4.1. M- Mode echocardiographic parameters 

The standardized direct measurements of specific cardiac structures were conducted 

based on the guidelines of the American society of echocardiography [31, 217]. The 

M-Mode allows measurements of only a very limited area of the heart, therefore, to 

determine the function of the heart it is supposed that the measured diastolic and 

systolic function applies to the rest of the left ventricle’s function. The data gathered 

by M-mode was verified by 2D visualization. The end-systolic and end-diastolic 

function was determined in the parasternal axis of the M-mode’s sonographic wave 

[31, 218]. 

The following echocardiographic parameters were obtained and calculated 

 End-diastolic thickness of the interventricular septum  IVSd 

 End-systolic thickness of the interventricular septum  IVSs 

 End-diastolic diameter of the left ventricle    LVId 

 End-systolic diameter of the left ventricle    LVIs 

 End-diastolic thickness of the left ventricular posterior wall PWd 

 End-systolic thickness of the left ventricular posterior wall PWs 

 Diameter of the aortic valve      Ao 

 Diameter of the left atrium at atrial diastole    LA 

All measurements were obtained using the synchronized 2D picture, after the 

position of the M-mode was verified. 

1.1.6.4.2. Left ventricular muscle mass  

The left ventricular muscle mass was calculated with the above parameters 

according to the Guidelines of the American Society of Echocardiography (ASE) and 

its modifications by Reichek et al. [31, 219]. 
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𝐿𝑉𝑀𝑎𝑠𝑒 = 1.04 ∗ ((𝐿𝑉𝐼𝑑 + 𝑃𝑊𝑑 + 𝐼𝑉𝑆𝑑)
3 − 𝐿𝑉𝐼𝑑3) 

Equation 5: LVMase: left ventricular muscle mass according to the ASE norm 

(1.04: specific weight of the heart muscle) [g] 

𝐿𝑉𝑀 = 0.8 ∗ 𝐿𝑉𝑀𝑎𝑠𝑒 + 0.6𝑔 

Equation 6: LVM [g]: echocardiographically determined left ventricular muscle 

mass that correlates to the muscle mass of a necroptic heart specimen 

For the comparability of the left ventricular mass, the LVM is indexed to body height. 

𝐿𝑉𝑀_ℎ =
𝐿𝑉𝑀

𝐾𝐿2.7
 

Equation 7: LVM_h [g/m2.7], LVM [g] und KL [m] 

 

Figure 8: Digital M-mode image of patient with severe left and right ventricular 

hypertrophy. 
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1.1.6.4.3. Myocardial hypertrophic changes  

Myocardial hypertrophy is defined as an increase in myocardial mass exceeding 

118g/m2 in hemizygous individuals and 104g/m2 in heterozygous individuals [220, 

221]. By analogy to Devereux this was indexed to the body length and BMI [222]: 

Males:  BMI ≤ 26kg/m2 =>   LVM > 51g/m2.7 

BMI >26kg/m2 =>   LVM > 53g/m2.7 

Females:  BMI ≤ 26kg/m2 =>   LVM > 48g/m2.7 

BMI >26kg/m2 =>   LVM > 60g/m2.7 

Types of myocardial hypertrophy 

The relative wall thickness is calculated as [31]: 

𝑅𝑊𝑇 =
(IVSd +  PWd)

LVId
 

Equation 8: RWT [ ]: IVSd [mm], PWd [mm], LVId [mm] 

The following types of left ventricular hypertrophy are classified according to the 

relative wall thickness and left ventricular mass [1, 59]: 

Normal (N): normal LVM and relative wall thickness with regards to the end-

diastolic diameter of the left ventricle < 0.45 

Concentric remodeling (CR): normal LVM and relative wall thickness with 

regards to the end-diastolic diameter of the left ventricle ≥ 0.45 

Concentric hypertrophy (CH): increased LVM and the relation between end-

diastolic septum wall thickness and end-diastolic posterior wall thickness or 

respectively the relation between posterior wall thickness and septum wall 

thickness < 1.25 

Eccentric hypertrophy (EH): increased LVM and the relation between end-

diastolic septum wall thickness and end-diastolic posterior wall thickness or 
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respectively the relation between the posterior wall thickness and the septum 

wall thickness ≥ 1.25 

 

Figure 9: Schematic classification of diffferent types of left ventricular geometry by 

Ganau et al. [1] edited by Wiethoff 2008 [2]. 

The left ventricle is defined as dilated, when the end-diastolic diameter indexed to the 

body surface area exceeds 32 mm/m2. The enlargement of the aorta or the left atrium 

is defined as the diameter of the structures exceeding 22mm/m2 [31, 223] 

𝑀𝑉𝑊𝑇 =
(IVSd +  PWd)

2
 

Equation 9: MVWT [mm]: mean end-diastolic wall thickness of the ventricle 

Severe myocardial hypertrophy is defined as MVWT ≥15mm [224]. 

1.1.6.4.4. Doppler sonographic data 

All sonographic doppler data was recorded under standardized conditions [225, 226]. 

The measurements of maximum flow velocity below 1.5m/s were recorded using the 

Pulsed Wave (PW) Doppler technique and when the maximum flow velocity 
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exceeded 1.8m/s it was measured with the Continuous Wave (CW) Doppler 

technique [31]. 

The following parameters of the left ventricular inflow (over the mitral valve) were 

recorded: 

 Maximum velocity of the E-wave   E-wave Vmax [m/s] 

 Maximum velocity of the A-wave   A-wave Vmax [m/s] 

The above parameters were adapted according to heart rate [31, 227]: 

𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑐𝑜𝑟 =
𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟

√𝑅 − 𝑅 − 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 

 

Figure 10: PW Doppler flow over the mitral valve, measurement of the E-wave Vmax (77.0 cm/s) and 

A-wave Vmax (50.0 cm/s) [31], E/A ratio= 1,54, which would correspond to moderate diastolic 

dysfunction if the LA_Vol_i ≥34ml/m2, see Figure 11. 
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1.1.6.4.5. Systolic Parameters 

Fractional shortening (FS) 

This describes the diameter reduction of the left ventricle in systole and is 

independent of the heart rate [31]: 

𝐹𝑆 =
𝐿𝑉𝐼𝑑 − 𝐿𝑉𝐼𝑠

𝐿𝑉𝐼𝑑
∗ 100 

Equation 10: FS [%]: shortening fraction of the left ventricle 

The ASE advises the use of 25% as the lower limit of FS [228, 229]. In the cohort 

described below Kampmann et al. used 28% as the minimum reference value [31]. 

Midwall related fractional shortening (FSmid) 

Due to hypertrophic changes of the heart, the value for FS is generally falsely 

increased. Consequently, the calculation of FS is related to the midwall, whereby the 

thickness of the septum and posterior wall in the end-diastole and end-systole are 

considered, which produces a more accurate value [31, 230, 231]. 

 

𝐹𝑆𝑚𝑖𝑑 =
𝜋 ∗ (𝐿𝑉𝐼𝑑 +

1

2
𝐼𝑉𝑆𝑑 +

1

2
𝑃𝑊𝑑) − 𝜋 ∗ (𝐿𝑉𝐼𝑠 +

1

2
𝐼𝑉𝑆𝑠 +

1

2
𝑃𝑊𝑠)

𝜋 ∗ (𝐿𝑉𝐼𝑑 +
1

2
𝐼𝑉𝑆𝑑 +

1

2
𝑃𝑊𝑑)

∗ 100 

Equation 11: FSmid [%]: fractional shortening of the left ventricle related to the wall 

thickness 

Systolic long axis shortening (LAX) 

The global left ventricular systolic long axis shortening is estimated by taking the 

fractional thickening of the posterior wall into account [232]. Furthermore, the 

perturbed function of the long axis shortening may be an indication for diastolic 

dysfunction [31, 233, 234]. 
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𝐿𝐴𝑋 =

(

 
 
 
 

1

(1 + 

𝐿𝑉𝐼𝑑 +  𝑃𝑊𝑑
2

 – 
𝐿𝑉𝐼𝑠 +  𝑃𝑊𝑠

2
𝐿𝑉𝐼𝑑 +  𝑃𝑊𝑑

2

) ∗ (1 +
𝑃𝑊𝑠 −  𝑃𝑊𝑑

𝑃𝑊𝑑 )

− 1

)

 
 
 
 

∗ 100 

Equation 12: LAX [%]: calculated long axis shortening of the left ventricle 

Ejection Fraction (EF) 

Analogous to FS, EF is calculated using the difference in the end-systolic and end-

diastolic volume in relation to the end-diastolic volume. The volumes are calculated 

by applying the Teichholz formula: [235] 

𝐿𝑉𝐼𝑑𝑉 =
7

2.4 +  𝐿𝑉𝐼𝑑
∗ 𝐿𝑉𝐼𝑑3 

Equation 13: LVIdV [ml]: left ventricular end-diastolic volume 

The left ventricular end-systolic volume is calculated with the same formula, yet LVId 

is replaced by LVIs. 

𝐸𝐹 =
𝐿𝑉𝐼𝑑𝑉 − 𝐿𝑉𝐼𝑠𝑉

𝐿𝑉𝐼𝑑𝑉
∗ 100 

Equation 14: EF [%]: Ejection fraction 

1.1.6.4.6. Parameters of diastolic function 

Diastolic function is analysed by parameters which record the blood flow over the 

mitral valve into the left ventricle. The following parameters illustrate an accurate 

representation of diastolic function using the PW Doppler mode [31, 224, 236-239]. 

E/A Ratio 

The E/A ratio is calculated by dividing the maximum velocity of the E-wave by the 

maximum velocity of the A-wave. For this calculation, the heart must be in sinus 

rhythm, otherwise there is no A-wave. 
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𝐸/𝐴 𝑅𝑎𝑡𝑖𝑜 =
𝐸 − 𝑉𝑚𝑎𝑥

𝐴 − 𝑉𝑚𝑎𝑥
 

Equation 15: E/A Ratio [ ], the relation of the maximum flow over the mitral valve of 

the E-wave and the A-wave. 

Isovolumetric relaxation time 

The IVRT is generally recorded in [ms] and reflects the time between the closure of 

the aortic valve and the opening of the mitral valve [236, 238, 240]. 

Left atrial volume 

The left atrial volume was calculated according to the cubic formula with the left atrial 

diameter (which one) measured in the parasternal long-axis view and indexed by 

BSA [241].  

𝐿𝐴𝑉𝑜𝑙𝑖 =
𝐿𝐴3

𝐵𝑆𝐴
 

Equation 16: LA_Vol_i[mm/cm2]: Left atrial volume indexed by body surface area 
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1.1.6.4.7. Grading of the diastolic function  

Diastolic function is classified in the following grades [156, 158]: 

 

Figure 11: Grading of diastolic function 

In view of the small group of patients, the four grades of diastolic function were 

grouped into two larger groups to facilitate improved comparability. 

LA Volume 

LA_Vol_i <34ml/m2 LA_Vol_i ≥34ml/m2 

Normal function =  

Grade 0 

E/A ratio <0.8 E/A ratio 0.8-2 E/A ratio >2 

Mild diastolic 

dysfunction = 

Grade 1 

Severe diastolic 

dysfunction = 

Grade 3 

Moderate diastolic 

dysfunction = 

Grade 2 

Normal function / 

mild diastolic 

dysfunction 

Diastolic 

dysfunction 
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Control group 

To compare Fabry patients from this study with healthy individuals, reference values 

from current literature were utilized. 

Analysis Process 

All data was recorded and entered in a spreadsheet program (Excel, Fa. Microsoft). 

The calculations were performed with routine procedures of Excel. The data was 

transferred from Excel to SPSS version 10.07 for windows. This program was used 

for the analysis. 

1.1.7. Statistical methods 

The data was broken down for comparison and analysis by looking at the mean ± 

standard deviation, mostly supplemented by the 95% confidence interval and the 

minimum and maximum values. Furthermore, when comparing a continuous and 

standardly distributed variable between two patient groups the T-test for independent 

samples was conducted. The Mann-Whitney-U test was conducted when the data 

was unequally distributed between the two patient groups. The X2 Test (chi-square) 

was used in multiple field tables. 

As this study is an explorative data analysis the p-values (value of probability) are 

exclusively descriptive. Adjustment for the p-values for multiple testing was not 

conducted. Statistical significance of the results was established when p ≤ 0.05. 

When this value was exceeded a considerable difference could be noted, yet non-

significant. In the tables, non-significance was marked as NS, when the p-value 

exceeded > 0,3. The number of patients included in the analysis are indicated in 

every table. Drop-outs result through missing data. 

1.1.8. Graphic presentation 

The graphs and tables were produced by the routines of the graphic package of the 

SPSS – program, the tables were then transformed in the Excel program (Excel, Fa. 

Microsoft) and subsequently inserted into this Word document (Word, Fa. Microsoft), 

the graphs were directly imported from SPSS into Word. Solely the arrow diagrams 

were directly generated in Word.  
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Results 

Patient collective 

This study includes 118 patients, data was collected from August 1999 – December 

2012. The Morbus Fabry – Anderson disease was proven enzymatically and/or 

genetically in each of the subjects. The cardiologic examination was conducted 

according to the methods explained above. Only the base line examination was 

considered. 

As Morbus Fabry is inherited X-chromosomally, all parameters are initially analysed 

according to gender. In part 2 this is no longer considered, due to the relatively small 

sample of patients included in this study. 

Inclusion and exclusion criteria 

The patients were selected according to a number of criteria: 

1) Only patients over the age of 18 years, who had not yet started ERT were 

included in this study.  

2) All patients with pacemakers or any form of cardiac arrhythmia (i.e. atrial 

fibrillation or atrioventricular blocks) were excluded.  

 

Figure 12: Patient flow chart 

24 excluded 

had already started ERT therapy 

1 excluded 

 atrial fibrillation 

1 excluded 

 pacemaker 

118 patients included 

in study 

144 Patients assessed for eligibility: 

 patients with complete data set 

 patients 18 years and older 
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Comparing males and females 

1.1.9. Basic clinical data and cardiac parameters 

The following table (Table 3) displays the basic biometric and clinical cardiac data of 

the studied group of patients. Out of 118 patients which were analysed 41 were men 

and 77 were female. The mean age of males was 35.0 years and the mean age of 

females was 39.8 years. Furthermore, as recorded in previous studies, the data 

shows men to have a significantly larger body surface area [59] and a lower body 

mass index compared to women [31, 167]. 

 All Males Females p 

n 118 41 77  

Age [years] 38.2 ± 13.8 35.0 ± 12.1 39.8 ± 14.5 0.074 

 (18.5 – 66.3) (18.3 – 63.5) (18.5 – 66.6)  

 18.1 – 70.8 18.1 – 68.0 18.0 – 70.8  

Weight [kg] 67.2 ± 13.2 69.8 ± 14.8 65.9 ± 12.2 0.131 

 (49.9 – 94.1) (46.6 – 100.9) (50.0 – 91.3)  

 46.0 – 107.5 46.0 – 107.5 47.0 – 96.0  

Height [cm] 168.0 ± 9.0 176.0 ± 8.2 164.8 ± 6.8 <0.0001 

 (154 – 186) (163.1 – 188.9) (153.9 – 177.0)  

 148.5 – 194.5 161.5 – 194.5 148.5 – 180  

BSA [m2] 1.76 ± 0.18 1.82 ± 0.20 1.70 ± 0.15 <0.0001 

 (1.48 – 2.06) (1.48 – 2.2) (1.47 – 1.99)  

 1.43 – 2.36 1.47 – 2.36 1.43 – 2.06  

BMI [kg/m2] 23.7 ± 4.5 22.5 ± 4.15 24.3 ± 4.5 0.032 

 (17.0 – 31.9) (16.88 – 28.4) (18.4 – 34.3)  

 15.9 – 37.4 15.9 – 35.0 16.6 – 37.4  

Table 3: Basic clinical data in male and female MF patients  
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The diastolic, systolic and mean arterial blood pressure did not show significant 

differences between the sexes (Table 4). However, the systolic blood pressure of 

men at 130.6 ± 16.7 mmHg tended to be higher than in women at 126.1 ± 13.7. The 

heart rate in men tended to be lower than in woman, with a mean heart rate of 65.8 

bpm in men and 70.4 bpm in woman. 

 All Males Females p 

n 118 41 77  

RRsys [mmHg] 127.7 ± 14.9 130.6 ± 16.7 126.1 ± 13.7 0.121 

 (107.9 –155.2) (100.9 – 158.0) (107.8 – 155)  

 84 – 167 84 – 159 97 – 167  

RRdias [mmHg] 73.3 ± 9.5 73.6 ± 11.0 73.1 ± 8.6 NS 

 (56 – 89.1) (55.1 – 89.9) (58.7 – 85.9)  

 50 – 98 50 – 98 55 – 97  

RRmid [mmHg] 91.4 ± 9.6 92.6 ± 11.6 90.8 ± 8.4 NS 

 (76.0 – 107.7) (72.6 – 112.3) (78.4 – 105.1)  

 64.7 – 118 65 – 115 70 – 118  

n 114 40 74  

HF [s-1] 68.8 ± 14.1 65.8 ± 15.1 70.4 ± 13.3 0.1 

 (51.8 – 95.5) (49.1 – 85.7) (52.8 – 100)  

 44 – 134 44 – 134 50 – 106  

Table 4: Basic cardiac parameters in male and female MF patients 

Hypertension is more than twice as common in men compared to women in this 

cohort (p<0.01 – chi square). 22.9% of the 118 Fabry patients showed hypertensive 

values defined according to the WHO by systolic blood pressure >140mmHg or a 

diastolic blood pressure of >90mmHg (Table 5). 
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  Males Females Total 

Hypertension 

No 
26 

63.4% 

65 

84.4% 

91 

77.1 

Yes 
15 

36.6% 

12 

15.6% 

27 

22.9% 

Total 
41 

100% 

77 

100% 

118 

100% 

Table 5: Male and female MF patients with and without arterial hypertension 

In non-hypertensive patients hypertrophy was more or less evenly spread amongst 

the different forms (Table 6). However, in hypertensive patients 21 out of 27 (77.8%) 

developed concentric hypertrophy of the heart, whereas this was only the case in 

34% of non-hypertensive patients. Eccentric hypertrophy was the second most 

common form. Furthermore 3 out of 27 (11.1%) hypertensive patients presented with 

a normal geometry of the left ventricle, versus 30 out of 91 (33%) non-hypertensive 

patients. The above strongly suggests an influence of hypertension (p<0.001 – chi 

square) particularly in the development of concentric hypertrophy in MF patients. 

Hypertension  No Yes Total 

Geometry of LV 

Normal 
30 

33% 

3 

11.1% 

33 

28.0% 

CR 
11 

12.1% 

0 

0% 

11 

9.3% 

CH 
31 

34% 

21 

77.8% 

52 

44.1% 

EH 
19 

20.9% 

3 

11.1% 

22 

18.6% 

Total 
91 

100% 

27 

100% 

118 

100% 

Table 6: Different forms of hypertrophy in MF patients with and without 

hypertension 



 
64 

1.1.10. Basic echocardiographic parameters 

The diameter of the aorta was significantly larger in males. On average it was within 

the norm in both sexes [242, 243]. Aortic dilation however, was found in none of the 

men and in 1% of women [244]. It is evident from the graph below, that males 

similarly tended to have a larger diameter of the left atrium (Table 7). 

 All Males Females p 

n 116 39 77  

Ao [mm] 

28.0 ± 6.0 

(24.9 – 38.4) 

19.1 – 72.0 
 

31.2 ± 4.2 

(24.9 – 38.4) 

23.6 – 39.2 
 

26.5 ± 6.2 

(20.5 – 31.5) 

19.1 – 72.0 

<0.0001 

n 118 41 77  

LAd [mm] 34.1 ± 5.9 35.5 ± 5.8 33.4 ± 5.9 0.068 

 (25.2 – 46.0) (29.3 – 48.7) (24.7 – 44.3)  

 21.0 – 51.3 26.0 – 51.3 21 – 48.7  

LAd_i  19.3 ± 3.5 19.2 ± 3.1 19.3 ± 3.8 NS 

[mm/m2] (15.0 – 27.0) (15.0 – 25.9) (14 – 27)  

 13.0 – 30.0 15.0 – 28.0 13 – 30  

Table 7: Basic echocardiographic parameters in male and female MF patients 

Yet when indexed to BSA (LAd_i) there was no difference in LA diameter between 

genders, however the average values were higher than the norm [245]. Evident in 

Table 8, the mean left ventricular diameters (LVId and LVIs) were within the norm in 

both women and men [245]. Men had a significantly thicker interventricular wall, 

measured in systole and diastole (IVSs &IVSd). The mean values for IVSd in males 

exceeded the reference value of 11mm. Moreover, the mean values for RVAWd, 

PWd and PWs in men were significantly higher than in women. On average the 

thickness of the left ventricular posterior wall in diastole (PWd) and the right 

ventricular anterior wall (RVAWd) in both men and women were above the norm of 

11mm and 5mm respectively, which indicates mild hypertrophy [228].  
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 All Males Females p 

n 118 41 77  

IVSd [mm] 11.5 ± 3.9 12.5 ± 3.9 10.9 ± 3.8 0.031 

 (6.8 – 21.3) (7.1 – 22.7) (6.1 – 21.3)  

 6.5 – 25.2 6.5 – 23.5 6.0 – 25.2  

IVSs [mm] 15.7 ± 4.3 17.2 ± 4.5 14.9 ± 4.0 0.005 

 (10.0 – 24.0) (12.0 – 25.4) (10.0 – 22.3)  

 5.8 – 30.3 6.9 – 28.6 5.8 – 30.3  

LVId [mm] 47.0 ± 5.7 50.6 ± 5.9 45.1 ± 4.4 <0.0001 

 (38.6 – 57.4) (40.8 – 61.0) (36.9 – 54.1)  

 33.4 – 63.0 39.2 – 63.0 33.4 – 56  

LVIs [mm] 28.2 ± 4.9 30.7 ± 5.1 26.8 ± 4.3 <0.0001 

 (20.9 – 37.6) (23.4 – 41.7) (20.2 – 36.5)  

 15.9 – 43 19.5 – 43 15.9 – 39.7  

PWd [mm] 11.6 ± 2.6 12.7 ± 3.0 11.0 ± 2.6 0.002 

 (7.9 – 16.8) (8.0 – 18.6) (7.6 – 15.2)  

 7.0 – 20.1 7.9 – 20.1 7.0 – 18.8  

PWs [mm] 17.9 ± 3.4 19.2 ± 3.7 17.3 ± 3.0 0.003 

 (12.6 – 24.0) (13.0 – 24.6) (12.4 – 23.0)  

 9.7 – 24.9 9.7 – 24.9 11.9 – 24.0  

n 75 20 55  

RVAWd [mm] 6.0 ± 1.7 6.9 ± 2.0 5.6 ± 1.4 0.003 

 (4.0 – 9.3) (4.7 – 12.9) (3.8 – 8.8)  

 3.0 – 13.0 4.7 – 13.0 3.0 – 10.5  

Table 8: Echocardiographically measured wall thicknesses in male and female MF 

patients 
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1.1.11. Calculated echocardiographic parameters 

The parameters derived from the echocardiographic parameters in Table 8, as 

explained in the chapter ‘methods’, showed a trend of a higher left ventricular 

average wall thickness (MVWT) in males, compared to females (Table 9). In general, 

the mean values for MVWT of both genders were above the norm, albeit they did not 

exceed the limit of 15mm, which would imply severe hypertrophy [224]. Yet 10 males 

and 6 females had values above 15mm. 2 (12%) of the 6 patients suffered from 

arterial hypertension, 2 (12%) had repolarization abnormalities in the ECG, 1 of the 

16 (6%) patients was graded in diastolic dysfunction grade 1, 4 (25%) patients in 

grade 2 and 1 (6%) patient in grade 3. Furthermore, there was no significant 

difference in the relative wall thickness (RWT) with regards to gender, yet both males 

and females had an increased relative wall thickness compared to the norm (< 0.45).  

The left ventricular mass indexed by height did display a small yet insignificant 

difference between genders. However, the LVM indexed by the body surface area 

(LVM_i) revealed a significant distinction between the sexes, with higher values in 

men. Neither the left atrial volume nor the left atrial volume indexed by BSA differed 

significantly between genders. However regarding the left atrial volume indexed by 

BSA, which is as robust as by height [246], the mean values in both males and 

females exceeded the average maximum volume of 24ml/m2 of healthy individuals 

[247] 
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 All Males Females p 

n 118 41 77  

MVWT [mm] 11.5 ± 3.1 12.6 ± 3.1 11.0 ± 3.0 0.006 

 (6.5 – 21.1) (7.7 – 19.7) (7.0 – 17.0)  

 7.3 – 17.2 7.2 – 20.2 6.5 – 21.1  

RWT[ ] 0.50 ± 0.15 0.51 ± 0.15 0.49 ± 0.15 NS 

 (0.30 – 0.78) (0.30 – 0.78) (0.30 – 0.80)  

 0.24 – 1.02 0.25 – 0.79 0.24 – 1.02  

LVM_h [g/m2.7] 64.2 ± 32.3 71.9 ± 30.5 60.0 ± 32.6 0.057 

 (30.2 – 154.1) (36.7 – 152.9) (29.4 – 155.6)  

 23.5 – 201.1 23.5 – 189.2 25.2 – 201.1  

LVM_i [g/m2] 149.6 ± 67.0 179.3 ± 63.9 133.7 ± 63.4 <0.0001 

 (73.9 – 316.7) (105.5 – 324.6) (73.7 – 310.2)  

 64.5 – 403.8 65.4 – 403.8 64.5 – 391.3  

LA_Vol[ml] 43.3 ± 24.1 48.2 ± 26.2 40.7 ± 22.6 0.11 

 (16.0 – 97.6) (25.2 – 115.6) (15.1 – 86.9)  

 9.3 – 135 17.6 – 135.0 9.3 – 115.5  

LA_Vol_i [ml/m2] 24.9 ± 13.6 26.3 ± 13.8 24.1 ± 13.5 NS 

 (9.6 – 52.2) (13.8 – 61.8) (8.9 – 51.3)  

 6.1 – 75.8 11.8 – 75.8 6.1 – 67.2  

Table 9: Calculated echocardiographic parameters in male and female MF patients 

1.1.12. Systolic echocardiographic functional parameters 

The ejection fraction was similar in males and females. The FS and FSmid did not 

differ considerably between the sexes. The longitudinal axis shortening however 

tended to be smaller in males, although the mean values were not below the set 

lower limit of 45% (Table 10). 
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 All Males Females p 

n 118 41 77  

EF [%] 70.0 ± 8.6 68.8 ± 8.7 70.7 ± 8.5 0.244 

LAX [%] 46.6 ± 8.23 45.0 ± 9.6 47.5 ± 7.3 0.146 

FS [%] 40.1 ± 7.2 39.3 ± 7.4 40.5 ± 7.1 NS 

FSmid [%] 23.1 ± 4.9 22.5 ± 4.6 23.3 ± 5.1 NS 

Table 10: Systolic functional echocardiographic parameters in male and female MF 

patients 

1.1.13. Diastolic echocardiographic parameters 

There was no significant difference between males and females when considering 

the diastolic functional parameters, even though IVRT tended to be higher in males 

compared to females (Table 11). 

 All Males Females p 

n 118 41 77  

A-wave Vmax 0.60 ± 0.15 0.61 ± 0.15 0.58 ± 0.15 NS 

[m/s] (0.39 – 0.87) (0.40 – 0.85) (0.38 – 0.88)  

 0.28 – 0.97 0.39 – 0.97 0.28 – 0.93  

E-wave Vmax  0.86 ± 0.17 0.87 ± 0.21 0.85 ± 0.15 NS 

[m/s] (0.59 – 1.13) (0.53 – 1.36) (0.61 – 1.12)  

 0.52 – 1.5 0.52 – 1.5 0.57 – 1.18  

E/A – Ratio 1.53 ± 0.48 1.49 ± 0.45 1.55 ± 0.5 NS 

[ ] (0.8 – 2.39) (0.78 – 2.16) (0.97 – 2.41)  

 0.67 – 3.53 0.67 – 2.68 0.77 – 3.53  

n 100 32 68  

IVRT [ms] 86.0 ± 23.2 91.3 ± 23.0 83.5 ± 23.1 0.121 

 (49 – 124) (42.9 – 121.4) (49 – 126.2)  

 35 – 160  39 – 124 35 – 160  

Table 11: Diastolic functional echocardiographic parameters in male and female 

MF patients 
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1.1.14. Basic electrocardiographic parameters 

There was no significant difference in the P-wave, PQ- and QT- segment between 

genders (Table 12). 

 All Males Females p 

n 98 36 62  

P [ms] 101.8± 16.2 102.9 ± 16.5 101.2 ±16.2 NS 

 (71.9 – 124.1) (71.7 – 129.1) (70.9 – 125.7)  

 62 – 158 70 – 158 62 – 136  

n 118 41 77  

PQ [ms] 140.9 ± 25.6 137.1 ± 23.6 142.9 ± 26.6 0.243 

 (101.9 – 185.1) (92.4 – 181.8) (103.8 –192.6)  

 82 – 244 82.0 – 185.0 90 – 244  

QRS [ms] 95.7 ± 16.2 103.6 ± 18.1 91.6 ± 13.5 <0.0001 

 (78 – 122.3) (84.2 – 137.0) (77.8 – 120)  

 60 – 184 60 – 184 71 – 138  

n 117 40 77  

QT [ms] 405.6 ± 37.7 405.1 ± 40.2 405.9 ± 36.5 NS 

 (345.4 – 476.8) (336.2 – 503.7) (347.8 – 476.8)  

 320 – 510 334 – 510 320 – 508  

QTc [ms] 414.6 ± 27.6 406.9 ± 32.3 418.6 ± 24.1 0.049 

 (374.8 – 474.2) (363 – 480.3) (384.9 – 474.2)  

 362 – 494 362 – 485 375 – 494  

Table 12: Basic electrocardiographic parameters in male and female MF patients 
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Yet of the patients with a P-wave longer than 120ms, 80% were females and 20% 

were males. The QRS segment was significantly longer in males, 71% of patients 

with a QRS segment that was longer than 120ms were males, 29% were females 

(Table 13). On the contrary, the QTc segment was longer in females. 

 All Males Females p 

n 98 36 62  

P </= 120ms 88 34 (39%) 54 (61%) NS 

P > 120ms 10 2 (20%) 8 (80%)  NS 

n 118 41 77  

QRS > 120ms 7 5 (71%) 2 (29%) NS 

Table 13: ECG P-wave and QRS duration in male and female MF patients 

Regarding the amplitudes of the ECG, R in V5 and S in V3 were significantly higher 

in males than in females, which, when considering that R in V5 and S in V3 are 

variables used for the calculation of hypertrophy, corresponds well with the increased 

number of male patients with cardiomyopathy compared to in female patients. S in 

V1, S in V3 and angle alpha did not significantly differ between genders (Table 14). 
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All Males Females p 

n 95 34 61   

RV5 [mV] 

2.1 ± 0.9 2.7 ± 0.9 1.8 ± 0.7 

 <0.0001 (0.9 – 3.5) (1.3 – 4.6) (0.7 – 3.4) 

0.1 – 5.3 1.3 – 5.3 0.1 – 3.5 

SV1 [mV] 

1.2 ± 0.5 1.3 ± 0.6 1.1 ± 0.4 

0.288 (0.4 – 2.0) (0.5 – 3.1) (0.3 – 1.9) 

0.2 – 3.2 0.3 – 3.2 0.2 – 2.0 

RaVL [mV] 

0.5 ± 0.5 0.6 ± 0.6 0.5 ± 0.5 

 NS (0.1 – 1.4) (0.1 – 2.1) (0.1 – 1.3) 

0.0 – 2.7 0.0 – 2.6 0.0 – 2.7 

SV3 [mV] 

1.1 ± 0.7 1.4 ± 0.7 0.9 ± 0.5 

 0.001 (0.2 – 2.4) (0.4 – 2.9) (0.1 – 2.2) 

0.0 – 2.9 0.3 – 2.9 0.0 – 2.5 

n 84 30 54   

Angle alpha [°] 

41 ± 32 38 ± 37 43 ± 29 

 NS (-28 – 82) (-51 – 82) (-23 – 82) 

-52 – 95 -52 – 83 -36 – 95 

Table 14: ECG: R- and S- amplitudes and angle alpha in male and female MF 

patients 

1.1.15. Calculated electrocardiographic parameters  

All the calculated parameters differed significantly between men and women, except 

for the corrected Cornell index and the corrected Cornell product. Although a 

tendency of higher values for the corrected Cornell product in men remained. 

Interestingly, women presented with higher values for the corrected Cornell index, 

contrasting to the lower values of the Cornell index. The Sokolow-Lyon index was 

higher in men with a mean value of 4.0mV compared to women with 2.9mV. 

Furthermore, hemizygous men presented with significantly higher values for the 

Cornell index, Cornell product, 12 lead and 123 lead than heterozygous women 
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(Table 15). The Tend-P interval, which was incorporated in the ECG-Index and the 

ECG-Index itself both showed significantly higher values in men (Table 16). 

 All Males Females p 

n 95 34 61  

Sokolow Lyon 3.2 ± 1.14 4.0 ± 1.14 2.9 ± 0.96 <0.0001 

Index  (1.6 – 5.1) (1.9 – 6.6) (1.46 – 4.9)  

[mV] 1.1 – 7.0 1.7 – 7.0 1.1 – 5.2  

Cornell Index 1.63 ± 0.82 2.02 ± 0.90 1.42 ± 0.68 <0.0001 

[mV] (0.47 – 2.84) (0.8 – 3.85) (0.31 – 2.7)  

 0.2 – 5.5 0.8 – 5.5 0.2 – 3.3  

Corrected Cornell 2.15 ± 0.79 2.07 ± 0.94 2.2 ± 0.69 NS 

Index  (0.98– 3.46) (0.8– 3.85) (1.1–3.50)  

[mV] 0.8 – 5.5 0.8 – 5.5 1.0 – 4.1  

Cornell Product 163.5 ± 103.4 212.3 ± 118.3 136.2 ± 83.3 <0.0001 

[mV*ms] (42 – 314.4) (78 – 421) (28.8 – 322.3)  

 14.4 – 748 76.8 – 748 14 – 396  

Corrected Cornell  211.8 ± 102.5 216.8 ± 119.8 209.1 ± 92.5 NS 

Product  (85.7 – 411.7) (78 – 421) (102.1 – 419.1)  

[mV*ms] 72 – 748 76.8 – 748 72.0 – 492  

12 lead 24.4 ± 5.8 24.4 ± 5.8 17.9 ± 5.9 <0.0001 

[cm] (12.5 – 32.9) (12.5 – 32.9) (11.3 – 31.3)  

 11.8 – 35.4 11.8 – 35.4 8.8 – 40.1  

123 lead 4.3 ± 1.3 4.3 ± 1.3 3.6 ± 1.3 0.012 

[cm] (2.1 – 6.7) (2.1 – 6.7) (2.0 – 6.9)  

 1.9 – 7.7 1.9 – 7.7 1.5 – 9.1  

Table 15: Calculated electrocardiographic parameters in male and female MF 

patients 
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 All Males Females p 

n 118 41 77  

Tend-P  409.2 ± 147.0 469.7 ± 161.3 377.0 ± 128.6 0.001 

[ms] (198.6 – 681.1) (216.5 – 792.8) (195.0 – 590.6)  

 58.9 – 840 136.3 – 840 58.9 – 670  

ECG-Index  0.09 ± 0.051 0.113 ± 0.054 0.078 ± 0.045 0.001 

[yrs-1] (0.024 – 0.185) (0.023 – 0.214) (0.02 – 0.21)  

 0.015 – 0.232 0.020 – 0.232 0.015 – 0.215  

Table 16: Calculated electrocardiographic parameters in male and female MF 

patients 

Comparing patients with and without cardiomyopathy 

Cardiomyopathy was defined as a LVM indexed by height (LVM_h) 50g/m2.  

Cardiomyopathy  No Yes Total 

Gender  

Males 
8 

19.5% 

33 

80.5% 

41 

100% 

Females 
36 

46.7% 

41 

53.3% 

77 

100% 

Total 
44 

37.3% 

74 

62.7% 

118 

100% 

Table 17: Male and female MF patients with and without cardiomyopathy 

Of the 118 Morbus Fabry patients 74 patients suffered from cardiomyopathy. In 

females the distribution of affected (53.3%) versus not affected (46.7%) by 

cardiomyopathy was evenly spread. In males 33 out of 41 (80.5%) Fabry patients 

suffered from cardiomyopathy (Table 17). This once more illustrates the crucial 

difference in gender. 
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1.1.16. Geometry of the left ventricle 

The different forms of cardiomyopathy of the left ventricle were studied (Table 18). 

Hypertrophic cardiomyopathy was the most common form in this patient collective. In 

males, it accounted for 50% and in females for 39.4% of the cases. Eccentric 

hypertrophy was more common than concentric remodeling, whereas in males 

eccentric hypertrophy was twice (28.3%) as common compared to females (13.3%). 

Geometry of LV  Normal  CR CH EH Total 

Gender  

Males 
6 

17.4% 

2 

4.3% 

21 

50% 

12 

28.3% 

41 

100% 

Females 
27 

34.9% 

9 

12% 

31 

39.8% 

10 

13.3% 

77 

100% 

Total 
33 

28.0% 

11 

9.3% 

52 

44.1% 

22 

18.6% 

118 

100% 

Table 18: Different forms of hypertrophy in male and female MF patients 

1.1.17. Basic clinical data and cardiac parameters  

Patients with cardiomyopathy were significantly, on average 11.1 years older than 

patients without cardiomyopathy, which underlines the later onset of the cardiac 

manifestation. Patients with cardiomyopathy tended to be heavier and smaller than 

patients without cardiomyopathy. There was no significant difference in the body 

surface area between the two groups, yet the BMI was significantly larger in patients 

with cardiomyopathy with an average BMI of 24.6 ± 4.6 kg/m² compared to patients 

without cardiomyopathy with an average of 22.1 ± 3.8 kg/m² (Table 19). 

In patients with severe cardiomyopathy, defined as LVM_h≧ 75g/m2.7, there was an 

even more distinct difference in age between the groups with and without severe 

cardiomyopathy, on average patients with severe cardiomyopathy were 16 years 

older than patients without severe cardiomyopathy. There was no significant 

difference in weight and BSA between the two groups, yet patients with severe 

cardiomyopathy were significantly taller and had a larger BMI than the compared 

group (Table 20).  
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 Cardiomyopathy No Yes p 

n 44 74   

Age  31.2 ± 10.1 42.3 ± 14.1 

 <0.0001 [yrs] (18.1 – 49.4) (22.9 – 68.2) 

 
18.1 – 59.6 18.2 – 70.8 

Weight  64.2 ± 12.5 69.1 ± 13.4 

 0.051 [kg] (50.8 – 89.8) (47.8 – 96) 

 
47.1 – 107.5 46 – 101.2 

Length  170.2 ± 8 167.8 ± 9.5 

 0.151 [cm] (160 – 186) (153.8 – 184.5) 

 
158 – 194.5 148.5 – 189 

BSA  1.71 ± 0.17 1.75 ± 0.18 
0,296 

 
[m²] (1.5 – 2) (1.47 – 2.07) 

 
1.49 – 2.36 1.43 – 2.22 

BMI  22.1 ± 3.8 24.6 ± 4.6 

0.003 [kg/m²] (16.8 – 30.8) (18 – 35.2) 

 
16.6 – 31.8 15.9 – 37.4 

Table 19: Basic clinical data in MF patients with and without cardiomyopathy 
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Severe cardiomyopathy  

(LVM_h≧ 75g/m2.7) 
No Yes p 

n 87 31 
 

Age [yrs] 

34 ± 11.4 50 ± 13.3 

<0.0001 (18.2 – 58.1) (28 – 70.6) 

18.1 – 64.6 26.8 – 70.8 

Weight [kg] 

66.1 ± 12.4 70.5 ± 15.1 

0.111 (50.3 – 89.5) (47.6 – 98.1) 

46 – 107.5 47 – 101.2 

Length [cm] 

169.9 ± 8.5 165.4 ± 9.7 

 0.018 (157.5 – 186) (148.6 – 183) 

154 – 194.5 148.5 – 184 

BSA [m²] 

1.73 ± 0.17 1.74 ± 0.19 
NS 

 
(1.49 – 2.02) (1.45 – 2.11) 

1.44 – 2.36 1.43 – 2.16 

BMI [kg/m²] 

22.9 ± 3.9 25.8 ± 5.3 

0.002 (16.9 – 31) (17.9 – 36.4) 

15.9 – 31.8 17.8 – 37.4 

Table 20: Basic clinical data in MF patients with and without severe 

cardiomyopathy 
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Cardiomyopathy No Yes p 

n 44 74  

RRsys [mmHg] 

121.1 ± 9 131.6 ± 16.3 
<0.0001 

 
(108 – 134.8) (104.5 – 158.3) 

102 – 142 84 – 167 

RRdias [mmHg] 

73.3 ± 9 73.3 ± 9.8 
NS 

 
(59.5 – 93.3) (55.8 – 89.3) 

56 – 97 50 – 98 

RRmid [mmHg] 

89.2 ± 8 92.7 ± 10.3 

0.056 (76.4 – 105.4) (74.1 – 109.9) 

74.7 – 107 64.7 – 118 

n 42 72  

HF [s-1] 

74.2 ± 13.4 65.6 ± 13.6 

0.001 (53.3 – 101.7) (50.7 – 90.7) 

50 – 106 44 – 134 

Table 21: Basic cardiac parameters in MF patients with and without 

cardiomyopathy 

As established in the previous chapter, there was no significant difference in blood 

pressure between genders, which leads to the conclusion that the effect of 

cardiomyopathy on blood pressure disregards gender. In patients suffering from 

cardiomyopathy the average systolic blood pressure is significantly higher by on 

average 10.5 mmHg. The mean arterial blood pressure tended to also be higher in 

patients with cardiomyopathy, whereas the heart rate was significantly lower in this 

group. There was no significant difference in diastolic blood pressures between the 

two groups (Table 21).  
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Patients with severe LVH had a significantly higher systolic blood pressure, on 

average 10.8 mmHg higher than patients without severe LVH. The mean blood 

pressure was significantly higher and the heart rate significantly lower in patients with 

severe LVH. There was no significant difference in diastolic blood pressures between 

the two groups (Table 54). 

Of the 44 patients that did not present with cardiomyopathy, 3 (6.8%) patients 

developed hypertension. In the group with cardiomyopathy 24 out of 74 (32.4%) 

patients had hypertensive values (Table 22). This leads to the conclusion, that there 

is a significant link between the development of cardiomyopathy and the subsequent 

development of higher blood pressures (p<0.001).  

Hypertension  No Yes Total 

Cardiomyopathy 

No 
41 

93.2% 

3 

6.8% 

44 

100% 

Yes 
50 

67.6% 

24 

32.4% 

74 

100% 

Total 
91 

77.1% 

27 

22.9% 

118 

100% 

Table 22: MF patients with and without cardiomyopathy and the occurrence of 

arterial hypertension 
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1.1.18. Basic echocardiographic parameters 

Patients with left ventricular hypertrophy had a significantly larger diameter of the left 

atrium and aortic root compared to patients without cardiomyopathy (Table 23). 

Similarly, in patients with severe cardiomyopathy the left atrial diameter was also 

significantly larger (39 ± 6.3mm) and the aortic root diameter tended to be larger (30 

± 9.1mm) than in the group without severe cardiomyopathy (Table 55). 

Cardiomyopathy No Yes p 

n 44 72   

Ao [mm] 

26.4 ± 4 28.9 ± 6.8 

0.031 (20.5 – 34.9) (21.6 – 37.9) 

20.2 – 36.1 19.1 – 72 

n 44 74   

LAd [mm] 

30.5 ± 4.2 36.2 ± 5.8 

 <0.0001 (23.8 – 38.1) (28.4 – 48) 

21 – 42 23.8 – 51.3 

Table 23: Aortic and LA diameter in MF patients with and without cardiomyopathy 

Illustrated in Table 24, the interventricular wall thickness (IVSd and IVSs) as well as 

the posterior wall thickness (PWd and PWs) in diastole and systole and the right 

ventricular anterior wall thickness (RVAWd) were significantly larger in patients with 

cardiomyopathy and exceeded the reference values [228]. Patients with 

cardiomyopathy showed significantly larger values for LVId and no significant 

difference between the groups for LVIs, both did not exceed the reference values 

[245]. When considering the group with severe cardiomyopathy it was apparent that 

the values for the different wall thicknesses were significantly higher in the group with 

severe cardiomyopathy, with one exception, the LVIs. There was no significant 

difference between the group with and without severe cardiomyopathy (Table 56). 
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Cardiomyopathy No Yes p 

n 44 74   

IVSd [mm] 

8.5 ± 1.6 13.2 ± 3.9 

<0.0001 (6 – 11.8) (8.3 – 23.2) 

6 – 12 8 – 25.2 

IVSs [mm] 

12.5 ± 2.4 17.6 ± 4 

<0.0001 (7.6 – 16.3) (12.1 – 25.6) 

5.8 – 19 11 – 30.3 

LVId [mm] 

45.2 ± 4.8 48.1 ± 5.9 

 0.006 (37.4 – 56.6) (38.9 – 60) 

36.9 – 61 33.4 – 63 

LVIs [mm] 

28.1 ± 4.5 28.3 ± 5.2 

 NS (21.2 – 37.4) (20.2 – 39.3) 

19.9 – 43 15.9 – 42 

PWd [mm] 

9.4 ± 1.7 12.9 ± 2.5 

 <0.0001 (7.1 – 11.8) (9.2 – 18.8) 

7 – 16.6 8 – 20.1 

PWs [mm] 

15.6 ± 2.7 19.3 ± 2.9 

<0.0001 (11.9 – 20.5) (14.9 – 24.1) 

9.7 – 21.6 13 – 24.9 

n 30 45   

RVAWd [mm] 

5 ± 1.1 6.6 ± 1.7 

<0.0001 (3.1 – 7.6) (4.8 – 10.5) 

3 – 8 4.6 – 13 

Table 24: Echocardiographically measured wall thicknesses in MF patients with 

and without cardiomyopathy 
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1.1.19. Calculated echocardiographic parameters 

Derived from the above parameters the mean ventricular wall thickness, relative wall 

thickness and left ventricular mass indexed by height were significantly increased in 

patients with cardiomyopathy. Similarly, the left atrial volume and the left atrial 

volume indexed by BSA were significantly larger and above the reference value of 

24ml/m² in patients with cardiomyopathy compared to patients without 

cardiomyopathy (Table 25). This was also the case in patients with severe 

cardiomyopathy (Table 57), moreover the average of the calculated cardiac 

parameters was unanimously higher in patients with severe cardiomyopathy 

(LVM_h≧ 75g/m2.7) compared to patients with cardiomyopathy (LVM_h≧ 50g/m2.7). 

Cardiomyopathy No Yes p 

n 44 74 
 

MVWT [mm] 

8.9 ± 1.4 13 ± 2.8 

<0.0001 (6.6 – 11.4) (9.4 – 20) 

6.5 – 12.8 9 – 21.1 

RWT [ ] 

0.4 ± 0.08 0.55 ± 0.15 

<0.0001 (0.26 – 0.57) (0.33 – 0.81) 

0.24 – 0.63 0.3 – 1.01 

LVM_h [g/m2.7] 

39.2 ± 6.9 79 ± 32.3 

<0.0001 (25.7 – 49.6) (51.9 – 170.7) 

23.5 – 49.6 50.2 – 201.1 

LA_Vol [ml] 

30 ± 12.5 51.2 ± 25.8 

<0.0001 (13.4 – 55.5) (22.9 – 110.3) 

9.3 – 74.1 13.5 – 135 

LA_Vol_i [ml/m²] 

17.3 ± 6.5 29.4 ± 14.7 

<0.0001 (8.4 – 30.1) (13.2 – 65.6) 

6.1 – 38.6 8.1 – 75.8 

Table 25: Calculated echocardiographic parameters in MF patients with and 

without cardiomyopathy  
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1.1.20. Systolic echocardiographic parameters 

The ejection fraction was significantly higher (p<0.036) in patients with 

cardiomyopathy. The long axis shortening of the left ventricle was significantly lower 

(p<0.003) in patients with cardiomyopathy. Compared to standard values [31] 12.2 % 

of the patients with cardiomyopathy had a LAX value below the norm, this was the 

case in merely 4.5% of the patients without CM. The fractional shortening of the heart 

however was significantly higher in patients with CM, 14.1% of these patients 

exceeded the maximum norm value, whereas only 1 patient (0.01%) without CM 

exceeded the maximum norm value. There was no significant difference in FSmid 

between the two groups (Table 26).  

Cardiomyopathy No Yes p 

n 44 74   

EF [%] 

68 ± 7.5 71.3 ± 9 
0.036 

 
(54.7 – 79.5) (56.8 – 86.9) 

40.3 – 80.3 51.3 – 88.9 

LAX [%] 

49.5 ± 6.7 44.9 ± 8.7 
0.003 

 
(35.9 – 60.9) (24.9 – 56) 

32.3 – 64.4 23.8 – 65.7 

FS [%] 

38.1 ± 5.7 41.3 ± 7.8 
0.020 

 
(28.3 – 47.9) (29.6 – 56.5) 

19.6 – 48.9 26.5 – 59.4 

FSmid [%] 

22.3 ± 3.9 23.5 ± 5.4 

0.175 (17.1 – 28.2) (15.3 – 32.3) 

6.5 – 28.4 13.4 – 37.8 

Table 26: Systolic functional echocardiographic parameters in MF patients with and 

without cardiomyopathy 



 
83 

 
Number out of 118 

patients 

Number of these 

patients that have CM 

LAX < 35% 11 9 

LAX > 63% 2 1 

FS < 28% 2 1 

FS >48% 15 14 

Table 27: Number of patients with values for LAX>63%, LAX<35% and FS>48%, 

FS<28% 

When comparing patients classified as having severe cardiomyopathy to the patients 

without severe hypertrophy there was no significant difference in EF. The LAX is 

significantly lower, and FS merely showed a tendency for higher values in patients 

with severe hypertrophy. Yet in FSmid there was no longer any difference between 

the two groups (Table 28). 

Severe cardiomyopathy 

(LVM_h 75g/m2.7) 
No Yes p 

n 87 31   

EF [%] 

69.4 ± 7.8 71.7 ± 10.5 
NS 

 
(56.5 – 80.1) (53.0 – 87.1) 

40.3 – 88.9 51.3 – 88.2 

LAX [%] 

48.6 ± 7.1 41.1 ± 8.8 
<0.0001 

 
(36.9 – 60.4) (24.5 – 53.5) 

23.8 – 65.7 24.3 – 54.0 

FS [%] 

39.4 ± 6.4 41.9 ± 9.0 
0.094 

 
(29.5 – 48.6) (27.6 – 57.0) 

19.6 – 59.4 26.5 – 58.3 

FSmid [%] 

22.8 ± 4.3 23.9 ± 6.3 

NS (15.8 – 29.8) (14.5 – 36.9) 

6.5 – 32.5 13.4 – 37.8 

Table 28: Systolic functional echocardiographic parameters in MF patients with and 

without severe cardiomyopathy   
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1.1.21. Diastolic echocardiographic parameters 

The maximum velocity of the A-wave over the mitral valve was higher in patients with 

CM, whereas there was no difference in the two patient groups regarding the 

maximum velocity of the E-wave over the mitral valve. Furthermore, the E/A Ratio 

was significantly lower and the IVRT was significantly (p<0.0001) longer in the group 

with CM (Table 29). In patients with severe cardiomyopathy very similar results were 

observed (Table 58). 

Cardiomyopathy No Yes p 

n 44 74   

E-wave Vmax [m/s] 

0.86 ± 0.14 0.86 ± 0.19 
NS 

 
(0.62 – 1.12) (0.57 – 1.15) 

0.61 – 1.18 0.52 – 1.50 

A-wave Vmax [m/s] 

0.53 ± 0.12 0.63 ± 0.15 
<0.0001 

 
(0.32 – 0.78) (0.42 – 0.89) 

0.28 – 0.85 0.39 – 0.97 

E/A-Ratio [ ] 

1.71 ± 0.54 1.42 ± 0.41 

0.001 (1.04 – 3.06) (0.78 – 2.14) 

0.78 – 3.53 0.67 – 2.68 

n 38 62   

IVRT [ms] 

73.5 ± 17.0 93.7 ± 23.3 

 <0.0001 (38.8 – 108.2) (56.6 – 127.4) 

35 – 112 45 – 160 

Table 29: Diastolic functional echocardiographic parameters in MF patients with 

and without cardiomyopathy  
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Figure 13: Correlation of the A-wave Vmax [m/s] and LVM [g] in MF patients. 

The A-wave Vmax and IVRT strongly correlated with LVM. As the values for the LVM 

increased, the values for A-wave Vmax (Figure 13) and IVRT (Figure 14) increased, 

with a correlation coefficient of r2 = 0.316 (p<0.0001) and r2 = 0.541 (p<0.0001) 

respectively. 
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Figure 14: Correlation of the IVRT [ms] and LVM [g] in MF patients. 

1.1.22. Basic electrocardiographic parameters 

Patients with cardiomyopathy tended to have a longer P-wave and QTc duration, the 

duration of the P-wave exceeded the norm in patients with cardiomyopathy, whereas 

the QTc duration was within the norm. Furthermore, patients with cardiomyopathy 

had a significantly longer QRS and QT duration compared to patients without 

cardiomyopathy, the values for Q RS were just above the maximum values of the 

norm. There was no significant difference in the PQ duration between the two 

groups, the values were within the norm (Table 30). 
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Cardiomyopathy No Yes p 

n 36 62   

P [ms] 

97.7 ± 17.6 104.2 ± 15 

0.055  (68.8 – 124) (73.2 – 125.7) 

62 – 158 64 – 136 

n 44 74   

PQ [ms] 

139.1 ± 21.2 142 ± 28 

 NS (104 – 170.8) (95 – 187.5) 

100 – 198 82 – 244 

QRS [ms] 

87.1 ± 10.1 100.9 ± 17 

 <0.0001 (71.3 – 107.5) (80 – 130.5) 

60 – 110 76 – 184 

n 43 74   

QT [ms] 

388.4 ± 26.1 415.6 ± 39.9 

 <0.0001 (333.6 – 429.2) (347.5 – 492.5) 

320 – 431 334 – 510 

QTc [ms] 

409 ± 18.2 417.8 ± 31.5 

0.058  (377 – 440) (372.8 – 477.3) 

363 – 453 362 – 494 

Table 30: Basic electrocardiographic parameters in MF patients with and without 

cardiomyopathy 

The values for R in V5, R in aVL and S in V3 were significantly higher in patients with 

cardiomyopathy. The angle alpha was significantly lower in the group of patients with 

cardiomyopathy compared to patients without cardiomyopathy. Patients with 

cardiomyopathy tended to have higher values for S in V1 (Table 31). 
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Cardiomyopathy No Yes p 

n 36 59   

RV5 [mV] 

1.6 ± 0.6 2.4 ± 0.9 

<0.0001  (0.7 – 2.6) (1 – 4.2) 

0.6 – 3.4 0.1 – 5.3 

SV1 [mV] 

1.1 ± 0.4 1.3 ± 0.6 

 0.056 (0.3 – 1.7) (0.6 – 2) 

0.2 – 1.8 0.3 – 3.2 

RaVL [mV] 

0.3 ± 0.2 0.7 ± 0.6 

 <0.0001 (0.1 – 0.8) (0.1 – 1.9) 

0 – 0.8 0 – 2.7 

SV3 [mV] 

0.9 ± 0.5 1.2 ± 0.7 

 0.010 (0.1 – 2) (0.3 – 2.5) 

0 – 2.4 0 – 2.9 

n 32 52   

Angle alpha [°] 

53 ± 21 34 ± 35 

 0.003 (13 – 89) ([-41] – 81) 

8 – 95 [-52] – 83 

Table 31: ECG: R- and S- amplitudes and angle alpha in MF patients with and 

without cardiomyopathy 

 

1.1.23. Calculated electrocardiographic parameters  

Considering the above values and implementing them in the following indexes, it is 

evident that patients with CM had higher values for the Sokolow Index, Cornell Index, 

corrected Cornell Index, Cornell Product and the corrected Cornell Product as well as 

for the 12lead and 123lead, which all indicate hypertrophy (Table 32). Furthermore, 

the value for Tend-P was increased in patients with cardiomyopathy. The ECG-Index 

did not yield a significant difference between the two groups (Table 33). 
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Cardiomyopathy 
No Yes p 

n 40 61   

Sokolow-Lyon Index [mV] 2.4 ± 1.1 3.5 ± 1.3  <0.0001 

Cornell Index [mV] 1.06 ± 0.7 1.84 ± 0.86  <0.0001 

Cornell Product [mV*ms] 94.9 ± 66.9 192.3 ± 111.9  <0.0001 

n 39 61   

Corrected Cornell Index [mV] 1.73 ± 0.6 2.32 ± 0.86  <0.0001 

Corrected Cornell Product [mV*ms] 146.6 ± 66.6 236.2 ± 118.4  <0.0001 

n 36 59   

12 lead [cm] 16.1 ± 4.3 22.7 ± 6.5  <0.0001 

123 lead [cm] 3 ± 0.7 4.4 ± 1.4  <0.0001 

Table 32: Calculated electrocardiographic parameters in MF patients with and 

without cardiomyopathy 

 

Cardiomyopathy No Yes p 

n 44 74   

Tend-P [ms] 

351.2 ± 143 443.6 ± 139.2 

 0.001 (103.4 – 595.5) (228.1 – 700.3) 

58.9 – 840 186.9 – 795.6 

ECG-Index [yrs-1] 

 

0.09 ± 0.05 0.09 ± 0.05 

 NS (0.02 – 0.18) (0.02 – 0.19) 

0.02 – 0.21 0.02 – 0.23 

Table 33: Calculated electrocardiographic parameters in MF patients with and 

without cardiomyopathy  
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Comparing patients with normal and impaired diastolic function 

Out of 17 patients that presented with diastolic dysfunction, 16 (94.1%) also 

presented with cardiomyopathy. Furthermore, of the patients without DD 

approximately half (42.6%) of them did not present with CM. Out of the 74 patients 

with CM 16 (21.6%) also presented with DD, whereas only 1 out of 44 (2%) patients 

without CM presented with DD. Evidently there is a significant link between CM and 

the development of DD (p< 0.004). 

 

 

Figure 15: Percentage [%] of patients with or without cardiomyopathy and the 

occurrence of diastolic dysfunction 

In patients with normal diastolic function, the most common geometry of the left 

ventricle was concentric hypertrophy (37.6%). In patients with impaired diastolic 

function it was also the most common form of hypertrophy. However, the percentage 

was much higher at 82.3% (14 out of 17). Not a single patients with impaired diastolic 

function presented with a normal geometry of the left ventricle (Table 34). 
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Geometry of LV  Normal CR CH EH Total 

Diastolic function 

Normal 
33 

32.7% 

10 

9.9% 

38 

37.6% 

20 

19.8% 

101 

100% 

impaired 
0 

0% 

1 

5.9% 

14 

82.3% 

2 

11.8% 

17 

100% 

Total 
33 

28.0% 

11 

9.3% 

52 

44.1% 

22 

18.6% 

118 

100% 

Table 34: Different forms of hypertrophy in MF patients with normal and impaired 

diastolic function 

1.1.24. Basic clinical data and cardiac parameters 

Patients with diastolic dysfunction were significantly older, taller and have a larger 

BMI, which is comprised of weight divided by BSA, compared to patients with normal 

diastolic function. However there was no significant difference between the two 

groups with regard to the weight and the BSA of the patients (Table 35). 

Diastolic function Normal Impaired p 

n 101 17   

Age [yrs] 
36.0 ± 12.7 51.0 ± 14.0 

 <0.0001 
18.1 – 68.0 26.8 – 70.8 

Weight [kg] 
66.8 ± 13.1 69.8 ± 13.8 

 NS 
46.0 – 107.5 47.0 – 96.0 

Length [cm] 
169.5 ± 8.6 163.8 ± 10.0 

 0.010 
148.5 – 194.5 148.7 – 184.0 

BSA [m²] 
1.74 ± 0.18 1.73 ± 0.19 

 NS 
1.44 – 2.36 1.43 – 2.16 

BMI [kg/m²] 
23.3 ± 4.3 26 ± 4.9 

 0.018 
15.9 – 35.7 18 – 37.4 

Table 35: Basic clinical data in MF patients with normal and impaired diastolic 

function 



 
92 

Considering values for the blood pressure, there was no significant difference 

between the two groups, yet the systolic blood pressure tends to be higher in patients 

with diastolic dysfunction. This group of patients also showed significantly lower 

values for the heart rate (Table 36). 

Diastolic function Normal Impaired p 

n 101 17   

RRsys [mmHg] 
126.6 ± 14.5 133.9 ± 16.1 

0,144 
84 – 161 112 – 167 

RRdias [mmHg] 
73 ± 9.4 75.1 ± 10.2 

 NS 
50 – 97 60 – 98 

RRmid [mmHg] 
90.8 ± 9.4 94.7 ± 10.4 

 NS 
64.7 – 112.7 80.7 – 118 

n 100 14   

HF [s-1] 
69.8 ± 14.4 61.4 ± 8.5 

 0.023 
44 – 134 53 – 80 

Table 36: Basic cardiac parameters in MF patients with normal and impaired 

diastolic function  

1.1.25. Basic echocardiographic parameters 

The left atrial diameter was significantly (p<0.0001) larger in patients with impaired 

diastolic function, with an average difference of 11.3mm. The aortic root was 

however only insignificantly (p< 0.290) larger in patients with diastolic dysfunction 

(Table 37). The values for IVSd, IVSs, PWd, PWs, the ventricular wall thicknesses, of 

patients with impaired diastolic function were significantly higher compared to 

patients with normal diastolic function. However, the right ventricular anterior wall 

thickness and the left ventricular diameter in systole and diastole did not differ 

significantly between the two groups (Table 38). 
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Diastolic function Normal Impaired p 

n 99 17   

Ao [mm] 
27.8 ± 6.2 28.7 ± 4.6 

 0.290 
19.1 – 72 21.7 – 38.4 

n 101 17   

LAd [mm] 
32.5 ± 4.5 43.8 ± 3.5 

 <0.0001 
21 – 49 37.4 – 51.3 

Table 37: Aortic and LA diameter in MF patients with normal and impaired diastolic 

function 

Diastolic function Normal Impaired p 

n 101 17   

IVSd [mm] 
10.7 ± 3.2 15.6 ± 5 

 <0.0001 
6 – 23.1 8 – 25.2 

IVSs [mm] 
14.9 ± 3.7 20.3 ± 4.5 

 <0.0001 
5.8 – 25.5 15 – 30.3 

LVId [mm] 
46.9 ± 5.3 47.8 ± 7.6 

 NS 
36.8 – 61 33.4 – 63 

LVIs [mm] 
28 ± 4.6 28.9 ± 6.6 

 NS 
15.9 – 43 20.2 – 42 

PWd [mm] 
11.2 ± 2.6 14.1 ± 2.8 

 <0.0001 
7 – 20.1 10 – 18.8 

PWs [mm] 
17.6 ± 3.4 19.8 ± 2.6 

 0.010 
9.7 – 24.9 16.3 – 24 

n 64 11   

RVAWd [mm] 
5.8 ± 1.6 6.8 ± 2.2 

 0.179 
3 – 13 4 – 10.5 

Table 38: Echocardiographically measured wall thicknesses in MF patients with 

normal and impaired diastolic function  
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1.1.26. Calculated echocardiographic parameters 

The relative and mean values for the wall thickness (MVWT and RWT) were both 

significantly higher in patients with impaired diastolic dysfunction. The left ventricular 

mass indexed by height also showed significantly (p<0.0001) higher values in 

patients with impaired diastolic function. The volume of the left atrium and the left 

atrial volume indexed by BSA were also significantly (p<0.0001) elevated in patients 

with impaired diastolic function (Table 39). 

Diastolic function Normal Impaired p 

n 101 17   

MVWT [mm] 
10.9 ± 2.7 14.9 ± 3.3 

 <0.0001 
6.5 – 20 9.5 – 21.1 

RWT [ ] 
0.47 ± 0.13 0.64 ± 0.18 

 <0.0001 
0.24 – 0.8 0.32 – 1.01 

LVM_h [g/m2.7] 
57.5 ± 23.2 103.8 ± 48.1 

<0.0001 
23.5 – 157.3 47.4 – 201.1 

LA_Vol [ml] 
36.2 ± 16 85.4 ± 20.7 

<0.0001 
9.3 – 117.6 52.3 – 135 

LA_Vol_i [ml/m²] 
20.7 ± 8.5 49.6 ± 11.9 

<0.0001 
6.1 – 63 36.5 – 75.8 

Table 39: Calculated echocardiographic parameters in MF patients with normal 

and impaired diastolic function 
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1.1.27. Systolic echocardiographic parameters 

Merely the LAX was significantly shorter in patients with DD compared to patients 

with a normal diastolic function. The values for the other markers for systolic function 

did not differ significantly between the two groups (Table 40). 

Diastolic function Normal Impaired p 

n 101 17   

EF [%] 
70.2 ± 8.3 69.1 ± 10.6 

 NS 
40.3 – 88.9 51.3 – 82.8 

LAX [%] 
47.6 ± 7.5 40.8 ± 10.4 

 0.015 
23.8 – 65.7 24.2 – 55.3 

FS [%] 
40.2 ± 7 39.6 ± 8.6 

NS 
19.6 – 59.4 26.5 – 51.8 

FSmid [%] 
23.3 ± 4.8 21.8 ± 5.3 

 NS 
6.5 – 37.8 13.4 – 32.3 

Table 40: Systolic functional echocardiographic parameters in MF patients with 

normal and impaired diastolic function 

1.1.28. Diastolic echocardiographic parameters 

Considering the markers for diastolic function, the A-wave Vmax was increased and 

the E/A ratio was decreased in patients with impaired diastolic function compared to 

patients with normal diastolic function. No significant difference could be noted 

between the two groups with and without DD regarding the E-wave Vmax and the 

IVRT (Table 41). 
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Diastolic function Normal Impaired p 

n 101 17   

E-wave Vmax [m/s] 
0.86 ± 0.16 0.89 ± 0.21 

 NS 
0.52 – 1.38 0.65 – 1.5 

A-wave Vmax [m/s] 
0.58 ± 0.15 0.67 ± 0.13 

 0.017 
0.28 – 0.97 0.48 – 0.9 

E/A-Ratio [ ] 
1.56 ± 0.49 1.37 ± 0.43 

 0.074 
0.67 – 3.53 0.92 – 2.68 

n 86 14   

IVRT [ms] 
84.5 ± 22.2 95.1 ± 27.9 

0.259 
35 – 138 60 – 160 

Table 41: Diastolic functional echocardiographic parameters in MF patients with 

normal and impaired diastolic function 
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1.1.29. Basic electrocardiographic parameters 

In this study, no significant difference in the duration of the P-wave and PQ segment 

was noted between patients with and without diastolic dysfunction. The QRS duration 

was within the norm in both groups, however significantly longer in patients with DD. 

This was also the case with regards to the QT and QTc duration which were longer in 

patients with DD compared to patients with normal diastolic function (Table 42). 

Diastolic function Normal Impaired p 

n 82 16   

P [ms] 
101.3 ± 15.5 104.1 ± 19.9 

 NS 
62 – 158 72 – 136 

n 101 17   

PQ [ms] 
140.9 ± 22.9 140.7 ± 39 

 NS 
96 – 200 82 – 244 

QRS [ms] 
93.4 ± 13.4 109.8 ± 23.5 

 0.001 
60 – 138 86 – 184 

n 100 17   

QT [ms] 
399.9 ± 34.6 439.4 ± 38.1 

 <0.0001 
320 – 510 383 – 508 

QTc [ms] 
411.1 ± 25.3 435.1 ± 32.2 

 0.003 
362 – 481 373 – 494 

Table 42: Basic electrocardiographic parameters in MF patients with normal and 

impaired diastolic function 

Considering the amplitudes, R in V5 tended to be higher (p<0.059) and R in aVL was 

significantly (p<0.0001) higher in patients with impaired diastolic function. There was 

no significant difference in S in V1 and S in V3 between the two groups compared. 

The angle alpha however was significantly (p<0.009) reduced in the group of patients 

with impaired diastolic function (Table 43). 
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Diastolic function Normal Impaired p 

n 81 14   

RV5 [mV] 
2 ± 0.9 2.5 ± 1 

 0.059 
0.1 – 5.3 1 – 4.2 

SV1 [mV] 
1.2 ± 0.5 1.2 ± 0.5 

 NS 
0.2 – 3.2 0.6 – 2 

RaVL [mV] 
0.4 ± 0.4 1 ± 0.7 

 <0.0001 
0 – 2.6 0.2 – 2.7 

SV3 [mV] 
1.1 ± 0.7 1 ± 0.7 

 NS 
0 – 2.9 0 – 2.4 

n 74 10   

Angle alpha [°] 
44 ± 32 20 ± 27 

 0.009 
-52 – 95 -18 – 68 

Table 43: ECG: R- and S- amplitudes and angle alpha in MF patients with normal 

and impaired diastolic function 

1.1.30. Calculated electrocardiographic parameters 

Patients with diastolic dysfunction tended to have higher values for the Sokolow 

Index, Cornell Index, corrected Cornell Index, Cornell product and corrected Cornell 

Product, as well as 123lead. Furthermore, there was a tendancy for higher values in 

12lead in patients with diastolic dysfunction(Table 44). The values for Tend-P were 

significantly higher in patients with DD, whereas the ECG-Index did not differ 

between the two patient groups (Table 45). 
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Diastolic function Normal Impaired p 

n 87 14   

Sokolow-Lyon Index 

[mV] 

3 ± 1.4 3.8 ± 1.1 
 0.024 

0 – 7 1.8 – 5.2 

Cornell Index 

[mV] 

1.45 ± 0.9 2.07 ± 0.5 
 0,002 

0 – 5.5 1.2 – 2.8 

Cornell Product 

[mV*ms] 

141 ± 107.8 233 ± 64.1 
 <0.0001 

0 – 748 124.7 – 324 

n 86 14   

Corrected Cornell Index 

[mV] 

2 ± 0.81 2.64 ± 0.67 
 0.002 

0.8 – 5.5 1.2 – 3.5 

Corrected Cornell Product 

[mV*ms] 

186 ± 107.1 295.1 ± 79.9 
 <0.0001 

0 – 748 124.7 – 420 

n 81 14   

12 lead 

[cm] 

19.6 ± 6.2 23.8 ± 8.1 
 0.072 

8.8 – 35.4 11.8 – 40.1 

123 lead 

[cm] 

3.7 ± 1.2 4.8 ± 1.9 
 0.015 

1.5 – 7.7 2.2 – 9.1 

Table 44: Calculated electrocardiographic parameters in MF patients with normal 

and impaired diastolic function 

Diastolic function Normal Impaired p 

n 101 17   

Tend-P 

[ms] 

397.4 ± 144.8 479.3 ± 144.7 
 0.023 

58.9 – 840 255.9 – 795.6 

ECG-Index 

[yrs-1] 

0.09 ± 0.05 0.08 ± 0.06 
 NS 

0.02 – 0.22 0.02 – 0.23 

Table 45: Calculated electrocardiographic parameters in MF patients with normal 

and impaired diastolic function 
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Cardiac involvement and clinical effects 

1.1.31. NYHA 

The patients were categorized according to the New York Heart Association (NYHA) 

classification.  

NYHA 

Grade 
Description 

1 
No limitation of physical activity. Ordinary physical activity does not cause 

undue fatigue, palpitation, dyspnoea. 

2 
Slight limitation of physical activity. Comfortable at rest. Ordinary physical 

activity results in fatigue, palpitation, dyspnoea.  

3 
Marked limitation of physical activity. Comfortable at rest. Less than 

ordinary activity causes fatigue, palpitation, or dyspnoea. 

4 

Unable to carry on any physical activity without discomfort. Symptoms of 

heart failure at rest. If any physical activity is undertaken, discomfort 

increases. 

Table 46: NYHA grading {Herold, 2016 #868} 

In this study all patients without cardiomyopathy had either no symptoms at all or 

merely mild shortness of breath, palpitation, fatigue and slight limitations during 

physical activity (NYHA≤2). However, in patients with CM, 77% (57 out of 74) were 

classified in NYHA≤2. Furthermore 23% (17 out of 74) of patients with CM presented 

with NYHA scores of ≥3. This means these patients experienced mild to severe 

limitations during minimal physical activity (like walking short distances) or symptoms 

at rest (NYHA≥3) (Table 47). 
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NYHA  ≤ 2 3 4 Total 

Cardiomyopathy 

No 
44 

100% 

0 

0.0% 

0 

0.0% 

44 

100% 

Yes 
57 

77.0% 

16 

21.6% 

1 

1.4% 

74 

100% 

Total 
101 

85.5% 

16 

13.5% 

1 

1% 

118 

100% 

Table 47: NYHA Scores of MF patients with and without cardiomyopathy 

As illustrated in Table 48 all patients with a normal geometry of the left ventricle, 

concentric remodelling or eccentric hypertrophy had no or mild symptoms during 

ordinary activity (NYHA scores ≤2). Yet out of 52 patients diagnosed with concentric 

hypertrophy 17 (17.5%) experienced severe limitations during minimal activity or in 

rest (NYHA scores ≥3). 

NYHA  ≤2 3 4 Total 

Geometry of LV 

Normal 
33 

100% 

0 

0.0% 

0 

0.0% 

33 

100% 

CR 
11 

12.9% 

0 

0.0% 

0 

0.0% 

11 

100% 

CH 
35 

67.3% 

16 

30.7% 

1 

2% 

52 

100% 

EH 
22 

100% 

0 

0.0% 

0 

0.0% 

22 

100% 

Total 
101 

85.6% 

16 

13.6% 

1 

0.8% 

118 

100% 

Table 48: LV Geometry in MF patients in relation to NYHA scores 

The majority of patients with normal diastolic function presented with only mild 

symptoms of heart insufficiency (NYHA≤2). Merely 8.9% of patients with a normal 

diastolic function had NYHA scores of ≥3. In contrast 47% of the patients diagnosed 

with impaired diastolic function reported symptoms compatible with NYHA scores of 

≥3 (Table 49). 
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NYHA  ≤ 2 3 4 Total 

Diastolic function of the LV 

Normal 
92 

91.1% 

8 

7.9% 

1 

1% 

101 

100% 

Impaired 
9 

53% 

8 

47% 

0 

0.0% 

17 

100% 

Total 
101 

85.6% 

16 

13.6% 

1 

0.8% 

118 

100% 

Table 49: Normal and impaired diastolic function in MF patients in relation to NYHA 

scores 

1.1.32. CCS 

The Canadian Cardiovascular Society (CCS) score records the occurrence and 

degree of angina pectoris at different levels of activity.  

CCS 

Grade 
Description 

0 No cardiac symptoms. 

1 

Ordinary physical activity (such as walking and climbing stairs) does not 

cause angina. Angina with strenuous or rapid or prolonged exertion at 

work or recreation. 

2 Slight limitation of ordinary physical activity.  

3 Marked limitation of ordinary physical activity. 

4 
Inability to carry on any physical activity without discomfort, anginal 

syndrome may be present at rest. 

Table 50: CCS grading {Campeau, 1976 #865{Campeau, 2002 #1072}} 

In the group of patients with cardiomyopathy roughly 47.9% suffered from angina 

during activity and experienced slight to marked limitations in daily life (CCS=1-3). 

The other half of patients was asymptomatic. However, in patients without CM 90.3% 

(37 out of 41) of patients were asymptomatic (Table 51). 
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CCS  0 I 2 3 Total 

Cardiomyopathy 

No 
37 

90.3% 

2 

4.9% 

1 

2.4% 

1 

2.4% 

41 

100% 

Yes 
38 

52.1% 

13 

17.8% 

9 

12.3% 

13 

17.8% 

73 

100% 

Total 
75 

65.8% 

15 

13.1% 

10 

8.8% 

14 

12.3% 

114 

100% 

Table 51: CCS Scores of MF patients with and without cardiomyopathy 

Of the patients with a normal geometry of the ventricle, one patient reported angina 

pectoris during strenuous physical activity (CCS=2) and one patient during moderate 

activity (CCS=1). The remaining 29 patients did not report angina (CCS=0). 4 

patients with eccentric hypertrophy suffered from angina during strenuous physical 

activity, the remaining 18 patients did not have angina. Most (8 out of 10) of the 

patients with a concentric remodelling had a CCS score of 0. The majority of patients 

(60.8%) with concentric hypertrophy illustrated clinical symptoms such as angina 

during moderate, strenuous and vigorous activity(CCS=1-3).  

Of the 114 patients in total, 14 reported a score of CCS=3 of which all of them had 

concentric hypertrophy, with the exception of one patient that had concentric 

remodelling. 9 out of the 10 patients that reported angina consistent with CCS=2 

were likewise found to have concentric hypertrophy. The majority of patients (9 out of 

15) that reported a score of CCS=1, also had a left ventricle which was concentrically 

hypertrophied, the other 4 out of 15 had eccentric hypertrophy (Table 52). 
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CCS  0 I 2 3 Total 

Geometry of LV 

Normal 
29 

93.6% 

1 

3.2% 

1 

3.2% 

0 

0% 

31 

100% 

CR 
8 

80% 

1 

10% 

0 

0% 

1 

10% 

10 

100% 

CH 
20 

39.2% 

9 

17.65% 

9 

17.65% 

13 

25.5% 

51 

100% 

EH 
18 

81.8% 

4 

18.2% 

0 

0% 

0 

0% 

22 

100% 

Total 
75 

65.8% 

15 

13.2% 

10 

8.8% 

14 

12.2% 

114 

100% 

Table 52: LV Geometry in MF patients in relation to CCS scores 

In patients with impaired diastolic function 56.2% of patients complained of angina 

during daily activities or vigorous physical activity (CCS 2-3). Whereas this was only 

the case in 15.3% of patients with a normal diastolic function (Table 53). 

CCS  0 I 2 3 Total 

Diastolic function of the LV 

Normal 
69 

70.4% 

14 

14.3% 

6 

6.1% 

9 

9.2% 

98 

100% 

Impaired 
6 

37.5% 

1 

6.3% 

4 

25% 

5 

31.2% 

16 

100% 

Total 
75 

65.8% 

15 

13.1% 

10 

8.8% 

14 

12.3% 

114 

100% 

Table 53: Normal and impaired diastolic function in MF patients in relation to CCS 

score 

ECG-Index, ECG changes as a sign of diastolic dysfunction 

In the following chapter the relationship between the ECG-Index and age, LVM, 

MVWT, RWT and diastolic echocardiographic parameters was examined. 

Furthermore, the ECG-Index and further electrocardiographic parameters were 

examined by means of binary logistic regression regarding the presence of DD.  
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1.1.33. Correlation of the ECG-Index and age 

Figure 16 shows that the ECG-Index decreased with increasing age and presented 

with a correlation coefficient of r2 = -0.595 (p<0.0001). 

 

Figure 16: Correlation of the ECG-Index [ ] and age [yrs] in MF patients. 

The two outliers above the line were men and both presented with CH, left atrial 

dilation and DD. One patient had a reduced LAX (38%) and NYHA score of 3, 

whereas the other did not have impaired systolic function and reported a NYHA score 

of 1. 

The two outliers below the line were two females and had no systolic or diastolic 

functional impairment, except for a marginally decreased LAX of 43% in one patient. 

Furthermore they did not present with LV hypertrophy or LA dilation, yet both 

reported a NYHA score of 1.  
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There is no visible pattern of lower values for the ECG-Index pointing specifically to 

DD, systolic impairment or clinical signs as apparent from these figures, however the 

correlation between the ECG-Index and age remains highly significant. 

1.1.34. Correlation of the ECG-Index and left ventricular mass 

In this group of Fabry patients there was no significant correlation between the ECG-

Index and LVM (Figure 17), with a correlation coefficient of r2 = -0.011 (p<0.906). 

 

Figure 17: Correlation of the ECG-Index [ ] and LVM [g] in MF patients. 
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1.1.35. Correlation of the ECG-Index and mean left ventricular wall 

thickness 

There was a weak correlation between the ECG-Index and MVWT (Figure 18), with a 

correlation coefficient of r2 = -0.174 (p<0.060). As the MVWT increased the value for 

the ECG-Index decreased. 

 

Figure 18: Correlation of the ECG-Index [ ] and MVWT [mm] in MF patients 
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1.1.36. Correlation of the ECG-Index and relative wall thickness 

Furthermore there was a mediocre correlation between the ECG-Index and RWT 

(Figure 19), with a correlation coefficient of r2 = -0.288 (p<0.002). With an increasing 

RWT, signifying the progression of the disease, the ECG-Index decreased. This 

corresponded well to the trend seen above, considering the MVWT. 

 

Figure 19: Correlation of the ECG-Index [ ] and RWT [ ] in MF patients. 
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The correlation of the ECG-Index and echocardiographic diastolic 

functional parameters 

1.1.37. Correlation between the ECG-Index and the E-wave Vmax 

In this patient collective, the E-wave Vmax positively correlated with the ECG-Index 

and revealed a correlation coefficient of r2 = 0.220 (p<0.017). The ECG-Index 

increased as the E-wave Vmax increased (Figure 20). 

 

Figure 20: Correlation of the ECG-Index [ ] and E-wave Vmax [m/s] in MF patients. 
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1.1.38. Correlation between the ECG-Index and the A-wave Vmax 

In this study cohort the A-wave Vmax negatively correlated with the ECG-Index and 

presented a correlation coefficient of r2 = – 0.367 (p<0.0001). The ECG-Index 

decreased as the A-wave Vmax increased (Figure 21). This correlation is stronger 

compared to the correlation between the E-wave Vmax and the ECG-Index. 

 

Figure 21: Correlation of the ECG-Index [ ] and A-wave Vmax [m/s] in MF patients. 
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1.1.39. Correlation between ECG-Index and the E/A ratio 

The correlation between the ECG-Index and the E/A ratio was positive (diagram x), 

with a correlation coefficient of r2 = 0.416 (p<0.0001). The ECG-index increased as 

the E/A ratio increased (Figure 22). This parameter showed the strongest correlation 

to the ECG-Index out of the diastolic echocardiographic parameters. 

 

Figure 22: Correlation of the ECG-Index [ ] and E-wave Vmax/ A-wave Vmax [ ] in 

MF patients. 
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1.1.40. Correlation between the ECG-Index and isovolumetric relaxation 

time 

The IVRT showed a rather weak negative correlation to the ECG-Index. As the 

values for the ECG-Index decreased, the values for IVRT increased (Figure 23), with 

a correlation coefficient of r2 = -0.157 (p<0.118). 

 

Figure 23: Correlation of the ECG-Index [ ] and IVRT [ms] in MF patients. 
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1.1.41. Correlation between the ECG-Index and the left atrial volume  

The correlation between the ECG-Index and the left atrial volume was weak in this 

group of patients (Figure 24). The correlation coefficient amounted to r2 = 0.052 

(p<0.579). There was no clear pattern to describe the relationship between these two 

parameters. 

 

Figure 24: Correlation of the ECG-Index [ ] and LA Volume [ml] in MF patients. 
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ECG-Index and diastolic dysfunction 

When comparing the values for the ECG-Index between the group of patients with 

and without DD, the group of patients with DD tended to present with lower values for 

the ECG-Index than patients not affected by DD (Figure 25). However, the 

significance is practically negligible (p<0.576).  

 

Figure 25: Normal and impaired diastolic function in MF patients in relation to the 

ECG-Index [ ]. 

  



 
115 

Considering the different genders, males with DD contrary to anticipation presented 

with tendencially higher values (p<0.235) for the ECG-Index (Figure 26). This is 

probably due to the limited number of patients in this group (n=5). Females with 

impaired diastolic function tended to have lower values for the ECG-Index (p<0.130) 

which corresponded well with the decreasing values for the ECG-Index parallel to the 

increasing values for MVWT and RWT, reflecting the progression of the disease. 

 

 

Figure 26: Normal and impaired diastolic function in male and female MF patients 

in relation to the ECG-Index [ ].  
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Discussion 

Arterial blood pressure and hypertension 

Arterial hypertension is historically not a pathognomonic feature of Fabry disease.  

However, with evolving knowledge a moderate form of hypertension has been 

described as a common characteristic in Fabry’s nephropathy [31, 248]. This is unlike 

other nephropathies, which are accompanied by severe hypertension [249, 250]. 

Hypertension has multiple definitions in various studies which results in different data 

concerning the prevalence of hypertension in Fabry patients.  

However, in general a higher percentage of male Fabry patients (14-57%) compared 

to female Fabry patients (6-47%) is found to be hypertensive [59, 75, 103, 248, 251, 

252]. This is explained by the higher prevalence of rapid and severe progression of 

renal dysfunction in males compared to females [248, 252, 253]. The prevalence of 

hypertensive patients in this thesis was on average lower than in previous studies. In 

total 22.9% of the patients were hypertensive, 36.6% of men and 15.6% of women. 

This may be explained by the strict definition of hypertension in this thesis (systolic 

blood pressure ≥140mmHg) and the fact that antihypertensive medication was not 

taken into account when considering blood pressure values. 

To create a better comparison and avoid diverging definitions, it is advantageous to 

consider the blood pressure values themselves. In literature, the average systolic and 

diastolic blood pressure in Fabry patients is approximately 123-128mmHg and 71-

77mmHg respectively, with generally similar diastolic and systolic values in both 

genders. This study presented an average blood pressure of 128/73mmHg with a 

tendency (p<0.121) for higher systolic values in men (131/74mmHg), than in women 

(126/73mmHg) and no significant difference in diastolic values between genders. The 

data collected in this study shows higher systolic values in men compared to values 

in literature, the diastolic values however coincide largely with the values in literature 

[29, 82, 169, 248]. 

Furthermore, in this study patients with CM had significantly higher systolic blood 

pressures (131.6mmHg) than patients without CM (121.1mmHg). This is due to 

structural and geometrical changes in the LV, which resulted in altered LV loading 
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and pressure conditions. This consequently may induce accelerated hypertrophic 

development and progression [254]. The diastolic blood pressure was not elevated in 

patients suffering from cardiomyopathy compared to patients without CM. This may 

be explained by the absence of peripheral vasculopathy in Fabry patients. 

Approximately half of the non-hypertensive patients in this study developed 

cardiomyopathy and the other half did not. However, 88.9% of hypertensive patients 

suffered from cardiomyopathy, this reflects the strong link between hypertension and 

CM in Fabry patients. Yet, the high percentage of patients with CM and hypertension 

may also include the patients suffering from primary hypertension influencing the 

development of hypertrophy independent of Morbus Fabry. 

Morbus Fabry associated cardiomyopathy 

Cardiomyopathy in Fabry patients is one of the major manifestations and occurs in 

up to 69%of Fabry patients [82, 171]. In this study cardiomyopathy was classified as 

LVM_h 50g/m2.7. CM was also found in the current patient group, particularly 

marked in males compared to females, this is due to the late onset of the disease in 

females compared to males. This is underlined by the significantly higher average 

age in women (42.3 years) compared to men (31.2 years) included in this study. 

Furthermore, patients with CM in this study are on average 11 years older than 

patients without CM, which accentuates the later onset of the cardiac manifestation. 

This coincides with current literature available [39, 59, 60, 82, 119]. Similarly, as 

reported in previous studies, the aortic root diameter [83], anterior right ventricular 

wall thickness (RVAWd) and the mean end-diastolic wall thickness (MVWT) of the 

ventricle [167], the latter takes the interventricular and posterior wall into account, are 

also significantly increased in men compared to women, this corresponds to the 

increase in LVM. 

The most common geometry of the left ventricle in hypertensive and non-

hypertensive patients is concentric hypertrophy, which coincides with current 

literature and indicates that the deposition of Gb3 occurs ubiquitous in the septal and 

posterior myocardial wall [31, 59, 145]. 
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Echocardiographic parameters 

This study is a prospective study dating from the mid 1990’s, which means that the 

parameters and data obtained for this study, correspond with the established 

parameters of that time and were collected by sonographic apparatus that partly also 

date from the mid 90’s. 

1.1.42. Systolic function and myocardial changes 

Systolic function can be defined by multiple parameters of which a few have emerged 

as useful parameters. EF, FS reflect the load independent radial function, FSmid is a 

reliable parameter for the radial function independent of left ventricular geometry. 

LAX represents the longitudinal function of the left ventricle. The radial and 

longitudinal function make up the global systolic function of the left ventricle. Previous 

studies have shown that the deterioration in the longitudinal function occurs before 

the radial function in Fabry patients [29, 81, 100, 165, 255]. In this study the systolic 

functional parameters were similar in males and females, however the percentage of 

long axis shortening (LAX) tended to be smaller in males compared to females. This 

may again be due to earlier and more grave disease progression, specifically the 

development of cardiomyopathy in males [82]. Patients with cardiomyopathy 

presented with significantly decreased LAX compared to patients without CM. 

Contributing factors may be fibrosis, necrosis and the loss of contractile fibres [62] 

leading to the deterioration of the systolic function. Additionally, these factors may 

influence compensatory mechanisms such as a significantly increased FS and EF, as 

is the case in patients with CM in this study. However, the increase in EF may also 

be the result of the increased wall thickness, which decreases the volume of blood in 

the ventricle and then may lead to a relatively larger EF (in percentage) yet a 

decreased net volume compared to the total volume in the ventricle. These possible 

compensatory mechanisms however seem to reach a limit, as in patients with severe 

CM there is no significant difference in EF, a less significant difference in FS and a 

distinctly higher significance in LAX. There was no significant change in EF, FS and 

FSmid in patients with and without DD. However, the LAX was also significantly 

smaller in patients with DD, indicating that DD may be accompanied by systolic 

dysfunction. 
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1.1.43. Diastolic function and myocardial changes 

Moderate and severe DD are viewed as important predictors of adverse outcomes, 

particularly in patients with heart failure and preserved EF. The early diagnosis is 

essential as patients are likely to benefit from heart failure treatment [256]. 

In this study diastolic dysfunction was a frequent characteristic. 14.4% (17/118) of the 

patients in this study presented with DD of Grade 2 or higher. 

No substantial differences between gender were noted regarding diastolic 

echocardiographic parameters, this is in agreement with previous studies [59, 167]. 

In patients with DD the values for the A-wave Vmax were increased (p<0.017) and 

the values for E/A ratio tended to be smaller (p<0.074) compared to patients without 

DD. This is plausible when considering the definition of DD in this study was set 

according to two parameters of which one of them is the E/A ratio. However, the 

values for E-wave Vmax do not differ significantly between the two groups, which 

indicates that the E-wave Vmax does not have an impact on the change of the E/A 

ratio. Subsequently the question arises, whether the A-wave Vmax as a single 

parameter may be more useful in the diagnosis of DD in Fabry patients. 

In patients with cardiomyopathy, the A-wave Vmax (p<0.0001) and IVRT (p<0.0001) 

are both increased significantly compared to patients without CM, this is in line with 

previous studies [31, 73, 104, 155, 167, 257]. The IVRT positively correlated with the 

increasing LVM (Figure 14), as the LVM increased the IVRT increased. The E/A ratio 

decreased (p<0.001) in patients with CM in the current study and there was no 

significant difference in E-wave Vmax between the group of patients with and without 

CM. Previous studies found similar results, however not always significant [31, 73, 

104, 167]. Nevertheless, one study found the E-wave Vmax to tendentially decrease 

in patients with CM [155]. The above results illustrate that CM is closely linked to DD 

(p<0.001 chi quadrat). Besides, more than half of the patients suffering from CM in 

this study also showed impaired diastolic function (Figure 15). 

Furthermore, in the current study the left atrial volume indexed by BSA in patients 

with DD was more than twice as large as in patients with normal diastolic function. 

The same applies to patients with CM, which likewise presented with nearly double 

as large LA_Vol as patients without CM. Namdar et al. reported the same in Fabry 
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patients in early stages of the disease [135]. The volume of the LA in this clinical 

survey was calculated with the single dimension cubic formula, which has a high rate 

of observer variability and low rate of reproducibility [241]. Ultimately it is not the most 

accurate method of quantification available as the left atrial volume is consistently 

underestimated with this formula {Khankirawatana, 2002 #30}. However, this 

enhances the significance of the above results indicating a strong correlation 

between LA enlargement and DD, as reported in numerous studies [150, 151, 154, 

241, 258], yet in disagreement with Putko et al. who found similar LA volumes in 

Fabry patients compared to healthy controls [153]. 

Frankly the above changes in parameters thus signify the following in Fabry patients; 

DD associated with hypertrophy and fibrosis is linked to normal or tendentially 

decreased passive emptying of the left atrium (normal or tendentially decreased E-

wave Vmax). Increased wall stiffness, impaired relaxation of the left ventricle 

(increased IVRT) and decreased compliance consequently lead to increased LV 

filling pressures (increased A-wave Vmax vs IVRT, see Figure 27) [31]. The thin left 

atrial wall is sensitive to pressure changes in the left ventricle and therefore 

amenable to the enlargement and stretching of the left atrium. Hence, increased left 

atrial wall thickness, as a compensatory mechanism, and the left atrial function are 

valuable markers for the severity and chronicity of diastolic dysfunction [31, 150, 151, 

154, 258]. Additionally atrial enlargement induces pathophysiological changes of the 

atrial fibrils, which in combination with inconsistent fibrosis of the left atrial wall 

interrupts the conduction of sinus impulses [31, 149, 150, 152, 259, 260] and 

increases the risk for electrophysiological abnormalities such as atrial fibrillation [261, 

262], congestive heart failure [263], stroke and cardiac death [264]. This reiterates 

the clinical importance of early diagnosis and treatment of diastolic dysfunction.  

Diastolic function and left ventricular geometry  

In patients with normal diastolic function, 41% had a normal configuration of the left 

ventricle and 35% presented with concentric hypertrophy. The most common form of 

cardiomyopathy in patients with diastolic dysfunction was concentric hypertrophy, this 

is in agreement with previous studies [31] and underlines the fact that the most 

common form of hypertrophy in Fabry patients is concentric hypertrophy [31, 59, 82, 

86]. 
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1 out of 44 patients (patient nr. 264) with DD did not present with CM, there was no 

significant age difference between the female patient compared to the rest of the 

Fabry patients in this study, this patient did not take any medication, neither did she 

suffer from hypertension or have any electrocardiographic abnormalities, she did 

however present with concentric remodelling. This implies that DD in Fabry patients 

may occur before the development of LVH. This is concurrent with previous studies 

[155, 164]. Consequently the measurements of diastolic function are important 

parameters that may significantly improve the diagnosis of cardiac manifestation in 

Fabry patients before the development of LVH.  

Diastolic dysfunction and electrocardiography  

In recent years, the electrocardiogram has received increased attention in the 

diagnosis and prediction of DD as it is non-invasive, accessible, operator 

independent, highly reproducible, and less susceptible to hemodynamic changes 

compared to echocardiography [265, 266]. Specifically, the following parameters 

have been discussed as important markers for the prediction of DD: the P-wave 

duration, P-wave dispersion, PQ interval, QT interval, QT dispersion and corrected 

QT interval [206, 260, 267].  

In previous studies the P-wave and PQ interval were both found to be significantly 

prolonged in patients with DD compared to controls, Murata et al. suggest this to be 

due to the adherence of glycosphingolipids to a pre-existing accessory pathway 

specifically described in his case report, which may have reduced the pathway’s 

conductivity [206, 260, 268]. Furthermore, Wilcox et al. reported the PQ-interval to be 

twice as sensitive as the indexed left atrial volume for the identification of diastolic 

dysfunction. This may suggest that the PQ prolongation, as an expression of left 

atrial remodelling, is an early and more sensitive electrocardiographic parameter, 

which may be identified before the morphological changes can be detected by 

imaging techniques [260, 206]. Moreover, P-wave dispersion was increased in 

patients with DD, this parameter has likewise been associated with remodelling of the 

left atrium and an increased risk of atrial fibrillation [149, 206, 269]. In the current 

study the P-wave and PQ interval did not show a significant difference between 

patients with and without DD. The P-wave dispersion was not examined in this study. 
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The QTc duration in particular was found to correlate with Doppler-derived 

parameters of DD in two studies [260, 270]. However, Sauer et al. suggests the 

Tpeak-Tend interval may be the key element in the QTc prolongation in DD [271]. 

Albeit Namdar could not verify this in his study [206]. 

In the current study the QRS interval, QT and QTc interval as well as the Tend-P 

interval correlated significantly with echocardiographically defined DD. Similarly the 

calculated electrocardiographic parameters (multiple ECG-Indexes and Products, 

Table 44), which are markers for hypertrophy, significantly correlated with the 

echocardiographically defined DD, which indicates that most patients with diastolic 

function also suffered from hypertrophy. This correlates to the data collected by 

echocardiography. However the specific ECG-Index by Namdar et al. [206] did not 

present significantly different values between the two groups with and without DD 

(Table 45). The QT dispersion was not examined in this study. 

Nevertheless, when considering the correlation between the ECG-Index and different 

parameters the following can be established. With age progression, the ECG-Index 

yields lower values, which indicates that lower values coincide with an increased 

disease progression (Figure 16). Yet, the value for the ECG-Index does not change 

with increasing LVM and left atrial volume (Figure 17, Figure 24). However, 

contradictingly, the MVWT and RWT increase as the ECG-Index tends to yield lower 

values. As there is no uniform trend regarding hypertrophy and the ECG-Index, the 

ECG-Index does not serve as a useful tool for the diagnosis of hypertrophy. 

Nevertheless, in this study the ECG-Index positively correlates with the following 

echocardiographic parameters: E/A ratio and E-wave Vmax (Figure 22, Figure 20). It 

yields a moderate, negative correlation to the A-wave Vmax and IVRT (Figure 23, 

Figure 21). This means, as the maximum velocity of the passive diastolic filling of the 

left ventricle mildly decreases and on the other hand the IVRT and the maximum 

velocity of the active filling of the left ventricle in diastole increase, values for the 

ECG-Index decreases. These changes are typical for diastolic dysfunction, which 

suggests that the ECG-index may be suitable for the diagnosis of DD in Fabry 

patients. Further research in the form of a prospective study is required to examine 

whether the electrocardiographic parameters expose DD before echocardiographic 

parameters do so.  



 
123 

Besides electrophysiological changes seen in the ECG, sympathetic denervation 

may be detected using speckle tracking echocardiography and 123I-meta-

iodobenzylguanidine imaging, which may occur before the development of fibrosis or 

reduction of LV ejection fraction and therefore may be another method for early 

detection of diastolic dysfunction [164, 272]. 

Clinical cardiac manifestation 

1.1.44. Clinical cardiac manifestation with regards to diastolic functional 

parameters 

Diastolic dysfunction seems to have an impact on the clinical cardiac symptoms, 

such as dyspnoea, as more patients with impaired diastolic function, relatively, were 

graded in NYHA 3 or higher, than patients with normal diastolic function. 

Furthermore, 62.5% of Fabry patients with impaired diastolic function had a CCS 

score of 1 or more (experienced angina pectoris regularly) and only 29.6 % of 

patients with a normal diastolic function reported a score of CCS 1 or more. 

1.1.45. Clinical cardiac manifestation with regards to systolic functional 

parameters 

Patients with cardiomyopathy more frequently had physical limitations in daily life 

measured by the NYHA score than Fabry patients without CM. Additionally, only 

Fabry patients suffering from concentric hypertrophy had a NYHA score of 3 and 

above. With regard to angina pectoris similar findings were recorded, approximately 

half of the patients with CM experienced angina chest pain regularly (CCS score of 1 

or more), whereas this was the case in only 10% of patients without LVH. 
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Study limitations 

This study has several limitations that should be acknowledged. The incomplete or 

erroneous documentation and measurement would decrease the potentiality of 

subgroup analysis. Additionally, the data extraction began in the 1990’s which means 

that the manner of recording variables and the variables themselves may be 

overhauled. More exact measurement methods and apparatus are currently the 

goldstandard. The NYHA and CCS scores are based on subjective estimations and 

therefore may be a source of error [273-275]. The diagnosis of hypertension in this 

study was made based on the mean values of two measurements recorded 5 

minutes apart on the same day, which does not comply with the current guidelines for 

the diagnosis of arterial hypertension, which is comprised of a minimum of three 

measurements on alternating arms, on three different days at three different times of 

the day. Medication, specifically anti-hypertensive medication was not considered 

when interpreting the blood pressures, nor were diabetes and non-Fabry associated 

hypertension considered, even though they may influence cardiac function and affect 

the development of LVH [39, 93, 144]. This may lead to attribution bias. 

Despite the modest size of the patient group, considering the rareness of the disease 

and the fact that this was a single-center study, the number of patients in some 

subgroupings was too small to make meaningful comparisons and to use these 

results to make valid statements regarding the general population. Furthermore, due 

to the lacking number of patients, diastolic function could not be graded into four 

groups, instead it was divided into two groups, this may have prevented better insight 

and understanding of diastolic dysfunction in Morbus Fabry patients.  

Matching of patients with a control group was not performed. 

And lastly, participation in the study was voluntary which limits the analysis, as only a 

subset of the total patient population in Mainz and its surroundings have their data 

recorded, which may suggest selection bias. 
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Outlook 

Prevention is more effective than treatment of already damaged organs, this means 

earliest diagnosis possible is essential and furthermore early, effective treatment is 

mandatory. 

The most effective screening method would be the sequencing of the Α-GAL A gene 

by mutation analysis in the course of the newborn screening. The screening is 

already implemented in Germany and includes the most common, severe yet 

treatable hereditary diseases. However, the mutation analysis is also the most costly 

manner to diagnose Morbus Fabry, yet the only reliable way to diagnose the disease 

in females. In males the determination of α-GAL A activity is sufficient and currently 

the goldstandard in the diagnosis of Morbus Fabry. Moreover, it is by far more cost-

efficient (60 Euros). The above two options should be reviewed as well as the 

possibility of a screening in late adolescence, i.e. during the supplementary J2 

screening (16-17 years) examination, which should then evidently become obligatory 

and include the examination of a urine sample, an ECG and echocardiography as a 

large group of adolescents suffering from Morbus Fabry already have manifest 

symptoms such as LVH and proteinuria. Currently in Germany a urine sample is 

examined during the U8 screening examination (at age 46-48 months) and an ECG 

is conducted during the supplementary U10 screening examination (at age 7 – 8 

years), the latter is not paid for by all health insurances. Naturally, awareness of the 

disease and its multiple, unspecific symptoms are the prerequisite and foundation in 

the process of diagnosis and should be propagated. 

Once an early diagnosis has been made, treatment should commence. ERT is 

currently the therapy of choice, yet the incomplete response, high cost and lifelong 

dependency are factors that cannot be neglected. The search for new more effective 

therapies has produced Migalastat HCl, the chaperone protein, explained above 

which has shown promising effects. Furthermore, substrate reduction therapy, which 

is an orally administered drug and entails blocking the formation of glycosphingolipids 

and has shown to reduce levels of Gb3 uniformly in organs such as the kidneys, liver 

and heart of murine models [276]. It is more efficacious when combined with ERT 

compared to either therapies administered individually and is more effective in 

reducing levels of tissue Gb3 in younger mice than in older mice, which underlines 
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the importance of early diagnosis [277, 278]. Furthermore, the combination of 

substrate reduction therapy and ERT may improve quality of life, by less frequent and 

thereby reduced dependency on ERT infusions [279]. Moreover, in a recent 

exploratory trial in Fabry patients substrate reduction therapy has been shown to 

reduce levels of glycosphingolipids [280]. 

A further method involves the introduction of retroviral vectors to insert a normal 

alpha galactosidase A gene into bone marrow hematopoietic stem, progenitor cells 

and stromal cells. The cells are transplanted into an alpha Gal A deficient murine 

Fabry model which in the course of time have shown increased α-GAL A levels and 

reduced levels of accumulated Gb3 in multiple organs [281-284]. Furthermore, as a 

result of secondary transplantation of bone marrow, where mononuclear cells from a 

transplanted murine model are transplanted into a second alpha Gal A deficient 

murine Fabry model, correction of the metabolic defect in non-transduced cells was 

observed [285-288]. In 2016 the first phase 1 trial was initiated. A Fabry patient 

received an autologous stem cell transplantation with transduced cells (Lentivirus 

alpha Gal A). The first results presented in 2017 showed that within 45 days of the 

administration of a single dose, alpha Gal A levels were in a normal range and the 

level was maintained within this range for the duration of the 6-month trial. No study 

related severe adverse events were recorded within this period [289]. Funding for a 

Phase 2 trial has been granted [290].  
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Summary regarding the aims of this study 

Comparison of systolic and diastolic echocardiographic changes at the 

baseline examination before treatment, between hemizygous males and 

heterozygous females. 

There was no significant difference between male and female Fabry patients in 

systolic and diastolic echocardiographic parameters. 

Comparison of ECG changes at the baseline examination before treatment 

between hemizygous males and heterozygous females. 

The QRS interval was significantly longer in males and the QTc was longer in 

females. Furthermore, males had higher values for RV5 and SV3 than females. 

This was also the case when regarding the values for the Sokolow-Lyon Index, 

the Cornell Index, the Cornell Product, the 12lead and the 123lead. The ECG-

Index as well as the Tend-P produced higher values in males than in females. 

Presentation of systolic and diastolic echocardiographic changes and ECG 

changes in patients with cardiomyopathy compared to without cardiomyopathy 

at the baseline examination.  

In patients with cardiomyopathy the EF and FS was higher and the LAX 

presented with lower values than in patients without cardiomyopathy. 

Considering the diastolic echocardiographic parameters, patients with 

cardiomyopathy had higher values for the A-wave Vmax and IVRT and lower 

values for the E/A ratio. Regarding the ECG values, the P-wave and the QTc 

interval tended to be longer and the QRS interval and the QT interval were 

significantly longer in Fabry patients with cardiomyopathy. The hypertrophy 

specific indexes (Sokolow-Lyon Index, the Cornell Index, the Cornell Product, 

the corrected Cornell Index, the corrected Cornell Product, the 12lead and the 

123lead) were naturally all higher in patients with cardiomyopathy. The Tend-P 

interval was longer in patients with cardiomyopathy, however the ECG-Index did 

not differ between the groups with and without cardiomyopathy. 
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Presentation of systolic and diastolic echocardiographic changes and ECG 

changes in patients with normal diastolic function compared to patients with 

impaired diastolic function at the baseline examination. 

The only systolic echocardiographic parameter that differs between the groups 

is the LAX, which showed significantly lower values in patients with impaired 

diastolic function. Two diastolic echocardiographic parameters significantly 

differed between the two groups; the A-wave Vmax was increased and the E/A 

ratio was reduced in the group of patients with diastolic dysfunction. Moreover, 

the group of patients with impaired diastolic function presented with significantly 

higher values for the QRS, the QT and QTc interval and the Tend-P interval. 

Performance and diagnostic value of the ECG-Index regarding diastolic 

dysfunction in Morbus Fabry patients. 

The values for the ECG-Index did not show a significant difference between the 

groups with and without diastolic dysfunction. However, this may also be due to 

the small patient collective, as with increasing age, MVWT, RWT, A-wave Vmax 

and IVRT, the ECG-Index  tends to decreased. And as the E-wave Vmax and 

the E/A ratio decreased, the ECG-Index decreased. These are indicators that 

there may be a connection between diastolic dysfunction and the ECG-Index, 

this however needs to be examined in a larger collective of patients. 
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Zusammenfassung  

Vergleich der systolischen und diastolischen echokardiographischen 

Veränderungen zwischen hemizygoten Männern und heterozygoten Frauen 

zum Zeitpunkt der Baseline-Untersuchung. 

Es gab keinen signifikanten Unterschied zwischen weiblichen und männlichen 

Morbus Fabry Patienten bezüglich der systolischen und diastolischen 

echokardiographischen Parametern. 

Vergleich der EKG Veränderungen zwischen hemizygoten Männern und 

heterozygoten Frauen zum Zeitpunkt der Baseline-Untersuchung. 

Bei Männern war der QRS Intervall signifikant verlängert und bei Frauen die 

QTc Zeit verlängert. Zudem hatten Männer höhere Werte für RV5 und SV3 als 

Frauen. Die Werte für den Sokolow-Lyon Index, Cornell Index, Cornell Produkt, 

12lead und 123lead waren ebenfalls erhöht bei den Männern. Auch der EKG 

Index sowie Tend-P ergaben höhere Werte bei den Männern verglichen mit 

Frauen. 

Vergleich der systolischen und diastolischen echokardiographischen und EKG 

Veränderungen zwischen Morbus Fabry Patienten mit und ohne 

Kardiomyopathie zum Zeitpunkt der Baseline-Untersuchung. 

In Patienten mit Kardiomyopathie verglichen mit Patienten ohne 

Kardiomyopathie ergaben sich höhere Werte für die EF und FS und niedrigere 

Werte für die LAX. Bezüglich der diastolischen echokardiographischen 

Parameter hatten Patienten mit Kardiomyopathie höhere Werte für A-wave 

Vmax und IVRT und niedrigere Werte für das E/A Verhältnis. Im Hinblick auf die 

EKG Werte tendierten Patienten mit Kardiomyopathie zu verlängerten P-Wellen 

und QTc Intervallen und außerdem zu signifikant verlängerten QRS- und QT-

Intervallen. Die Hypertrophie spezifischen Indices (Sokolow-Lyon Index, Cornell 

Index, Cornell Produkt, korrigierter Cornell Index, korrigiertes Cornell Produkt, 

12lead und 123lead) waren selbstverständlich höher in den Patienten mit 

Kardiomyopathie. Der Tend-P Intervall war verlängert in Patienten mit 

Kardiomyopathie, jedoch gab es keinen bemerkenswerten Unterschied 
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zwischen den Patienten mit und ohne Kardiomyopathie bezüglich des EKG 

Index. 

Vergleich der systolischen und diastolischen echokardiographischen und EKG 

Veränderungen zwischen Patienten mit einer normalen und Patienten mit einer 

beeinträchtigten diastolischen Funktion zum Zeitpunkt der Baseline- 

Untersuchung. 

Der einzige systolische echokardiographische Parameter der sich in den beiden 

Gruppen unterschied ist die LAX, diese zeigte signifikant niedrigere Wert in 

Patienten mit einer beeinträchtigten diastolischen Funktion. Zwei der 

diastolischen Funktionsparameter zeigten einen signifikanten Unterschied 

zwischen den beiden Gruppen; die Werte für die A-Welle Vmax waren erhöht 

und die Werte für das Verhältnis E/A waren vermindert in den Patienten mit 

beeinträchtigter diastolischen Funktion. Zudem ergaben sich signifikant höhere 

Werte für QRS, QT und QTc Intervalle sowie für den Tend-P Intervall in dem 

Patientenkollektiv mit beeinträchtigter diastolischen Funktion. 

Bedeutung und diagnostischer Wert des EKG-Index bezüglich einer 

Beeinträchtigung der diastolischen Funktion in Morbus Fabry Patienten. 

Zwischen den Patientengruppen mit einer normalen und beeinträchtigten 

diastolischen Funktion zeigte sich kein signifikanter Unterschied bezüglich der 

Werte für den EKG-Index. Jedoch ergibt sich dieses Ergebnis möglicherweise 

durch die begrenzte Zahl der Patienten, denn je höher die Werte für das Alter, 

MVWT, RWT, A-Welle Vmax, IVRT, desto kleinere Werte ergeben sich für den 

EKG-Index. Je niedriger die Werte für die E-Welle Vmax und das Verhältnis 

E/A, desto niedrigere Werte ergeben sich für den EKG-Index. Dies spricht für 

eine Verbindung zwischen dem EKG-Index und der Beeinträchtigung der 

diastolischen Funktion, jedoch muss dies in einem größeren Patientenkollektiv 

erforscht werden. 
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Addendum 

Table 54: Basic cardiac parameters in MF patients with and without severe cardiomyopathy 

  

Severe Cardiomyopathy No Yes p 

n 87 31  

RRsys [mmHg] 

124.8 ± 12.8 135.6 ± 17.4 

0,003 (106.8 – 147) (101.4 – 161.6) 

97 – 161 84 – 167 

RRdias [mmHg] 

72.9 ± 9.3 74.2 ± 10 

NS (56 – 88) (57.4 – 95.6) 

50 – 97 55 – 98 

RRmid [mmHg] 

90.2 ± 8.7 94.6 ± 11.2 

0,028 (75.4 – 105.1) (74.3 – 116.4) 

69.7 – 109 64.7 – 118 

n 84 30  

HF [s-1] 

71 ± 14.6 62.5 ± 10.6 

0,004 (52 – 98.5) (49.6 – 89) 

44 – 134 49 – 100 
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Table 55: Aortic and LA diameter in MF patients with and without severe 

cardiomyopathy 

  

Severe Cardiomyopathy No Yes p 

n 86 30   

Ao [mm] 

27.3 ± 4.2 30 ± 9.1 

0,121 (20.7 – 35.1) (20.5 – 53.5) 

20 – 39.2 19.1 – 72 

n 87 31   

LAd [mm] 

32.3 ± 4.7 39 ± 6.3 

<0,0001 (25 – 41.3) (27.1 – 49.7) 

21 – 49 23.8 – 51.3 
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Severe Cardiomyopathy No Yes p 

n 87 31   

IVSd [mm] 

10 ± 2.5 15.6 ± 4.3 

<0.0001 (6.3 – 15.3) (10.4 – 24.2) 

6 – 19 9 – 25.2 

IVSs [mm] 

14.2 ± 3.2 19.9 ± 4.2 

<0.0001 (10 – 19.7) (13.8 – 29.3) 

5.8 – 24 12 – 30.3 

LVId [mm] 

46.5 ± 5.6 48.4 ± 5.5 

 0.1 (38.1 – 58.9) (38.4 – 58.8) 

36.8 – 61 33.4 – 63 

LVIs [mm] 

28.2 ± 4.7 28.1 ± 5.6 

 NS (20.5 – 37) (20.8 – 40.6) 

15.9 – 43 20 – 42 

PWd [mm] 

10 ± 2 15 ± 2 

 <0.0001 (8 – 14) (12 – 19) 

7 – 17 12 – 20 

PWs [mm] 

17 ± 3 21 ± 3 

 <0.0001 (12 – 22) (17 – 24) 

10 – 25 16 – 25 

n 56 19   

RVAWd [mm] 
5 ± 1 7 ± 2 

<0.0001 
3 – 8 5 – 13 

Table 56: Echocardiographically measured wall thicknesses in MF patients with 

and without severe cardiomyopathy 
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Table 57: Calculated echocardiographic parameters in MF patients with and 

without severe cardiomyopathy 

  

Severe Cardiomyopathy No Yes p 

n 87 31 
 

MVWT [mm] 

10.2 ± 2 15.3 ± 2.6 

<0.0001 (7.1 – 13.9) (11.4 – 20.5) 

6.5 – 15.6 10.5 – 21.1 

RWT [ ] 

0.4 ± 0.1 0.6 ± 0.1 

<0.0001 (0.3 – 0.7) (0.4 – 1) 

0.2 – 0.8 0.4 – 1 

LVM_h [g/m2.7] 

49.8 ± 12.7 104.4 ± 36.6 

<0.0001 (28.1 – 70.6) (75.8 – 194) 

23.5 – 73.5 75.7 – 201.1 

LA_Vol [ml] 

36 ± 16.8 63.8 ± 29.3 

<0.0001 (15.7 – 70.4) (20.5 – 123.3) 

9.3 – 117.6 13.5 – 135 

LA_Vol_i [ml/m²] 

21 ± 9 37 ± 17 

<0.0001 (10 – 39) (12 – 71) 

6 – 63 8 – 76 
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Severe Cardiomyopathy No Yes p 

n 87 31   

E-wave Vmax [m/s] 

0.86 ± 0.16 0.85 ± 0.21 
NS 

 
(0.61 – 1.13) (0.55 – 1.29) 

0.52 – 1.38 0.53 – 1.5 

A-wave Vmax [m/s] 

0.57 ± 0.14 0.66 ± 0.15 
0.007 

 
(0.38 – 0.84) (0.46 – 0.91) 

0.28 – 0.97 0.42 – 0.93 

n 86 31   

E/A-Ratio [ ] 

1.61 ± 0.48 1.35 ± 0.42 

0.013 (0.86 – 2.4) (0.75 – 2.28) 

0.77 – 3.53 0.67 – 2.68 

n 74 26   

IVRT [ms] 

73.5 ± 17.0 93.7 ± 23.3 

 <0.0001 (38.8 – 108.2) (56.6 – 127.4) 

35 – 112 45 – 160 

Table 58: Diastolic functional echocardiographic parameters in MF patients with 

and without severe cardiomyopathy 

  



 
136 

 

 

Figure 27: Correlation of A-wave Vmax [m/s] and IVRT [ms] in MF patients 

  



 
137 

Literature 

1. Ganau, A., et al., Patterns of left ventricular hypertrophy and geometric remodeling in 

essential hypertension. J Am Coll Cardiol, 1992. 19(7): p. 1550-8. 

2. Wiethoff Ch, M., Die Beteiligung des rechten Ventrikels an der Morbus fabry assoziierten 

Kardiomyopathie. 2008. 

3. Warnock, D.G., et al., Oral Migalastat HCl Leads to Greater Systemic Exposure and Tissue 

Levels of Active alpha-Galactosidase A in Fabry Patients when Co-Administered with Infused 

Agalsidase. PLoS One, 2015. 10(8): p. e0134341. 

4. Strotmann, J., et al., Morbus Fabry of the heart. Why should cardiologists care? Z Kardiol, 

2005. 94(9): p. 557-63. 

5. Gold, K.F., et al., Quality of life of patients with Fabry disease. Qual Life Res, 2002. 11(4): p. 

317-27. 

6. Lidove, O., et al., Effects of enzyme replacement therapy in Fabry disease--a comprehensive 

review of the medical literature. Genet Med, 2010. 12(11): p. 668-79. 

7. MacDermot, K.D., A. Holmes, and A.H. Miners, Anderson-Fabry disease: clinical 

manifestations and impact of disease in a cohort of 60 obligate carrier females. J Med Genet, 

2001. 38(11): p. 769-75. 

8. MacDermot, K.D., A. Holmes, and A.H. Miners, Anderson-Fabry disease: clinical 

manifestations and impact of disease in a cohort of 98 hemizygous males. J Med Genet, 

2001. 38(11): p. 750-60. 

9. Fabry, J., Ein Beitrag zur Kenntniss der Purpura haemorrhagiea nodularis (Purpura papulosa 

haemorrhagiea Hebrae). Arch Derm Syph, 1898. 43: p. 187-200. 

10. Anderson, W., A case of  “ Angeio-keratoma.”. The British Journal of Dermatology, April, 

1808.(10): p. 113-117. 

11. ScribaK., Zur Pathogenese des Angioceratoma corporis diffusum Fabry mit cardio-

vasorenalem Symptomkomplex. Verh Deutsch Ges Pathol, 1950(34): p. 221-4. 

12. Opitz, J.M., et al., The Genetics of Angiokeratoma Corporis Diffusum (Fabry's Disease) and Its 

Linkage Relations with the Xg Locus. Am J Hum Genet, 1965. 17(4): p. 325-42. 



 
138 

13. Brady, R.O., et al., Enzymatic defect in Fabry's disease. Ceramidetrihexosidase deficiency. N 

Engl J Med, 1967. 276(21): p. 1163-7. 

14. Kornreich, R., R.J. Desnick, and D.F. Bishop, Nucleotide sequence of the human alpha-

galactosidase A gene. Nucleic Acids Res, 1989. 17(8): p. 3301-2. 

15. Elleder, M., et al., Cardiocyte storage and hypertrophy as a sole manifestation of Fabry's 

disease. Report on a case simulating hypertrophic non-obstructive cardiomyopathy. Virchows 

Arch A Pathol Anat Histopathol, 1990. 417(5): p. 449-55. 

16. von Scheidt, E.C., Fitzmaurice TF, Erdmann E, Hübner G, Olsen EG, Christomanou H, Kandolf 

R, Bishop DF, Desnick RJ., An atypical variant of Fabry's disease with manifestations confined 

to the myocardium. N Engl J Med, 1991. 324(6): p. 395-9. 

17. Meikle, P.J., et al., Prevalence of lysosomal storage disorders. JAMA, 1999. 281(3): p. 249-54. 

18. Vellodi, A., Lysosomal storage disorders. Br J Haematol, 2005. 128(4): p. 413-31. 

19. Mehta, A., et al., Fabry disease: a review of current management strategies. QJM, 2010. 

103(9): p. 641-59. 

20. Desnick, R.J., Y.A. Ioannou, and C.M. Eng, α-Galactosidase A Deficiency: Fabry Disease. In: The 

Metabolic and Molecular Bases of Inherited Disease. 2001: p. 3733-74. 

21. Nakao, S., et al., Fabry disease: detection of undiagnosed hemodialysis patients and 

identification of a "renal variant" phenotype. Kidney Int, 2003. 64(3): p. 801-7. 

22. Takenaka, T., et al., Terminal stage cardiac findings in patients with cardiac Fabry disease: an 

electrocardiographic, echocardiographic, and autopsy study. J Cardiol, 2008. 51(1): p. 50-9. 

23. Spada, M., et al., High incidence of later-onset fabry disease revealed by newborn screening. 

Am J Hum Genet, 2006. 79(1): p. 31-40. 

24. Hwu, W.L., et al., Newborn screening for Fabry disease in Taiwan reveals a high incidence of 

the later-onset GLA mutation c.936+919G>A (IVS4+919G>A). Hum Mutat, 2009. 30(10): p. 

1397-405. 

25. van der Tol L1, S.B., Poorthuis BJ, Biegstraaten M, Deprez RH, Linthorst GE, Hollak CE., A 

systematic review on screening for Fabry disease: prevalence of individuals with genetic 

variants of unknown significance. J Med Genet 2014;51:1 1-9, 2014, Jan. 



 
139 

26. Wilcox, W.R., et al., Females with Fabry disease frequently have major organ involvement: 

lessons from the Fabry Registry. Mol Genet Metab, 2008. 93(2): p. 112-28. 

27. Mehta, A., et al., Fabry disease defined: baseline clinical manifestations of 366 patients in the 

Fabry Outcome Survey. Eur J Clin Invest, 2004. 34(3): p. 236-42. 

28. Whybra, C., et al., Anderson-Fabry disease: clinical manifestations of disease in female 

heterozygotes. J Inherit Metab Dis, 2001. 24(7): p. 715-24. 

29. Kampmann, C., et al., Cardiac manifestations of Anderson-Fabry disease in heterozygous 

females. J Am Coll Cardiol, 2002. 40(9): p. 1668-74. 

30. Wang, R.Y., et al., Heterozygous Fabry women are not just carriers, but have a significant 

burden of disease and impaired quality of life. Genet Med, 2007. 9(1): p. 34-45. 

31. Kampmann, C., Kardiale Manifestation des Morbus Anderson-Fabry bei hemi- und 

heterozygoten Patienten und Einfluss der Ennzymersatzbehandlung aud die assoziierte 

Kardiomyopathie. 2001. 

32. Dobyns, W.B., The pattern of inheritance of X-linked traits is not dominant or recessive, just X-

linked. Acta Paediatr Suppl, 2006. 95(451): p. 11-5. 

33. Harper, P., Practical genetic counselling. 6th ed. 2004, London: Arnold. 

34. Mehta, A. and D.P. Germain, Fabry Disease: Perspectives from 5 years of FOS. 2006. 

35. Lyon, M.F., Gene action in the X-chromosome of the mouse (Mus musculus L.). Nature, 1961. 

190: p. 372-3. 

36. Lyon, M.F., X-chromosome inactivation: a repeat hypothesis. Cytogenet Cell Genet, 1998. 

80(1-4): p. 133-7. 

37. Lyon, M.F., X-chromosome inactivation and human genetic disease. Acta Paediatr Suppl, 

2002. 91(439): p. 107-12. 

38. Echevarria, L., et al., X-chromosome inactivation in female patients with Fabry disease. Clin 

Genet, 2016. 89(1): p. 44-54. 

39. Linhart, A., et al., Cardiac manifestations of Anderson-Fabry disease: results from the 

international Fabry outcome survey. Eur Heart J, 2007. 28(10): p. 1228-35. 



 
140 

40. Sharp, A., D. Robinson, and P. Jacobs, Age- and tissue-specific variation of X chromosome 

inactivation ratios in normal women. Hum Genet, 2000. 107(4): p. 343-9. 

41. Amos-Landgraf, J.M., et al., X chromosome-inactivation patterns of 1,005 phenotypically 

unaffected females. Am J Hum Genet, 2006. 79(3): p. 493-9. 

42. Morrone, A., et al., Fabry disease: molecular studies in Italian patients and X inactivation 

analysis in manifesting carriers. J Med Genet, 2003. 40(8): p. e103. 

43. Dobrovolny, R., et al., Relationship between X-inactivation and clinical involvement in Fabry 

heterozygotes. Eleven novel mutations in the alpha-galactosidase A gene in the Czech and 

Slovak population. J Mol Med (Berl), 2005. 83(8): p. 647-54. 

44. Redonnet-Vernhet, I., et al., Uneven X inactivation in a female monozygotic twin pair with 

Fabry disease and discordant expression of a novel mutation in the alpha-galactosidase A 

gene. J Med Genet, 1996. 33(8): p. 682-8. 

45. Elstein, D., et al., X-inactivation in Fabry disease. Gene, 2012. 505(2): p. 266-8. 

46. Maier, E.M., et al., Disease manifestations and X inactivation in heterozygous females with 

Fabry disease. Acta Paediatr Suppl, 2006. 95(451): p. 30-8. 

47. Bishop, D.F., R. Kornreich, and R.J. Desnick, Structural organization of the human alpha-

galactosidase A gene: further evidence for the absence of a 3' untranslated region. Proc Natl 

Acad Sci U S A, 1988. 85(11): p. 3903-7. 

48. Lemansky, P., et al., Synthesis and processing of alpha-galactosidase A in human fibroblasts. 

Evidence for different mutations in Fabry disease. J Biol Chem, 1987. 262(5): p. 2062-5. 

49. Garman, S.C., Structure-function relationships in alpha-galactosidase A. Acta Paediatr, 2007. 

96(455): p. 6-16. 

50. Garman, S.C. and D.N. Garboczi, The molecular defect leading to Fabry disease: structure of 

human alpha-galactosidase. J Mol Biol, 2004. 337(2): p. 319-35. 

51. Desnick, R.J., M.P. Wasserstein, and M. Banikazemi, Fabry disease (alpha-galactosidase A 

deficiency): renal involvement and enzyme replacement therapy. Contrib Nephrol, 2001(136): 

p. 174-92. 



 
141 

52. Schafer, E., et al., Thirty-four novel mutations of the GLA gene in 121 patients with Fabry 

disease. Hum Mutat, 2005. 25(4): p. 412. 

53. von Scheidt, W., et al., An atypical variant of Fabry's disease with manifestations confined to 

the myocardium. N Engl J Med, 1991. 324(6): p. 395-9. 

54. Tanaka, H., et al., [Four cases of Fabry's disease mimicking hypertrophic cardiomyopathy]. J 

Cardiol, 1988. 18(3): p. 705-18. 

55. Uchino, M., et al., A histochemical and electron microscopic study of skeletal and cardiac 

muscle from a Fabry disease patient and carrier. Acta Neuropathol, 1995. 90(3): p. 334-8. 

56. Matsuishi, T., et al., Childhood acid maltase deficiency. A clinical, biochemical, and 

morphologic study of three patients. Arch Neurol, 1984. 41(1): p. 47-52. 

57. Askari, H., et al., Cellular and tissue localization of globotriaosylceramide in Fabry disease. 

Virchows Arch, 2007. 451(4): p. 823-34. 

58. Cohen, I.S., J. Fluri-Lundeen, and T.P. Wharton, Two dimensional echocardiographic similarity 

of Fabry's disease to cardiac amyloidosis: a function of ultrastructural analogy? J Clin 

Ultrasound, 1983. 11(8): p. 437-41. 

59. Linhart, A., et al., New insights in cardiac structural changes in patients with Fabry's disease. 

Am Heart J, 2000. 139(6): p. 1101-8. 

60. Linhart, A. and P.M. Elliott, The heart in Anderson-Fabry disease and other lysosomal storage 

disorders. Heart, 2007. 93(4): p. 528-35. 

61. Sheppard, M.N., et al., A detailed pathologic examination of heart tissue from three older 

patients with Anderson-Fabry disease on enzyme replacement therapy. Cardiovasc Pathol, 

2010. 19(5): p. 293-301. 

62. Ferrans, V.J., R.G. Hibbs, and C.D. Burda, The heart in Fabry's disease. A histochemical and 

electron microscopic study. Am J Cardiol, 1969. 24(1): p. 95-110. 

63. Ikari, Y., K. Kuwako, and T. Yamaguchi, Fabry's disease with complete atrioventricular block: 

histological evidence of involvement of the conduction system. Br Heart J, 1992. 68(3): p. 323-

5. 



 
142 

64. Kampmann, C., Enzyme replacement therapy and the heart, in Fabry Disease: Perspectives 

from 5 Years of FOS, A. Mehta, M. Beck, and G. Sunder-Plassmann, Editors. 2006: Oxford. 

65. Alroy, J., S. Sabnis, and J.B. Kopp, Renal pathology in Fabry disease. J Am Soc Nephrol, 2002. 

13 Suppl 2: p. S134-8. 

66. Germain, D.P., et al., Sustained, long-term renal stabilization after 54 months of agalsidase 

beta therapy in patients with Fabry disease. J Am Soc Nephrol, 2007. 18(5): p. 1547-57. 

67. Hulkova, H., et al., [Postmortem diagnosis of Fabry disease in a female heterozygote leading 

to the detection of undiagnosed manifest disease in the family]. Cas Lek Cesk, 1999. 138(21): 

p. 660-4. 

68. Cable, W.J., E.H. Kolodny, and R.D. Adams, Fabry disease: impaired autonomic function. 

Neurology, 1982. 32(5): p. 498-502. 

69. Kaye, E.M., et al., Nervous system involvement in Fabry's disease: clinicopathological and 

biochemical correlation. Ann Neurol, 1988. 23(5): p. 505-9. 

70. deVeber, G.A., et al., Fabry disease: immunocytochemical characterization of neuronal 

involvement. Ann Neurol, 1992. 31(4): p. 409-15. 

71. Kahn, P., Anderson-Fabry disease: a histopathological study of three cases with observations 

on the mechanism of production of pain. J Neurol Neurosurg Psychiatry, 1973. 36(6): p. 1053-

62. 

72. Desnick, R.J., K.H. Astrin, and D.F. Bishop, Fabry disease: molecular genetics of the inherited 

nephropathy. Adv Nephrol Necker Hosp, 1989. 18: p. 113-27. 

73. Pieroni, M., et al., Early detection of Fabry cardiomyopathy by tissue Doppler imaging. 

Circulation, 2003. 107(15): p. 1978-84. 

74. Anastasakis, A., E. Papatheodorou, and A.K. Steriotis, Fabry disease and cardiovascular 

involvement. Curr Pharm Des, 2013. 19(33): p. 5997-6008. 

75. Schiffmann, R., et al., Fabry disease: progression of nephropathy, and prevalence of cardiac 

and cerebrovascular events before enzyme replacement therapy. Nephrol Dial Transplant, 

2009. 24(7): p. 2102-11. 



 
143 

76. Thadhani, R., et al., Patients with Fabry disease on dialysis in the United States. Kidney Int, 

2002. 61(1): p. 249-55. 

77. Mehta, A., et al., Natural course of Fabry disease: changing pattern of causes of death in FOS 

- Fabry Outcome Survey. J Med Genet, 2009. 46(8): p. 548-52. 

78. Waldek, S., et al., Life expectancy and cause of death in males and females with Fabry 

disease: findings from the Fabry Registry. Genet Med, 2009. 11(11): p. 790-6. 

79. Sene, T., et al., Cardiac device implantation in Fabry disease: A retrospective monocentric 

study. Medicine (Baltimore), 2016. 95(40): p. e4996. 

80. Patel, M.R., et al., Cardiovascular events in patients with fabry disease natural history data 

from the fabry registry. J Am Coll Cardiol, 2011. 57(9): p. 1093-9. 

81. Linhart, A., The heart in Fabry disease, in Fabry Disease: Perspectives from 5 Years of FOS, A. 

Mehta, M. Beck, and G. Sunder-Plassmann, Editors. 2006: Oxford. 

82. Kampmann, C., et al., Onset and progression of the Anderson-Fabry disease related 

cardiomyopathy. Int J Cardiol, 2008. 130(3): p. 367-73. 

83. Goldman, M.E., et al., Echocardiographic abnormalities and disease severity in Fabry's 

disease. J Am Coll Cardiol, 1986. 7(5): p. 1157-61. 

84. Niemann, M., et al., The right ventricle in Fabry disease: natural history and impact of enzyme 

replacement therapy. Heart, 2010. 96(23): p. 1915-9. 

85. Kampmann, C., et al., The right ventricle in Fabry disease. Acta Paediatr Suppl, 2005. 94(447): 

p. 15-8; discussion 9-10. 

86. Deva, D.P., et al., Cardiovascular magnetic resonance demonstration of the spectrum of 

morphological phenotypes and patterns of myocardial scarring in Anderson-Fabry disease. J 

Cardiovasc Magn Reson, 2016. 18: p. 14. 

87. Kawano, M., et al., Significance of asymmetric basal posterior wall thinning in patients with 

cardiac Fabry's disease. Am J Cardiol, 2007. 99(2): p. 261-3. 

88. Elleder, M., New findings in pathology of storage. Padiatr Padol, 1993. 28(1): p. 27-32. 

89. Tsuda, T., et al., [Myocardial involvement in female Fabry's disease: evaluation by thallium-

201 myocardial scintigraphy]. J Cardiol, 1988. 18(1): p. 135-44. 



 
144 

90. Yousef, Z., et al., Left ventricular hypertrophy in Fabry disease: a practical approach to 

diagnosis. Eur Heart J, 2013. 34(11): p. 802-8. 

91. Aerts, J.M., et al., Elevated globotriaosylsphingosine is a hallmark of Fabry disease. Proc Natl 

Acad Sci U S A, 2008. 105(8): p. 2812-7. 

92. Brakch, N., et al., Evidence for a role of sphingosine-1 phosphate in cardiovascular 

remodelling in Fabry disease. Eur Heart J, 2010. 31(1): p. 67-76. 

93. Barbey, F., et al., Cardiac and vascular hypertrophy in Fabry disease: evidence for a new 

mechanism independent of blood pressure and glycosphingolipid deposition. Arterioscler 

Thromb Vasc Biol, 2006. 26(4): p. 839-44. 

94. Shen, J.S., et al., Globotriaosylceramide induces oxidative stress and up-regulates cell 

adhesion molecule expression in Fabry disease endothelial cells. Mol Genet Metab, 2008. 

95(3): p. 163-8. 

95. Palecek, T., et al., Association between cardiac energy metabolism and gain of left ventricular 

mass in Fabry disease. Int J Cardiol, 2010. 144(2): p. 337-9. 

96. Machann, W., et al., Cardiac energy metabolism is disturbed in Fabry disease and improves 

with enzyme replacement therapy using recombinant human galactosidase A. Eur J Heart 

Fail, 2011. 13(3): p. 278-83. 

97. Lucke, T., et al., Fabry disease: reduced activities of respiratory chain enzymes with decreased 

levels of energy-rich phosphates in fibroblasts. Mol Genet Metab, 2004. 82(1): p. 93-7. 

98. Linhart, A., et al., Cardiac manifestations in Fabry disease. J Inherit Metab Dis, 2001. 24 Suppl 

2: p. 75-83; discussion 65. 

99. Kampmann, C., A. Perrin, and M. Beck, Effectiveness of agalsidase alfa enzyme replacement 

in Fabry disease: cardiac outcomes after 10 years' treatment. Orphanet J Rare Dis, 2015. 10: 

p. 125. 

100. Weidemann, F., et al., The variation of morphological and functional cardiac manifestation in 

Fabry disease: potential implications for the time course of the disease. Eur Heart J, 2005. 

26(12): p. 1221-7. 



 
145 

101. Moon, J.C., et al., Gadolinium enhanced cardiovascular magnetic resonance in Anderson-

Fabry disease. Evidence for a disease specific abnormality of the myocardial interstitium.  Eur 

Heart J, 2003. 24(23): p. 2151-5. 

102. Germain, D.P., et al., Analysis of left ventricular mass in untreated men and in men treated 

with agalsidase-beta: data from the Fabry Registry. Genet Med, 2013. 15(12): p. 958-65. 

103. Kovacevic-Preradovic, T., et al., Anderson-Fabry disease: long-term echocardiographic follow-

up under enzyme replacement therapy. Eur J Echocardiogr, 2008. 9(6): p. 729-35. 

104. Spinelli, L., et al., Cardiac performance during exercise in patients with Fabry's disease. Eur J 

Clin Invest, 2008. 38(12): p. 910-7. 

105. Beer, M., et al., Impact of enzyme replacement therapy on cardiac morphology and function 

and late enhancement in Fabry's cardiomyopathy. Am J Cardiol, 2006. 97(10): p. 1515-8. 

106. Koeppe, S., et al., MR-based analysis of regional cardiac function in relation to cellular 

integrity in Fabry disease. Int J Cardiol, 2012. 160(1): p. 53-8. 

107. Morris, D.A., et al., Global cardiac alterations detected by speckle-tracking echocardiography 

in Fabry disease: left ventricular, right ventricular, and left atrial dysfunction are common and 

linked to worse symptomatic status. Int J Cardiovasc Imaging, 2015. 31(2): p. 301-13. 

108. Niemann, M., et al., Differences in Fabry cardiomyopathy between female and male patients: 

consequences for diagnostic assessment. JACC Cardiovasc Imaging, 2011. 4(6): p. 592-601. 

109. Petritsch, B., et al., Myocardial lipid content in Fabry disease: a combined 1H-MR 

spectroscopy and MR imaging study at 3 Tesla. BMC Cardiovasc Disord, 2016. 16(1): p. 205. 

110. Imbriaco, M., et al., Cardiac magnetic resonance imaging illustrating Anderson-Fabry disease 

progression. Br J Radiol, 2010. 83(996): p. e249-51. 

111. Nappi, C., et al., First experience of simultaneous PET/MRI for the early detection of cardiac 

involvement in patients with Anderson-Fabry disease. Eur J Nucl Med Mol Imaging, 2015. 

42(7): p. 1025-31. 

112. Weidemann, F., et al., Fibrosis: a key feature of Fabry disease with potential therapeutic 

implications. Orphanet J Rare Dis, 2013. 8: p. 116. 



 
146 

113. Moon, J.C., et al., The histologic basis of late gadolinium enhancement cardiovascular 

magnetic resonance in hypertrophic cardiomyopathy. J Am Coll Cardiol, 2004. 43(12): p. 

2260-4. 

114. Casazza, F., et al., [Progression of cardiopathology in Friedreich ataxia: clinico-instrumental 

study]. Cardiologia, 1990. 35(5): p. 423-31. 

115. Byard, R.W. and J.D. Gilbert, Mechanisms of unexpected death and autopsy findings in 

Friedreich ataxia. Med Sci Law, 2017. 57(4): p. 192-196. 

116. Florian, A., et al., Left ventricular systolic function and the pattern of late-gadolinium-

enhancement independently and additively predict adverse cardiac events in muscular 

dystrophy patients. J Cardiovasc Magn Reson, 2014. 16: p. 81. 

117. Nordin, S., et al., Cardiac Fabry Disease With Late Gadolinium Enhancement Is a Chronic 

Inflammatory Cardiomyopathy. J Am Coll Cardiol, 2016. 68(15): p. 1707-1708. 

118. Namdar, M., et al., PQ interval in patients with Fabry disease. Am J Cardiol, 2010. 105(5): p. 

753-6. 

119. Shah, J.S., et al., Prevalence and clinical significance of cardiac arrhythmia in Anderson-Fabry 

disease. Am J Cardiol, 2005. 96(6): p. 842-6. 

120. Pochis, W.T., et al., Electrophysiologic findings in Fabry's disease with a short PR interval. Am 

J Cardiol, 1994. 74(2): p. 203-4. 

121. Roudebush, C.P., J.M. Foerster, and O.H. Bing, The abbreviated PR interval of Fabry's disease. 

N Engl J Med, 1973. 289(7): p. 357-8. 

122. Mehta, J., et al., Electrocardiographic and vectorcardiographic abnormalities in Fabry's 

disease. Am Heart J, 1977. 93(6): p. 699-705. 

123. Nakayama, Y., et al., Dynamic left ventricular arterial pressure gradient and sick sinus 

syndrome with heterozygous Fabry's disease improved following implantation of a dual 

chamber pacemaker. Pacing Clin Electrophysiol, 1999. 22(7): p. 1114-5. 

124. Elhadad, S., et al., [Complete atrioventricular block disclosing Fabry's disease]. Arch Mal 

Coeur Vaiss, 1997. 90(3): p. 393-7. 



 
147 

125. Iwase, M., et al., [Echocardiographic findings in a case of Fabry's disease with aortic 

regurgitation and complete AV block, and in his family members]. J Cardiol, 1988. 18(2): p. 

589-98. 

126. Kouris, N.T., et al., Atrioventricular conduction disturbances in a young patient with Fabry's 

disease without other signs of cardiac involvement. Int J Cardiol, 2005. 99(2): p. 327-8. 

127. Hilz, M.J., et al., Enzyme replacement therapy improves cardiovascular responses to 

orthostatic challenge in Fabry patients. J Hypertens, 2010. 28(7): p. 1438-48. 

128. Hilz, M.J., Evaluation of peripheral and autonomic nerve function in Fabry disease. Acta 

Paediatr Suppl, 2002. 91(439): p. 38-42. 

129. Ries, M., et al., Enzyme-replacement therapy with agalsidase alfa in children with Fabry 

disease. Pediatrics, 2006. 118(3): p. 924-32. 

130. Kramer, J., et al., Relation of burden of myocardial fibrosis to malignant ventricular 

arrhythmias and outcomes in Fabry disease. Am J Cardiol, 2014. 114(6): p. 895-900. 

131. Kampmann, C., et al., Electrocardiographic signs of hypertrophy in fabry disease-associated 

hypertrophic cardiomyopathy. Acta Paediatr Suppl, 2002. 91(439): p. 21-7. 

132. Sheppard, M.N., The heart in Fabry's disease. Cardiovasc Pathol, 2011. 20(1): p. 8-14. 

133. Niemann, M., et al., Cross-sectional baseline analysis of electrocardiography in a large cohort 

of patients with untreated Fabry disease. J Inherit Metab Dis, 2013. 36(5): p. 873-9. 

134. Schmied, C., et al., The value of ECG parameters as markers of treatment response in Fabry 

cardiomyopathy. Heart, 2016. 

135. Namdar, M., et al., Electrocardiographic changes in early recognition of Fabry disease. Heart, 

2011. 97(6): p. 485-90. 

136. Jastrzebski, M., et al., Electrophysiological study in a patient with Fabry disease and a short 

PQ interval. Europace, 2006. 8(12): p. 1045-7. 

137. Matsui, S., et al., Cardiac manifestations of Fabry's disease. Report of a case with pulmonary 

regurgitation diagnosed on the basis of endomyocardial biopsy findings. Jpn Circ J, 1977. 

41(9): p. 1023-36. 



 
148 

138. O'Mahony, C., et al., Incidence and predictors of anti-bradycardia pacing in patients with 

Anderson-Fabry disease. Europace, 2011. 13(12): p. 1781-8. 

139. Namdar, M., Electrocardiographic Changes and Arrhythmia in Fabry Disease. Front 

Cardiovasc Med, 2016. 3: p. 7. 

140. Becker, A.E., et al., Cardiac manifestations of Fabry's disease. Report of a case with mitral 

insufficiency and electrocardiographic evidence of myocardial infarction. Am J Cardiol, 1975. 

36(6): p. 829-35. 

141. Desnick, R.J., et al., Cardiac valvular anomalies in Fabry disease. Clinical, morphologic, and 

biochemical studies. Circulation, 1976. 54(5): p. 818-25. 

142. Sakuraba, H., et al., Cardiovascular manifestations in Fabry's disease. A high incidence of 

mitral valve prolapse in hemizygotes and heterozygotes. Clin Genet, 1986. 29(4): p. 276-83. 

143. Weidemann, F., et al., Heart valve involvement in Fabry cardiomyopathy. Ultrasound Med 

Biol, 2009. 35(5): p. 730-5. 

144. Senechal, M. and D.P. Germain, Fabry disease: a functional and anatomical study of cardiac 

manifestations in 20 hemizygous male patients. Clin Genet, 2003. 63(1): p. 46-52. 

145. Bass, J.L., et al., The M-mode echocardiogram in Fabry's disease. Am Heart J, 1980. 100(6 Pt 

1): p. 807-12. 

146. Kampmann, C., et al., Cardiac involvement in Anderson-Fabry disease. J Am Soc Nephrol, 

2002. 13 Suppl 2: p. S147-9. 

147. Galderisi, M., Diastolic dysfunction and diastolic heart failure: diagnostic, prognostic and 

therapeutic aspects. Cardiovasc Ultrasound, 2005. 3: p. 9. 

148. Zile, M.R. and D.L. Brutsaert, New concepts in diastolic dysfunction and diastolic heart failure: 

Part II: causal mechanisms and treatment. Circulation, 2002. 105(12): p. 1503-8. 

149. Gunduz, H., et al., The relationship between P wave dispersion and diastolic dysfunction. Tex 

Heart Inst J, 2005. 32(2): p. 163-7. 

150. Appleton, C.P., et al., Estimation of left ventricular filling pressures using two-dimensional 

and Doppler echocardiography in adult patients with cardiac disease. Additional value of 

analyzing left atrial size, left atrial ejection fraction and the difference in duration of 



 
149 

pulmonary venous and mitral flow velocity at atrial contraction. J Am Coll Cardiol, 1993. 

22(7): p. 1972-82. 

151. Saccheri, M.C., et al., Comparison of left atrial size and function in hypertrophic 

cardiomyopathy and in Fabry disease with left ventricular hypertrophy. Echocardiography, 

2018. 

152. Boyd, A.C., et al., Left atrial enlargement and reduced atrial compliance occurs early in Fabry 

cardiomyopathy. J Am Soc Echocardiogr, 2013. 26(12): p. 1415-23. 

153. Putko, B.N., et al., Normal left-atrial structure and function despite concentric left-ventricular 

remodelling in a cohort of patients with Anderson-Fabry disease. Eur Heart J Cardiovasc 

Imaging, 2015. 16(10): p. 1129-36. 

154. Simek, C.L., et al., Relationship between left ventricular wall thickness and left atrial size: 

comparison with other measures of diastolic function. J Am Soc Echocardiogr, 1995. 8(1): p. 

37-47. 

155. Toro, R., et al., Clinical usefulness of tissue Doppler imaging in predicting preclinical Fabry 

cardiomyopathy. Int J Cardiol, 2009. 132(1): p. 38-44. 

156. Nagueh, S.F., et al., Recommendations for the evaluation of left ventricular diastolic function 

by echocardiography. Eur J Echocardiogr, 2009. 10(2): p. 165-93. 

157. Zile, M.R. and D.L. Brutsaert, New concepts in diastolic dysfunction and diastolic heart failure: 

Part I: diagnosis, prognosis, and measurements of diastolic function. Circulation, 2002. 

105(11): p. 1387-93. 

158. Asrar Ul Haq, M., et al., Heart failure with preserved ejection fraction - unwinding the 

diagnosis mystique. Am J Cardiovasc Dis, 2014. 4(3): p. 100-13. 

159. Weidemann, F., et al., Improvement of cardiac function during enzyme replacement therapy 

in patients with Fabry disease: a prospective strain rate imaging study. Circulation, 2003. 

108(11): p. 1299-301. 

160. Hillsley, R.E., et al., Inherited restrictive cardiomyopathy in a 74-year-old woman: a case of 

Fabry's disease. Am Heart J, 1995. 129(1): p. 199-202. 

161. Palecek, T., et al., Right ventricular involvement in Fabry disease. J Am Soc Echocardiogr, 

2008. 21(11): p. 1265-8. 



 
150 

162. Weidemann, F., et al., [The various forms of left ventricular hypertrophy: diagnostic value of 

echocardiography]. Herz, 2011. 36(8): p. 713-23. 

163. Weidemann, F., et al., Long-term effects of enzyme replacement therapy on fabry 

cardiomyopathy: evidence for a better outcome with early treatment. Circulation, 2009. 

119(4): p. 524-9. 

164. Spinelli, L., et al., Relationship between left ventricular diastolic function and myocardial 

sympathetic denervation measured by (123)I-meta-iodobenzylguanidine imaging in 

Anderson-Fabry disease. Eur J Nucl Med Mol Imaging, 2016. 43(4): p. 729-39. 

165. Shanks, M., et al., Systolic and diastolic function assessment in fabry disease patients using 

speckle-tracking imaging and comparison with conventional echocardiographic 

measurements. J Am Soc Echocardiogr, 2013. 26(12): p. 1407-14. 

166. Gruner, C., et al., Systolic myocardial mechanics in patients with Anderson-Fabry disease with 

and without left ventricular hypertrophy and in comparison to nonobstructive hypertrophic 

cardiomyopathy. Echocardiography, 2012. 29(7): p. 810-7. 

167. Rupprecht, J., Einfluss der Enzymersatztherapie auf die Kardiomyopathie bei Patienten mit 

Morbus Anderson-Fabry. 2012. 

168. National Center of Health Statistics Data Analyses. 2005. 

169. Mehta, A., et al., Enzyme replacement therapy with agalsidase alfa in patients with Fabry's 

disease: an analysis of registry data. Lancet, 2009. 374(9706): p. 1986-96. 

170. Hughes, D.A., et al., Response of women with Fabry disease to enzyme replacement therapy: 

comparison with men, using data from FOS--the Fabry Outcome Survey. Mol Genet Metab, 

2011. 103(3): p. 207-14. 

171. Whybra, C., et al., A 4-year study of the efficacy and tolerability of enzyme replacement 

therapy with agalsidase alfa in 36 women with Fabry disease. Genet Med, 2009. 11(6): p. 

441-9. 

172. Ramaswami, U., Update on role of agalsidase alfa in management of Fabry disease. Drug Des 

Devel Ther, 2011. 5: p. 155-73. 

173. Lenders, M., et al., Patients with Fabry Disease after Enzyme Replacement Therapy Dose 

Reduction and Switch-2-Year Follow-Up. J Am Soc Nephrol, 2016. 27(3): p. 952-62. 



 
151 

174. Schiffmann, R., et al., Long-term therapy with agalsidase alfa for Fabry disease: safety and 

effects on renal function in a home infusion setting. Nephrol Dial Transplant, 2006. 21(2): p. 

345-54. 

175. Alfadhel, M. and S. Sirrs, Enzyme replacement therapy for Fabry disease: some answers but 

more questions. Ther Clin Risk Manag, 2011. 7: p. 69-82. 

176. Beck, M., et al., Fabry disease: overall effects of agalsidase alfa treatment. Eur J Clin Invest, 

2004. 34(12): p. 838-44. 

177. Suzuki, K., et al., Progressive renal failure despite long-term biweekly enzyme replacement 

therapy in a patient with Fabry disease secondary to a new alpha-galactosidase mutation of 

Leu311Arg (L311R). Clin Exp Nephrol, 2011. 15(6): p. 916-20. 

178. Brady, R.O., et al., Enzyme replacement therapy in Fabry disease. J Inherit Metab Dis, 2001. 

24 Suppl 2: p. 18-24; discussion 11-2. 

179. Weidemann, F., et al., The Fabry cardiomyopathy: models for the cardiologist. Annu Rev 

Med, 2011. 62: p. 59-67. 

180. Rombach, S.M., et al., Long term enzyme replacement therapy for Fabry disease: 

effectiveness on kidney, heart and brain. Orphanet J Rare Dis, 2013. 8: p. 47. 

181. Engelen, M.A., et al., Effects of enzyme replacement therapy in adult patients with Fabry 

disease on cardiac structure and function: a retrospective cohort study of the Fabry Munster 

Study (FaMuS) data. BMJ Open, 2012. 2(6). 

182. Kampmann, C., et al., Effect of agalsidase alfa replacement therapy on Fabry disease-related 

hypertrophic cardiomyopathy: a 12- to 36-month, retrospective, blinded echocardiographic 

pooled analysis. Clin Ther, 2009. 31(9): p. 1966-76. 

183. Hughes, D.A., et al., Effects of enzyme replacement therapy on the cardiomyopathy of 

Anderson-Fabry disease: a randomised, double-blind, placebo-controlled clinical trial of 

agalsidase alfa. Heart, 2008. 94(2): p. 153-8. 

184. Schuller, Y., et al., Factors Contributing to the Efficacy-Effectiveness Gap in the Case of 

Orphan Drugs for Metabolic Diseases. Drugs, 2017. 77(13): p. 1461-1472. 



 
152 

185. El Dib, R., et al., Enzyme replacement therapy for Anderson-Fabry disease: A complementary 

overview of a Cochrane publication through a linear regression and a pooled analysis of 

proportions from cohort studies. PLoS One, 2017. 12(3): p. e0173358. 

186. Lenders, M., et al., Serum-Mediated Inhibition of Enzyme Replacement Therapy in Fabry 

Disease. J Am Soc Nephrol, 2016. 27(1): p. 256-64. 

187. Vedder, A.C., et al., Treatment of Fabry disease with different dosing regimens of agalsidase: 

effects on antibody formation and GL-3. Mol Genet Metab, 2008. 94(3): p. 319-25. 

188. Eng, C.M., et al., Safety and efficacy of recombinant human alpha-galactosidase A--

replacement therapy in Fabry's disease. N Engl J Med, 2001. 345(1): p. 9-16. 

189. Schiffmann, R., et al., Enzyme replacement therapy in Fabry disease: a randomized controlled 

trial. JAMA, 2001. 285(21): p. 2743-9. 

190. Sato, Y., H. Ida, and T. Ohashi, Anti-BlyS antibody reduces the immune reaction against 

enzyme and enhances the efficacy of enzyme replacement therapy in Fabry disease model 

mice. Clin Immunol, 2017. 178: p. 56-63. 

191. Schiffmann, R. and R.O. Brady, Development of enzyme replacement therapy for Fabry 

disease, in Fabry Disease: Perspectives from 5 Years of FOS, A. Mehta, M. Beck, and G. 

Sunder-Plassmann, Editors. 2006: Oxford. 

192. Khanna, R., et al., The pharmacological chaperone 1-deoxygalactonojirimycin reduces tissue 

globotriaosylceramide levels in a mouse model of Fabry disease. Mol Ther, 2010. 18(1): p. 23-

33. 

193. Yam, G.H., et al., Pharmacological chaperone corrects lysosomal storage in Fabry disease 

caused by trafficking-incompetent variants. Am J Physiol Cell Physiol, 2006. 290(4): p. C1076-

82. 

194. Benjamin, E.R., et al., The pharmacological chaperone 1-deoxygalactonojirimycin increases 

alpha-galactosidase A levels in Fabry patient cell lines. J Inherit Metab Dis, 2009. 32(3): p. 

424-40. 

195. Fan, J.Q., et al., Accelerated transport and maturation of lysosomal alpha-galactosidase A in 

Fabry lymphoblasts by an enzyme inhibitor. Nat Med, 1999. 5(1): p. 112-5. 



 
153 

196. Asano, N., et al., In vitro inhibition and intracellular enhancement of lysosomal alpha-

galactosidase A activity in Fabry lymphoblasts by 1-deoxygalactonojirimycin and its 

derivatives. Eur J Biochem, 2000. 267(13): p. 4179-86. 

197. Germain, D.P. and J.Q. Fan, Pharmacological chaperone therapy by active-site-specific 

chaperones in Fabry disease: in vitro and preclinical studies. Int J Clin Pharmacol Ther, 2009. 

47 Suppl 1: p. S111-7. 

198. Porto, C., et al., Synergy between the pharmacological chaperone 1-deoxygalactonojirimycin 

and the human recombinant alpha-galactosidase A in cultured fibroblasts from patients with 

Fabry disease. J Inherit Metab Dis, 2012. 35(3): p. 513-20. 

199. Muntze, J., et al., Treatment of hypertrophic cardiomyopathy caused by cardiospecific 

variants of Fabry disease with chaperone therapy. Eur Heart J, 2018. 

200. Hughes, D.A., et al., Oral pharmacological chaperone migalastat compared with enzyme 

replacement therapy in Fabry disease: 18-month results from the randomised phase III 

ATTRACT study. J Med Genet, 2017. 54(4): p. 288-296. 

201. Eng, C.M., et al., A phase 1/2 clinical trial of enzyme replacement in fabry disease: 

pharmacokinetic, substrate clearance, and safety studies. Am J Hum Genet, 2001. 68(3): p. 

711-22. 

202. Ioannou, Y.A., et al., Fabry disease: preclinical studies demonstrate the effectiveness of alpha-

galactosidase A replacement in enzyme-deficient mice. Am J Hum Genet, 2001. 68(1): p. 14-

25. 

203. Arends, M., et al., Favourable effect of early versus late start of enzyme replacement therapy 

on plasma globotriaosylsphingosine levels in men with classical Fabry disease. Mol Genet 

Metab, 2017. 121(2): p. 157-161. 

204. Tondel, C., et al., Agalsidase benefits renal histology in young patients with Fabry disease. J 

Am Soc Nephrol, 2013. 24(1): p. 137-48. 

205. Germain, D.P., et al., Ten-year outcome of enzyme replacement therapy with agalsidase beta 

in patients with Fabry disease. J Med Genet, 2015. 52(5): p. 353-8. 

206. Namdar, M., et al., A novel electrocardiographic index for the diagnosis of diastolic 

dysfunction. PLoS One, 2013. 8(11): p. e79152. 



 
154 

207. Nakao, S., et al., An atypical variant of Fabry's disease in men with left ventricular 

hypertrophy. N Engl J Med, 1995. 333(5): p. 288-93. 

208. Mayes, J.S., et al., Differential assay for lysosomal alpha-galactosidases in human tissues and 

its application to Fabry's disease. Clin Chim Acta, 1981. 112(2): p. 247-51. 

209. Du Bois, D. and E.F. Du Bois, A formula to estimate the approximate surface area if height 

and weight be known. 1916. Nutrition, 1916. 5(5): p. 303-11; discussion 312-3. 

210. Sheps, S.G. and R.A. Dart, New guidelines for prevention, detection, evaluation, and 

treatment of hypertension: Joint National Committee VI. Chest, 1998. 113(2): p. 263-5. 

211. Sheps, S.G. and E.J. Roccella, Reflections on the sixth report of the Joint National Committee 

on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. Curr Hypertens 

Rep, 1999. 1(4): p. 342-5. 

212. Bombardini, T., et al., Diastolic time - frequency relation in the stress echo lab: filling timing 

and flow at different heart rates. Cardiovasc Ultrasound, 2008. 6: p. 15. 

213. Sokolow, M. and T.P. Lyon, The ventricular complex in right ventricular hypertrophy as 

obtained by unipolar precordial and limb leads. Am Heart J, 1949. 38(2): p. 273-94. 

214. Molloy, T.J., et al., Electrocardiographic detection of left ventricular hypertrophy by the 

simple QRS voltage-duration product. J Am Coll Cardiol, 1992. 20(5): p. 1180-6. 

215. Siegel, R.J. and W.C. Roberts, Electrocardiographic observations in severe aortic valve 

stenosis: correlative necropsy study to clinical, hemodynamic,, and ECG variables 

demonstrating relation of 12-lead QRS amplitude to peak systolic transaortic pressure 

gradient. Am Heart J, 1982. 103(2): p. 210-21. 

216. Lester, S.J., et al., Unlocking the mysteries of diastolic function: deciphering the Rosetta Stone 

10 years later. J Am Coll Cardiol, 2008. 51(7): p. 679-89. 

217. Roelandt, J. and D.G. Gibson, Recommendations for standardization of measurements from 

M-mode echocardiograms. Eur Heart J, 1980. 1(5): p. 375-8. 

218. Sahn, D.J., et al., Recommendations regarding quantitation in M-mode echocardiography: 

results of a survey of echocardiographic measurements. Circulation, 1978. 58(6): p. 1072-83. 



 
155 

219. Reichek, N., Standardization in the measurement of left ventricular wall mass. M-mode 

echocardiography. Hypertension, 1987. 9(2 Pt 2): p. II27-9. 

220. Reichek, N. and R.B. Devereux, Left ventricular hypertrophy: relationship of anatomic, 

echocardiographic and electrocardiographic findings. Circulation, 1981. 63(6): p. 1391-8. 

221. Casale, P.N., et al., Improved sex-specific criteria of left ventricular hypertrophy for clinical 

and computer interpretation of electrocardiograms: validation with autopsy findings. 

Circulation, 1987. 75(3): p. 565-72. 

222. Devereux, R.B., et al., Left ventricular mass as a measure of preclinical hypertensive disease. 

Am J Hypertens, 1992. 5(6 Pt 2): p. 175S-181S. 

223. Feigenbaum, H. and e.L. Febinger, Echocardiography. 1978. 

224. Klein, A.L. and A.J. Tajik, Doppler assessment of diastolic function in cardiac amyloidosis. 

Echocardiography, 1991. 8(2): p. 233-51. 

225. Hatle, L., Introduction to Doppler echocardiography. Acta Paediatr Scand Suppl, 1986. 329: p. 

7-9. 

226. Hatle, L., Noninvasive measurements of intracardiac blood flow velocities with Doppler 

ultrasound. Acta Med Scand, 1987. 221(2): p. 133-6. 

227. Brunazzi, M.C., et al., Estimation of left ventricular diastolic pressures from precordial pulsed-

Doppler analysis of pulmonary venous and mitral flow. Am Heart J, 1994. 128(2): p. 293-300. 

228. Lang, R.M., et al., Recommendations for chamber quantification: a report from the American 

Society of Echocardiography's Guidelines and Standards Committee and the Chamber 

Quantification Writing Group, developed in conjunction with the European Association of 

Echocardiography, a branch of the European Society of Cardiology. J Am Soc Echocardiogr, 

2005. 18(12): p. 1440-63. 

229. Lang, R.M., et al., Recommendations for chamber quantification. Eur J Echocardiogr, 2006. 

7(2): p. 79-108. 

230. de Simone, G., et al., Assessment of left ventricular function by the midwall fractional 

shortening/end-systolic stress relation in human hypertension. J Am Coll Cardiol, 1994. 23(6): 

p. 1444-51. 



 
156 

231. Jobin, J., et al., Clinical evaluation of left ventricular function using the cardiac helical fiber 

model: an echocardiographic study. Am Heart J, 1985. 110(6): p. 1226-33. 

232. Dumesnil, J.G., et al., A mathematical model of the dynamic geometry of the intact left 

ventricle and its application to clinical data. Circulation, 1979. 59(5): p. 1024-34. 

233. Henein, M.Y. and D.G. Gibson, Long axis function in disease. Heart, 1999. 81(3): p. 229-31. 

234. Henein, M.Y. and D.G. Gibson, Normal long axis function. Heart, 1999. 81(2): p. 111-3. 

235. Teichholz, L.E., et al., Problems in echocardiographic volume determinations: echo-

angiographic correlations. Circulation, 1972. 46(II): p. 75-7. 

236. Gidding, S.S., et al., Left ventricular diastolic filling in children with hypertrophic 

cardiomyopathy: assessment with pulsed Doppler echocardiography. J Am Coll Cardiol, 1986. 

8(2): p. 310-6. 

237. Kuo, L.C., et al., Quantification of atrial contribution to left ventricular filling by pulsed 

Doppler echocardiography and the effect of age in normal and diseased hearts. Am J Cardiol, 

1987. 59(12): p. 1174-8. 

238. Maron, B.J., et al., Noninvasive assessment of left ventricular diastolic function by pulsed 

Doppler echocardiography in patients with hypertrophic cardiomyopathy. J Am Coll Cardiol, 

1987. 10(4): p. 733-42. 

239. Pearson, A.C., et al., Assessment of diastolic function in normal and hypertrophied hearts: 

comparison of Doppler echocardiography and M-mode echocardiography. Am Heart J, 1987. 

113(6): p. 1417-25. 

240. KJG, S., Kardiale Ultraschalldiagnostik: Handbuch uns Atlas [hrsg. von K. J. G. Schmailzl]. 

Berlin: Blackwell Wiss, 1994. 1st ed. 

241. Khankirawatana, B., et al., Left atrial volume determination by three-dimensional 

echocardiography reconstruction: validation and application of a simplified technique. J Am 

Soc Echocardiogr, 2002. 15(10 Pt 1): p. 1051-6. 

242. Goldstein, S.A., et al., Multimodality imaging of diseases of the thoracic aorta in adults: from 

the American Society of Echocardiography and the European Association of Cardiovascular 

Imaging: endorsed by the Society of Cardiovascular Computed Tomography and Society for 

Cardiovascular Magnetic Resonance. J Am Soc Echocardiogr, 2015. 28(2): p. 119-82. 



 
157 

243. Barbey, F., et al., Aortic remodelling in Fabry disease. Eur Heart J, 2010. 31(3): p. 347-53. 

244. Fogo, A.B., et al., Scoring system for renal pathology in Fabry disease: report of the 

International Study Group of Fabry Nephropathy (ISGFN). Nephrol Dial Transplant, 2010. 

25(7): p. 2168-77. 

245. Devereux, R.B., Echocardiography: State of the Art – 1984. Cardiol J, 1984. 71: p. 118. 

246. Armstrong, A.C., et al., Left atrial dimension and traditional cardiovascular risk factors predict 

20-year clinical cardiovascular events in young healthy adults: the CARDIA study. Eur Heart J 

Cardiovasc Imaging, 2014. 15(8): p. 893-9. 

247. Toma, Left atrial filling in normal human subjects: relation between left atrial contraction and 

left atrial early filling. cardiovascular Research, 1987. 21(4): p. 255. 

248. Kleinert, J., et al., Prevalence of uncontrolled hypertension in patients with Fabry disease. Am 

J Hypertens, 2006. 19(8): p. 782-7. 

249. Ortiz, A., et al., Nephropathy in males and females with Fabry disease: cross-sectional 

description of patients before treatment with enzyme replacement therapy. Nephrol Dial 

Transplant, 2008. 23(5): p. 1600-7. 

250. Jain, G. and D.G. Warnock, Blood pressure, proteinuria and nephropathy in Fabry disease. 

Nephron Clin Pract, 2011. 118(1): p. c43-8. 

251. Branton, M., R. Schiffmann, and J.B. Kopp, Natural history and treatment of renal 

involvement in Fabry disease. J Am Soc Nephrol, 2002. 13 Suppl 2: p. S139-43. 

252. Zhang, W., et al., [Investigation of multiple organ involvement in Fabry disease]. Zhonghua Yi 

Xue Za Zhi, 2015. 95(23): p. 1829-32. 

253. West, M., et al., Agalsidase alfa and kidney dysfunction in Fabry disease. J Am Soc Nephrol, 

2009. 20(5): p. 1132-9. 

254. Kramer, J., et al., Left Ventricular Geometry and Blood Pressure as Predictors of Adverse 

Progression of Fabry Cardiomyopathy. PLoS One, 2015. 10(11): p. e0140627. 

255. Seydelmann, N., et al., Fabry disease and the heart. Best Pract Res Clin Endocrinol Metab, 

2015. 29(2): p. 195-204. 



 
158 

256. Persson, H., et al., Diastolic dysfunction in heart failure with preserved systolic function: need 

for objective evidence:results from the CHARM Echocardiographic Substudy-CHARMES. J Am 

Coll Cardiol, 2007. 49(6): p. 687-94. 

257. Sadick, N. and L. Thomas, Cardiovascular manifestations in Fabry disease: a clinical and 

echocardiographic study. Heart Lung Circ, 2007. 16(3): p. 200-6. 

258. Lang, Quantification: A Report from the American Society of Echocardiography’s Guidelines 

and Standards Committee and the Chamber Quantification Writing Group, Developed in 

Conjunction with the European Association of Echocardiography, a Branch of the European 

Society of Cardiology. 2015. 18(12): p. 1456-1458. 

259. Matsuda, M. and Y. Matsuda, Mechanism of left atrial enlargement related to ventricular 

diastolic impairment in hypertension. Clin Cardiol, 1996. 19(12): p. 954-9. 

260. Wilcox, J.E., et al., Usefulness of electrocardiographic QT interval to predict left ventricular 

diastolic dysfunction. Am J Cardiol, 2011. 108(12): p. 1760-6. 

261. Tsang, T.S., et al., Left ventricular diastolic dysfunction as a predictor of the first diagnosed 

nonvalvular atrial fibrillation in 840 elderly men and women. J Am Coll Cardiol, 2002. 40(9): p. 

1636-44. 

262. Tsang, T.S., et al., Left atrial volume: important risk marker of incident atrial fibrillation in 

1655 older men and women. Mayo Clin Proc, 2001. 76(5): p. 467-75. 

263. Takemoto, Y., et al., Usefulness of left atrial volume in predicting first congestive heart failure 

in patients > or = 65 years of age with well-preserved left ventricular systolic function. Am J 

Cardiol, 2005. 96(6): p. 832-6. 

264. Barnes, M.E., et al., Left atrial volume in the prediction of first ischemic stroke in an elderly 

cohort without atrial fibrillation. Mayo Clin Proc, 2004. 79(8): p. 1008-14. 

265. Burke, G.M., et al., Assessment of reproducibility--automated and digital caliper ECG 

measurement in the Framingham Heart Study. J Electrocardiol, 2014. 47(3): p. 288-93. 

266. Vaidean, G.D., et al., Short-term repeatability of electrocardiographic spatial T-wave axis and 

QT interval. J Electrocardiol, 2005. 38(2): p. 139-47. 



 
159 

267. Taha Tamer, K.S., Mohamad Saad, Mohammed Sami, How accurate can electrocardiogram 

predict left ventricular diastolic dysfunction? The Egyptian Heart Journal, 2016. 68: p. 117-

123. 

268. Murata, R., et al., Fifteen-year follow-up of a heterozygous Fabry's disease patient associated 

with pre-excitation syndrome. Intern Med, 1999. 38(6): p. 476-81. 

269. Nussinovitch, U., Meta-analysis of p-wave dispersion values in healthy individuals: the 

influence of clinical characteristics. Ann Noninvasive Electrocardiol, 2012. 17(1): p. 28-35. 

270. Mayet, J., et al., Left ventricular hypertrophy and QT dispersion in hypertension. 

Hypertension, 1996. 28(5): p. 791-6. 

271. Sauer, A., et al., Diastolic electromechanical coupling: association of the ECG T-peak to T-end 

interval with echocardiographic markers of diastolic dysfunction. Circ Arrhythm 

Electrophysiol, 2012. 5(3): p. 537-43. 

272. Imbriaco, M., et al., Cardiac sympathetic neuronal damage precedes myocardial fibrosis in 

patients with Anderson-Fabry disease. Eur J Nucl Med Mol Imaging, 2017. 44(13): p. 2266-

2273. 

273. Campeau, L., Letter: Grading of angina pectoris. Circulation, 1976. 54(3): p. 522-3. 

274. AHA medical/scientific statement. 1994 revisions to classification of functional capacity and 

objective assessment of patients with diseases of the heart. Circulation, 1994. 90(1): p. 644-5. 

275. Herold, Innere Medizin- eine vorlesungsorientierte Darstellung. 2016: p. 215. 

276. Abe, A., et al., Reduction of globotriaosylceramide in Fabry disease mice by substrate 

deprivation. J Clin Invest, 2000. 105(11): p. 1563-71. 

277. Ashe, K.M., et al., Efficacy of Enzyme and Substrate Reduction Therapy with a Novel 

Antagonist of Glucosylceramide Synthase for Fabry Disease. Mol Med, 2015. 21: p. 389-99. 

278. Marshall, J., et al., Substrate reduction augments the efficacy of enzyme therapy in a mouse 

model of Fabry disease. PLoS One, 2010. 5(11): p. e15033. 

279. Gabig-Ciminska, M., et al., Combined Therapies for Lysosomal Storage Diseases. Curr Mol 

Med, 2015. 15(8): p. 746-71. 



 
160 

280. Guerard, N., et al., Lucerastat, an Iminosugar for Substrate Reduction Therapy: Tolerability, 

Pharmacodynamics, and Pharmacokinetics in Patients With Fabry Disease on Enzyme 

Replacement. Clin Pharmacol Ther, 2018. 103(4): p. 703-711. 

281. Huang, J., et al., Lentivector Iterations and Pre-Clinical Scale-Up/Toxicity Testing: Targeting 

Mobilized CD34(+) Cells for Correction of Fabry Disease. Mol Ther Methods Clin Dev, 2017. 5: 

p. 241-258. 

282. Pacienza, N., et al., Lentivector transduction improves outcomes over transplantation of 

human HSCs alone in NOD/SCID/Fabry mice. Mol Ther, 2012. 20(7): p. 1454-61. 

283. Jung, S.C., et al., Adeno-associated viral vector-mediated gene transfer results in long-term 

enzymatic and functional correction in multiple organs of Fabry mice. Proc Natl Acad Sci U S 

A, 2001. 98(5): p. 2676-81. 

284. Park, J., et al., Long-term correction of globotriaosylceramide storage in Fabry mice by 

recombinant adeno-associated virus-mediated gene transfer. Proc Natl Acad Sci U S A, 2003. 

100(6): p. 3450-4. 

285. Takenaka, T., et al., Enzymatic and functional correction along with long-term enzyme 

secretion from transduced bone marrow hematopoietic stem/progenitor and stromal cells 

derived from patients with Fabry disease. Exp Hematol, 1999. 27(7): p. 1149-59. 

286. Takenaka, T., et al., Circulating alpha-galactosidase A derived from transduced bone marrow 

cells: relevance for corrective gene transfer for Fabry disease. Hum Gene Ther, 1999. 10(12): 

p. 1931-9. 

287. Takenaka, T., et al., Long-term enzyme correction and lipid reduction in multiple organs of 

primary and secondary transplanted Fabry mice receiving transduced bone marrow cells. Proc 

Natl Acad Sci U S A, 2000. 97(13): p. 7515-20. 

288. Brady, R.O. and R. Schiffmann, Possible future therapies for Fabry disease, in Fabry Disease: 

Perspectives from 5 Years of FOS, A. Mehta, M. Beck, and G. Sunder-Plassmann, Editors. 

2006: Oxford. 

289. Avrobio, First patient with Fabry disease who received a single dose of lentiviral gene therapy 

achieved normal plasma α-galactosidase A enzyme activity within 45 days and has 

maintained those levels for six months. 2017. http://www.avrobio.com/avrobio-reports-

six-month-data-showing-first-patient-treated-fabry-disease-achieved-normal-plasma-

http://www.avrobio.com/avrobio-reports-six-month-data-showing-first-patient-treated-fabry-disease-achieved-normal-plasma-enzyme-activity-avr-rd-01-gene-therapy/(59th
http://www.avrobio.com/avrobio-reports-six-month-data-showing-first-patient-treated-fabry-disease-achieved-normal-plasma-enzyme-activity-avr-rd-01-gene-therapy/(59th


 
161 

enzyme-activity-avr-rd-01-gene-therapy/(59th Annual Meeting of Japanese Society for 

Inherited Metabolic Diseases). 

290. Davio, K., Gene therapy for Fabry disease to advance to Phase 2 clinical trials. American 

Journal of Managed Care, 2018. https://www.ajmc.com/newsroom/gene-therapy-for-

fabry-disease-to-advance-to-phase-2-clinical-trials. 

  

http://www.avrobio.com/avrobio-reports-six-month-data-showing-first-patient-treated-fabry-disease-achieved-normal-plasma-enzyme-activity-avr-rd-01-gene-therapy/(59th
https://www.ajmc.com/newsroom/gene-therapy-for-fabry-disease-to-advance-to-phase-2-clinical-trials
https://www.ajmc.com/newsroom/gene-therapy-for-fabry-disease-to-advance-to-phase-2-clinical-trials


 
162 

Acknowledgement 

 

First and foremost, I wish to thank my supervisor for granting me the opportunity to 

conduct this examination and for his valuable advice and friendly assistance in 

completing this doctoral thesis.  

Moreover, I would like to thank the employees from the institute for medical biometry, 

epidemiology and information technology of the medical faculty of the Johannes 

Gutenberg University for their advice and support in statistical questions that arose.  

I am indebted to the patients included in this study for the multiple examinations they 

have endured over the past years. Finally, I would like to thank my friends and family 

for the unwavering support during the process of the development of this thesis. 

 

 


	Table of Content
	List of Figures
	List of Tables
	List of Equations
	Index of abbreviations
	Introduction
	Aim / objective of this thesis
	Background

	Literature discussion
	History
	Incidence, inheritance and molecular genetics of the disease
	Pathophysiology
	Organmanifestation and complications
	1.1.1. Cardiac manifestation
	1.1.1.1. Cardiac hypertrophy
	1.1.1.2. Cardiac fibrosis :
	1.1.1.3. Conduction tissue disease
	1.1.1.4. Electrophysiological abnormalities in Morbus Fabry
	1.1.1.4.1. Atrial depolarization
	1.1.1.4.2. Atrioventricular conduction
	1.1.1.4.3. Ventricular depolarization
	1.1.1.4.4. Ventricular Repolarisation
	1.1.1.4.5. Electrocardiographic detection of fibrosis

	1.1.1.5. Valvular disease
	1.1.1.6. Vascular disease
	1.1.1.7. Diastolic function
	1.1.1.8. Systolic function


	Diagnosis and prognosis
	Therapy
	1.1.2. Enzyme replacement therapy
	1.1.3.  Migalastat HCl

	Importance of early Diagnosis:
	ECG-Index


	Methods
	Patient acquisition
	Diagnosis
	1.1.4. Alpha Galactosidase activity
	1.1.5. Proof of the genetic mutation

	Patient collective description
	1.1.6. Cardiological examination
	1.1.6.1. Conduct of examination
	1.1.6.2. Determination of the arterial blood pressure
	1.1.6.3. Electrocardiographic examination
	1.1.6.3.1. Measured ECG parameters
	1.1.6.3.2. Calculated Parameters
	Tend-P
	ECG-Index

	1.1.6.3.3. Myocardial Hypertrophy
	Sokolow- Lyon Index- LVH
	Cornell Index
	12 Lead voltage
	123 Lead voltage
	Voltage duration products


	1.1.6.4. Echocardiographic examination
	1.1.6.4.1. M- Mode echocardiographic parameters
	1.1.6.4.2. Left ventricular muscle mass
	1.1.6.4.3. Myocardial hypertrophic changes
	Types of myocardial hypertrophy

	1.1.6.4.4. Doppler sonographic data
	1.1.6.4.5. Systolic Parameters
	Fractional shortening (FS)
	Midwall related fractional shortening (FSmid)
	Systolic long axis shortening (LAX)
	Ejection Fraction (EF)

	1.1.6.4.6. Parameters of diastolic function
	E/A Ratio
	Isovolumetric relaxation time
	Left atrial volume

	1.1.6.4.7. Grading of the diastolic function



	Control group
	Analysis Process
	1.1.7. Statistical methods
	1.1.8. Graphic presentation


	Results
	Patient collective
	Inclusion and exclusion criteria

	Comparing males and females
	1.1.9. Basic clinical data and cardiac parameters
	1.1.10. Basic echocardiographic parameters
	1.1.11. Calculated echocardiographic parameters
	1.1.12. Systolic echocardiographic functional parameters
	1.1.13. Diastolic echocardiographic parameters
	1.1.14. Basic electrocardiographic parameters
	1.1.15. Calculated electrocardiographic parameters

	Comparing patients with and without cardiomyopathy
	1.1.16. Geometry of the left ventricle
	1.1.17. Basic clinical data and cardiac parameters
	1.1.18. Basic echocardiographic parameters
	1.1.19. Calculated echocardiographic parameters
	1.1.20. Systolic echocardiographic parameters
	1.1.21. Diastolic echocardiographic parameters
	1.1.22. Basic electrocardiographic parameters
	1.1.23. Calculated electrocardiographic parameters

	Comparing patients with normal and impaired diastolic function
	1.1.24. Basic clinical data and cardiac parameters
	1.1.25. Basic echocardiographic parameters
	1.1.26. Calculated echocardiographic parameters
	1.1.27. Systolic echocardiographic parameters
	1.1.28. Diastolic echocardiographic parameters
	1.1.29. Basic electrocardiographic parameters
	1.1.30. Calculated electrocardiographic parameters

	Cardiac involvement and clinical effects
	1.1.31. NYHA
	1.1.32. CCS

	ECG-Index, ECG changes as a sign of diastolic dysfunction
	1.1.33. Correlation of the ECG-Index and age
	1.1.34. Correlation of the ECG-Index and left ventricular mass
	1.1.35. Correlation of the ECG-Index and mean left ventricular wall thickness
	1.1.36. Correlation of the ECG-Index and relative wall thickness

	The correlation of the ECG-Index and echocardiographic diastolic functional parameters
	1.1.37. Correlation between the ECG-Index and the E-wave Vmax
	1.1.38. Correlation between the ECG-Index and the A-wave Vmax
	1.1.39. Correlation between ECG-Index and the E/A ratio
	1.1.40. Correlation between the ECG-Index and isovolumetric relaxation time
	1.1.41. Correlation between the ECG-Index and the left atrial volume

	ECG-Index and diastolic   dysfunction

	Discussion
	Arterial blood pressure and hypertension
	Morbus Fabry associated cardiomyopathy
	Echocardiographic parameters
	1.1.42. Systolic function and myocardial changes
	1.1.43. Diastolic function and myocardial changes

	Diastolic function and left ventricular geometry
	Diastolic dysfunction and electrocardiography
	Clinical cardiac manifestation
	1.1.44. Clinical cardiac manifestation with regards to diastolic functional parameters
	1.1.45. Clinical cardiac manifestation with regards to systolic functional parameters

	Study limitations
	Outlook
	Summary regarding the aims of this study
	Zusammenfassung

	Addendum
	Literature
	Acknowledgement

