
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Neurological aspects of Gaucher and Fabry disease

Biegstraaten, M.

Publication date
2011
Document Version
Final published version

Link to publication

Citation for published version (APA):
Biegstraaten, M. (2011). Neurological aspects of Gaucher and Fabry disease. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/neurological-aspects-of-gaucher-and-fabry-disease(a107e34a-1c76-426f-a498-f4e16f681e65).html


Marieke Biegstraaten

NEUROLOGICAL ASPECTS
OF GAUCHER AND FABRY DISEASE

N
E

U
R

O
LO

G
IC

A
L A

SPE
C

TS O
F G

A
U

C
H

E
R

 A
N

D
 FA

B
RY

 D
ISE

A
SE

          M
arieke B

ieg
straaten



NEUROLOGICAL ASPECTS  
OF GAUCHER AND FABRY DISEASE

Marieke Biegstraaten



ISBN: 978-94-90371-79-1

Layout and printing: Off Page, www.offpage.nl

Copyright © 2011 by M. Biegstraaten. All rights 
reserved. No part of this book may be reproduced, 
stored in a retrieval system, or transmitted in any form 
or by any means, without prior permission of the author.

The research in chapter 3 and chapter 4 was financially 
supported by Actelion Pharmaceuticals Ltd.

Publication of this thesis was made possible by generous 
donations from the Department of Neurology AMC, the 
Gaucher Stichting, the University of Amsterdam, Shire 
Human Genetic Therapies, Actelion Pharmaceuticals 
Nederland bv en Genzyme Nederland.



NEUROLOGICAL ASPECTS  
OF GAUCHER AND FABRY DISEASE

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus

prof. dr. D.C. van den Boom
ten overstaan van een door het college voor promoties ingestelde

commissie, in het openbaar te verdedigen in de Agnietenkapel
op vrijdag 20 mei 2011, te 10:00 uur

door 

Marieke Biegstraaten
geboren te Maarssen 



PROMOTIECOMMISSIE

Promotores:  Prof. dr. I.N van Schaik
 Prof. dr. C.E.M. Hollak 

Co-promotor:  Prof. dr. J.M.F.G. Aerts

Overige leden:  Prof. dr. M. de Visser
 Prof. dr. M. Vermeulen
 Prof. dr. F.A. Wijburg
 Prof. dr. A.J. Verhoeven
 Dr. W. Wieling
 Dr. G.E. Linthorst

Faculteit der Geneeskunde 



Chapter 1

SECTION I

Chapter 2 
 
 

Chapter 3 

Chapter 4

Chapter 5 

SECTION II

Chapter 6 

Chapter 7 

Chapter 8 
 

Chapter 9

Chapter 10 

Addendum

CONTENTS 

General introduction 7

Type I Gaucher disease

‘Non-neuronopathic’ Gaucher disease reconsidered.  
Prevalence of neurological manifestations in a Dutch  
cohort of type I Gaucher disease patients and a  
systematic review of the literature  27

Peripheral neuropathy in adult type I Gaucher disease:  
a 2-year prospective observational study 49

The cognitive profile of type I Gaucher disease patients 75

A monozygotic twin pair with highly  
discordant Gaucher phenotypes 89

Fabry disease

The relation between small nerve fibre function,  
age, disease severity and pain in Fabry disease 99

Intraepidermal nerve fibre density in relation  
to small fibre function and pain in Fabry disease 117

Autonomic neuropathy in Fabry disease: a prospective  
study using the Autonomic Symptom Profile  
and cardiovascular autonomic function tests 131

Poikilothermia in a 38-year-old Fabry patient 145

Summary, general discussion  
and future perspectives 153

Samenvatting 181
Dankwoord 185
Curriculum Vitae 189



1



GENERAL INTRODUCTION





GENERAL INTRODUCTION

1

9

LYSOSOMAL STORAGE DISORDERS
The lysosomal storage disorders are a group of inherited disorders of metabolism, 
characterised by an accumulation of undegraded macromolecules in lysosomes. 
Depending on the type and nature of the accumulating substance, a wide 
variety of disorders can be distinguished. More than 50 diseases have now 
been described and several were already known long before the discovery of 
the lysosome by Christian de Duve in 19551. The identification of this cellular 
compartment stimulated further research into its structure and function. Different 
lysosomal proteins were identified and were related to specific disease entities. 
Over the last two decades, further progress has been made in the understanding 
of the pathophysiology and treatment of lysosomal storage diseases. Although 
individually rare the lysosomal storage disorders as a group have a birth prevalence 
of about 14/100.000 live births2. The identification of attenuated forms with a 
more chronic disease course as well as the development of effective but costly 
therapeutic interventions make this disease group a major challenge for the 
health care system. 

SPHINGOLIPIDOSES
Sphingolipidoses are a subgroup of the lysosomal storage disorders. A deficiency of 
one of the lysosomal proteins involved in sphingolipid catabolism leads to lysosomal 
storage of sphingolipids and sometimes related substances. Sphingolipids 
are important components of the eukaryotic cell plasma membrane. They are 
characterised by the presence of a sphingoid base within the hydrophobic part 
of the molecule. In sphingomyelin and glycosphingolipids, a phosphorylcholine 
or a carbohydrate moiety is bound to the terminal hydroxyl group of ceramide, 
respectively (see Fig. 1). Glycosphingolipids display a high structural diversity and 

Figure 1 Structure of the glycosphingolipid GM3 

 

From: Wennekes T, van den Berg RJ, Boot RG, van der Marel GA, Overkleeft HS, Aerts JM. Glycosphingolipids--nature, 
function, and pharmacological modulation. Angew Chem Int Ed Engl 2009;48:8848-69. 

Figure 1 Structure of the glycosphingolipid GM3

From: Wennekes T, van den Berg RJ, Boot RG, van der Marel GA, Overkleeft HS, Aerts JM. 
Glycosphingolipids--nature, function, and pharmacological modulation. Angew Chem Int Ed Engl 2009; 
48:8848-69. 
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the glycosphingolipid composition of membranes varies from one cell type to 
another, reflecting the diverse functions of glycosphingolipids. They are involved 
in cell adhesion, signal transduction and immunology, and interact with hormones, 
microbial toxins and other glycolipids3.

The plasma membrane is continuously internalized and regenerated, 
thereby comprising a major endogenous source of the sphingolipids that are 
degraded in the lysosomes. Lipoproteins, rich in sphingolipids, constitute 
another source of sphingolipids for cellular degradation. Finally, in phagocytes 
like macrophages, phagocytic uptake of senescent/damaged cells results also in 
delivery of sphingolipids to lysosomes (see Fig. 2). The sphingolipid molecules 
are intralysosomally broken down in a highly ordered manner to ceramide, 
followed by degradation to sphingosine. Sphingosine is subsequently reutilized 
as backbone in sphingolipids or is metabolized to sphingosine-1-phoshate that 
may be degraded to hexadecenal and phosphoethanolamine. 

The mixture of sphingolipids that is delivered to the lysosomes of a specific 
cell depends on the cell type and its function. Sulfatides, for instance, are almost 
exclusively synthesized by oligodendrocytes in the central nervous system where 
they comprise a major lipid component of the myelin sheath. Lysosomes of 
neurones are therefore exposed to large amounts of sulfatides, while lysosomes 
of other cell types are not. 

Sphingolipids are degraded by lysosomal enzymes in the presence of 
sphingolipid activator proteins and other lipid transfer proteins. An inherited 
genetic defect of one of the lysosomal proteins involved in the breakdown of 
sphingolipids leads to an impaired lysosomal break down of the substrate. As 
a consequence, the substrate accumulates within the lysosome which results in 
cellular dysfunction and clinical abnormalities. The cell type that is most affected 
by the deficient enzyme activity and the nature of the storage material or related 
substances are believed to contribute importantly to the clinical phenotype of 
the sphingolipidosis. For instance, metachromatic leucodystrophy is caused by a 

Figure 2 Delivery of sphingolipid substrate to lysosomes 
Figure 2 Delivery of sphingolipid substrate to lysosomes
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mutation in the arylsulphatase A (ASA) gene. ASA is concerned with the breakdown 
of sulfatides. The major site of sulfatides is the myelin sheaths of central and 
peripheral neurons. ASA deficiency therefore leads to sulfatide accumulation 
in neurons resulting in severe demyelinisation and finally to death. In Gaucher 
disease, on the other hand, the enzyme glucocerebrosidase is deficient. This 
enzyme is concerned with the breakdown of glucosylceramide. In this disease, 
the macrophage is the cell that stores undegraded glucosylceramide after the 
phagocytic uptake of apoptotic blood cells which are rich in these lipids.

NEUROLOGICAL INVOLVEMENT IN  
THE SPHINGOLIPIDOSES
Within the sphingolipidoses, neurodegenerative disease is common. This varies 
from severe central nervous system involvement with a rapidly progressive 
course and early death as seen in type II Gaucher disease and infantile Sandhoff 
and Tay Sachs disease, to non-lethal peripheral nervous system involvement in 
Fabry disease. Niemann-Pick disease type B and Type I Gaucher disease are 
even considered to be non-neuronopathic, although the co-occurrence of type 
I Gaucher disease and parkinsonism and secondary neurological complications 
as a consequence of nerve root or spinal cord compression following vertebral 
collapse has been reported. Table 1 shows an overview of the neurological 
complications that are encountered in the various sphingolipidoses.

Unquestionably, the nervous system involvements in type I Gaucher disease 
and Fabry disease are less severe as compared to the central nervous system 
complications in type II Gaucher disease and infantile Sandhoff and Tay Sachs 
disease, but they still may be very disabling and therefore need attention. In 
this thesis the neurological complications that are encountered in type I Gaucher 
disease and Fabry disease will be discussed.

TYPE I GAUCHER DISEASE
Gaucher disease (OMIM 230800) is an autosomal recessively inherited 
glycosphingolipid storage disease with a prevalence of 1 in 57.000 live births4. 
The disease is divided into three types, based upon the presence or absence 
and rate of progression of neurological manifestations. Type II is known as ‘acute 
neuronopathic’ or ‘infantile’ Gaucher disease, with infantile onset of severe central 
nervous system involvement leading to death usually by the age of two years. 
Type III is known as ‘chronic neuronopathic’ or ‘juvenile’ Gaucher disease, with an 
onset of central nervous system involvement in childhood, adolescence or early 
adulthood and a more indolent course. The distinction between type II and III 
Gaucher disease is made on the basis of age of onset and the rate of progression 
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Table 1 Neurological features of sphingolipidoses

Disease Enzymatic defect Storage material Neurological picture

Gaucher disease Glucocerebrosidase glucosylceramide Type I Characterised by haematological, visceral and skeletal disease, considered 
to be non-neuronopathic

Type II Onset of disease in early infancy; psychomotor delay, brainstem dysfunction, 
hypotonia and death in infancy

Type III Onset of disease in childhood, adolescence or early adulthood; severe 
systemic involvement and horizontal supranuclear palsy with or without 
psychomotor delay, hearing loss, and other brain stem deficits

GM1 gangliosidosis β-Galactosidase GM1 Infantile onset Onset of disease in early infancy; delayed developmental milestones 
followed by progressive hypotonia, mental regression, seizures and death < 
2 yrs of age

Juvenile onset Onset of disease < 2 yrs; ataxia and muscle weakness followed by mental 
regression, spasticity, myoclonic seizures and death by the age of 3-7 yrs

Adult onset Presents with gait and speech difficulties followed by progressive 
extrapyramidal disorder with prominent dystonia

Tay-Sachs β-Hexosaminidase α-subunit GM2 Infantile onset Normal early development, presentation with hyperacusis and macular 
cherry red spots followed by developmental delay, seizures and blindness

Juvenile onset Onset of disease > 2 yrs; mental regression with spasticity, dementia, 
blindness and seizures followed by death by the age of 10-15 yrs

Sandhoff β-Hexosaminidase β-subunit GM2 Infantile onset Indistinguishable from Tay-Sachs disease, infantile type

Juvenile onset Indistinguishable from Tay-Sachs disease, juvenile type

Adult onset Indistinguishable from Tay-Sachs disease, adult type

GM2 activator deficiency GM2 activator protein GM2 Indistinguishable from Tay-Sachs disease, infantile type

Krabbe β-Galactocerebrosidase galactosylceramide Infantile onset Onset of disease in infancy; progressive psychomotor delay with irritability, 
seizures, optic atrophy and death < 2 yrs of age

Late onset Onset of disease in late childhood or early adolescence; vision problems, 
ataxia, progressive spastic tetraparesis, irritability, behavioural changes and 
sometimes mental regression with survival into adulthood

Fabry disease α-Galactosidase A globotriaosylceramide Mild to severe systemic involvement with small fibre neuropathy and white 
matter lesions 

Metachromatic leucodystrophy Arylsulfatase A sulfatide Infantile onset Onset of disease < 4 yrs; normal development until age of 12-18 months, 
followed by progressive hypotonia and mental regression and death in the 
first decade of life

Juvenile onset Onset of disease > 4 yrs; gait disturbance followed by behavioural and 
cognitive decline, and ultimately by complete loss of developmental 
milestones by the age of 10 years.

Adult onset Onset of disease > 16 yrs; psychiatric disturbances and loss of cognitive 
function followed by severe incapacity

Niemann-Pick disease Acid sphingomyelinase sphingomyelin Type A Onset of disease in early infancy; severe systemic involvement, hypotonia, 
muscular weakness, feeding problems and macular cherry red spots followed 
by mental regression and death < 2 yrs of age

Type B Characterised by hepatosplenomegaly and progressive pulmonary 
infiltration, considered to be non-neuronopathic

Niemann-Pick disease type C Cholesterol transporter cholesterol, secondary 
accumulation of 
sphingomyelin and 
glycosphingolipids

Onset of disease in childhood; clinical heterogeneity with systemic 
involvement, ataxia, dysarthria, dysphagia, vertical supranuclear palsy, 
gelastic cataplexy, seizures, psychomotor delay and life span related to age 
of onset
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of neurological manifestations. Unlike the rare type II and type III phenotypes, type 
I Gaucher disease, or non-neuronopathic Gaucher disease, usually has an onset in 
adolescence or early adulthood. The absence of nervous system involvement has 
been considered mandatory for a classification into this type5, 6. 

Gaucher disease is caused by a genetic defect in the glucocerebrosidase (GBA) 
gene (EC 3.2.1.45) which has been mapped to chromosome 1q21. To date, over 
250 mutations have been reported in GBA. These include missense mutations, 
nonsense mutations, small insertions or deletions that lead to either frameshifts 
or in-frame alterations, splice junction mutations, and complex alleles carrying 
two or more mutations in cis. Recombination events with a highly homologous 
pseudogene downstream of the GBA locus also have been identified, resulting 
from gene conversion, fusion, or duplication7. The N370S and L444P mutations are 
the most prevalent disease-causing alleles7. The phenotype-genotype correlation 
in Gaucher disease is far from perfect: there is significant genotypic heterogeneity 
among clinically similar patients, and there are vastly different phenotypes among 
patients with the same mutations. However, it has been recognised that the N370S 
mutation invariably leads to type I disease and that homozygosity for L444P is 
associated with central nervous system involvement8.

The genetic defect leads to a deficient activity of GBA resulting in build-up of 
glucosylceramide almost exclusively in the lysosomes of macrophages (so called 
‘Gaucher cells’). The predominance of this storage site may be explained by 
the extreme exposure of macrophagal lysosomes to glucosylceramide after the 
phagocytotic uptake of apoptotic blood cells which are rich in glycosphingolipids. 
The Gaucher cells are found preferentially in the spleen, liver and bone marrow. 
The most common manifestations include splenomegaly, hepatomegaly, anemia, 
thrombocytopenia, bone disease and growth retardation9. In type II and III disease, 
there is also central nervous system involvement ranging from rapidly progressive 
and devastating neurological deterioration in type II disease to slowed horizontal 

Table 1 Continued

Disease Enzymatic defect Storage material Neurological picture

Farber disease Acid ceramidase ceramide Onset of disease in early infancy; severe systemic involvement, psychomotor 
delay, dysphagia and death usually < 2 yrs of age, but patients with milder 
forms can reach adulthood

Deficiencies of Saposins Sap-A galactosylceramide Similar to Krabbe disease, late onset

Sap-B sulfatide, 
globotriaosylceramide, 
digalactosylceramide

Similar to metachromatic leucodystrophy, juvenile onset

Sap-C glucosylceramide Similar to type III Gaucher disease

Sap-D ceramides Human diseases caused by an isolated defect of Sap-D are unknown to date

LIMP2 deficiency Lysosomal integral membrane 
protein type 2

glucosylceramide Onset of disease in adolescence; progressive myoclonic epilepsy and 
nephrotic syndrome
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saccadic eye movements in type III patients. Brain pathology studies showed 
neuronal cell loss in specific hippocampal and cortex regions in type II and 
type III patients whereas patients classified as type I Gaucher disease had only 
astrogliosis10. It is still unclear why some patients develop central nervous system 
damage where others do not, despite the same underlying defective gene, and 
in some instances even the same underlying genotype. The difference may be 
explained by an impairment of neuronal glycosphingolipid breakdown in types 
II and III disease: possibly, in type I Gaucher disease patients there is sufficient 
residual enzyme activity in the central nervous system to allow the degradation of 
glucosylceramide, while in the neuronopathic forms there is less residual enzyme 
activity leading to a greater accumulation inside the central nervous system. 
This would implicate that there is a threshold of enzyme activity below which the 
likelihood of developing neuronopathic disease is high. However, it has long been 
known that there is no close correlation between the residual enzyme activity or 
the amount of stored lipid and the patient’s phenotype11. A second hypothesis is 
that a toxic metabolite is responsible for the nervous system damage in type II 
and III patients; glucosylsphingosine, a glycosphingolipid that is also degraded by 
glucocerebrosidase, is a highly cytotoxic compound that has been demonstrated 
to be elevated in spleen and liver samples of Gaucher patients of all types, while 
levels in brain samples were elevated only in those with neuronopathic forms12. 
Furthermore, it has become increasingly clear that environmental factors and 
genetic modifiers are critical in defining the phenotype in many individuals13.   

Currently, two therapeutic approaches for the treatment of type I Gaucher 
disease are used: enzyme replacement therapy (ERT) and substrate reduction 
therapy (SRT) (see Fig. 3). In ERT treated patients, the reduced amount of enzyme 
is supplemented by recombinant enzyme which is administered intravenously 
every other week. The enzyme can reach the lysosomes from the extracellular 
space via endocytosis mediated by lectins on the plasma membrane, such as 

Table 1 Continued
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the mannose 6-phosphate receptor and in case of Gaucher disease through 
the mannose receptor, resulting in degradation of the storage material. This 
approach has been proven to be very successful in the treatment of the visceral 
complications of the disease14-16. Decreases in splenic and hepatic size and 
improvement in cytopenia are already apparent after 6 months of treatment16. 
Currently, two different preparations have been approved by the authorities 
(EMA, FDA): imiglucerase, Cerezyme, Genzyme Corporation, Cambridge, MA, 
USA; and velaglucerase alfa, VPRIV, Shire Human Genetic Therapies, MA, USA. 
Drug approval applications for a third drug are in progress: taliglucerase alfa, 
Protalix Biotherapeutics, Carmiel, Israel. In general, these products have been 
tolerated very well17. However, treatment costs of imiglucerase and velaglucerase 
are high with an estimate of 250.000 euro per patient (70 kg, 30U/kg every other 
week) per year.

While ERT increases the breakdown of the accumulated substrate, substrate 
reduction therapy aims at decreasing the amount of substrate by inhibiting 
its synthesis. The most well-known and studied compound which acts by 
SRT, the imunosugar N-butyldeoxynojirimycin (miglustat, Zavesca, Actelion 
Pharmaceuticals, Allschwil, Switzerland), is an inhibitor of glucosylceramide 
synthase, which catalyses the first step in the glucosylceramide biosynthetic 
pathway18. Other forms of substrate reduction therapy are underway. Although 
miglustat has the advantage of oral administration and has been proven effective 
in the treatment of visceral aspects of Gaucher disease19, it has not become the 
first choice treatment of Gaucher disease; miglustat is only indicated for the 
treatment of adult patients with mild to moderate type I Gaucher disease for 
whom enzyme replacement therapy is unsuitable. In addition, side effects such as 
diarrhoea, weight loss and tremors have been reported20-22.

As mentioned in the first paragraph, type I Gaucher disease is traditionally 
considered to be non-neuronopathic and thus to be without nervous system 

Figure 3 Current therapies for Gaucher disease.

ERT=enzyme replacement therapy, SRT=substrate reduction therapy. 
From: Wennekes T, van den Berg RJ, Boot RG, van der Marel GA, Overkleeft HS, Aerts JM. 
Glycosphingolipids--nature, function, and pharmacological modulation. Angew Chem Int Ed Engl 
2009;48:8848-69.
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involvement. However, an increasing number of reports emerged on central 
nervous system manifestations in patients with type I Gaucher disease, such as 
Parkinson disease and Lewy body dementia. Moreover, neuropathological and 
neuro-imaging studies also suggested the presence of central nervous system 
involvement in type I disease. Besides, peripheral nervous system involvement 
occurred in some patients: reports were published on the occurrence of 
polyneuropathy in type I Gaucher disease patients during a clinical trial with 
miglustat19, 22. A relationship to treatment was unconfirmed due to the absence of 
baseline neurological assessment. Following all these observations, the question 
arose whether the central and peripheral nervous system are involved after all 
in the non-neuronopathic type of Gaucher disease. The strict division in three 
different phenotypes became subject of debate13, 23, 24.

To determine whether the three types of Gaucher diseases should be 
interpreted as a continuum rather than separate phenotypes, and to find out 
whether polyneuropathy is part of the natural course of type I Gaucher disease 
rather than a consequence of medication, studies on neurological complications 
in general and polyneuropathy in particular were needed. The studies in the first 
part of this thesis focus on this topic. 

FABRY DISEASE
Fabry disease (OMIM 301500) is a glycosphingolipid storage disease with an 
estimated prevalence of 1 in 40.000 live births25. The disease is caused by a 
genetic defect in the α-galactosidase-A gene which is located on the long arm 
of the X-chromosome (Xq22.1) and is transmitted in a recessive trait. Despite 
the X-linked inheritance pattern, significant numbers of females experience 
symptoms and signs possibly as a result of skewed X-chromosome inactivation 
or non-random lyonization26. Over 200 different mutations have been identified 
including missense and nonsense mutations, splicing defects and small 
deletions27. Some mutations result in a decreased enzyme activity, others in 
absent activity. Decreased or absent activity of α-galactosidase-A (EC 3.2.1.22) 
leads to the accumulation of glycosphingolipids, mainly globotriaosylceramide 
(Gb3), in lysosomes of various cell types, in particular endothelial and vascular 
smooth muscle cells, cardiomyocytes, kidney cells and sensory and autonomic 
ganglia of the peripheral nervous system. It has long been thought that the 
progressive accumulation of Gb3 in vascular endothelial cells is responsible 
for vascular dysfunction, and thereby for ischemic lesions in many organs25. 
However, studies showed that the removal of accumulated glycosphingolipids 
from endothelial cells does not prevent progression of vascular disease in many 
patients28. Apparently, other components contribute to the vascular damage. 
Histopathology of Fabry arteries showed that smooth muscle cell involvement 
with stored glycosphingolipids is the most prominent and probably the earliest 
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feature. The smooth muscle cells are hypertrophied as well29. It has been shown 
that Fabry plasma is capable of stimulating proliferation of vascular smooth muscle 
cells29. Further research revealed that Gb3 itself does not exert a stimulating 
effect, while the lyso-compound of Gb3, lyso-Gb3 (globotriaosylsphingosine), 
does induce smooth muscle cell proliferation in vitro30. The precise mechanism 
by which lysoGb3 exerts its pathological effects has to be further elucidated30. 
It has been hypothesized that the smooth muscle cell involvement results in a 
decreased vascular wall compliance, which in turn may result in an upregulation 
of local renin-angiotensin systems. Such upregulation might lead to endothelial 
dysfunction and thereby to the Fabry vasculopathy31.

Clinical manifestations of the disease include angiokeratomas, corneal 
opacities, renal failure, stroke, cardiomyopathy, cardiac rhythm disturbances, 
hypo- or anhidrosis, gastrointestinal complaints and painful acroparesthesias25. 
Males are usually severely affected, while females show a more protracted course32. 
Symptomatic treatment is offered to males as well as females, and includes 
neuropathic pain management with antiepileptic drugs such as carbamazepine. 
Although the efficacy of carbamazepine has been studied only scarcely33, it has 
been widely used since improvement of neuropathic pain has been observed in 
most patients. In addition, antihistamines are used for the control of vertigo, anti 
platelet drugs are used to prevent thrombotic complications, and ACE inhibitors 
are prescribed if microalbuminuria is present. 

Two enzyme preparations are available for the treatment of Fabry disease: 
agalsidase alfa (Replagal, Shire Human Genetic Therapies, Boston, MA, USA) and 
agalsidase beta (Fabrazyme, Genzyme Corporation, Cambridge, MA, USA). The 
enzymes are both administered intravenously every other week and the presence 
of mannose-6-phosphate moieties in their N-linked glycans mediates uptake via 
the mannose-6-phosphate receptor, ubiquitously present on most cell types in 
various tissues. Treatment costs are about 230.000 euro per patient (70kg) per 
year. Effectiveness of ERT in Fabry disease is less spectacular than in Gaucher 
disease. Beneficial effects on neuropathic pain, renal function, cardiac pathology 
and bowel function have been observed34-37. However, a number of patients suffer 
from recurrent complications despite treatment, ultimately leading to end organ 
failure or death28. One of the major factors responsible for the variability in efficacy 
is the presence of irreversible organ damage. Also, the frequent development of 
neutralizing antibodies may play a role38. Only male Fabry patients are prone to 
develop these antibodies as they often do not express any residual enzyme activity. 
Treating patients with a higher dose may be necessary to overcome neutralization 
of infused proteins39. Alternatively, the institution of immuno-tolerance regimens 
could have a beneficial effect on the antibody formation. Methotrexate, for 
instance, has been shown to reduce antibodies to the infused enzyme in mice40.

The cardiac rhythm disturbances, an- and hypohydrosis, gastrointestinal 
complaints and pain in Fabry disease are thought to be caused by small fibre 
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neuropathy as a result of accumulation of Gb3 in the vasa nervorum and/or 
accumulation in the dorsal root ganglia41-43. To appreciate this hypothesis, it is 
important to know that within the peripheral nervous system several types of 
nerve fibres are being distinguished. In general, the peripheral nervous system 
comprises large and small diameter nerve fibres. Two groups of small nerve 
fibres are recognised: somatic small nerve fibres and autonomic small nerve 
fibres. Somatic small nerve fibres are divided into small thinly myelinated Aδ-
fibres carrying cold sensation, and small unmyelinated C-fibres carrying warm 
sensation. Both Aδ- and C-fibres are involved in pain sensation. Autonomic nerve 
fibres consist of preganglionic small myelinated B-fibres and postganglionic small 
unmyelinated C-fibres, and are involved in the innervation and control of visceral 
organs, smooth muscle and secretory glands. To diagnose small fibre neuropathy 
and to get insight in the severity of small fibre damage, the following methods 
are used: autonomic function tests, quantitative sensory testing and skin biopsies. 
Autonomic function tests assess small nerve fibre function by determining the 
heart rate variability and blood pressure responses to several challenges44, and 
quantitative sensory testing assesses small nerve fibre function by measuring the 
perception as well as pain thresholds for warm and cold45. Skin biopsies are used 
as a method to quantify small nerve fibres in the epidermis; small unmyelinated 
nerve fibres are counted, representing both Aδ-fibres that lose their myelin sheet 
before entering the dermis, and unmyelinated C-fibres46.

Previous studies using quantitative sensory testing as well as intraepidermal 
nerve fibre counts in Fabry patients showed evidence of isolated small fibre 
neuropathy in this patient group47-49. Since autonomic functions and pain are 
carried through small nerve fibres to the central nervous system, the cardiac rhythm 
disturbances, an- and hypohydrosis, gastrointestinal complaints and pain in Fabry 
disease have generally been attributed to small fibre neuropathy41-43. However, 
the presence of autonomic neuropathy in Fabry patients has been studied only 
scarcely43, 50-55. Moreover, findings indicative of autonomic neuropathy in other 
diseases, such as orthostatic intolerance and male sexual dysfunction, have been 
infrequently reported in Fabry disease. Also, the relationship between small fibre 
neuropathy, pain and Fabry disease has not been firmly established so far: studies 
on the relation between age, disease severity, pain and severity of small nerve 
fibre damage have shown conflicting results47, 48, 56, 57. Thus, to gain further insight 
into the small fibre neuropathy in Fabry disease, additional investigations were 
needed. The studies in the second part of this thesis focus on the function and 
structure of small nerve fibres in Fabry patients.  
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AIMS OF THIS THESIS
The studies in section I deal with the neurological complications in type I Gaucher 
disease. The objective of this part of the thesis is to give an overview of the full 
neurological spectrum of the disease. For this purpose, we describe the results 
of a literature study on all peripheral and central nervous system complications in 
type I Gaucher disease (chapter 2). The results of a large multicentre study on the 
prevalence and incidence of polyneuropathy (chapter 3) and the cognitive profile 
(chapter 4) of patients with type I Gaucher disease are presented. To facilitate 
diagnosis and treatment, knowledge about possible neurological complications 
in type I Gaucher disease is important for patients, parents and the treating 
physicians.

The studies in section II of this thesis are aimed to gain further insight into 
small fibre neuropathy and its consequences in Fabry disease. Both nerve fibre 
function as assessed by quantitative sensory testing (chapter 6) and autonomic 
function tests (chapter 8), and nerve fibre structure as assessed by skin biopsies 
and quantification of intraepidermal nerve fibres (chapter 7), are addressed. Aside 
from acquiring knowledge about the clinical features of small fibre neuropathy, 
these studies are aimed to gain insight into the underlying pathophysiological 
mechanisms. Knowledge about the full neurological picture and insight into the 
underlying mechanism may lead to more appropriate clinical end-points in studies 
to the efficacy of therapy.
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SUMMARY  
Gaucher disease is a lysosomal storage disorder, which is classically divided 
into three types. Type I Gaucher disease is differentiated from types II and III 
disease by the absence of nervous system involvement. However, an increasing 
number of reports has emerged on neurological manifestations in patients with 
type I Gaucher disease. Whether a strict division in three different phenotypes 
is still valid has been the subject of debate. The main objective of this study 
was to provide scientific arguments whether a distinction between type I (non-
neuronopathic) and types II and III (neuronopathic) Gaucher disease should 
be maintained. We investigated retrospectively a large Dutch cohort of type 
I Gaucher disease patients for the prevalence of neurological manifestations 
and provide an overview of the literature on this topic. A diagnosis of a 
neurological disease was made 34 times in 75 patients. Forty-five patients 
reported at least one neurological symptom during the median follow-up time 
of 11 years. The literature search revealed 86 studies in which type I Gaucher 
disease patients or carriers of a glucocerebrosidase mutation were described 
with a neurological disease or a condition which is known to be associated 
with neurological disease. In conclusion, the term non-neuronopathic Gaucher 
disease does not seem to be an appropriate characterization of type I Gaucher 
disease. However, the neurological signs and symptoms in type I Gaucher 
disease are of a totally different kind from and, in the majority of cases, of 
much less severity than the signs and symptoms associated with types II 
and III disease. Therefore, type I disease should be classified as a separate 
phenotype. 
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INTRODUCTION
Gaucher disease is a lysosomal storage disorder characterized by intralysosomal 
accumulation of glucocerebroside in macrophages throughout the body caused 
by deficiency of the enzyme glucocerebrosidase. The inheritance pattern is 
autosomal recessive. The gene encoding glucocerebrosidase (GBA) is located 
on chromosome 1q21. More than 200 different mutations have been identified 
in patients with Gaucher disease1. Genotype-phenotype correlations have 
been the subject of many studies, but it is clear that patients sharing the same 
glucocerebrosidase mutation may exhibit a wide phenotypic variation. Gaucher 
disease is classically divided into three types, based upon the presence or absence 
and rate of progression of neurological manifestations. Type I, also known as ‘non-
neuronopathic’, ‘adult’ and ‘chronic’ Gaucher disease, is the most prevalent form 
(94%), with an onset usually in adolescence or early adulthood2, 3. In this type, 
visceral organs are involved to varying degrees. The most common manifestations 
include splenomegaly, hepatomegaly, anaemia, thrombocytopenia, bone disease 
and growth retardation. Absence of central nervous system involvement is 
considered to be mandatory for a diagnosis of type I disease. Type II is known as 
‘acute neuronopathic’ or ‘infantile’ Gaucher disease, with infantile onset of severe 
central nervous system involvement leading to death usually by the age of 2 years. 
Type III is known as ‘chronic neuronopathic’ or ‘juvenile’ Gaucher disease, with an 
onset of central nervous system involvement in childhood, adolescence or early 
adulthood and a more indolent course. The distinction between types II and III 
Gaucher disease is made on the basis of age of onset and the rate of progression 
of neurological manifestations. However, an intermediate phenotype has been 
described4. Also, an increasing number of reports have emerged on neurological 
manifestations in patients with type I disease. For example, recent reports have 
shown that there is an association between Gaucher disease and parkinsonism, 
leading to an increased incidence not only in patients but also in carriers of a 
glucocerebrosidase mutation5-30. Whether a strict division into three different 
phenotypes is still valid has been the subject of debate. Some authors believe that 
the three types of Gaucher disease are more correctly characterized as a continuum 
of phenotypes1, 31, whereas others believe that the most relevant distinction is that 
some patients have neurological manifestations and others do not32, 33. 

The main objective of this study was to investigate the prevalence of any 
neurological manifestation in a large cohort of patients with type I Gaucher disease 
from the Netherlands and to systematically review the literature for presence 
and nature of neurological manifestations in type I disease and in carriers of a 
glucocerebrosidase mutation. 
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METHODS

Cohort study
The clinical records of all patients referred to the outpatient clinic for inherited 
metabolic diseases at the Academic Medical Centre between 1991 and 2007 
were reviewed. This clinic is the only referral centre in the Netherlands for 
Gaucher patients. Using a standardized data extraction sheet, neurological signs 
and symptoms, neurological diagnoses and relevant ancillary investigations with 
their results were obtained from all patients. Any neurological sign, symptom 
or diagnosis documented in the patient notes at any time during follow-up was 
extracted. Special attention was paid to diseases known from the literature to 
occur in patients with type I Gaucher disease. Neurological manifestations were 
as much as possible attributed to a neurological diagnosis if available data 
permitted this. Otherwise, the manifestation was kept descriptive at the symptom 
and/or sign level. 

Systematic review
We conducted a PubMed search from May 1965 to July 2007 using the search 
terms ‘Gaucher disease’ and ‘nervous system disease’ to identify all reports about 
type I Gaucher disease and neurological manifestations. English-, Dutch-, German- 
and French-language articles concerning human subjects were included. The 
references cited in relevant articles were scanned to identify additional reports of 
interest. The search revealed 2464 articles. Title and abstract were read to establish 
eligibility. An article was considered eligible if: (i) including patients with type I 
Gaucher disease and a description of a neurological disease in at least one of the 
patients; (ii) including patients with type I Gaucher disease and a condition which 
is known to be associated with neurological disease; or (iii) including carriers of a 
glucocerebrosidase mutation and a concomitant neurological disease in at least 
one of the carriers. Eighty-six studies were suitable and are included in this survey. 

COHORT STUDY
Between 1991 and 2007, 75 adult patients visited the outpatient clinic for inherited 
metabolic diseases. All patients were seen at regular intervals with a median follow-
up of 11 years (range 1-16 years). A diagnosis of Gaucher disease was made by 
enzymatic and gene mutation analysis. The presence of type I phenotype was 
established based on the absence of characteristic neurological sequelae such 
as supranuclear gaze palsy, cognitive decline, epilepsy, myoclonus and/or ataxia. 
Table 1 shows the characteristics of all patients from the Dutch cohort. 

In the 75 patients, 27 patients (36%) had 34 neurological diagnoses. None of 
these problems was the presenting complaint; they were all incidental findings 
during follow-up. One patient had a possible type III disease on the basis of 
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epilepsy, disturbed horizontal eye movements and slight ataxia. Two patients (3%) 
had possible epilepsy without any other symptom or sign that could lead to a 
type III diagnosis. One patient (1%) had parkinsonism, likely caused by Parkinson 
disease. Three patients (4%) suffered from dementia, of whom one patient had 
a radiologically confirmed hydrocephalus and one had dementia due to multiple 
vascular events. Two patients (3%) had an acute confusional state during severe 
illness; one patient suffered from liver failure and one from sepsis. One patient 
(1%) had neurological complications resulting from compression of the spinal cord 
by a plasmacytoma. Another patient (1%) had spinal cord compression due to 
radiologically confirmed vertebral collapse. Three patients (4%) had an infection 
of the central nervous system; one patient suffered from encephalitis, and two 
patients from meningitis. One patient (1%) was diagnosed with a syringomyelia 
without neurological symptoms or signs. One patient (1%) had a basal skull fracture 

Table 1 Characteristics of the Dutch cohort, n = 75 

Sex, M/F 38/37

Age (years) [mean (median)] 52 (52) range 20-82

Splenectomised (n) 24

Untreated (n) 16

Enzyme replacement therapy (n) 57

Substrate inhibition therapy (n) 2

Follow-up time (years) [mean (median)] 10 (11) range 1-16

Possible type 3 disease (n) 1

Parkinsonism (n) 1

Spinal cord compression (n) due to plasmacytoma (1) and vertebral 
collapse (1) 

2

Dementia (n) 3

Confusion during illness (n) 2

Epilepsy (n) 2

Infection (n): encephalitis (1), meningitis (2) 3

Syringomyelia (n) 1

Basal skull fracture (n) 1

Polyneuropathy (n) 4

Mononeuropathy (n) 3

Plexopathy (n): neuralgic amyothrophy (1), ischemia brachial plexus (1) 2

Radiculopathy due to lumbar disc protrusion (n) 3

Radiculopathy due to cervical stenosis (n) 1

Radiculopathy due to spondylodiscitis (n) 1

Lumbar stenosis, low back pain (n) 1

Bell’s palsy (n) 2

Sixth-nerve palsy (n) 1
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during childhood. Four patients (5%) had an electromyographically confirmed 
PNP. Three patients (4%) had a mononeuropathy proven with electromyography; 
one with carpal tunnel syndrome, and two with carpal tunnel syndrome and 
ulnar neuropathy. One of the two patients with carpal tunnel syndrome and ulnar 
neuropathy had concomitant multiple myeloma and amyloidosis. One patient 
(1%) was diagnosed with neuralgic amyotrophy of his shoulder. Another patient 
(1%) had pain and paraesthesias of one arm, probably due to ischaemia of the 
brachial plexus. Three patients (4%) were diagnosed with radiculopathy due to 
radiologically confirmed lumbar disc prolapse. One of these three patients had 
also pain in neck and arm resulting from radiologically proven cervical spondylosis 
and cervical disc protrusion. Another one of these three patients had also an 
episode of radiculopathy due to spondylodiscitis. One patient (1%) had low back 
pain radiating to both legs due to lumbar vertebral collapse leading to a stenotic 
lumbar canal. Two patients (3%) suffered from Bell’s palsy, one of them having 
hemifacial spasms afterwards. Another patient (1%) had a sixth-nerve palsy. 

Forty-five patients (60%) reported at least one symptom during their follow-up 
period which could be attributable to neurological involvement, but confirmatory 
testing was not performed because complaints were transitory or diagnostic 
tests were considered not necessary. Of these patients, 15 (20%) were diagnosed 
as having migraine. Other symptoms were paraesthesias (31%), low-back pain 
radiating to one leg (19%), tremor (7%), muscle cramps (5%), neck pain radiating 
to one arm (4%), difficulty with concentration and memory problems (3%), balance 
problems (3%), restless legs (1%) and diplopia (1%). 

SYSTEMATIC REVIEW
The literature search revealed nervous system involvement in patients with type 
I Gaucher disease which could be divided into central and peripheral nervous 
system complications. 

In the following section, these two major categories will be discussed. Central 
nervous system complications will be subdivided into adult-onset Gaucher disease 
with neurological complications comparable to type III disease, parkinsonism, 
spinal cord compression and sporadic central nervous system complications. 
Peripheral nervous system complications will be subdivided into (poly)neuropathy, 
nerve root compression and sporadic peripheral nervous system complications. 
Besides the two major categories, several conditions that are known to be 
associated with Gaucher disease, and are potential risk factors for developing 
nervous system diseases, will be discussed. 
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Central nervous system involvement

Probable type III diagnosis
Initially, type III disease was considered to be restricted to children and adolescents. 
However, over time it has been recognized that neurological involvement in type 
III Gaucher disease sometimes emerges in adulthood. Before this recognition, 
several case reports have described patients with type I disease and adult-onset 
neurological manifestations34-39, who could better be classified as late-onset type 
III disease (see Table 2). In our cohort one patient has possible late-onset type III 
disease. 

Parkinsonism
Parkinsonism is a clinical syndrome characterized by bradykinesia, resting tremor, 
rigidity and postural instability. Parkinson disease is the most common cause 
of parkinsonism, but this syndrome also occurs in other disorders. In Parkinson 
disease, abnormal aggregation and misfolding of α-synuclein leads to Lewy body 
formation in the substantia nigra. Lewy bodies trigger cellular oxidative stress 
and energy depletion in this area subsequently leading to parkinsonian features. 

A link between Gaucher disease and parkinsonism became evident after the 
description of Gaucher disease patients that exhibit early-onset parkinsonism21. In 
the following years the number of case reports and series has greatly expanded. 

Table 2 Late-onset type III disease 

Sex

Age at 
onset 
(years) Symptoms and signs Reference

M 29 Epilepsy preceded by myoclonus, cognitive impairment, 
ophthalmoparesis in horizontal and vertical gaze, 6th-nerve 
weakness, generalized muscle atrophy and weakness, ataxia 

Miller et al36 

F 36 Epilepsy, cognitive impairment, abnormal horizontal eye 
movements, generalized muscle atrophy and weakness, 
ataxia

Miller et al36 

M 17 Myoclonic epilepsy, mild intellectual impairment King35 

F 41 Psychiatric symptoms, parkinsonism, EEG abnormalities, 
intellectual deterioration

Neil et al37, 38 

M 28 Psychiatric symptoms, EEG abnormalities, epilepsy Neil et al37, 38 

F 42 Abnormal horizontal saccadic eye movements, parkinsonism 
with poor response to therapy and rapid progression, 
pyramidal signs

Tayebi et al39 

M 49 Parkinsonism with poor response to therapy, 
ophthalmoparesis in horizontal and vertical gaze, action 
myoclonus, cognitive impairment, EEG abnormalities 

Guimaraes et al34 

F 25 Epilepsy, abnormal horizontal and vertical eye movements, 
slight ataxia

Dutch cohort

EEG=electroencephalography
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Table 3 summarizes all type I Gaucher disease patients with parkinsonism described 
in the literature, including the cases extracted from the studies on carriers of a 
Gaucher disease mutation and supplemented with one case from our cohort7, 

9-11, 13, 15, 16, 18-23, 25-29. Generally, these subjects demonstrate relatively mild Gaucher 
symptoms, but have an early onset, aggressive form of parkinsonism, often involving 
cognitive decline, that is refractory to standard Parkinson therapy. However, some 
cases have been described with a classic l-dopa-responsive Parkinson disease. 

Furthermore, genetic studies revealed an increased frequency (4.3-31.3%) of 
glucocerebrosidase mutations among probands with parkinsonism5, 6, 8, 12, 18, 24, 30. 
This frequency is surprisingly high, considering that in the high-risk Ashkenazi 
Jewish population the carrier frequency for Gaucher disease alleles is estimated 
at 0.034340. Moreover, several studies and observations of relatives of Gaucher 
probands have revealed multiple cases of parkinsonism among Gaucher disease 
carriers8, 13, 14, 17, 23. This further strengthens the association between these two 
disorders. 

Nonetheless, most carriers and patients with Gaucher disease never 
develop parkinsonism, suggesting the involvement of other factors, genetic or 
environmental, in the disease process. 

Spinal cord compression
Bone problems are an important feature of type I Gaucher disease, and commonly 
include pathological fractures of the weight-bearing bones and avascular necrosis 
of the femoral head. Vertebral involvement is usually a late complication associated 
with severe generalized visceral and skeletal Gaucher disease. Fifteen cases with 
spinal cord compression due to radiologically confirmed vertebral collapse and/or 
extraosseous accumulation of Gaucher cells have been reported41-51 (see Table 4). 
In our cohort two such patients were identified. 

Sporadic central nervous system involvement
Several case reports have been published describing type I Gaucher patients 
who experienced other types of central nervous system diseases than those 
mentioned above. The literature review revealed three patients with type I 
disease in whom an astrocytoma developed52, 53. Additionally, Melamed et al54 
reported a patient suffering from massive systemic fat embolism, involving mainly 
the brain and lungs. It was presumed that the severe skeletal involvement due to 
Gaucher disease led to the development of fat embolization. Cormand et al9, 10, in 
their overview on clinical features and genotypes in a cohort of Spanish Gaucher 
patients, mentioned a patient with type I disease (genotype N370S/unknown) and 
macrocephaly. No further information about this patient was given. Two siblings 
with type I Gaucher disease and Joubert syndrome have been described55. 
Joubert syndrome is a rare genetic developmental disorder with agenesis or 
hypoplasia of the cerebellar vermis and brainstem, which can lead to episodic 
hyperpnoea, abnormal eye movements, hypotonia, ataxia, developmental delay, 
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Table 3 Type I Gaucher disease and parkinsonism

Sex

Age at 
onset 
(years) Genotype

Response to 
therapy for 
parkinsonism Course Reference

F 45 ?/? Transient Progressive McKeran et al20 
? ? N370S/500insT Poor ? Cormand et al9, 10 
F ? ?/? ? ? Tylki-Szymanska 

et al27 
3M, 3F 41-55 ?/? Unresponsive Progressive Neudorfer et al21 
M 39 N370S/IVS2+1 Poor ? Machaczka et al19 
3 M/F ? ?/? ? ? Pérez-Calvo et al23

M 62 N370S/V394L Transient Progressive Várkonyi et al28 
M 44 N370S/L444P Transient Progressive Bembi et al7 
F 43 G377S/G377S Transient Progressive Bembi et al7

F 59 N370S/? Transient Progressive Bembi et al7 
F 55 N370S/? Good Progression 

after 17 years
Bembi et al7 

M 63 N370S/V394L Transient Progressive Várkonyi et al29 
F 47 N370S/N370S Poor ? Várkonyi et al29 
M 4th decade R463C/R120W No response Progressive Várkonyi et al29 
M 45 N370S/c.1263-1317del No response ? Várkonyi et al29 
F 43 G377S/G377S Transient ? Tayebi et al26 
M 48 N370S/c.84-85 insG ? ? Tayebi et al26 
M 62 N370S/N370S Some ? Tayebi et al26 
M 59 N370S/? Some ? Tayebi et al26 
F 50 N370S/? Minimal Died at age 62 Tayebi et al26 
M# 6th decade N370S/N370S Poor Died at age 75 Tayebi et al26

F 45 N370S/N370S Transient ? Tayebi et al26

M 4th decade N370S/N370S Poor Died at age 54 Tayebi et al26

3 M/F ? ?/? ? ? Pastores et al22 
F 51 ?/? ? ? Goker-Alpan et 

al13 
M 62 N370S/N370S ? ? Goker-Alpan et 

al13

M 63 ?/? No response Died at age 69 Goker-Alpan et 
al13

M# 6th decade N370S/N370S ? Died at age 75 Lwin et al18 
M ? N307S/1263del55 ? ? Hamlat et al15 
18 
M/F*

? ?/? ? ? Eblan et al11 

M 43 N370S/L444P Some ? Spitz et al25 
M 42 L444P/R463C Good Symptoms and 

signs resolved
Itokawa et al16 

F 50 N370S/? Recently 
started on 
therapy

Recently 
diagnosed

Dutch cohort

#Probably the same patient; *Unclear whether or how many patients have been described 
previously; ?=Unknown or could not be extracted from the paper.



36

2

Table 4 Type I Gaucher disease and spinal cord or nerve root compression 

Sex

Age at 
onset 
(years)

Spinal cord and/or nerve 
root involvement Findings Reference

F 41 Spinal cord compression Collapse of T12 Raynor51 

M 58 Spinal cord compression Collapse of T12 and L3 Markin and Skultety49 

M 58 Spinal cord compression Collapse of T6 Goldblatt et al42 

M 62 Spinal cord compression Collapse of T11 Hermann et al44 

? 36 Myelopathy Thoracic vertebral collapse Grewal et al43 

M 64 Spinal cord and nerve 
root compression, cauda 
equina syndrome

Collapse of T5, 6 and 12, L2, 
4 and 5

Grewal et al43 

? 60 Myelopathy Thoracic vertebral collapse Grewal et al43 

F 70 Spinal cord compression Collapse of T7 Neau et al50 

M 9 Spinal cord and root 
compression 

Collapse of T5, 7 and 12 
and L1-5 resulting in a 
kyphoscoliotic spine

Katz et al46 

M 16 Spinal cord compression Collapse of T12 Katz et al46 

F 31 Spinal cord compression Collapse of T12 Katz et al47 

M 40-50 Spinal cord compression Collapse of T12 Kaloterakis et al45 

M 18 Spinal cord compression Collapse and wedging T8-12 Kocher and Hall48 

M 53 Spinal cord compression Plasmacytoma and collapse 
of T10

Dutch cohort

F 72 Spinal cord compression Collapse of T12 Dutch cohort

F ? Paraplegia Extraosseous accumulation 
of Gaucher cells in the 
thoracolumbar region

Goldblatt et al41 

M 73 Sensory deficit 
corresponding to the T2-3 
level

Extraosseous accumulation 
of Gaucher cells

Hermann et al44 

? ? Electrophysiological signs 
of long sensory spinal 
tract involvement

- Mercimek-Mahmutoglu 
et al62 

? 33 Conus medullaris 
syndrome

Haematomyelia Grewal et al43 

M 65 Cauda equina syndrome Intradural sacral cyst due to 
subdural haemorrhage

Hamlat et al15 

F 41 Bilateral nerve root 
compression 

Not confirmed by imaging Bischoff et al63 

F 68 Low back pain and a 
bilateral positive Lasègue 
sign

Osteoporosis of spine and 
lumbar discopathy

Benjamin et al67 

F 67 Pain in right leg Multiple myeloma L5 Miller et al68 

F 31 Low-back pain radiating 
to the right lower 
extremity 

Collapse of T12 Hermann et al44 
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and mental retardation. However, the diagnosis of Joubert syndrome in these 
cases has been questioned, although no alternative diagnosis was given56. In a 
study with the aim of establishing co-morbidity in type I Gaucher disease patients 
and carriers, two patients with type I disease and a neurological disorder were 
reported: one case of stroke and one case of dementia23. Two other patients 
have been described in the literature with Gaucher disease and a cerebrovascular 
accident; one patient with a not further specified cerebrovascular accident57 and 
another patient with intracerebral haemorrhage58. Soffer et al59 reported a patient 
experiencing disorientation, mild hemiparesis, focal seizures and multifocal 
myoclonus during an episode of severe illness. In our cohort, 12 patients had 
sporadic central nervous system involvement. 

Peripheral nervous system involvement

(Poly)neuropathy
Poly- and mononeuropathies in type I Gaucher disease have been described 
incidentally (see Table 5) and comprise mononeuropathies caused by spontaneous 
or postoperative bleeding56, a plexopathy due to a fracture of the pelvis58, 
mono- and polyneuropathies as a consequence of an associated disease60, 61 or 
idiopathic mono- and polyneuropathies22, 57, 62, 63. Despite the small number of 
reports, polyneuropathy is probably more common in type I disease than has 

Table 4 Continued

Sex

Age at 
onset 
(years)

Spinal cord and/or nerve 
root involvement Findings Reference

F 57 Low-back pain radiating 
to the right leg

Collapse of L2 Butora et al58 

? 25 Lumbosacral 
radiculopathy

Lower thoracic vertebral 
osteomyelitis

Grewal et al43 

F 12 Nerve root compression Collapse of T7-L5 resulting 
in a kyphoscoliotic spine

Katz et al46 

M 43 Radiculopathy L4-S1 Spinal stenosis L3-4 Spitz et al25 

F
 

66
66

Radiculopathy L5
Radiculopathy

Lumbar disc herniation L4-5
Spondylodiscitis

Dutch cohort 

F
 

50

55

Lumbosacral radicular 
syndrome
Neck pain radiating to 
right arm

Lumbar disc herniation L5-S1

Cervical stenosis and 
cervical disc bulging

Dutch cohort
 

M 64 Lumbosacral radicular 
syndrome

Lumbar disc herniation Dutch cohort

F 59 Low-back pain radiating 
to both legs

Vertebral collapse L3 and L4 
and lumbar stenosis

Dutch cohort

?=Unknown or could not be extracted from the paper
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been generally recognized. Various studies have been initiated after reports 
on the occurrence of peripheral neuropathy in type I Gaucher disease patients 
during a trial with miglustat. The relationship with the drug is unclear so far, and a 
prospective cohort study is currently being performed to establish the incidence 
and prevalence of peripheral nerve disease in patients with type I Gaucher 
disease who have not been treated with miglustat. Preliminary results of this 
large multicentre study suggest that polyneuropathy does indeed occur more 
often in type I disease than would be expected given the estimated prevalence of 
polyneuropathy in the general population (Hollak et al, unpublished 2006). This is 
in line with two previously published surveys. One survey of 55 patients with type 
I Gaucher disease, not using miglustat, revealed that 73% experienced at least 
one neurological symptom (sciatica, paraesthesias, muscle weakness, muscle 
cramps and tremor)22. Another survey of 107 patients and 104 controls confirmed 
these findings; patients reported a significantly larger number of symptoms 
versus controls (4.4 vs 2.4)64. In the Dutch cohort we identified four patients 
with a polyneuropathy and three with a mononeuropathy. The pathogenesis of 
peripheral nerve involvement is unclear. Bischoff et al63 described a patient with 
polyneuropathy in association with type I Gaucher disease. A sural nerve biopsy 
of this patient revealed accumulation of a lipid-containing substance in Schwann 
cells and, to a lesser extent, in axons. The authors hypothesized that the peripheral 
nervous system was involved in the storage process of glucocerebrosides. 
However, as already stated by Winkelman et al65, the published findings were 
not diagnostic for any specific disease and the authors failed to rule out common 
causes of polyneuropathy. 

Frankel et al66 recently studied 65 treated and untreated Gaucher patients 
using the Current Perception Threshold (CPT) test, which evaluates Aβ-, Aδ- and 
C-fibres. Abnormal results were seen in 26/65 patients (40%). Most patients had 
abnormal results at the median nerve and the most common affected nerve fibres 
were C-fibres. These findings suggest that small fibre neuropathy is more common 
in patients with Gaucher disease. 

Nerve root compression
Five cases have been reported with nerve root compression due to radiologically 
confirmed vertebral collapse with or without extraosseous accumulation of Gaucher 
cells, osteoporosis or spinal stenosis25, 43, 44, 46, 58, 67 (see Table 4). Other causes of 
nerve root involvement are rare; only two case reports have been published on 
patients presenting with a conus medullaris and cauda equina syndrome caused 
by an intra- or subdural haematoma15, 43, and two isolated cases with nerve root 
compression due to multiple myeloma and osteomyelitis43, 68. 

Sporadic peripheral nervous system complications
In rare instances, the concurrence of type I Gaucher disease and peripheral 
nervous system complications has been reported. Bleeding tendency, which is 
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Table 5 Gaucher disease type I and neuropathy 

Sex

Age at 
onset 
(years) Peripheral nerve disease Additional information Reference

F 41 Polyneuropathy Sural biopsy showed 
accumulation of glycolipids 
in Schwann cells and axons

Bischoff et al63 

M 71 Possibly polyneuropathy Paraesthesia and weakness 
of extremities

Chang-Lo et al57 

F 44 Polyneuropathy In association with 
antisulfatide antibodies

McAlarney et al61 

? ? Axonal polyneuropathy Confirmed by nerve 
conduction studies

Mercimek-
Mahmutoglu et al62 

M 43 Polyneuropathy Diagnosed during 
participation in a trial, 
vitamin B12 deficiency 

Dutch cohort

M 44 Polyneuropathy Diagnosed during 
participation in a trial

Dutch cohort

M 63 Polyneuropathy Diagnosed during 
participation in a trial

Dutch cohort

M 70 Polyneuropathy History of treatment with 
thalidomide

Dutch cohort

26 M/F ? Predominantly small fibre 
neuropathy

- Frankel et al66 

4 M/F ? Carpal tunnel syndrome - Pastores et al22 

M 26 Carpal tunnel syndrome - Dutch cohort

F 62 Ulnar neuropathy and 
carpal tunnel syndrome

- Dutch cohort

M 53 Ulnar neuropathy and 
carpal tunnel syndrome

In association with multiple 
myeloma and amyloidosis

Dutch cohort

F 70 Left ulnaropathy In association with 
cryoglobulinaemia

Benjamin et al60 

F 56 Lumbosacral plexopathy Due to a fracture of the 
pelvis

Butora et al58 

? 36 Femoral neuropathy Postoperative bleed Grewal et al43 

? 23 Femoral neuropathy Spontaneous retroperitoneal 
bleed

Grewal et al43 

? 27 Sciatica Spontaneous pelvic 
hematoma

Grewal et al43 

M 61 Neuralgic amyotrophy of 
one shoulder

- Dutch cohort

F 47 Ischaemia of the brachial 
plexus

Following embolization of an 
AV-shunt

Dutch cohort

?=Unknown or could not be extracted from the paper
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a common feature of type I Gaucher disease, has incidentally led to pain and/or 
inability to walk due to an iliopsoas muscle haematoma69-71. Muscle involvement 
as a result of infection has been published twice. A patient with Gaucher disease 
presenting with back pain radiating anteriorly to the left thigh and down to the 
knee, and at physical examination mild weakness of the iliopsoas muscle, was 
found to have a paravertebral pneumococcal abscess with displacement of the 
iliopsoas muscle72. Berger et al73 demonstrated a patient with an isolated Candida 
infection of the pterygoid muscles. One patient reported by Melamed et al54 had 
a history of an episode of right peripheral facial palsy. Eight patients in our cohort 
had sporadic PNS involvement. 

Co-morbidity known to be associated with nervous system diseases
Gaucher disease is associated with an increased incidence of immunoglobulin 
abnormalities67, 68, 74-90. The pathogenesis is unclear, but increased pro-inflammatory 
cytokines that are known to play a role in the growth and survival of B-cells may be a 
causative factor91. Polyclonal gammopathy is very common, and even monoclonal 
gammopathies have been described in up to 20% of adult Gaucher type I patients. 
Accordingly, the incidence of multiple myeloma is greatly increased77. Monoclonal 
gammopathy of undetermined significance (MGUS), especially of the IgM type, 
is a known cause of polyneuropathy92. However, no reports have been published 
on patients with Gaucher disease, MGUS and concomitant polyneuropathy. 
Similarly, radiculopathy and spinal cord compression are common neurological 
complications of multiple myeloma, resulting from compression of a nerve root 
or the spinal cord by a paravertebral plasmacytoma or by a collapsed vertebral 
body92. We found only one report in the literature of a patient with Gaucher 
disease, multiple myeloma and radiculopathy68 and identified one patient in our 
cohort. 

The increased incidence of immunoglobulin abnormalities may explain 
the cases with both Gaucher disease and primary amyloidosis45, 93-96. Primary 
(AL) amyloidosis is characterized by extracellular deposition of insoluble fibrils 
composed of low-molecular-weight subunits of monoclonal immunoglobulin light 
chains. Peripheral neuropathy, especially small fibre neuropathy and compression 
of the median nerve within the carpal tunnel, is a frequent complication of primary 
amyloidosis. Both can be the presenting feature of the disease. Symptoms of 
bowel or bladder dysfunction and findings of orthostatic hypotension may be 
due to autonomic nervous system damage97, 98. The above-mentioned cases with 
Gaucher disease and amyloidosis did not show concomitant peripheral nervous 
system disease. 

Vitamin deficiencies have sporadically been reported in association with 
Gaucher disease. A patient has been described with Gaucher disease and 
coincidental vitamin B12 deficiency anaemia99. She was a vegetarian, making 
dietary deficiency a likely explanation. It has been questioned whether vitamin B12 
deficiency is more prevalent among patients with Gaucher disease. Gielchinsky 
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et al100 found that, among a cohort of 89 untreated type I patients, 40% had 
low serum levels of vitamin B12, but they did not find a significantly different 
prevalence in neighbourhood control subjects (31%) and in healthy blood donors 
of different ethnicities (12-38%). Delpre et al101 suggested that repeated blood 
donations might result in vitamin B12 deficiency, making blood donors unsuitable 
as control group. Vitamin B12 deficiency is a known cause of a subacute combined 
degeneration of the spinal cord and concomitant polyneuropathy102. However, 
no case reports have been published describing the concurrence of Gaucher 
disease, vitamin B12 deficiency and nervous system disease. 

Decreased plasma vitamin E levels were thought to be associated with 
Gaucher disease. Rachmilewitz et al103 found low levels in 17 out of 20 patients 
with Gaucher disease. These patients did not show clinical symptoms or signs that 
could result from vitamin E deficiency104. 

Another concomitant condition was mentioned in the epidemiological survey 
of 55 patients with type I Gaucher disease; 5 (9%) had diabetes mellitus22, a disease 
that is highly associated with central and peripheral nervous system diseases. No 
other reports on patients with Gaucher disease and diabetes mellitus have been 
published. 

DISCUSSION
Although type I Gaucher disease is known as non-neuronopathic Gaucher 
disease, this cohort study and review of the literature revealed that central and 
peripheral nervous system involvement is not uncommon. In our cohort 36% of 
patients had at least one confirmed neurological disease. It is hard to estimate 
whether the prevalence and incidence of the different neurological diseases 
are different in Gaucher type I patients compared with the general population. 
Reliable prevalence and incidence data of diseases are hard to find and often not 
applicable to the population under study. Data may vary between countries owing 
to different registration systems or ‘real’ differences in prevalence and incidence. 
Furthermore, the study group consists of only 75 patients with sometimes only one 
or two affected patients, making 95% confidence intervals wide. Keeping these 
pitfalls in mind, estimates of the prevalence of some of the neurological diseases 
in the general population are as follows: epilepsy 0.9%105; Parkinson disease 0.2% 
at age 55-64 years to 4.8% at age 85 years and over106; dementia 0.4% at age 
55-59 years to 43% at age 95 years and over107; polyneuropathy 0.1-3.6%108, 109; 
carpal tunnel syndrome 2.7%110; and lumbar disc herniation 0.2-0.4% (Continuous 
Morbidity Registration Nijmegen). In the general population, the lifetime 
prevalence of migraine in women is 33% and in men 13.3%111. Between 25% and 
60% of hospitalized persons experience an acute confusional state (delirium)112, 
the annual incidence rate of Bells’ palsy is between 13 and 34 cases per 100 
000 population113. The prevalence of most of these neurological diseases seems 
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to be higher in Gaucher type I patients compared with the general population, 
but owing to the above mentioned pitfalls it would be reckless to draw any firm 
conclusions about the relative risks for the specific problems in patients with type 
I Gaucher disease. 

The notion of frequent CNS and PNS involvement has been used by some as 
an argument for the existence of a wide Gaucher disease spectrum rather than 
separate types of Gaucher disease. However, although neurological involvement 
is quite often encountered in type I disease, a clear distinction between type I 
and the other two types still can be made on clinical as well as neuropathological 
grounds. The presence of supranuclear gaze palsy, cognitive decline, epilepsy, 
myoclonus and/or ataxia should, in our opinion, lead to a diagnosis of type 
II or type III Gaucher disease. We think that a diagnosis of late-onset type III 
disease should be made even when these symptoms occur in the second, third or 
even fourth decade (see Table 2). The distinction between types I and III is also 
supported by the type of pathological changes in the brain. Changes involving 
specific regions of the brains were common in all three Gaucher disease types; 
patients classified as having type I disease have only astrogliosis, whereas neuronal 
loss predominated in both type II and type III disease patients114. Moreover, the 
distinction between type I and the two other types is of importance since it 
predicts prognosis and enables genetic counselling. One may speculate on the 
existence of a continuum of type II and III disease as the difference between types 
II and III mainly depends on the age of onset and rate of progression, and the 
pathological findings in the brains of type II and III patients indicate quantitative 
rather than qualitative differences. 

It could be debated whether parkinsonism, the most prevalent central 
nervous system manifestation in type I Gaucher disease subjects, should lead to 
a reclassification into type III disease. There are several reasons why this should 
be rejected: (i) the lack of other neurological manifestations typical of type III 
disease; (ii) brain pathology revealed astrogliosis without neuronal loss114, and 
(iii) the fact that elevations in brain glucosylsphingosine, a neurotoxic glycolipid, 
have not been found in patients with type I disease and parkinsonism26, whereas 
an elevated level was found in all type II and III patients115. 

A difficulty in classification may also exist when a patient with type I Gaucher 
disease and parkinsonism develops abnormal horizontal saccadic eye movements29, 

39. Oculomotor signs, especially difficulty or inability to generate saccades, are 
characteristic of type III Gaucher disease. Their presence is considered to be 
diagnostic of neuronopathic disease, and they may precede the emergence of 
overt neurological signs by many years. However, abnormalities in saccadic eye 
movements are also associated with parkinsonism, although they usually develop 
when the disease progresses. Unfortunately, it is often unclear whether the 
oculomotor signs preceded or developed in the course of parkinsonism. These 
patients should, in our opinion, be classified as type I disease in the presence of 
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other symptoms that point in the direction of a diagnosis of parkinsonism and 
without other symptoms or signs indicating type III disease. 

In conclusion, the division into the three types should be maintained. The 
term non-neuronopathic Gaucher disease, however, does not seem to be an 
appropriate description for type I Gaucher disease, given the many neurological 
symptoms and diseases in the Dutch cohort and the many reports on central and 
peripheral neurological involvement in literature. As the neurological changes in 
type I Gaucher disease are of a totally different kind and, in the majority of cases, 
of much less severity in comparison with the changes associated with type II and 
III disease, the presence of neurological changes in type I disease should not 
lead to the concept of a continuum of symptoms and signs in the three types of 
Gaucher disease. 
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SUMMARY 
Type I Gaucher disease is currently categorized as non-neuronopathic, 
although recent studies suggest peripheral neurological manifestations. We 
report prevalence and incidence data for peripheral neuropathy and associated 
conditions from a multinational, prospective, longitudinal, observational 
cohort study in patients with type I Gaucher disease, either untreated or 
receiving enzyme replacement therapy. The primary outcome parameters were 
the prevalence and incidence of polyneuropathy, evaluated by standardized 
assessments of neurological symptoms and signs, and electrophysiological 
studies. All diagnoses of polyneuropathy were adjudicated centrally. 
Secondary outcome parameters included the prevalence and incidence of 
mononeuropathy, other neurological or electrophysiological abnormalities not 
fulfilling the criteria for a mono- or polyneuropathy and general type I Gaucher 
disease symptoms. Furthermore, a literature search was performed to identify 
all studies reporting on prevalence and incidence of polyneuropathy in the 
general population. One hundred and three patients were enrolled [median 
(range) age: 42 (18-75) years; disease duration: 15 (0-56) years; 52% female]; 
14 (13.6%) were untreated and 89 (86.4%) were on enzyme replacement 
therapy. At baseline, 11 patients [10.7%; 95% confidence interval (CI): 5.9;18.3] 
were diagnosed with sensory motor axonal polyneuropathy. Two (1.9%; 95% 
CI: 0.1;7.2) had a mononeuropathy of the ulnar nerve. The 2-year follow-up 
period revealed another six cases of polyneuropathy (2.9 per 100 person-
years; 95% CI: 1.2;6.3). Patients with polyneuropathy were older than those 
without (P<0.001). Conditions possibly associated with polyneuropathy were 
identified in four patients only, being monoclonal gammopathy, vitamin B1 
deficiency, folic acid deficiency, type 2 diabetes mellitus, renal insufficiency, 
alcohol abuse and exposure to toxins related to profession. The 11 cases of 
polyneuropathy found at baseline were confirmed during follow-up. According 
to the literature, the prevalence of polyneuropathy in the general population 
was estimated between 0.09 and 1.3% and the incidence was estimated 
between 0.0046 and 0.015 per 100 person-years. Thus, we conclude that the 
prevalence and incidence of polyneuropathy in patients with type I Gaucher 
disease is increased compared with the general population.
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INTRODUCTION
Gaucher disease is one of the most common glycosphingolipid storage disorders, 
with an estimated global prevalence of 1 : 200 0001. Impaired activity of the 
lysosomal enzyme, β-glucocerebrosidase, leads to build-up of glucosylceramide 
in macrophages, forming lipid-engorged ‘Gaucher cells’ that accumulate primarily 
in the liver, spleen, bone, lungs and the nervous system2, 3. Unlike in the rare 
type II and III phenotypes, the absence of neurological symptoms is traditionally 
considered mandatory for a diagnosis of type I Gaucher disease. However, 
emerging data suggest that neurological manifestations could be considered part 
of the type I Gaucher disease phenotype. 

A recent systematic review of the literature identified 86 reports in which patients 
with type I Gaucher disease, or carriers of a glucocerebrosidase gene mutation, 
were described with some form of neurological manifestation. In addition, a 
cohort of 75 type I Gaucher disease patients was retrospectively investigated for 
the prevalence of neurological manifestations. Thirty-four neurological diagnoses 
were made and 45 patients reported at least one neurological symptom during 
the median follow-up time of 11 years. Paraesthesias were the most frequently 
mentioned complaint4. This high prevalence of neurological symptoms is 
supported by the findings of an epidemiological survey of patients with type 
I Gaucher disease undergoing long-term enzyme replacement therapy. This 
survey revealed that 73% of patients had at least one neurological symptom, 
including paraesthesias, tremor, muscular weakness, muscle cramps and sciatica, 
most of which were thought to be due to peripheral nervous system disease5. 
A case-control survey in 107 patients with type I Gaucher disease (untreated 
or receiving enzyme replacement therapy) and 104 controls corroborated 
these findings, reporting a significantly higher frequency of all of the following 
peripheral neuropathy-related symptoms among the patients: loss of feeling, pins 
and needles, tingling, shooting pains, muscle weakness, cold sensation, hands 
‘fall asleep’ and not stable on feet6. However, the above-mentioned studies 
were limited by the absence of a neurological examination and standardized 
electrophysiological assessment. A study in 31 patients with type I Gaucher disease 
revealed three patients with polyneuropathy confirmed by electrophysiological 
assessment. Electrophysiological assessment was carried out in only half of the 
studied patients (15 out of 31), and the selection criteria for patients to have 
this test were not made clear7. Thus, contrary to the classical non-neuronopathic 
phenotypical description, peripheral nervous system manifestations appear to be 
of particular relevance in type I Gaucher disease, but available data do not permit 
a reliable estimate of the prevalence and incidence of peripheral neuropathy in 
type I Gaucher disease. 

The occurrence of peripheral neuropathy in type I Gaucher disease is of 
specific interest following observations of two cases during a clinical trial with 
the substrate reduction therapy, miglustat (ZavescaTM, Actelion Pharmaceuticals, 
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Basel, Switzerland)8, 9; relatedness to treatment was unconfirmed due to the 
absence of baseline neurological and electrophysiological assessment. As part of 
a post-marketing surveillance commitment of Actelion to the European Medicines 
Evaluation Agency in relation to the registration of miglustat, a multicentre study 
was undertaken to investigate comorbidities in type I Gaucher disease, with a 
special focus on peripheral neuropathy. The study was done under the auspices of 
the European Working Group on Gaucher Disease. Here, we report baseline and 
2-year follow-up data from this study, with the principal aim of determining the 
prevalence and incidence of polyneuropathy in type I Gaucher disease. Additional 
aims were to evaluate the prevalence and incidence of mononeuropathy, other 
neurological or electrophysiological abnormalities not fulfilling the criteria for a 
mono- or polyneuropathy, and standard type I Gaucher disease manifestations. 
Finally, a literature search was performed on the prevalence and incidence of 
polyneuropathy in the general population, for comparison with the study data.

MATERIALS AND METHODS

Design
This 2-year prospective, longitudinal, observational cohort study was conducted 
in eight centres across seven countries in Europe.

The primary outcome parameters were the prevalence and incidence of 
polyneuropathy, evaluated by standardized assessments of neurological symptoms 
and signs in conjunction with standardized electrophysiological assessment. 
Additional outcomes included the prevalence and incidence of mononeuropathy, 
other neurological or electrophysiological abnormalities not fulfilling the criteria 
for a mono- or polyneuropathy, general type I Gaucher disease symptoms and 
assessments of associated conditions. All diagnoses of peripheral neuropathy 
were adjudicated centrally.

The data from the observational cohort study were compared with data obtained 
from 25 healthy subjects who were assessed using identical methodology to the 
current study including equally standardized electrophysiological assessment at 
the Academic Medical Centre in Amsterdam. A comparison was also made with 
data obtained after a systematic review of the literature. To this end, Medline 
and Embase were searched to identify all studies reporting on prevalence and 
incidence of polyneuropathy in the general population between 1960 and 2009.

Patients
Eligible adult patients (aged ≥ 18 years) diagnosed with type I Gaucher disease 
by glucocerebrosidase assay or molecular genetic analysis, attending routine 
clinical visits and receiving either no treatment or enzyme replacement therapy 
were enrolled between 3 May 2005 and 28 December 2006. Those with a history 
of oculomotor gaze palsies, ataxia or other manifestations associated with type III 
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disease were excluded. Patients were also excluded if they were undergoing or 
had undergone treatment with miglustat or an investigational agent. 

All patients provided written informed consent before participation. The 
study protocol was approved by independent local ethics committees and was 
conducted in accordance with the Declaration of Helsinki (1964) and subsequent 
revisions.

Assessments
Patients were initially screened for entry by the assessment of medical history 
(including Gaucher disease history) and concurrent medical conditions and 
comorbidities. Special attention was given to conditions and comorbidities that 
are related to, or may cause, polyneuropathies, such as diabetes and alcohol use. 
Concomitant therapies were fully documented. In addition, all patients underwent 
laboratory investigations including vitamin B12, vitamin B1, folic acid, creatinin, 
total protein and electrophoresis. Homocysteine and methylmalonic acid were 
measured in a central laboratory. A vitamin B12 deficiency was defined as an 
increase in homocysteine above the top of the reference ranges of 6-15 mM/l for 
pre-menopausal females and 8-18 mM/l for males and post-menopausal females, 
and of methylmalonic acid levels 40.4 mM/l; elevations of these parameters 
indicate vitamin B12 deficiency at the tissue level. Glucose levels were measured 
in all patients diagnosed with polyneuropathy, eventually followed by glucose 
and HbA1c during fasting.

All patients underwent assessments of systemic Gaucher disease manifestations 
including liver and spleen volume measurement either by computed tomography, 
magnetic resonance imaging or ultrasound, and Gaucher cell infiltration of bone 
marrow measured by magnetic resonance imaging, and/or bone mineral density 
measured by dual-energy X-ray absorptiometry. Chitotriosidase levels were 
measured in a central laboratory.

On study entry, and every 6 months thereafter, all patients underwent a 
systematic neurological assessment of symptoms and signs. In addition, all 
patients underwent standardized electrophysiological assessment at baseline. 
Electrophysiological assessment was repeated when new symptoms and/or signs 
appeared, or when existing symptoms worsened during the 2-year follow-up 
period. Furthermore, all patients diagnosed with a polyneuropathy at baseline 
underwent a repeated electrophysiological assessment at 24 months. Disability 
was evaluated using the Inflammatory Neuropathy Cause and Treatment (INCAT) 
disability scale10.

‘Polyneuropathy’ was defined as a diffuse, generally symmetrical, length-
dependent disease of two or more nerves, in contrast to ‘mononeuropathy’ where 
only one nerve is involved. Diagnoses of mono- or polyneuropathy were confirmed 
only in patients with clinical neurological symptoms and/or signs compatible with 
peripheral neuropathy in combination with electrophysiological abnormalities.
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Neurological assessment of symptoms and signs
Clinical neurological symptoms were assessed using a neurological symptom 
survey, a questionnaire-based evaluation used to assess symptoms according 
to a standardized protocol. Patients were asked whether they had experienced 
the following symptoms for periods of at least 1 week either unilaterally or 
bilaterally in the hands, arms, legs and feet: burning sensations, decreased sense 
of touch, tingling, shooting pains, limb falling asleep, trembling, muscle spasms, 
unsteadiness on feet, pins and needles, cold sensation, electric shock feelings, 
muscle weakness and muscle stiffness. This extensive questionnaire was used 
with the aim of detecting all patients with potential peripheral nerve disease, 
accepting that many would turn out not to have peripheral nerve involvement 
(high sensitivity, low specificity). Clinical neurological signs were evaluated by 
examination of muscle strength, deep tendon reflexes and sensation. Muscle 
strength was assessed using the standard Medical Research Council scale11. 
Sensory modalities were assessed with the INCAT sensory sum score12.

Symptoms and signs were assessed by certified neurologists who were trained 
by the central assessor before study site initiation and were considered to be due 
to polyneuropathy only if they were present in a symmetrical distribution with a 
proximal-to-distal gradient and confirmed by electrophysiological abnormalities.

Electrophysiological assessment
Electrophysiological assessment consisted of nerve conduction studies and 
electromyography according to standardized methodology being conducted by 
certified neurophysiologists at each centre13.

Electrophysiological data for each patient were compared with normative 
and cut-off values from the laboratory at which the measurement took place to 
ascertain if findings were normal or abnormal, and if abnormal findings were 
compatible with the definition of a polyneuropathy. Further standardization 
between laboratories was not judged to be necessary, as the data were not 
required for use in any statistical calculations. Electrophysiological abnormalities 
confined to one nerve, especially nerve conduction slowing or compound muscle 
action potential reduction over common entrapment sites, were considered to 
be compatible with a mononeuropathy. An electrophysiological diagnosis of 
polyneuropathy required more or less symmetric abnormalities in more than 
two nerves with the legs being more affected than the arms, i.e. evidence of a 
diffuse and length-dependent nerve disease. American Academy for Emergency 
Medicine criteria for demyelination were used to distinguish between axonal and 
demyelinating polyneuropathy14.

All results of electrophysiological studies were evaluated centrally in a two-step 
process. First, copies of the full reports were assessed in a blinded fashion (i.e. 
with no access to clinical signs or symptoms or other patient data, apart from age 
and gender) by the independent central reviewer. This resulted in four categories: 



PERIPHERAL NEUROPATHY IN GD I

3

55

(i) normal electrophysiological studies; (ii) abnormal electrophysiological studies 
fulfilling the criteria for a polyneuropathy; (iii) abnormal electrophysiological studies 
fulfilling the criteria for a mononeuropathy; and (iv) abnormal electrophysiological 
studies that were considered to be minor, i.e. either one abnormal parameter in 
one nerve or more than one parameter not within the same nerve at the lower or 
upper limit of normal.

Secondly, the central reviewer evaluated these findings in the context of 
all available clinical data and formulated a final diagnosis. This resulted in 
the following six categories: (i) patients with no evidence for peripheral nerve 
disease (normal or only minor abnormal electrophysiological studies and no 
symptoms or signs); (ii) patients with symptoms and signs unrelated to peripheral 
nerve disease (normal or only minor abnormal electrophysiological studies 
but symptoms and signs present); (iii) patients with a definite polyneuropathy 
(abnormal electrophysiological studies fulfilling the criteria for a polyneuropathy 
with symptoms or signs compatible with a polyneuropathy); (iv) patients with a 
sub-clinical polyneuropathy (abnormal electrophysiological studies fulfilling the 
criteria for a polyneuropathy but without symptoms or signs); (v) patients with a 
mononeuropathy (abnormal electrophysiological studies fulfilling the criteria for a 
mononeuropathy with symptoms or signs compatible with a mononeuropathy); and 
(vi) patients with a sub-clinical mononeuropathy (abnormal electrophysiological 
studies fulfilling the criteria for a mononeuropathy but without symptoms or signs).

Assessment of prevalence and incidence of polyneuropathy in the 
general population
First, a cohort of 25 healthy subjects was assessed using identical methodology to 
the current study including equally standardized electrophysiological assessment 
(both conducted and reviewed in a blinded manner by the same assessor as for 
the observational cohort study) at the Academic Medical Centre in Amsterdam. 
These subjects were investigated during the past 5 years as part of a natural 
history study in hereditary motor and sensory neuropathy type 1a patients, and 
hence were not formally part of the protocol of the cohort study15.

Secondly, a literature search was performed to identify all studies reporting 
on prevalence and incidence of polyneuropathy in the population. Medline and 
Embase were searched (1960-2009) using the keywords ‘polyneuropathies’, 
‘peripheral neuropathy’, ‘prevalence’, ‘occurrence’ and ‘epidemiology’. Eligibility 
was determined by reading the abstract, followed by the ‘Materials and Methods’ 
section if the paper was considered relevant. References listed in eligible papers and 
in review articles were searched. Papers that met the following criteria were selected:
(i) original data, prospectively or retrospectively collected;
(ii)  a predefined definition of polyneuropathy, or reproduction of data in such 

a way that polyneuropathy cases could be identified. In the latter case, the 
most strict definition possible was used;
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(iii)  reporting on true polyneuropathies, which means that in papers reporting 
on ‘peripheral neuropathies’, either polyneuropathies were mentioned sepa-
rately or the description of cases suggested distal symmetric neuropathy;

(iv)  case-control studies, in which controls were healthy or randomly sampled;
(v)  human studies only;
(vi)  focus on adults, but population-based studies reporting on children and 

adults were eligible as well;
(vii)  English, Dutch, French or German language publications.

Sample size and data analysis
The cohort study is an observational study in a rare disease, and as such the 
sample size was chosen on pragmatic grounds. The aim was to recruit at least 100 
patients with type I Gaucher disease in order to generate a reliable prevalence 
estimate for peripheral neuropathy in terms of two-sided 95% CIs constructed 
using the adjusted Wald method16. Descriptive summaries of the data are based on 
the ‘all-enrolled’ study population. The prevalence of mono- and polyneuropathy 
was determined from all patients who underwent both clinical neurological 
examinations and electrophysiological assessment. Prevalence is given as a 
percentage with a 95% CI. The incidence was calculated as the number of new 
cases divided by the calculated sum of follow-up years of all included patients. 
Incidence is given as the number of cases per 100 person-years with a 95% CI. All 
other results are expressed by median and ranges. Characteristics of patients with 
polyneuropathy were compared with those of patients without polyneuropathy. 
Differences between variables were tested using the Mann-Whitney U-test and 
differences in proportions were tested using Fisher’s exact test.

Data were collected by Actelion Pharmaceuticals Ltd, sponsor of the study. 
The full-study database was released by Actelion to three of the authors (MB, 
CEMH and INvS) in order to analyse the data and write the manuscript.

To generate from the selected literature a pooled estimate of the prevalence 
of polyneuropathy in the general population, the numbers of polyneuropathy 
cases were extracted from each eligible study. Subdivisions were made on the 
basis of diagnostic criteria (signs only, symptoms and signs, electrophysiological 
studies and symptoms and/or signs with electrophysiological confirmation) and 
study type (hospital-, general practitioner- and population-based studies and 
case-control studies). The pooled estimate of the prevalence was calculated by 
combining individual study data using the study size as weight and is given as a 
percentage with the 95% CI constructed using the adjusted Wald method16.
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RESULTS

Patient population
All patients with a confirmed diagnosis of type I Gaucher disease were asked to 
participate in this study. From a total of 104 patients screened for inclusion, 103 
patients were enrolled; one patient withdrew after screening due to an inability 
to commit to follow-up assessments. Patient characteristics are summarized in 
Table 1. 

One hundred and two patients attended at least one follow-up visit. Of the 
103 enrolled patients, 96 (93%) completed the follow-up. Two patients withdrew 
due to starting treatment with miglustat, one patient was non-compliant and the 
other four patients requested withdrawal from the study.

The healthy comparator subjects had a median (range) age of 48 (33-72) years, 
and this cohort consisted of 11 males and 14 females.

Prevalence of peripheral neuropathy at baseline
At baseline, a total of 11 patients (10.7%; 95% CI: 5.9;18.3), nine receiving 
enzyme replacement therapy, were confirmed as having sensory motor axonal 
polyneuropathy on the basis of electrophysiological abnormalities and the 
presence of neurological symptoms and/or signs both compatible with a 
polyneuropathy. Details of the results of neurological screening for each of the 11 
patients with polyneuropathy are given in Table 2. 

Mononeuropathy of the ulnar nerve at the elbow was found in two patients 
(1.9%; 95% CI: 0.1;7.2). One of these two patients was a frequent tennis player; 
the other patient did not have a history of trauma, arthritis or repetitive strain 
injury that could explain his mononeuropathy.

A total of 22 patients (21.4%) showed clinical symptoms and/or signs compatible 
with peripheral neuropathy, but did not have any electrophysiological abnormalities 
(Table 2). Conversely, electrophysiological abnormalities were recorded in a total of 
23 patients (22.3%) who did not show clinical symptoms and/or signs compatible 
with peripheral neuropathy. Of these 23 patients, 19 had only minor abnormalities 
but 4 (3.9%) had electrophysiological abnormalities of a severity compatible with a 
polyneuropathy and were considered by the central assessor as being in the sub-
clinical phase of developing a polyneuropathy (Table 2).

The conclusions of electrophysiological studies did not change during the 
two-step assessment of peripheral nerve disease.

Results of follow-up study
Follow-up studies revealed six new cases (2.9 per 100 personyears; 95% CI: 
1.2;6.3) of polyneuropathy. Details of the results of neurological assessments are 
given in Table 2. No new cases of mononeuropathy were found.
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Table 1 Demographics, type I Gaucher disease characteristics, genotype and enzyme 
replacement therapy use (all-enrolled data set)

All patients 
(n = 103)

Demographics

Gender, male / female, n (%) 49 (47.6) / 54 (52.4)

Age in years, median (range) 42 (18-75)

Hospitalised during the last year, n (%)a 20 (19.4)

GD I characteristics

Time from diagnosis in years, median (range) 15 (0-56)

Splenectomised, n (%) 35 (34.0)

Plasma chitotriosidaseb in nmol/ml/hr, median (range) 5,232 (100-49860)

Genotype, n (%) 49,860

N370S/N370S 14 (13.7)

N370S/L444P 21 (20.6)

N370S/84GG 2 (2.0)

N370S/IVS2+1 1 (1.0)

N370S/rare allele 43 (42.2)

N370S/unknown mutation 14 (13.7)

L444P/L444P 1 (1.0)

L444P/rare allele 1 (1.0)

rare allele/rare allele 5 (4.9)

unknown mutation/unknown mutation 1 (1.0)

Enzyme replacement therapy

Receiving ERT, n (%) 89 (86.4)

Duration in years, median (range) 2.1 (0.0-13.6)

Dosage in IU/kg/month, median (range) 54.0 (11.1-156.3)

Systemic GD I manifestations, n (%)

Splenomegaly 93 (90.3)

Hepatomegaly 80 (77.7)

Thrombocytopenia 76 (73.8)

Bleeding tendencies 47 (45.6)

Anemia 43 (41.7)

Bone/joint pain 33 (32.0)

Bone crisis 31 (30.1)

aPrior to enrolment in the study; bdata available from 98 patients (normal range, 4-120 nmol/ml/
hr); GD I=type I Gaucher disease; ERT=enzyme replacement therapy.
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Among the 11 patients who were diagnosed with polyneuropathy at 
baseline, 4 (36%) showed worsening of electrophysiological abnormalities. The 
electrophysiological test results of the remaining 7 patients remained unchanged 
during the follow-up period.

Two of the 22 patients (9%) with symptoms and/or signs compatible 
with neuropathy but without electrophysiological confirmation developed 
polyneuropathy according to the predefined definition. Among the 19 
patients without symptoms and/or signs but with minor electrophysiological 
abnormalities, 4 patients (21%) developed polyneuropathy. Only 1 of the 4 
patients who were considered to be in the sub-clinical phase of developing a 
polyneuropathy had follow-up electrophysiological studies. This patient did not 
develop a polyneuropathy. The other 3 patients did not have any symptoms or 
signs at repeated neurological assessments during follow-up, and thus repeated 
electrophysiological assessment was not considered necessary.

Other neurological abnormalities
The neurological symptom survey showed at least one neurological symptom 
in 50 patients (49%). INCAT sensory sum scores and Medical Research Council 
sum scores indicated minimal impairment in most patients (data not included). 
The median sum of the INCAT arm and leg disability scale score was greater 
(indicating more severe disability) in polyneuropathy patients (1, range 0-5) than 
in nonpolyneuropathy patients (0, range 0-3) (P<0.001). For both groups, these 
scores indicate that there were few patients with symptoms in the arms, and that 
the ability to use zips and buttons, wash or brush hair, hold a knife and fork together 
and handle small coins was not affected. Walking was generally not affected, and 
patients whose walking was affected could walk independently outdoors. None of 
the polyneuropathy patients used pain medication for neuropathic pain.

Characteristics of patients with polyneuropathy
Given these results, patients with polyneuropathy were considered mildly affected. 
Patients diagnosed with polyneuropathy (n = 17) were generally similar to those 
without polyneuropathy (n = 86), although patients with polyneuropathy were 
older than nonpolyneuropathy patients (P<0.001) (Table 3).

Among the 17 patients diagnosed with polyneuropathy, 4 had conditions other 
than Gaucher disease that could possibly be associated with polyneuropathy: 2 
patients (both with genotype N370S/rare allele) had monoclonal gammopathy; 1 
of these 2 patients also had a medical history of alcohol abuse, renal insufficiency 
and vitamin B1 deficiency, and the other patient had concomitant vitamin B1 
deficiency and had been exposed to toxins related to his work in an iron foundry. 
The third patient had a medical history of type 2 diabetes mellitus and exhibited 
a decreased folic acid level. Finally, the fourth patient was diagnosed with type 2 
diabetes mellitus in April 2010. We found an abnormal glucose level in one other 
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Table 3 Demographics, type I Gaucher disease characteristics, enzyme replacement therapy use, 
biochemistry and systemic manifestations in polyneuropathy versus non-polyneuropathy patients

Polyneuropathy
(n = 17)

No polyneuropathy
(n = 86) P-value

Demographics

Age in years, median (range) 61 (41-75) 39 (18-67) <0.001

Gender, male/female, n (%) 11 (64.7)/6 (35.3) 38 (44.2)/48 (55.8) ns

GD I characteristics

Time from diagnosis in years, median (range) 23 (0-56) 15 (0-48) ns

Splenectomised, n (%) 6 (35.3) 29 (33.7) ns

Plasma chitotriosidasea in nmol/ml/hr, 
median (range)

7,897 
(100-49,860)

5,143  
(151-39,512)

ns

Genotype, n (%)

N370S/N370S 4 (23.5) 10 (11.6) ns

N370S/L444P 2 (11.8) 19 (22.1) ns

N370S/84GG 0 2 (2.3) ns

N370S/IVS2+1 1 (5.9) 0 ns

N370S/other 8 (47.1) 35 (40.7) ns

N370S/unknown mutation 2 (11.8) 12 (14.0) ns

L444P/L444P 0 1 (1.2) ns

L444P/other 0 1 (1.2) ns

Other/other 0 5 (5.8) ns

unknown mutation/unknown mutation 0 1 (1.2) ns

Enzyme replacement therapy 

Receiving ERT, n (%) 15 (88.2) 74 (86.0) ns

Duration in years, median (range) 3.0 (0.2-10.9) 2.1 (0.0-13.6) ns

Dosage in IU/kg/month, median (range) 30.0 (11.1-112.2) 58.2 (12.3-156.3) 0.013

Biochemistrya

Vitamin B1 in nmol/L, median (range) 161 (10-336) 151 (12-401) ns

Vitamin B12 in pmol/L, median (range) 208 (88-593) 237 (86-886) ns

Homocysteine in µMol/l, median (range) 11.4 (7.5-30.4) 9.7 (4.6-26.5) 0.013

Methylmalonic acid in µMol/l, median (range) 0.18 (0.09-0.98) 0.12 (0.03-0.54) 0.001

Systemic GD I manifestations, n (%)b

Splenomegaly 16 (94.1) 77 (89.5) ns

Hepatomegaly 16 (94.1) 64 (74.4) ns

Thrombocytopenia 10 (58.8) 66 (76.7) ns

Bleeding tendencies 9 (52.9) 38 (44.2) ns

Anemia 9 (52.9) 34 (39.5) ns

Bone/joint pain 9 (52.9) 24 (27.9) ns

Bone crisis 6 (35.3) 25 (29.1) ns

aData available from 99 patients for chitotriosidase, 97 patients for vitamin B12, 63 patients for vitamin 
B1, and 102 patients for homocysteine and methylmalonic acid; boccurring in >30% of patients. GD 
I=type I Gaucher disease; ERT=enzyme replacement therapy; ns=not significant. Normal ranges: 
plasma chitotriosidase, 4-120 nmol/ml/hr; methylmalonic acid, <0.4 µMol/l; homocysteine, pre-
menopausal females, 6-15 µMol/l, post-menopausal females and males, 8-18 µMol/l.
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patient (6.0 mmol/l), but the glucose level during fasting was normal (4.8 mmol/l). 
Another patient was found to have an impaired fasting glucose level (6.5 mmol/l) 
not fulfilling the criteria for diabetes in April 2010. All other polyneuropathy cases 
had non-fasting glucose levels below 5.6 mmol/l, and none of them developed 
diabetes mellitus up to April 2010.

Prevalence and incidence of polyneuropathy in the general 
population
In the 25 healthy subjects, the same diagnostic procedure as for the patients with 
type I Gaucher disease was followed to establish mono- or polyneuropathies. The 
neurological symptom survey data showed at least one neurological symptom 
in 6 subjects (24%), of whom 3 (12%) had unilateral and 3 (12%) had bilateral 
symptoms. Unilateral muscle weakness of one muscle was established in 1 subject, 
3 had decreased deep tendon reflexes and 5 had an INCAT sensory score that 
indicated mild sensory deficit. Two cases of mononeuropathy (8%) and no cases 
of polyneuropathy were found in these healthy subjects. 

The literature search identified two population-based studies17, 18 and nine 
case-control studies19-27 that closely resembled the design of our study since 
a definition of polyneuropathy as symptoms and/or signs in combination 
with electrophysiological abnormalities was applied. The two population-
based studies revealed a pooled estimated prevalence of chronic symmetric 
symptomatic polyneuropathy of 0.09% (95% CI: 0.08;0.10). The pooled estimate 
for the prevalence of polyneuropathy in the case-control studies was 1.3% 
(95% CI: 0.5;3.2). The studies using a less strict definition of polyneuropathy 
(symptoms and signs compatible with polyneuropathy) estimated the prevalence 
of polyneuropathy between 1.0% and 3.7%28-47. See Table 4 for a full list of studies 
on the prevalence of polyneuropathy in the general population.

Incidence rates of polyneuropathy have been reported in three studies. A 
large retrospective, general practitioner-based study revealed an incidence of 
polyneuropathy (all excluding diabetic and alcoholic subjects) of 0.015 per 100 
person-years (95% CI: 0.009;0.023). A diagnosis was made when clinical objective 
signs and abnormal electrophysiological results consistent with the diagnosis 
were recorded in a general practitioner database48. Another retrospective cohort 
study, based on data from general practices in the UK, revealed an incidence rate 
of 0.0046 per 100 person-years (95% CI: 0.0013;0.0118). The source population 
consisted of patients of 40-74 years old. A diagnosis of polyneuropathy was 
made when symptoms or absent Achilles tendon reflexes were recorded by 
the general practitioner, a consultant neurologist confirmed the diagnosis or 
electrophysiological studies were performed49. Finally, a multi-centre community-
based prospective study revealed an incidence of non-diabetic polyneuropathy of 
0.58 per 100 person-years (95% CI: 0.43;0.78)45. Diagnosis was made on the basis 
of the presence of symptoms and signs.
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Table 4 Studies on prevalence of polyneuropathy in the general population

Population-based
General 
practitioner-based Hospital-based Case-control

Signs only Gregg et al., 2004
Nang et al., 2009

500/2527
297/3957

Mold et al., 2004 246/795 Cheng et al., 2006 
Hoogeveen et al., 2000 
Molander et al., 1989 
Cousens et al., 1997 
Kindstrand et al., 1997 
Freeman et al., 2008 
Thuluvath and Triger, 1989
Wang et al., 2000

668/4546
7/266 
1/150
14/136
2/30
3/25
1/29
16/100

Pooled prev, 
% (95% CI)

12.3 (11.5;13.1) 30.9 (27.8;34.2) 13.5 (12.6;14.4)

Symptoms 
and signs

Osuntokun et al., 1982
Bharucha et al., 1987
Bharucha et al., 1991 
al Rajeh et al., 1993 
Oluwole et al., 2000
Baldereschi et al., 2007 
and The ILSA Working 
Group, 1997 

7/903
7/851 
82/14010
19/22630
41/3428
334/4478

IGPSG, 1995 
and Beghi and 
Monticelli, 1998 and 
Zarrelli et al., 2001 

151/4191 Beghi et al., 1988 19/1878 Franklin et al., 1990 
Daousi et al., 2004
Davis et al., 2004 
Leite et al., 2003 
Manschot et al., 2008 
Tapp et al., 2003 
Teunissen et al., 2002 
Watters et al., 2004 
Ziegler et al., 2008 

17/486
17/344
30/1017
5/196
7/56
13/464
5/96
2/48
6/81

Pooled prev, 
% (95% CI)

1.1 (1.0;1.2) 3.6 (3.1;4.2) 1.0 (0.6;1.6) 3.7 (3.0;4.4)

Electro- 
physiological 
diagnosis

Collin et al., 2000 
Godderis et al., 2006
Kindstrand et al., 1997
Vrethem et al., 1993 
Fujimoto et al., 1987 
Logullo et al., 1992 

0/77
3/66
4/30
2/33
4/79
0/16

Pooled prev, 
% (95% CI)

4.3 (2.5;7.3)

Symptoms 
and/or signs 
with electro- 
physiological 
confirmation

Mygland and Monstad, 
2001
Rudolph and Farbu, 2007

192/155464
226/305054

Lehtinen et al., 1989 
Albers et al., 2004 
Chroni et al., 2007 
Lopate et al., 2006 
Obermann et al., 2008 
Parry et al., 1997 
Vrethem et al., 1993 
Rosen et al., 1978 
MacKenzie et al., 1989

0/142
2/60
0/32
2/10
0/9
0/33
1/33
0/6
0/50

Pooled prev, 
% (95% CI)

0.09 (0.08;0.10) 1.3 (0.5;3.2)
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The incidence of electrophysiologically confirmed polyneuropathy is thus low: 
between 0.0046 and 0.015 per 100 person-years. Even when only symptoms and 
signs are used as an indication of polyneuropathy, the incidence remains low (0.58 
per 100 person-years).

DISCUSSION
This is the first large-scale, prospective study employing strictly defined criteria 
to assess the prevalence and incidence of peripheral nerve disease in type I 
Gaucher disease. The systematic, peripheral neurological evaluations in this type 
I Gaucher disease population identified sensory motor axonal polyneuropathy 
in 11 (10.7%) patients, and a mononeuropathy of the ulnar nerve at the elbow 
in 2 (1.9%) patients at baseline. Furthermore, six new cases of polyneuropathy 
were identified during a 2-year follow-up period (2.9 per 100 person-years). At 
baseline, 19 patients (18%) without neurological symptoms or signs had minor 
electrophysiological abnormalities. Follow-up studies revealed that these 
abnormalities were very early signs of peripheral neuropathy in 4 out of these 19 
patients (21%). At baseline, a further 4 patients (3.9%) had electrophysiological 
abnormalities indicating a mild, sub-clinical polyneuropathy but did not have 
compatible neurological symptoms and/or signs. Follow-up studies were done in 
1 of these patients, but no polyneuropathy had developed. In contrast, a group 
of 22 patients (21.4%) had normal electrophysiological results but displayed 
symptoms and signs of polyneuropathy, such as paraesthesias of the extremities 
and muscle cramps. Two of these patients (9%) developed polyneuropathy 
according to the definition.

The first important question is how these prevalence and incidence data 
compare with rates in the general population. For this purpose we chose two 
approaches: comparison with a small cohort at the Academic Medical Centre 
that underwent completely identical diagnostic tests, and the extraction of 
data from the available literature. The first approach revealed a prevalence of 
polyneuropathy in the general population of 0%.

The data from our observational cohort study are best compared with data 
from population-based and case-control studies that used comparable strict 
criteria to define polyneuropathy. These studies estimated the prevalence of 
polyneuropathy in the general population at 0.09 and 1.3%, respectively. The first 
estimate might be an underestimation, as only hospital-referred patients were 
in the numerator, while the denominator was made up of the total population 
in the referral area of the hospital. The second estimate is derived from studies 
in which the composition of control groups (i.e. hospital staff, spouses of 
veterans) is mostly not representative of the general population, which makes 
the interpretation of these data difficult. Studies using a less strict definition 
of polyneuropathy estimated the prevalence of polyneuropathy between 1.0 
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and 3.7%, which is almost certainly an overestimation. Therefore, the actual 
prevalence of polyneuropathy in the general population probably lies between 
0.09 and 1.3%. Compared with these data, type I Gaucher disease patients clearly 
have a higher prevalence of polyneuropathy (Fig. 1). Even if the four patients who 
were diagnosed at baseline with polyneuropathy and a concomitant disease that 
is associated with polyneuropathy are omitted, the prevalence of polyneuropathy 
in type I Gaucher disease patients would still be increased (7/99 = 7.1%).

The same observation is made for incidence data. Only a few studies reported 
on incidence of polyneuropathy with a wide range of incidence rates due to 
difference in study type, study population and diagnostic criteria. In the two 
studies that used electrophysiological confirmation, the incidence was clearly 
much lower than for the type I Gaucher disease population. When polyneuropathy 
is defined on symptoms and signs alone, this incidence is much higher and 
probably overestimated, but even compared with these data, there still is a higher 
incidence in patients with type I Gaucher disease.

Patients in our cohort with type I Gaucher disease with polyneuropathy were 
older than those without, in line with data from large-scale epidemiological 
studies34. Notably, however, the mean time from diagnosis was similar between 
polyneuropathy and non-polyneuropathy patients, suggesting that type I Gaucher 
disease was diagnosed later in life in patients with a polyneuropathy. The dosage 
of enzyme replacement therapy was lower in patients with a polyneuropathy, 
making it unlikely that enzyme replacement therapy by itself has any bearing 
on the occurrence of polyneuropathy. These findings suggest that either the 

Figure 1 Prevalence of polyneuropathy in type I Gaucher disease patients versus the general 

population 
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Figure 1 Prevalence of polyneuropathy in type I Gaucher disease patients versus the 
general population.
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clinical course/severity of type I Gaucher disease was milder in patients with 
polyneuropathy or it was detected at a later stage of disease.

The aetiology of polyneuropathy related to type I Gaucher disease has not yet 
been elucidated, although certain associated conditions may predispose patients 
to develop neurological disease. Relevant conditions might include monoclonal 
gammopathies, vitamin B12 deficiency and diabetes mellitus17, 50-52. However, 
analysis of patient narratives and laboratory investigations did not reveal a 
consistent pattern of associated conditions in those with polyneuropathy. Only 
four patients had possible relevant conditions, involving vitamin B1 deficiency, 
folic acid deficiency, monoclonal gammopathy, type 2 diabetes mellitus, renal 
insufficiency, alcohol abuse and exposure to toxins related to profession.

The pathophysiology of nerve injury in Gaucher disease remains speculative but 
may be related to an imbalance in calcium homoeostasis. Elevated intraneuronal 
glucocerebroside concentrations have been shown to induce a 300% increase 
in calcium-induced calcium release by influencing the RyaR channel, which has 
been proposed as one of the mechanisms responsible for neuronal injury in the 
CNS of neuronopathic Gaucher disease53. Whether this mechanism plays a role in 
peripheral nerve injury is unknown, but increased intracellular calcium has been 
implicated in the pathophysiology of diabetic neuropathy and neuropathic pain54-

56. The role of genotype is difficult to assess in this small group of patients. There 
was a relatively high number of N370S homozygotes in the polyneuropathy group, 
but these patients were also older, which is associated with a higher prevalence 
of polyneuropathy.

With respect to study limitations, our findings are based on a non-controlled, 
observational analysis and should be interpreted with a degree of caution. In 
addition, while electrophysiological studies represent a standard, objective 
measure, the neurological symptom survey is based on patient self-report, and 
thus is open to potential recall bias. However, we consider that findings from the 
type I Gaucher disease cohort can be extended to the type I Gaucher disease 
population as a whole. Patient medical histories, concomitant treatments and 
systemic Gaucher disease manifestations were comparable with published large-
scale registry data57. Participating centres were chosen for their broad coverage 
of eligible patients, and the distribution of polyneuropathy was proportional 
to patient inclusion at each centre. Selection bias was avoided by including all 
patients with confirmed type I Gaucher disease attending routine clinic visits, 
regardless of disease severity, concomitant medical conditions and most medical 
treatments. Study procedures were arranged to fit in with each patient’s existing 
visit schedule, avoiding bias against patients with more clinical problems. Finally, 
the two-step, blinded, central assessment of polyneuropathy minimized the risk 
of misclassification errors.
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CONCLUSION
In conclusion, polyneuropathy appears to be part of the natural course of disease 
in patients with type I Gaucher disease, highlighting the need for increased 
vigilance for peripheral neurological abnormalities. We recommend early, careful 
questioning of type I Gaucher disease patients regarding neurological symptoms 
in clinical practice. When polyneuropathy is suspected, thorough examination by 
an experienced neurologist should be sought. Finally, it should be noted that 
while these and other published data suggest that type I Gaucher disease has a 
neuronopathic component, the types of neurological symptoms and signs seen 
in type I Gaucher disease are very different from those seen in the type II and III 
Gaucher disease phenotypes4.
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ABSTRACT
Background: The absence of neurological symptoms and signs is traditionally 
considered mandatory for a diagnosis of type I Gaucher disease (GD I), but 
in recent years many reports have emerged on neurological manifestations 
in GD I patients. Despite this increasing number of publications, it has been 
unclear whether cognitive impairment is part of the disease as well. 

Methods: Cognitive function was assessed in a large cohort of GD I patients 
with the use of the Cognitive Drug Research (CDR) System, a validated 
computerized cognitive test system. Tests were done at baseline and every 6 
months thereafter during a two-year study period. 

Results: Our patient cohort (102 patients, mean age 42.5 years, median 
disease duration 15 years) was mildly impaired relative to healthy age-matched 
subjects on the composite scores: Power of Attention (Z-score (mean ± SD) 
-1.12 ± 1.52) and Speed of Memory (Z-score (mean ± SD) -1.44 ± 1.49). No 
decline in cognitive function was seen during the two-year period. Subgroup 
analyses revealed that age correlated with the composite scores Variability 
of Attention and Quality of Working Memory. Moreover, severely affected 
patients (Zimran severity score (SSI) ≥ 15) scored more poorly compared to 
mildly affected patients (SSI ≤ 5) on the composite measure Power of Attention. 

Conclusions: GD I patients exhibit mild deficits in Power of Attention and 
Speed of Memory, reflecting a decreased ability to focus attention and process 
information, together with a slowing in the speed of retrieval of items from 
memory. We propose that this is due to GD I itself.  
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BACKGROUND
Gaucher disease is one of the most common lysosomal storage diseases with an 
estimated prevalence of 1 in 40.000 to 50.000 live births1. The disease is caused by 
mutations in the glucocerebrosidase (GBA) gene resulting in a decreased activity of 
the enzyme and subsequent accumulation of glucocerebrosides in macrophages 
throughout the body. The absence of nervous system involvement is used as a 
criterion in the classic definition of type I Gaucher disease (GD I). However, we 
recently reported an increased prevalence and incidence of polyneuropathy in 
GD I patients compared with the general population2. Moreover, GD I and GBA 
mutations have been associated with Parkinson disease (PD) and Lewy body 
dementia (LBD)3, 4. Research focusing on central nervous system involvement 
suggested brain pathology in this patient group5, 6. With magnetic resonance 
spectroscopy increased choline levels were found in four out of nine studied 
GD I patients, although a recent study showed that these changes should be 
interpreted with caution using adequate age- and sex-matched controls7.

Following the observation of a case of dementia during a clinical trial with 
the substrate reduction therapy miglustat (ZavescaTM, Actelion Pharmaceuticals 
Ltd, Allschwil, Switzerland)8, the question arose whether the cognitive decline 
in this patient was miglustat-related, a coincidence or part of GD I. The latter 
could not be confirmed since cognitive function studies in GD I patients were 
scarce. As part of a post-marketing surveillance commitment to the European 
Medicines Agency (EMA) in relation to the registration of miglustat, we conducted 
a multi-centre study to investigate comorbidities in GD I, with a special focus on 
peripheral neuropathy; the main findings have been reported elsewhere2. The 
study was carried out under the auspices of the European Working Group on 
Gaucher Disease. The study design additionally allowed us to investigate the 
cognitive profile of GD I patients. To this end, we studied this large cohort of GD I 
patients with the use of the Cognitive Drug Research (CDR) System9. In this paper 
we present data on the cognitive profile of GD I patients and the changes over a 
two-year study period.

METHODS

Patients
Eligible adult patients diagnosed with GD I by glucocerebrosidase assay or 
molecular genetic analysis, attending routine clinical visits, and receiving either 
no treatment or enzyme replacement therapy (ERT) were enrolled between 3 May 
2005 and 28 December 2006. Those with a history of neurological manifestations 
associated with type III disease were excluded. Patients were also excluded if they 
were undergoing or had undergone treatment with miglustat or an investigational 
agent. All patients provided written, informed consent before participation. The 
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study protocol was approved by independent local ethics committees, and was 
conducted in accordance with the Declaration of Helsinki, 1964, and subsequent 
revisions.

Assessments
Disease severity was assessed by the Zimran severity score index (SSI)10. On study 
entry (baseline), and every six months thereafter, patients underwent cognitive 
function tests. They had two training sessions on the tests during the 14 days prior 
to baseline. The CDR System, a validated computerized cognitive test system9, 
was used and the following tests were administered: simple reaction time, digit 
vigilance, choice reaction time, spatial working memory, numeric working memory, 
delayed word recognition, delayed picture recognition and morse tapping (see 
Wesnes et al11 for full task descriptions). The tests were administered one-to-one 
by trained administrators who used standardized task instructions in the patient’s 
native language.

Analysis
Patients who attended at least one post baseline visit were included in the analyses. 
In addition to the analysis of individual task measures, five predefined, validated 
CDR composite scores were used: Power of Attention, Continuity of Attention, 
Quality of Episodic Memory, Quality of Working Memory, and Speed of Memory 
(Table 1)11. One additional validated composite score, Variability of Attention, 
was employed. Variability of Attention is the composite of the coefficients 
of variation for the reaction time measures from the tasks ‘simple and choice 
reaction time’ and ‘digit vigilance’, and reflects fluctuations in attention. Although 
this was not initially planned as part of the analysis, Variability of Attention has 
been demonstrated to be an aspect of cognitive function specifically impaired 
in patients with Lewy body dementia and PD dementia compared to patients 
with Alzheimer’s disease12, 13, and was thus considered of potential interest. To 
determine any cognitive deficits in the GD I population, age-matched scores were 
identified from the normative database of the CDR System in various age-bands 
(see Table 2). The normative database is comprised of data from over 5000 healthy 
individuals aged 18 to 87 years, who were free of any psychiatric or major medical 
condition at the time of testing14. Using the normative data, the patients’ data 
were Z-transformed and mean ± SD GD I population Z-scores were calculated 
by age-group. Z-scores were transformed so that higher scores always indicate 
better performance. Furthermore, confidence intervals (95% CIs) were calculated. 
In addition, repeated measures Analysis of Covariance (ANCOVA) was performed 
on the change from baseline data over the follow-up assessments (6, 12, 18 and 
24 months), with each patient’s baseline value used as a covariate in the analysis. 

Subgroup analyses were conducted to determine whether age, disease severity, 
a diagnosis of polyneuropathy or PD, treatment with ERT and/or genotype were 
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associated with cognitive performance. In previous work, various cut off values 
on the SSI have been used to separate mild disease from severe disease. Mild 
disease has been defined by a SSI of ≤ 5, and severe disease by a score of ≥ 1515, 
but a cut off value of 11 has also been used16. Consequently, subgroup analysis 
for both cut off values was undertaken. The following genotype subgroups were 
analyzed: patients who were homozygous for N370S, patients who had at least 
one N370S allele, patients who had at least one L444P mutation, and L444P 
homozygotes. Differences were tested with the Student’s t-test or Mann Whitney 
test, and Pearson’s correlation was used to assess correlations between variables. 
Multivariate analyses were performed using ANCOVA, fitting age as a covariate 
and disease severity and polyneuropathy as factors. Subsequently, ANCOVA 
was used correcting for baseline values to assess whether impairments changed 
differentially over time in the disease severity and polyneuropathy subgroups.  

Data were collected by Actelion Pharmaceuticals Ltd, sponsor of the study. 
Statistical analyses were performed by co-author KAW, practice leader of United 
BioSource Corporation. 

Table 1 CDR composite scores

Composite Score Measures Contributing
Aspects of Cognitive Function 
Involved

Power of 
Attention

Simple Reaction Time
Choice Reaction Time
Digit Vigilance Speed of Detections

Ability to focus attention and ignore 
distraction. A measure of early 
information processing.

Continuity of 
Attention

Choice Reaction Time Accuracy (%)
Digit Vigilance Task Detections (%)
Digit Vigilance Task – False Alarms

Ability to sustain attention 
(concentration, vigilance)

Quality of 
Working Memory

Numeric Working Memory & Spatial 
Working Memory Sensitivity Scores

Ability to successfully hold 
information temporarily in both 
articulatory working memory and 
spatial working memory. Short-term 
memory.

Quality of 
Episodic Memory

Percentage overall accuracy on word 
and picture recognition tasks

Ability to encode, store and 
subsequently successfully retrieve 
verbal and non-verbal information. 
Long-term memory.

Speed of Memory Sum of speeds of correct 
identifications in working memory 
and word and picture recognition 
tasks

A measure of the time taken to 
process verbal and non-verbal 
information and to successfully 
retrieve the information from both 
working memory and episodic 
memory
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RESULTS

Patients
From a total of 104 patients screened for inclusion, 102 patients attended at least 
one post baseline visit. One patient withdrew after screening due to an inability 
to commit to follow-up assessments, and one patient requested withdrawal after 
the first visit as she moved to another country. Of these 102 patients, 96 patients 
(94%) completed the two years study. Two patients were withdrawn due to starting 
treatment with miglustat, one patient was non-compliant, and a further three 
patients requested withdrawal from study. Patient characteristics are summarized 
in Table 2. The patients had a median SSI of 8 (range 2-22). At baseline, 11 
patients (10.7%; 95% CI: 5.9;18.3%) were diagnosed with sensory motor axonal 
polyneuropathy. The two-year follow-up period revealed another six cases of 
polyneuropathy (2.9 per 100 person-years; 95% CI: 1.2;6.3)2. Polyneuropathy 
patients were older than patients without polyneuropathy (59 vs 39 years, 
P<0.001). The median SSI did not differ between patients with polyneuropathy 
and patients without polyneuropathy (8 vs 7, P = 0.217). There was no correlation 
between age and the SSI (rp = 0.069, P = 0.4952), nor did age differ between 
the disease severity groups. None of the patients had been diagnosed with PD 
before entering the study; two patients have developed PD during the two-year 
study period. Eleven patients were regular sedative drug users.

Cognitive function tests
Taking all baseline results, patients with GD I were mildly impaired relative to 
age-matched subjects on the composite scores Power of Attention and Speed of 
Memory; most age-groups for the GD I population showed mean Z-scores of at 
least -1 (Fig. 1). For the whole population, Power of Attention showed a mean ± 
SD Z-score of -1.12 ± 1.52 and Speed of Memory showed a mean ± SD Z-score 
of -1.44 ± 1.49. The results were normally distributed which implies that the mean 
Z-scores were not due to a few outliers but rather reflecting mild deficits in the 
whole cohort. For Power of Attention 48 patients had deficits of 1 SD or greater 
and 24 had deficits of 1.96 or greater. For Speed of Memory 58 patients had 
deficits of 1 SD or greater and 32 had deficits of 1.96 or greater. 

Since the GD I patients showed decreased speed measures but scored the 
same or even slightly better in the accuracy scores compared to the normative 
population, an additional ANCOVA analysis was conducted on the speed 
measures, fitting the accuracy scores as covariates. This analysis showed that 
the deficits in Power of Attention and Speed of Memory were independent from 
the accuracy scores, indicating that the slowed speed scores reflected cognitive 
deficits and not differences in response strategy.
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Table 2 Patient characteristics

All patients 
(n = 102)

Demographics

Gender, male/female, n (%) 49 (48) / 53 (52)

Age in years, mean (SD) 42.5 (14.6)

Age-bands, years 

18-32, n 25

33-41, n 26

42-52, n 25

53-75, n 26

Hospitalised during the last year, n (%)* 20 (19.6)

GD I characteristics

Genotype, n (%)

N370S/N370S 14 (13.7%)

N370S/L444P 21 (20.6%)

N370S/84GG 2 (2.0%)

N370S/IVS2+1 1 (1.0%)

N370S/other 42 (41.2%)

N370S/unknown 14 (13.7%)

L444P/L444P 1 (1.0%)

L444P/other 1 (1.0%)

Other/other or other/unknown 5 (4.9%)

Unknown mutations 1 (1.0%)

Time from diagnosis in years, median (range) 15 (0-56)

Splenectomised, n (%) 34 (33.3)

Plasma chitotriosidase‡ in nmol/ml/hr, median (range) 5,340 (100-49,860)

ERT

Receiving ERT, n (%) 88 (86.3)

Duration in years, median (range) 2.1 (0.0-13.6)

Dosage in IU/kg/month, median (range) 54.0 (11.1-156.3)

*Prior to enrolment in the study; ‡data available from 98 patients (normal range, 4-120 nmol/ml/
hr); ERT=enzyme replacement therapy.

Post baseline measurements
Power of Attention showed a significant decline in performance of around -0.3 
at each of the post baseline visits (P<0.01), but no main effect of time-point was 
seen (F(3,277) = 0.08, P = 0.971), indicating that patients declined from baseline, 
but that there was no progressive decline thereafter. For Continuity of Attention, 
the data showed stable performance over time. Improvements in performance on 
Quality of Episodic Memory from baseline to each of the subsequent assessments 
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Figure 1 Z-scores at baseline by age quartiles, means with 95% confidence intervals 
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Figure 1 Z-scores at baseline by age quartiles, means with 95% confidence intervals

were found (P<0.001), but there was no significant main effect of time point 
(F(3,278) = 0.18, P = 0.907). Likewise, performance on the Speed of Memory 
tasks was better at each of the post baseline time-points (P<0.001), but no main 
effect of time-point was found (F(3,278) = 1.54, P = 0.205). The data of Quality of 
Working Memory and Variability of Attention showed fluctuations in performance 
over the duration of the study. 

Relation between cognitive function and age, disease severity, 
comorbidities, ERT and genotype
Pearson’s correlation showed correlations between age and Variability of 
Attention (rp = -0.359, P<0.001) and between age and Quality of Working Memory 
(rp = -0.262, P<0.01): older patients scored worse on these scores than younger 
patients did. Besides, the SSI correlated with Power of Attention (rp = -0.312, 
P<0.01) and with Quality of Episodic Memory (rp = -0.212, P<0.05). 

To evaluate the relationship of disease severity (using both criteria as discussed 
above) and polyneuropathy to the baseline scores of the patients, factorial 
ANCOVAs were performed, fitting the presence of polyneuropathy and the 
disease severity as factors, and age as a covariate. No effects of polyneuropathy 
were identified for Power of Attention, but severely affected patients (SSI ≥ 15) 
scored worse compared to mildly affected patients (SSI ≤ 5) on this composite 
measure (-2.15 vs -0.4, 95% CI: -0.24;-3.25, P<0.025). No differences were found if 
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a cut-off value of 11 was used. There was no interaction between polyneuropathy 
and disease severity. No differences were found for the other measures. The 
cognitive profile did not change differentially over time in the disease severity 
and polyneuropathy subgroups.

One of the two patients with PD had an abnormal performance on Quality of 
Working Memory at baseline where normal results were found during the follow-up 
period. In contrast, Power of Attention was normal at baseline but Z-scores were 
below -1.96 at each of the follow-up visits. The other PD patient was impaired on 
the composite scores Power of Attention and Speed of Memory. 

Cognitive function did not differ between ERT treated and untreated patients. 
Analyses by genotype revealed that patients carrying at least one N370S mutation 
(n = 94) scored better than those without such a mutation (n = 7) on the composite 
scores: Power of Attention (-1.06 vs -2.06, P<0.05), Quality of Episodic Memory 
(0.31 vs -0.36, P<0.05) and Speed of Memory (-1.35 vs -2.81, P<0.01). Cognitive 
performance of N370S homozygotes did not differ from the results in patients 
with other genotypes. The same goes for patients carrying at least one L444P 
mutation. Only one L444P homozygote was included in the study. This 19-year-
old male without any abnormalities on neurological and neuro-ophthalmological 
examination, showed the following results: Power of Attention -3.20, Continuity 
of Attention 0.41, Quality of Episodic Memory -1.52, Quality of Working Memory 
1.33, Speed of Memory -5.80, and Variability of Attention -0.43. 

DISCUSSION
This study on cognitive function in GD I patients revealed mild impairments 
for Power of Attention and Speed of Memory in this patient group, reflecting 
a poorer ability to focus attention and a slowed retrieval of information held in 
memory in comparison to age-matched healthy controls. It is important to note, 
however, that GD I patients usually do not report difficulties in conducting daily 
activities or cognitive problems (personal communications). This suggests that 
the deficits in our patients were subtle and of doubtful clinical relevance. A 
previous study on cognitive performance in GD I did not demonstrate cognitive 
function deficits, which could have been due to the smaller number of patients 
included8. However, imaging and neuropathological studies of GD I brains did 
show abnormalities5, 6. These observations support the hypothesis that mild brain 
involvement may occur in some GD I patients. Neuropathology in GD I and GD 
III patients demonstrated a unique pathology involving the hippocampal CA2-4 
regions5. This finding corresponds with the neuropathological abnormalities seen 
in Lewy body dementia (LBD) which is one of the few disorders that selectively 
target the hippocampal CA2-3 regions. Variability of Attention is a measure of 
fluctuating attention seen in Lewy body dementia12, 13. We found an association 
between age and Variability of Attention in GD I patients. Therefore, it seems 
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that LBD and GD I patients have some neuropathological and cognitive features 
in common, albeit that the overall cognitive profile of GD I patients is much less 
severe and without clinical consequence in comparison with the profile of Lewy 
body dementia patients. 

Power of Attention and Speed of Memory are notably impaired in LBD17. In 
the related condition, PD dementia, deficits to attention assessed with the CDR 
System have been shown to be the strongest predictor of difficulties in conducting 
the activities of daily living18. While the impairments in Power of Attention and 
Speed of Memory in our patients are smaller than those seen in dementia they 
are comparable to those seen in Mild Cognitive Impairment (unpublished data). 
These similarities between GD I, LBD and PD are of particular interest since 
these three diseases have been associated with each other19. GD I patients as 
well as carriers of GBA mutations have displayed an increased risk to develop 
parkinsonism. Furthermore, the frequency of GBA mutations in cohorts of 
patients with parkinsonism (PD as well as other Lewy body disorders) is increased 
around fivefold as compared to age-matched controls19. The pathophysiological 
relationship between GBA and parkinsonism has not yet been completely 
elucidated. It has been suggested that a (relatively) diminished enzymatic activity 
leads to an increase of glucocerebrosides in specific brain regions which then 
results in neuronal dysfunction. Alternatively, glucocerebrosidase deficiency 
might affect lysosomal function, leading to aberrant fibrillization of α-synuclein 
and aggregation of this protein, a process that is necessary for the formation of 
Lewy bodies20.

In summary, we found mild impairments for Power of Attention and Speed 
of Memory and a correlation with age and disease severity, suggesting that 
the central nervous system may become affected in some GD I patients 
during life. The pathophysiology of this brain involvement remains unknown. 
Immunohistochemical studies have demonstrated that glucocerebrosidase 
expression is high in the affected CA2-CA4 regions5. The expression of high 
levels of this enzyme may be necessary to maintain low glucocerebroside levels in 
these regions where higher glucocerebroside levels have been shown to induce 
an elevated intracellular calcium release which might lead to damage to these 
hypothalamic sub regions21.

With respect to study limitations, our findings are based on a short computerized 
system, and not on a traditional psychologist-administered neuropsychological 
test battery. However, the CDR system has been proven to be a valid measure of 
cognitive function9. Moreover, advantages of the CDR system are the objective 
character and the possibility to be administered in multiple languages. The age-
matched normative sample is large, making comparisons between diseased and 
healthy people valuable. In contrast to these healthy controls, however, GD I 
patients underwent the cognitive assessment among other investigations which 
might have led to an underestimation of their cognitive capacities due to fatigue. 
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However, the above average performance on the composite scores Continuity of 
Attention, Quality of Working Memory and Quality of Episodic Memory makes 
it unlikely that fatigue played a major role in the findings of the present study. 
Besides, our patients were compared to healthy controls. We do not know to 
what extent the impaired speed measures found in the present study are due 
to suffering from a chronic disease in general rather than GD I itself. However, 
patients with for instance rheumatoid arthritis showed a normal cognitive profile, 
making it unlikely that having a chronic disease is the main cause of our findings22. 
The regular use of sedatives by some of the study patients has probably not 
influenced the results, since the exclusion of these patients from the analyses 
yielded similar results. The absence of a main effect of time-point in this study is 
due to the relatively short follow-up time. The decline in Power of Attention from 
baseline without progressive decline thereafter may have been due to random 
effects, as declines over several months are not seen on this measure in healthy 
controls11. The pattern of improvement of Quality of Episodic Memory and Speed 
of Memory may have reflected a training effect with repeated assessments, 
though such effects have not been seen in other studies with healthy controls11.

Despite these shortcomings, we feel confident that findings from this GD I 
cohort can be extended to the GD I population as a whole. Patient medical histories, 
concomitant treatments and systemic GD manifestations were comparable with 
published large-scale registry data23. Selection bias was avoided by including all 
patients with confirmed GD I attending routine clinic visits, regardless of disease 
severity, concomitant medical conditions and most medical treatments. 

CONCLUSIONS
GD I patients may develop mildly impaired cognitive speed measures as part 
of the natural course of the disease, but without clear impact on daily life of the 
patients. These findings are therefore more of scientific than of clinical interest. 
Possibly, the involvement of specific hippocampal regions plays a role in our 
findings. Future studies using neuroimaging techniques such as MRI-DTI could 
contribute to the understanding of our observations in GD I patients.
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ABSTRACT
We describe monozygotic twin sisters, born to consanguineous Moroccan 
parents, who are highly discordant for the manifestations of Gaucher 
disease. Both carry Gaucher genotype N188S/N188S. One has severe 
visceral involvement, epilepsy, and a cerebellar syndrome. Her twin does not 
manifest any symptoms or signs of Gaucher disease but suffers from type 1 
diabetes mellitus. The concurrence of a mild Gaucher mutation with a severe 
phenotype, as well as the occurrence of highly discordant phenotypes in a pair 
of monozygotic twins, is discussed.
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INTRODUCTION
Gaucher disease is one of the most common lysosomal storage diseases resulting 
from mutations in the glucocerebrosidase gene located on chromosome 1q21. 
Intralysosomal accumulation of glucocerebroside in macrophages throughout the 
body leads to this multi-systemic disease. Based upon the presence or absence 
and rate of progression of neurological manifestations, Gaucher disease is divided 
into three types. Type I Gaucher disease can onset at any age and is characterised 
by visceral and/or skeletal involvement. Type II is known as ‘acute neuronopathic’ 
Gaucher disease, has the onset of severe central nervous system involvement in 
infancy, and usually leads to death by the age of 2 years. Type III Gaucher disease 
is known as ‘chronic neuronopathic’ Gaucher disease, with an onset of central 
nervous system involvement in childhood, adolescence, or early adulthood and a 
more indolent course. 

More than 200 different mutations have been identified in patients with Gaucher 
disease, some of which are predictive of a particular phenotype. For example, the 
N370S mutation has only been found in patients with type I Gaucher disease, and 
homozygosity for L444P is associated with type III disease1. Conversely, patients 
with the same DNA mutations and even the same genotypes may exhibit marked 
variability in disease expression and severity; the R463C mutation, for example, 
is associated with type I as well as type III Gaucher disease1. In this report, we 
describe the case of a pair of monozygotic twin sisters, born to consanguineous 
Moroccan parents, who are highly discordant for the manifestations of Gaucher 
disease.

CASE REPORT

Twin A
In 2003, a 22-year-old female presented at the internal medicine outpatient 
clinic with stomach pain and chronic fatigue. Physical examination revealed 
hepatosplenomegaly and subsequent laboratory investigations showed moderate 
cytopenia (platelets 97  x  109/l, Hb 11.3  g/dl). As cytopenia worsened, a bone 
marrow biopsy was performed, yielding typical Gaucher cells. Subsequently, 
the diagnosis of Gaucher disease was confirmed by establishing decreased 
glucocerebrosidase activity in leucocytes (1.9  nmol/mg/hr (reference value 
10-25  nmol/mg/hr)). Mutation analysis revealed homozygosity for the N188S 
mutation. A chitotriosidase level of 30,000  nmol/ml/hr (wt, reference value 
7-187  nmol/ml/hr) was found. A thorough history revealed that she had been 
experiencing 3 to 4 complex partial seizures per year until the age of 19 years. 
Enzyme replacement therapy with imiglucerase was started. After 3  years of 
therapy, her epilepsy recurred. Brain MRI did not show any abnormalities, but 
electroencephalography showed epileptic abnormalities. Valproic acid was 
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started and after some time replaced by levetiracetam because of the persistence 
of seizures despite high doses. As our patient had Gaucher disease with severe 
visceral involvement together with seizures, reclassification to type III Gaucher 
disease was considered. Further neurological examination revealed signs of 
central nervous system involvement; she was unable to make rapid alternating 
movements with hands and feet and could not hop. Moreover, she had symmetric 
increased deep tendon reflexes with plantar down responses. Analysis of her eye 
movements showed dysmetric horizontal and vertical saccades, manifested by 
gaze-evoked horizontal and vertical square wave jerks (see Fig. 1).These changes 
are seen with cerebellar pathology. She had no difficulty with saccade initiation 
and slowed horizontal saccades, characteristic of type III Gaucher disease, 
were absent. Thirty months later, repeated neurological examination and eye 
movement analysis did not indicate further deterioration. Repeated brain MRIs, 
however, showed slight cerebellar atrophy. An extensive search for an underlying 
cerebellar disease was performed, including vitamin levels, thyroid function and 
mutation analysis of spinocerebellar ataxia and Friedreich’s ataxia genes. These 
were unremarkable except for an alteration in the SCA 13 gene (c.123G>T 
(p.Gln41His)). This mutation is not known to cause disease.

Twin B
As her monozygous twin sister (monozygosity confirmed by DNA fingerprinting) 
was diagnosed with Gaucher disease, twin B was examined as well. The diagnosis 
of Gaucher disease was confirmed: glucocerebrosidase activity showed an 
identical decreased activity (1.4  nmol/mg/hr) and homozygosity for the N188S 
mutation was established. A chitotriosidase level of 3000 nmol/ml/hr was found 
being 10-fold less than her twin sister. To date, she has not developed any signs 
of Gaucher disease. Liver and spleen volumes are within the normal range, there 
are no signs of bone disease, and she has normal blood counts. Neurological 
examination and eye movement analysis revealed no abnormalities. Mutation 
analysis of spinocerebellar ataxia was not performed. At the age of 14, she was 
found to have type 1 diabetes mellitus and treatment with insulin was needed.

DNA analysis
Cells and DNA from the twins were evaluated at the National Institutes of 
Health, Bethesda. Total sequencing of all exons and flanking intronic regions of 
GBA confirmed the N188S mutation in both patients, and no other mutations, 
deletions, or rearrangements were found. To exclude the possibility of a GBA 
recombination event or GBA gene deletion, Southern blots were performed 
using the restriction enzymes Ssp1 and HincII2, which showed normal results. The 
possibility of whole deletion or recombination outside of the two enzyme sites, 
however, has not been excluded. The sequence of the 5' and the 3' regions of 
GBA gene were normal. Furthermore, the DNA sequence from each sister was 
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Figure 1 Horizontal eye movements 

 

Twin A  

 

 

Twin B 

 

 

The patient is asked to follow a horizontally moving red dot. Green line = movement of red dot, blue 

line = movement of right eye, red line = movement of left eye.  

 

 

Figure 1 Horizontal eye movements. 

The patient is asked to follow a horizontally moving red dot. Dotted line = movement of red 
dot, upper line = movement of right eye, lower line = movement of left eye.
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evaluated to detect potential alterations (i.e., acquired mutations) that could 
account for the difference in phenotype. Several intronic polymorphic sites were 
examined, but no differences were detected. LIMP-2 has recently been identified 
as a protein involved in the transport of glucocerebrosidase to the lysosome3. 
Sequence of the 12 exons of this gene was normal in both sisters, as well as the 
levels of LIMP-2 expression.

DISCUSSION
A pair of female monozygotic twins is described where one has symptomatic 
type I Gaucher disease, while the other lacks any Gaucher symptoms at all. The 
glucocerebrosidase genotype identified in these twin sisters and the highly 
discordant phenotypes despite monozygosity are both of interest.

In 1996, the N188S mutation was first identified in a series of Korean and 
Chinese patients with Gaucher disease, and the three patients described had a 
rather mild phenotype4. In the following years, at least fifteen other heterozygous 
cases have been described1, 5. Most of them had Gaucher type III disease with 
or without myoclonic epilepsy, and in these patients, the second mutant allele 
was a null mutation. Since homozygosity for null mutations results in early 
lethality6, the second allele encountered in individuals heterozygous for a null 
allele is presumably less severe. In contrast to the abovementioned cases, twin 
A has a severe phenotype despite homozygosity for this presumably mild N188S 
mutation. It has been known for many years that the same DNA mutations can 
cause different types or clinical presentations of Gaucher disease7. Even twins 
with varying degrees of disease severity have been described8, suggesting that 
additional factors contribute to the Gaucher phenotype. It is increasingly clear 
that modifiers and environmental factors are critical in defining the phenotype1, 7.

The notable different degree of disease severity between the twin sisters is 
puzzling. Monozygotic twins are considered to be genetically identical. However, 
variable contribution of intrauterine environmental exposures to the epigenome of 
different tissues may affect the phenotypic variability of a disease9. Besides, genetic 
alterations increase during life as a result of non-shared environmental influences 
and such an acquired mutation might account for the different penetrance of the 
mutant alleles. DNA from the twins was evaluated for acquired mutations that 
could account for the discordant phenotypes, but none were found. Furthermore, 
few differences in environmental factors can be established in these two sisters; 
they have co-habited all their lives and serological studies showed that both had 
IgG antibodies to Epstein-Barr virus (EBV) and cytomegalovirus (CMV). The only 
discordant medical history is that twin B has suffered from diabetes since the age 
of 14. It is difficult to understand how diabetes could have influenced Gaucher 
disease expression.
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This report on identical twins emphasizes the limitations of the predictive 
value of genotyping, confirming the role of modifiers and/or environmental 
factors on the initiation and progression of Gaucher disease. Further evaluation of 
potential factors contributing to the phenotypical differences in these twin sisters 
may provide insight into the role of modifiers and environmental factors in the 
development of clinical Gaucher disease.

REFERENCE LIST
1.	 Koprivica V, Stone DL, Park JK et al. 

Analysis and classification of 304 mu-
tant alleles in patients with type 1 and 
type 3 Gaucher disease. Am J Hum 
Genet 2000;66:1777-86.

2.	 Tayebi N, Stubblefield BK, Park JK 
et al. Reciprocal and nonreciprocal 
recombination at the glucocerebro-
sidase gene region: implications for 
complexity in Gaucher disease. Am J 
Hum Genet 2003;72:519-34.

3.	 Reczek D, Schwake M, Schröder J et 
al. LIMP-2 is a receptor for lysosomal 
mannose-6-phosphate-independent 
targeting of beta-glucocerebrosidase. 
Cell 2007;131:770-83.

4.	 Kim J-W, Liou BB, Lai M-Y, Ponce E, 
Grabowski GA. Gaucher disease: 
identification of three new mutations 
in the Korean and Chinese (Taiwanese) 
populations. Hum Mutat 1996;7:214-8.

5.	 Tajima A, Ohashi T, Hamano S, Hig-
urashi N, Ida H. Gaucher disease 

patient with myoclonus epilepsy and 
a novel mutation. Pediatr Neurol 
2010;42:65-8.

6.	 Stone DL, Tayebi N, Orvisky E, Stub-
blefield B, Madike V, Sidransky E. 
Glucocerebrosidase gene mutations in 
patients with type 2 Gaucher disease. 
Hum Mutat 2000;15:181-8.

7.	 Sidransky E. Gaucher disease: com-
plexity in a “simple” disorder. Mol 
Genet Metab 2004;83:6-15.

8.	 Lachmann RH, Grant IR, Halsall D, Cox 
T. Twin pairs showing discordance of 
phenotype in adult Gaucher’s disease. 
QJM : monthly journal of the Associa-
tion of Physicians 2004;97:199-204.

9.	 Ollikainen M, Smith KR, Joo EJ et al. 
DNA methylation analysis of multiple 
tissues from newborn twins reveals 
both genetic and intrauterine com-
ponents to variation in the human 
neonatal epigenome. Hum Mol Genet 
2010;doi: 10.1093/hmg/ddq336.



II
SECTION



FABRY  

DISEASE



6



THE RELATION BETWEEN SMALL NERVE FIBRE FUNCTION, 
AGE, DISEASE SEVERITY AND PAIN IN FABRY DISEASE

M.	Biegstraaten1*,	A.	Binder2*,	R.	Maag2,	
C.E.M.	Hollak3,	R.	Baron2	and	I.N.	van	Schaik1

1Department of Neurology, Academic Medical Centre, Amsterdam, The Netherlands, 
2Division of Neurological Pain Research and Therapy, Department of Neurology, 

Universitätsklinikum Schleswig-Holstein, Kiel, Germany,  
3Department of Internal Medicine, Division of Endocrinology and Metabolism, 

Academic Medical Centre, Amsterdam, The Netherlands
* These authors contributed equally

European Journal of Pain: accepted for publication



6

100

ABSTRACT
Background: Small fibre neuropathy supposedly causes pain in Fabry patients, 
but the relationship between small nerve fibre function and pain severity is 
unclear. 

Methods: A cohort of 15 male and 33 female Fabry patients was studied making 
use of a quantitative sensory testing protocol, disease severity measures and 
pain scales to investigate the relationship between nerve fibre function, age, 
disease severity and pain intensity. 

Results: Male Fabry patients exhibited an abnormal cold detection threshold 
and thermal sensory limen at the upper and lower limb, indicating Aδ-fibre 
hypofunction. Female patients showed Z-scores within normal range for all 
modalities. Nerve fibre function was worse at older age and with more severe 
disease. The overall severity of pain was mild, without significant differences 
between males and females. No linear relationship between pain severity and 
small nerve fibre function was identified.

Conclusions: In Fabry disease, no linear relationship exists between pain and 
small nerve fibre function. With older age and more severe disease pain may 
abate as nerve fibre function further deteriorates.
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INTRODUCTION
Fabry disease is an X-linked glycolipid storage disease which is caused by a 
deficient activity of the lysosomal enzyme α-galactosidase-A leading to lysosomal 
accumulation of globotriaosylceramide and subsequently to severe multi-system 
disease. Pain is one of the key features of Fabry disease and starts at an average 
age of 9 years in male patients and 16 years in female patients. Neuropathological 
studies in Fabry patients showed loss of cell bodies in the dorsal root ganglia 
together with a pronounced reduction of small, thinly myelinated (Aδ) and 
unmyelinated (C) nerve fibres in sural nerve biopsy specimens1, 2. Cross sectional 
studies have shown small fibre hypofunction in Fabry patients using quantitative 
sensory testing (QST)3-6. Since pain is carried through small diameter nerve fibres 
to the central nervous system, these findings have led to the assumption that 
small fibre neuropathy is directly related to pain in Fabry disease. However, the 
studies on nerve fibre function and the relationship with age, disease severity 
and/or pain in Fabry disease showed conflicting results probably due to the small 
number of patients included in each of those studies.

The German Research Network on Neuropathic Pain has developed a QST 
protocol using tests for different aspects of somatosensation7, 8. The data offer a 
comprehensive QST profile that enables the detection and degree of small but 
also large sensory fibre involvement in neuropathies. We applied this protocol 
to a large cohort of male and female Fabry patients in order to investigate the 
association between pain and the presence of small fibre neuropathy and to 
investigate the relationship between nerve fibre function, age, disease severity 
and pain intensity. This may lead to a better insight in the characteristics of small 
fibre neuropathy in Fabry disease. 

METHODS
The Academic Medical Centre (AMC) is the single referral centre for the treatment 
of Fabry patients in the Netherlands. All male and female Fabry patients aged 
12 years and older who visit the outpatient pediatric or adult clinic for inherited 
metabolic diseases at the AMC on a regular basis were invited to participate. In all 
patients a diagnosis of Fabry disease was confirmed by enzymatic assay or DNA 
mutation analysis. The study was approved by the local Ethics Committee and all 
patients (and parents if applicable) provided written informed consent.  

To measure the severity of Fabry disease in individual patients, renal function 
and the Mainz Severity Score Index (MSSI) were used9. In patients receiving 
enzyme replacement therapy (ERT), renal function was determined by the 
measured glomerular filtration rate (mGFR). In the other patients glomerular 
filtration rate was estimated (eGFR) by using the abbreviated MDRD equation 
(MDRD = Modification of Diet in Renal Disease Study)10. A clearance of more than 
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90 ml/min was considered to be normal. The MSSI sum score is composed of four 
domains that cover the general, neurological, cardiovascular and renal symptoms 
and signs of Fabry disease. Patients with a total score of less than 20 are defined 
to be mildly affected, those with a score from 20-40 are moderately affected, and 
those with a score above 40 are severely affected11. 

Pain intensity was assessed on an 11-point visual analogue scale (VAS), anchored 
no pain (0) and worst possible pain (10). Patients were asked successively to score 
their current pain, their most severe pain in the last 4 weeks and their mean pain 
in the last 4 weeks12.

All patients underwent the QST protocol as developed by the German 
Research Network on Neuropathic Pain7, 8. This protocol encompasses the 
following items: cold detection threshold (CDT), warm detection threshold (WDT), 
cold pain threshold (CPT), heat pain threshold (HPT), thermal sensory limen 
(TSL), the presence of paradoxical heat sensations (PHS), mechanical detection 
thresholds (MDT) to von Frey filaments, vibration sensation (VDT) making use 
of a 64-Hz tuning fork, mechanical pain thresholds to pinprick stimuli (MPT) and 
blunt pressure (PPT), stimulus-response-functions for pinprick (MPS) and dynamic 
mechanical allodynia (DMA), and pain summation (wind-up ratio, WUR) using 
repetitive pinprick stimulation. The subjects were seated comfortably in a quiet 
room having a pleasant ambient room temperature. The tests were all done at 
the dorsum of the left hand and the dorsum of the right foot. The thermal tests 
were performed using a TSA 2001-II (Medoc, Israel) with a thermode contact area 
of 3 x 3 cm.

The investigator (MB) at the Amsterdam site was trained by a member of the 
German Research Network on Neuropathic Pain (AB) to ensure conformity in 
testing. Patient data were compared with control data. The German Research 
Network on Neuropathic Pain has established age- and gender-matched absolute 
and relative QST reference values from 180 healthy subjects, assessed bilaterally 
over face, hand and foot7. 

Statistical analysis
To compare a patient’s QST data profile with control data independently of the 
different units of measurement across QST parameters, the patient data except for 
DMA and PHS are Z-transformed for each single parameter7. Absolute reference 
data, specific for gender and age, are used to Z-transform the results of individual 
patients: Z = (value patient - mean controls) / SD controls. Z-values above +1.96 indicate 
abnormal gain of function, i.e. the patient is more sensitive to the tested stimuli 
compared with controls, while Z-scores below -1.96 indicate a loss of function 
referring to a lower sensitivity of the patient. Thus, elevations of thresholds (CDT, 
WDT, TSL, HPT, CPT, MDT, MPT, VDT, PPT) result in negative Z-scores, whereas 
increases in ratings (MPS, WUR) result in positive Z-scores. Z-values are presented 
by means and single standard deviation. DMA and PHS are presented as original 
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values7. DMA represents the abnormal sensation of pain to light touch and is 
rated between 0 and 100. PHS ranges from 0 to 3 and up to one PHS in response 
to three cold stimuli might be normal depending on the patient’s age.

All other results are expressed by medians and ranges. Differences between 
variables are calculated using the Mann Whitney U test and differences in 
proportions are calculated using the Fisher’s exact test. Associations between 
variables are described with the use of simple regression analyses. Variables 
with a P-value of <0.05 are entered in a multiple regression model to find out 
whether one or more of the variables independently contribute to the outcome. 
Significance is expressed as a P-value <0.05.

RESULTS

Patient characteristics
In total, 70 patients were approached when they visited the outpatient clinic or 
by phone between March 2007 and June 2007. Forty-eight patients (69%) were 
included. Two adult patients could not be reached and 15 adult patients refused 
to participate. Travel distance was the most frequently mentioned reason. Another 
5 children did not take part in the study, mostly as their parents considered 
participation as too demanding. The 22 patients that did not participate were 
generally younger (median age 29 years vs 47 years in participants, P = 0.008), 
but had equal disease severity (MSSI sum score 12.5 vs 15.5 in participants, P = 
0.742) and treatment history (45% on ERT vs 63% in participants, P = 0.203).

Clinical characteristics of participating patients are shown in Table 1. Thirty were 
on ERT with either agalsidase alfa (n = 6) or agalsidase beta (n = 24) for a median 
duration of 3.6 years (range 0.2-6.0). Other frequently prescribed medications 

Table 1 Patient characteristics

n Male patients n Female patients P-value

Age, years 15 47 (21-66) 33 45 (12-73)    ns

ERT, % 13 86.7 17 51.5   .03

Enzyme activity, mmol/l/hr 14 1.15 (0.00-6.40) 28 19.6 (4.10-59.3) <.001

mGFR or eGFR, ml/min 15 90 (12-148) 33 93 (19-147)    ns

MSSI sum score 15 25 (5-47) 33 13 (1-35)   .02

MSSI general 15 5.0 (2-11) 33 4.0 (0-80)   .04

MSSI neurological 15 6.0 (0-13) 33 3.0 (0-12)   .02

MSSI cardiovascular 15 9.0 (1-15) 33 4.0 (0-15)   .01

MSSI renal 15 0.0 (0-12) 33 0.0 (0-12)    ns

Results are expressed by median and ranges. ERT=enzyme replacement therapy, mGFR=measured 
glomerular filtration rate, eGFR=estimated glomerular filtration rate, MSSI=Mainz Severity Score 
Index, ns=not significant
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were: pain medication (11 patients), ACE inhibitors (10 patients), ATII-antagonists 
(11 patients), beta blockers (3 patients) and diuretics (9 patients). The data on renal 
function shown in Table 1 are composed of mGFR data in 34 out of 48 patients 
(males: median 90, range 12-148; females: median 101, range 19-147) and eGFR 
data in 14 patients (males: median 81, range 74-89; females: median 92, range 
67-119). The MSSI sum score was calculated for all 48 patients and revealed that 
on average male patients are moderately affected (MMSI score between 20 and 
40) and females are mildly affected (MMSI score below 20). Twenty-nine patients 
scored less than 20, 18 patients scored between 20 and 40 and only one male 
patient had a sum score of above 40 (severely affected). The median score for 
current pain was 1 (range 0-7). Median scores for most severe and mean pain in the 
last 4 weeks were respectively 3 (range 0-9) and 2 (range 0-9). The scores did not 
differ between male and female patients. Seventeen out of 48 participants (35%, 
14 females, 3 males) reported no pain on the VAS for mean pain in the last 4 weeks. 

QST protocol
Results of the QST protocol for male and female patients are shown in Fig. 1a and 
Fig. 1b. Mean Z-scores of males showed an abnormal cold detection threshold 
(CDT) and thermal sensory limen (TSL) at the upper and lower limb. The warm 
detection threshold (WDT) was increased, although not reaching the pathological 
range. Paradoxical heat sensation (PHS) was present in the upper limb in 4/15 
males and in the lower limb in 5/15 males. The mean Z-scores of all other values 
were within normal range.

The QST results of female patients showed mean Z-scores within normal range 
for all modalities. PHS was present in the upper limb in 1/33 females and in the 
lower limb in 10/33 females.

In none of the male and female patients dynamic mechanical allodynia (DMA) 
was detected.

Relation between age, disease severity and pain
Considering all patients, no significant associations between age, disease severity 
and pain severity were found. In males the relation between renal function and 
pain severity almost reached significance; males with lower GFR values (i.e. more 
severe disease) reported less severe pain on the VAS for most severe pain in the 
last 4 weeks (P = 0.06). 

VAS scores for current, most severe and mean pain in male and female Fabry 
patients were compared between different age groups (see Tables 2a and 2b). 
In males as well as in females, the highest pain scores were found in the second 
decade and above the age of 50 years. However, 4 of the 12 female patients 
aged 50 years and older (33%) reported no pain on the VAS for mean pain. The 
remaining 8 females scored between 1 and 9 points. All 4 males of 50 years and 
older experienced pain; they scored between 2 and 6 points.
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Figure 1a QST results male Fabry patients (n = 15) 

 
Figure 1b QST results female Fabry patients (n = 33) 

 
Z-values are presented by means and single standard deviation 
CDT=cold detection threshold 
WDT=warm detection threshold 
TSL=thermal sensory limen 
HPT=heat pain threshold 
CPT=cold pain threshold 
PPT=mechanical pain threshold to blunt pressure 
MPT=mechanical pain threshold to pinprick stimuli 
MPS=stimulus-response-functions for pinprick 
WUR=pain summation (wind-up ratio) 
MDT=mechanical detection thresholds to von Frey filaments 
VDT=vibration sensation making use of a 64-Hz tuning fork 
PHS=paradoxical heat sensations 
DMA=dynamic mechanical allodynia 
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Figure 1b QST results female Fabry patients (n = 33)

Z-values are presented by means and single standard deviation
CDT=cold detection threshold
WDT=warm detection threshold
TSL=thermal sensory limen
HPT=heat pain threshold
CPT=cold pain threshold
PPT=mechanical pain threshold to blunt pressure
MPT=mechanical pain threshold to pinprick stimuli
MPS=stimulus-response-functions for pinprick
WUR=pain summation (wind-up ratio)
MDT=mechanical detection thresholds to von Frey filaments
VDT=vibration sensation making use of a 64-Hz tuning fork
PHS=paradoxical heat sensations
DMA=dynamic mechanical allodynia
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Four out of 15 male patients (27%) had an MSSI sum score of more than 30. Of 
these 4 male patients, one reported zero points on the VAS for mean pain. Only 
1 of the included 33 female patients (3%) had an MSSI sum score of more than 30 
points. She reported 4 points on this scale.

Relation between age, disease severity and nerve fibre function
By simple regression analyses in all male patients, the cold detection threshold 
and thermal sensory limen at the upper limb were associated with age and 
disease severity: the older and the more severe disease, the more severe loss 
of function of small nerve fibres was found (see Tables 3a and 3b). By contrast, 
in females, the cold detection threshold and thermal sensory limen at the lower 
limb were associated with age and disease severity (see Tables 3c and 3d).

Multiple regression analyses in male and female patients revealed that none of 
the variables age, MSSI sum score and renal function independently contributed 
to the QST results.

In Tables 2a and 2b the QST results for male and female patients according to 
different age groups are shown. Males had thermal detection Z-scores (CDT and 
TSL) of below -3 at the foot at young age, while thermal detection at the upper 
limb was within the normal range in young males and abnormal in older patients. 
Young females, on the contrary, showed normal thermal detection thresholds at 
the lower limb, while older females (>60 years of age) showed mean Z-scores for 
the cold detection threshold and thermal sensory limen of below -2.15 and -1.33, 
respectively.

Relation between nerve fibre function and pain
Simple regression analyses in all male patients revealed that the cold pain 
threshold at the upper limb and VAS score for current pain were associated. Also, 
a relation was found between the thermal sensory limen at the lower limb and the 
VAS score for most severe pain in the last 4 weeks (see Table 4). No significant 
associations were detected in females. Considering all patients together and 
males and females separately, nerve fibre function did not differ between patients 
with and without pain, except for Z-scores for the cold pain threshold at the upper 
limb in females; females with pain had higher Z-scores than females without pain 
(P = 0.035).

Role of medication
Pain medication and the accompanying pain scores are shown in Table 5. Patients 
using pain medication scored worse on the VAS for current, most severe and 
mean pain in the last 4 weeks (P = 0.003, P = 0.011 and P = 0.011, respectively). 
Males with pain medication had lower cold pain thresholds at the upper and 
lower limb (P = 0.008 and 0.013) and a lower heat pain threshold at the lower limb 
than males without pain medication (P = 0.019). Females with pain medication 
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Table 3a Simple and multiple regression results for relation between CDT hand, age and disease 
severity in male patients

CDT hand simple regression CDT hand multiple regression

B (95% CI) β P-value B (95% CI) β P-value

Age -.07 (-.13;-.01) -.56 .03 -.02 (-.12;.09) -.14  ns

MSSI -.08 (-.15;-.12) -.58 .03 -.04 (-.14;.06) -.27  ns

mGFR or eGFR  .02 (.01;.04)  .61 .02  .01 (-.02;.04)  .32  ns

Enzyme activity -.18 (-.74;.38) -.20  ns

Table 3b Simple and multiple regression results for relation between TSL hand, age and disease 
severity in male patients

TSL hand simple regression TSL hand multiple regression

B (95% CI) β P-value B (95% CI) β P-value

Age -.05 (-.10;.01) -.46  ns

MSSI -.05 (-.11;.00) -.49  ns

mGFR or eGFR  .02 (.00;.03)  .57 .03

Enzyme activity -.13 (-.59;.34) -.17  ns

Table 3c Simple and multiple regression results for relation between CDT foot, age and disease 
severity in female patients

CDT foot simple regression CDT foot multiple regression

B (95% CI) β P-value B (95% CI) β P-value

Age -.03 (-.05;-.01) -.42 .01 -.02 (-.05;.02) -.22  ns

MSSI -.05 (-.09;-.01) -.43 .01 -.03 (-.10;.03) -.26  ns

mGFR or eGFR  .00 (-.01;.02)  .05  ns

Enzyme activity -.02 (-.06;.02) -.19  ns

Table 3d Simple and multiple regression results for relation between TSL foot, age and disease 
severity in female patients

TSL foot simple regression TSL foot multiple regression

B (95% CI) β P-value B (95% CI) β P-value

Age -.03 (-.04;-.01) -.47 .01 -.02 (-.05;.01) -.33  ns

MSSI -.04 (-.08;-.01) -.44 .01 -.02 (-.07;.03) -.18  ns

mGFR or eGFR  .00 (-.01;.02)  .09  ns

Enzyme activity -.01 (-.04;.02) -.13  ns

CDT=cold detection threshold, TSL=thermal sensory limen, mGFR=measured glomerular 
filtration rate, eGFR=estimated glomerular filtration rate, MSSI=Mainz Severity Score Index, 
B=regression coefficient, β=standardized regression coefficient, ns = not significant
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Table 4 Simple regression results for relation between pain and QST in male patients

VAS current pain -  
simple regression

VAS most severe pain -  
simple regression

B (95% CI) β P-value B (95% CI) β P-value

CDT hand -.03    (-.68;.63) -.02  ns  .08    (-.94;1.11)  .05  ns

WDT hand  .05    (-.63;.73)  .04  ns  .82    (-.13;1.76)  .46  ns

TSL hand  .01    (-.84;.85)  .00  ns  .37    (-.92;1.67)  .17  ns

HPT hand -.36    (-1.39;.67) -.20  ns  .47    (-1.15;2.10)  .17  ns

CPT hand -1.01  (-1.95;-.06) -.54 .04 -1.01  (-2.66;.63) -.35  ns

CDT foot -.13    (-.91;.65) -.10  ns -.83    (-1.94;.29) -.41  ns

WDT foot -.09    (-1.07;.90) -.05  ns -.56    (-2.06;.94) -.22  ns

TSL foot -.33    (-1.17;.52) -.23  ns -1.45  (-2.48;-.41) -.64 .01

HPT foot -.84    (-2.07;.38) -.38  ns -.79    (-2.80;1.22) -.23  ns

CPT foot -2.54  (-5.11;.03) -.51  ns  .24    (-4.42;4.90)  .03  ns

VAS=visual analogue scale, CDT=cold detection threshold, WDT=warm detection threshold, 
TSL=thermal sensory limen, HPT=heat pain threshold, CPT=cold pain threshold, B=regression 
coefficient, β=standardized regression coefficient, ns=not significant

Table 5 Pain medication

Pain medication

ERT non-ERT

n

Duration 
of pain 
medication, 
years

VAS mean 
pain n

Duration 
of pain 
medication, 
years

VAS mean 
pain

Carbamazepine 3 4.3 (4.2-14.7) 3 (0-4)

Non-steroidal anti-
inflammatory drugs

1 2.4 1

Acetaminophen 2 2.2 (0.4-4.0) 2.5 (0-5) 1 0.2 7

Tramadol 2 1.2 (0.3-2.2) 7.5 (6-9)

Clonidine 1 1.4 4

Pregabalin 1 0.7 6

No pain medication 21 2 (0-6) 16 0 (0-5)

Results are expressed by median and ranges. ERT=enzyme replacement therapy, VAS=visual 
analogue scale

showed a trend towards more severe function loss on cold detection and cold 
pain thresholds at the upper limb (P = 0.051 and 0.064). 

Patients with and without enzyme replacement therapy did not show a 
difference in pain severity. Male patients on ERT, however, showed lower thermal 
detection thresholds at the lower limb compared to untreated males. 
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DISCUSSION
To investigate the relation between pain and small fibre neuropathy and to 
explore the relationship between nerve fibre function, age, disease severity and 
pain, we examined a large cohort of male and female Fabry patients with a wide 
age range. 

We found only mild pain severity in male and female Fabry patients and one-
third of the examined patients reported no pain on the VAS for mean pain. With 
regard to QST results, males showed an abnormal cold detection threshold and 
thermal sensory limen at the upper and lower limb. More severe disease and 
older age led to more severe small nerve fibre hypofunction at the upper limb in 
male patients. More severe disease and older age led in female patients to mild 
nerve fibre hypofunction at the lower limb. No linear relationship between nerve 
fibre function and pain severity was found. Furthermore, nerve fibre function did 
not differ between patients with and without pain. Both findings indicate a more 
complex, non-linear relationship between small nerve fibre function and pain. 
Large fibre function, as represented by the detection thresholds to von Frey hairs 
(MDT) and vibration (VDT) did not show pathological values. It is already known 
from literature that large fibres are usually spared in Fabry disease3, 5, 13.

Previous studies on pain in Fabry disease revealed severe neuropathic pain 
in most Fabry patients, especially in young boys14-16. Besides, pain may decrease 
with older age: a natural history study of Fabry disease showed a decrease in 
pain in a subset (11%) of patients as they became older17. Studies on nerve fibre 
function and the relationship with age, disease severity and/or pain in Fabry 
disease showed conflicting results3-6. One study showed more severe small nerve 
fibre impairment with older age, while no correlation between thermal thresholds 
and pain severity was found3, another study found a positive correlation between 
age and pain severity6, a third revealed no association between small nerve fibre 
function and age or disease severity5, and the fourth study did not demonstrate 
correlations between age, pain severity and nerve fibre function, although they 
did find an association between pain intensity and intraepidermal nerve fibre 
density, which is a measure of structural damage to small nerve fibres4. The 
absence of an association between pain and nerve fibre function in the latter two 
studies contrasts with the observations in the first two studies and may be due to 
the relatively small number of patients included.

The mild pain severity in our cohort and the absence of a difference between 
males and females contrast with earlier findings in Fabry patients. The fact that 
we included a group of relatively older male patients could explain these findings: 
young boys usually suffer most from pain, while in older patients pain symptoms 
often abate. Indeed, the two youngest male patients in our study reported 
relatively high pain scores on the VAS for mean pain in the last 4 weeks. This 
is probably even an underestimation, since both used carbamazepine to relief 
their pain symptoms. Enzyme replacement therapy has been reported to improve 
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pain in Fabry patients18, although in other studies no differences with placebo 
were found19. As about two-thirds of our patients were on ERT, we could have 
underestimated pain severity.

Another interesting finding is the fact that cold detection thresholds and 
thermal discrimination were abnormal in male patients, whereas warm detection 
thresholds were not elevated to the same pathological extent. The cold detection 
threshold represents Aδ-fibre function whereas the warm detection threshold is 
considered to represent C-fibre function. Apparently, Aδ-fibres, which are thinly 
myelinated nerve fibres, are affected more severely than C-fibres. The same 
observation was made in a German Fabry cohort, in which the QST protocol was 
originally tested13, and in other studies on nerve fibre function in Fabry patients3-6. 
Conversely, patients with small fibre neuropathy due to other diseases, such as 
diabetes, amyloidosis, HIV, systemic lupus erythematosus, sarcoidosis, Guillain-
Barré syndrome and leprosy, usually have a small fibre neuropathy in which 
both Aδ- and C-fibres are involved20-28. Therefore, the Fabry disease associated 
neuropathy shows a characteristic Aδ-fibre neuropathy.

In agreement with the aforementioned study by Dütsch et al.3, we found 
an association between age and small nerve fibre hypofunction. Besides, the 
present study revealed a relationship between disease severity and nerve fibre 
hypofunction. The observation that both older age and more severe disease were 
associated with more extensive small nerve fibre hypofunction at the upper limbs 
in male patients and with the presence of small nerve fibre hypofunction at the 
lower limbs in female patients requires an explanation. We propose that the 
length-dependent character of the neuropathy29 underlies this observation. First, 
the nerve fibres at the lower limbs become damaged, leading to loss of nerve fibre 
function. While small fibre damage at the lower limbs proceeds, the same process 
starts at the upper limbs. This is in line with the findings in this study. We found 
that the relatively older male study patients exhibited complete loss of nerve fibre 
function at the lower limbs and that older age and more severe disease in male 
patients led to more extensive small nerve fibre function loss at the upper limbs. 
We speculate that females share the same disease continuum, although starting 
later in life, which is underpinned by the finding that the somatosensory profile 
of the QST protocol is similar to the profile in males, although mostly within the 
normal reference limits for age and sex. In the females, only slight hypofunction 
at the lower limbs could be demonstrated. This could explain why we found an 
association between age, disease severity and small nerve fibre hypofunction at 
the lower limb in females. Small nerve fibres at the upper limbs are still relatively 
spared, and therefore no correlations were found. 

We did not find a linear relationship between small nerve fibre function and 
pain. In other words, more severe loss of nerve fibre function was not associated 
with more severe pain. This could be due to the mechanism of peripheral 
sensitisation - limited nerve fibre damage leads to abnormal excitability and 
pain30, 31. Earlier works on the relationship between the extent of nerve fibre injury 
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and neuropathic pain also showed that milder axonal injuries are more liable to 
produce pain than more severe injuries32, 33. Conversely, progression of nerve fibre 
damage may lead to a reduction of pain. The disappearance of pain in a subset 
of older Fabry patients may partly account for the lack of a linear relationship 
between small fibre function and pain (see Fig. 2a and Fig. 2b). 

The strength of the present study is the large number of included patients. A 
weakness, however, is that we were not able to include young boys in the study. 
Also, the cross-sectional character of the study precludes definite conclusions 
on the course of small fibre neuropathy and the long term effect of enzyme 
replacement therapy and pain medication in individual patients. 

In conclusion, in Fabry disease a specific type of peripheral neuropathy is 
present, affecting primarily Aδ-fibres. With increasing age and thus with increasing 
disease burden, pain may abate while the hypofunction increases. 

 
 

Figure 2a Pain and nerve fibre dysfunction in males with Fabry disease 
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Figure 2b Pain and nerve fibre dysfunction in females with Fabry disease 
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Figure 2b Pain and nerve fibre dysfunction in females with Fabry disease 
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Figure 2b Pain and nerve fibre dysfunction in females with Fabry disease

Figure 2a Pain and nerve fibre dysfunction in males with Fabry disease
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ABSTRACT
Background: Fabry patients usually suffer from pain and pain attacks. The 
pathophysiology of pain in Fabry disease is not fully understood, but small 
fibre damage has been proposed as a possible mechanism. 

Methods: To get a better understanding of the relation between small fibre 
neuropathy (SFN) and pain in Fabry disease, intraepidermal nerve fibre density 
(IENFD) was assessed in a large cohort of Fabry patients to determine the extent 
of structural damage of small fibres in Fabry disease. Subsequently, relations 
between structural abnormalities, functional impairment and pain severity 
were investigated. We also explored correlations between concentrations of 
deacylated Gb3 (globotriaosylsphingosine, lyso-Gb3) and IENFD, small fibre 
function and pain. 

Results: Forty-three patients (61% of the Dutch Fabry population) agreed to 
have a skin biopsy. We found a decreased IENFD in all male patients and in 
57% of the female patients. More severe loss of intraepidermal nerve fibres was 
associated with more severe small fibre function loss. No association between 
IENFD and pain was found. Lifetime exposure to lyso-Gb3 was associated with 
hypofunction of small nerve fibres in male hemizygotes.

Conclusions: Most Fabry patients have a decreased IENFD which is associated 
with small nerve fibre hypofunction, but a direct relationship with pain was 
not found. We propose that peripheral sensitisation and the disappearance 
of pain in a subset of patients both play a role in the complex relationship 
between pain and SFN. Furthermore, our results point to a role of lifetime 
exposure to lyso-Gb3 in the pathogenesis of SFN in male patients.
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INTRODUCTION
Fabry disease (OMIM 301500) is an X-linked lysosomal storage disease caused 
by deficient activity of α-galactosidase-A leading to lysosomal accumulation of 
globotriaosylceramide (Gb3). Affected individuals develop a multi-system disease 
that includes pain and pain attacks. The pathophysiology of pain in Fabry disease 
is not fully understood, although small fibre neuropathy (SFN) as a result of 
glycolipid accumulation in the dorsal root ganglia has been proposed as possible 
mechanism1.

In general, somatic small nerve fibres are divided into two groups: small 
myelinated Aδ-fibres carrying cold sensation, and small unmyelinated C-fibres 
carrying warm sensation. Both types of nerve fibres are involved in pain sensation. 
Damage to Aδ- and C-fibres often occurs as part of a mixed polyneuropathy, but 
sometimes small-calibre nerve fibres are preferentially or solely affected, leading 
to a so-called pure or isolated SFN. The neuropathy found in Fabry disease is best 
characterised as isolated SFN2.

To diagnose SFN and to get insight in the severity of small fibre damage, two 
methods are used: quantitative sensory testing (QST) and skin biopsies. 

QST such as temperature perception and pain thresholds is an established, 
non-invasive, technique to assess small nerve fibre function3. Skin biopsies are 
used as a method to quantitate Aδ- and C-fibres in the epidermis4, and have a 
greater diagnostic efficiency than QST (88 vs 47%)3.

Recently, increased concentrations of deacylated Gb3 (globotriaosylsphingosine, 
lyso-Gb3), were found in plasma of Fabry patients5. A relation was found between 
lyso-Gb3 concentrations and brain white matter lesions6. Therefore, lyso-Gb3 
could be involved in the pathophysiology of SFN as well. Toxicity of this type of 
compounds towards neuronal cells is further supported by the recent finding of 
involvement of two atypical deoxy-sphingoid bases in the pathophysiology of 
hereditary sensory neuropathy type 1 (HSN 1)7. Clinical features of HSN1 closely 
resemble the SFN found in Fabry patients. 

To get a better understanding of the relation between SFN and pain in Fabry 
disease, skin biopsies were performed in a large cohort of Fabry patients. Nerve 
fibre function (as assessed by a QST protocol) and the presence and severity of 
pain, assessed as part of a previous study8, were studied in relation to structural 
impairment of small nerve fibres. Furthermore, we investigated whether lyso-Gb3 
concentrations correlated with structural and functional impairment of small nerve 
fibres and with the various measures of pain. 

METHODS
The Academic Medical Centre (AMC) is the single referral centre for the treatment 
of Fabry patients in the Netherlands. All male and female Fabry patients aged 
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12 years and older who visit the outpatient pediatric or adult clinic for inherited 
metabolic diseases at the AMC were invited to participate. In all patients a 
diagnosis of Fabry disease was confirmed by enzymatic assay or DNA mutation. 
Patients with ‘classical’ as well as ‘atypical’ Fabry disease were included. Classical 
Fabry disease is defined as a mutation in the α-galactosidase-A gene combined 
with the presence of typical Fabry manifestations, such as acroparesthesias, 
angiokeratoma and hypo- or anhydrosis in at least one family member. Patients 
carrying the R112H and P60L mutation do not meet these criteria and thus were 
considered atypical.

The Mainz Severity Score Index (MSSI), renal function and residual enzyme 
activity were used as disease severity measures. The MSSI was calculated as 
described in the original article9. In patients who are on enzyme replacement 
therapy (ERT), renal function was determined by the measured glomerular filtration 
rate (mGFR). In the other patients glomerular filtration rate was estimated (eGFR) 
by using the abbreviated MDRD equation (MDRD = Modification of Diet in Renal 
Disease Study)10. Residual enzymatic activity of α-galactosidase A was measured 
in leucocytes5.

Skin biopsies were taken 10 centimetres above the lateral malleolus of the right 
leg with a 3 millimetre circular punch and processed and counted as described 
previously11. In short, after the biopsy was performed, the specimen was fixed in 
cold fixative and subsequently kept in a cryoprotective solution for three nights. 
The biopsy specimens were cut with a freezing microtome in 50-μm sections and 
were then stained with a polyclonal panaxonal marker, PGP 9.5. Three sections 
from each biopsy were examined using bright-field immunohistochemistry. 
Intraepidermal nerve fibres (IENFs) were counted under the light microscope 
at high magnification (40x). Only single IENFs crossing the dermal-epidermal 
junction were counted. The length of the section was measured with computerised 
software and the intrapidermal nerve fibre density (IENFD) was calculated. 

The intraepidermal nerve fibre counts were performed by the investigator 
at the Amsterdam site (MBi). Interobserver variability was assessed by blinded 
comparison of IENFD scores between 2 observers (MBi and MBa). The Maastricht 
site has established age- and gender-matched reference values from 188 healthy 
subjects11, using the same methodology. Patient’s data from the current study 
were compared with these control data. Skin biopsy specimens from 43 healthy 
volunteers collected at the Amsterdam site were compared to the reference 
values from the Maastricht site. Nerve fibre densities of the volunteers from the 
Amsterdam site were within the 95% confidence intervals of the reference values 
from the Maastricht site and vice versa, indicating that skin biopsy specimens 
were assessed similarly at both sites and allowing the use of shared normative 
values. The density of intraepidermal nerve fibres was considered abnormal if the 
IENFD was below the 5th percentile of the age- and gender-matched reference 
values.
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As part of a previous study8, all patients underwent a QST protocol that 
included the cold detection threshold (CDT), warm detection threshold (WDT), 
cold pain threshold (CPT), heat pain threshold (HPT) and thermal sensory limen 
(TSL)12. The tests were done at the hand and foot. In the same study, pain intensity 
was assessed on an 11-point visual analogue scale (VAS), anchored no pain (0) and 
worst possible pain (10). Patients were asked successively to score their current 
pain, their most severe pain in the last 4 weeks and their mean pain in the last 4 
weeks13.

Lyso-Gb3 in plasma was measured before enzyme replacement therapy (ERT) 
was started as described previously5. In short, lyso-Gb3 is extracted from 100 
uL plasma with 900 uL chloroform / methanol 1/2 (v/v) followed by a phase 
separation with 1.2 mL methanol / water 1/1 (v/v). The upper phase was removed 
and the chloroform lower phase was extracted once more with 1.2 mL methanol/ 
water 1/1 (v/v). The combined upper phases were dried, taken up in 1 mL water 
and the water phase was extracted twice with 1 mL of water saturated n-butanol. 
Lyso-Gb3 was recovered from the butanol phase. The butanol phase was dried 
and dissolved in methanol. Lyso-Gb3 was derivatised with O-phtaldialdehyde 
and subsequently separated by HPLC. In unaffected people, lyso-Gb3 levels are 
below the detection level of 3 nM. To explore the relation between lyso-Gb3 and 
SFN, lyso-Gb3 concentration was related to IENFD, QST results and pain severity. 
Furthermore, the relation between maximum lifetime exposure to lyso-Gb3 (lyso-
Gb3 level * age) and IENFD, QST results and pain severity was investigated. Since 
age by itself is related to the severity of SFN8, we investigated whether lifetime 
lyso-Gb3 exposure was of additional value compared with age alone. Patients 
with atypical Fabry disease were excluded from these analyses as atypical patients 
are biochemically different from patients with classical disease, in that they do not 
have elevated lyso-Gb3 levels.

Protocol approval and patient consent
The study was approved by the local Ethics Committee and all patients (and 
parents if applicable) provided written informed consent.

Statistical analysis
All results are expressed by mean and standard deviation or median and range 
where appropriate. Differences between variables are calculated using the 
unpaired t-test or Mann Whitney test. Simple regression is used to describe 
relations between variables. Variables with a P-value of <0.05 are entered in a 
multiple regression model. Diagnostic tests are used to check for violations of the 
assumptions inherent in regression models. Significance is defined at a P-value 
of <0.05. 
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RESULTS

Patient characteristics
Forty-three patients (61% of the Dutch Fabry population) agreed to have a skin 
biopsy. Of them, 35 had classical and 8 had atypical Fabry disease. One 49-year old 
male patient with classical Fabry disease and advanced renal insufficiency (mGFR 
of 12 ml/min, MSSI sum score of 34, aGalA activity 6.40 mmol/l/hr, lyso-Gb3 level 
of 289 nM) was removed from all analyses as this patient had a history of multiple 
bilateral thalamic infarctions. It was therefore uncertain to what extent abnormal 
temperature perception was attributable to SFN or to intracerebral pathology in 
this patient. 

Table 1 shows the patient characteristics. The data on renal function shown in 
Table 1 are composed of mGFR data (mean ± SD) in 30 out of 42 patients (males: 

Table 1 Patient characteristics, pain severity and temperature thresholds

All patients
n = 42

Male patients 
n = 14

Female patients 
n = 28 P-value

Age, years median (range) 47 (12-73) 47 (21-66) 47.5 (12-73) 0.823

Enzyme replacement therapy, n (%) 26 (62) 12 (86) 14 (50)

MSSI sum score mean (SD) 17 (11) 22 (12) 15 (10) 0.045

mGFR or eGFR, ml/min mean (SD) 95 (34) 90 (43) 97 (29) 0.534

VAS current pain median (range) 1.5 (0-6) 0.5 (0-7) 0.989

VAS most severe pain median (range) 4 (0-8) 2 (0-9) 0.802

VAS mean pain median (range) 1.5 (0-6) 2 (0-9) 0.947

CDT hand mean (Z-score, SD)
CDT foot

-2.45 (1.57)
-2.95 (1.43)

-0.68 (1.18)
-1.53 (1.16)

0.000
0.001

WDT hand mean (Z-score, SD)
WDT foot

-2.01 (1.65)
-1.33 (1.12)

-0.59 (0.76)
-0.30 (1.50)

0.007
0.029

TSL hand mean (Z-score, SD)
TSL foot

-2.00 (1.27)
-2.29 (1.30)

-0.76 (0.74)
-1.17 (0.97)

0.004
0.003

HPT hand mean (Z-score, SD)
HPT foot

-1.25 (0.86)
-1.19 (0.84)

0.05 (1.27)
0.15 (1.65)

0.000
0.001

CPT hand mean (Z-score, SD) 
CPT foot

-0.31 (1.00)
-0.92 (0.38)

0.07 (1.14)
-0.13 (1.12)

0.296
0.002

n = 37 n = 13 n = 24

Enzyme activity in leucocytes, mmol/l/hr 
median (range)

13 (0-59) 1.1 (0-2.5) 19 (4.1-59) 0.000

SD=standard deviation, MSSI=Mainz Severity Score Index, mGFR=measured Glomerular Filtration 
Rate, eGFR=estimated Glomerular Filtration Rate, VAS=visual analogue scale, CDT=cold detection 
threshold, WDT=warm detection threshold, TSL=thermal sensory limen, HPT=heat pain threshold, 
CPT=cold pain threshold. A Z-score of > 1.96 is considered to be abnormal. 
The patient who was removed from the analyses had the following results: VAS current pain: 0, 
VAS most severe pain: 4, VAS mean pain: 1, CDT hand -5.01, CDT foot -3.23, WDT hand -2.28, 
WDT foot -2.20, TSL hand -3.58, TSL foot -2.46, HPT hand 1.07, HPT foot -1.57, CPT hand -0.05, 
CPT foot -1.02. His intraepidermal nerve fibre density was 6.8/mm.
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92 ± 46; females: 97 ± 34) and eGFR data (mean ± SD) in 12 patients (males: 81 
± 11; females: 98 ± 17).

Results of the QST protocol and pain severity measures were previously 
described in detail8. In summary, males showed an abnormal cold detection 
threshold (CDT) and thermal sensory limen (TSL) at the upper and lower limb. 
The QST results of female patients showed the same profile as that of male 
patients, however, Z-scores were within the normal range for all modalities. Older 
age and more severe disease were associated with more severe small nerve fibre 
hypofunction at the upper limbs in male patients and with the presence of small 
nerve fibre hypofunction at the lower limbs in female patients. Male patients had 
complete loss of nerve fibre function at the lower limbs. Regression analyses did 
not reveal a linear relationship between nerve fibre function and pain severity.

Intraepidermal nerve fibre density
Twenty-one of 43 skin biopsies were reassessed by a second investigator. The 
correlation coefficient for interobserver variability was 0.964 (P<0.001) indicating 
a very high level of reliability.

IENFD was reduced below the 5th percentile level in all male patients (n = 14) 
and in 16 female patients (57%). Eight males (57%) and one female (4%) had less 
than one epidermal nerve fibre per millimetre. Male Fabry patients had a median 
IENFD of 0.5/mm (range 0.0-3.6) which was lower (P<0.001) than the density found 
in females (3.9/mm (range 0.5-12.3)). IENFD did not differ between treated and 
untreated patients.

Simple regression analyses revealed associations between IENFD, age, 
the MSSI sum score and renal function in male patients (see Table 2). Multiple 
regression analysis showed that none of these variables independently predicted 
IENFD.

Relation between IENFD and nerve fibre function
Simple regression analyses in male patients revealed associations between IENFD 
and the cold detection threshold (see Fig. 1), warm detection threshold and 
thermal sensory limen at the upper limb (see Table 3a): with increasing loss of 
epidermal nerve fibres, more severe loss of function of small nerve fibres was 
found. In females, IENFD was associated with the warm detection threshold and 
thermal sensory limen at the lower limb. The association between IENFD and the 
heat pain threshold at the lower limb almost reached significance (see Table 3b).

In male patients, age, MSSI sum score and renal function were related to IENFD. 
Controlling for these variables revealed that IENFD independently predicted the 
warm detection threshold (B = 0.93 (95% CI: 0.13;1.73), P = 0.027) and thermal 
sensory limen (B = 0.67 (95% CI: 0.05;1.29), P = 0.037) at the upper limb.
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Table 2 Relation between age, disease severity and IENFD, males and females

IENFD simple regression, males IENFD simple regression, females

B (95% CI) β P-value B (95% CI) β P-value

Age -0.06 (-0.11;-0.01) -0.57 0.033 -0.06 (-0.13;0.01) -0.33 0.087

MSSI -0.06 (-0.12;-0.01) -0.58 0.030 -0.09 (-0.21;0.03) -0.29 0.129

mGFR or eGFR 0.02 (0.00;0.03) 0.55 0.043 0.01 (-0.03;0.05) 0.07 0.712

Enzyme activity 0.15 (-0.78;1.09) 0.11 0.723 -0.01 (-0.10;0.09) -0.04 0.855

B=regression coefficient, β=standardized regression coefficient, MSSI=Mainz Severity Score Index, 
mGFR=measured Glomerular Filtration Rate, eGFR=estimated Glomerular Filtration Rate

 

 

 

 

Figure 1 Relation between IENFD and the cold detection threshold at the upper limb, male patients (n 

= 15) 

 
O=male Fabry patients included in analyses 
∆=male Fabry patient excluded from analyses 

 

Figure 1 Relation between IENFD and the cold detection threshold at the upper limb, male 
patients (n = 15)

Relation between IENFD and pain severity
Simple regression analyses in male and female patients did not reveal any association 
between IENFD and pain scores. Moreover, IENFD did not differ between patients 
with and without pain. Three of the 9 patients with an IENFD of less than 1/mm 
scored zero points on the VAS for mean pain in the last 4 weeks.

O=male Fabry patients included in analyses
D=male Fabry patient excluded from analyses
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Relation between lyso-Gb3 and SFN
In total, 10 males and 24 females with classical Fabry disease were studied. They 
had median lyso-Gb3 levels of respectively 254 nM (range 51-320) and 17 nM 
(range 7-69) (Normal: below 3 nM). No associations were found between lyso-Gb3 
levels and IENFD, QST results and pain severity, except for an association between 
lyso-Gb3 level and the warm detection threshold at the upper limb in females (B = 
-0.02 (95% CI: -0.04;0.00), P = 0.046). 

In male patients, simple regression did not reveal associations between lifetime 
exposure to lyso-Gb3, IENFD and pain severity, but strong correlations were found 
with the cold detection threshold (P = 0.007) and thermal sensory limen (P = 
0.012) at the upper limb, and the cold detection threshold at the lower limb (P = 
0.019). In females, no relation between life time exposure to lyso-Gb3 and IENFD, 
QST results and pain severity was found. To differentiate between the contribution 
of lyso-Gb3 to age in male patients, the relationship with age was analyzed 
separately: simple regression analyses revealed that age accounted for 33% of 
the variation in cold detection threshold at the upper limb, whereas maximum 
lifetime exposure to lyso-Gb3 accounted for 62%. Similarly, this value increased 
from 21% to 57% of the variation in thermal sensory limen, and from 10% to 52% 
of the variation in cold detection threshold at the lower limb.

DISCUSSION
Intraepidermal nerve fibre density was assessed in a large cohort of male and 
female Fabry patients and we found a decreased IENFD in all male patients and 
in 57% of female patients. More severe loss of intraepidermal nerve fibres was 
associated with more severe nerve fibre function loss. No associations between 
IENFD, disease severity and pain measures were found. Lifetime exposure to lyso-
Gb3 predicted hypofunction of small nerve fibres in males with classical Fabry 
disease. 

Nerve fibre densities as found in the present study are comparable to those 
found in previous studies14-17. Also, the absence of a correlation between IENFD, 
disease severity and pain intensity is in accordance with previous findings14, 17, 
while low IENFD was associated with high pain symptom sub-scores in one study16. 
In contrast to earlier studies16, 17, the present study revealed a clear association 
between IENF densities and thermal thresholds. The absence of a correlation 
in these other reports may be due to the relatively small numbers of patients 
included. We showed that more severe loss of intraepidermal nerve fibres was 
associated with the presence of small nerve fibre hypofunction at the lower limbs 
in female patients. Males exhibited a more pronounced reduction of IENFD 
and complete nerve fibre function loss at the lower limbs. A further decrease of 
intraepidermal nerve fibres was associated with more severe loss of nerve fibre 
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function at the upper limbs. These observations point to a length-dependent 
neuropathy in Fabry disease.

We did not find a linear relationship between nerve fibre density and pain 
intensity. The nearly significant association between IENFD and heat pain 
thresholds in females points to the presence of peripheral sensitisation18: patients 
with a slightly decreased IENFD had positive heat pain threshold Z-scores 
indicating hypersensitivity, and patients with a lower IENFD had negative Z-scores. 
Besides, we found that one-third of Fabry patients with an IENFD of less than 1/
mm reported no pain on the VAS for mean pain in the last 4 weeks. These two 
observations explain why we did not establish a direct relationship between SFN 
and pain: advancing damage to the nerve fibres initially aggravates pain, which 
then disappears following vanishing of intraepidermal nerve fibres.

The pathogenesis of SFN in Fabry disease is largely unknown, but the results 
of this study point to a role of lifetime exposure to lyso-Gb3 in male Fabry 
patients. Maximum life time exposure to plasma lyso-Gb3 was estimated as 
concentration of plasma lyso-Gb3 * age. It has been observed that plasma lyso-
Gb3 is high immediately after birth in hemizygous male Fabry mice and stays 
constant during their life5. Unfortunately, comparable data are lacking for male 
Fabry patients, but it has been noted that plasma lyso-Gb3 is already high in 
young Fabry males, and even in examined cord blood of a Fabry male5. The 
situation in Fabry heterozygotes is fundamentally different. In Fabry females very 
low plasma lyso-Gb3 levels are encountered that slowly increase with age5. In 
other words, the calculated life time exposure to plasma lyso-Gb3 in this study is 
likely a vast overestimation in females. Of note, in our present study males but not 

Table 3a Relation between IENFD and QST results at the upper limb, males

CDT WDT TSL HPT CPT

B  
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P-value B 
(95% CI)

β P- value

IENFD 0.85
(0.32;1.38)

0.71 0.005 0.94
(0.42;1.46)

0.75 0.002 0.71
(0.31;1.12)

0.74 0.003 0.29
(-0.09;0.66)

0.44 0.120 -0.11
(-0.58;0.36)

-0.15 0.617

Table 3b Relation between IENFD and QST results at the lower limb, females

CDT WDT TSL HPT CPT

B  
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P- value

IENFD 0.02
(-0.14;0.17)

0.04 0.850 0.22
(0.04;0.40)

0.44 0.021 0.14
(0.03;0.26)

0.45 0.018 0.21
(0.00;0.41)

0.37 0.052 0.10
(-0.05;0.24)

0.26 0.188

B=regression coefficient, β=standardized regression coefficient, CDT=cold detection threshold, 
WDT=warm detection threshold, TSL=thermal sensory limen, HPT=heat pain threshold, 
CPT=cold pain threshold
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females showed correlations between lifetime exposure to lyso-Gb3 and nerve 
fibre function loss. How the association between lyso-Gb3 exposure and nerve 
fibre function in Fabry hemizygotes should be interpreted remains speculative. 
Lyso-Gb3 has shown to be capable of promoting proliferation of smooth muscle 
cells in vitro, suggesting a role in the pathogenesis of vascular pathology in Fabry 
disease5. Possibly, vascular pathology at the level of the vasa nervorum plays a 
role in the development of SFN. It cannot be excluded that lyso-Gb3 itself exerts 
a direct pathological effect on the nervous system. This would be in line with 
the previously observed association between lyso-Gb3 and brain white matter 
lesions6. Interestingly, very recently HSN1 has been shown to be caused by plasma 
accumulation of two sphingoid bases, 1-deoxy-sphinganine and 1-deoxymethyl-
sphinganine, that highly resemble lyso-Gb37. The neuropathy in HSN1 and Fabry 
disease show clear similarities, supporting the assumption of neurotoxicity of 
lyso-Gb319.

Although both ERT treated and untreated patients were included, it is unlikely 
that treatment has altered the results, as IENFD and thermal thresholds have not 
been shown to improve upon ERT in an earlier study15. Also, the inclusion of classical 
as well as atypical patients in the study of IENFD and thermal thresholds may have 
influenced our findings. Although lyso-Gb3 clearly differs between these patients, 
analyses of nerve fibre structure and its relation with function and pain were quite 
comparable between atypical and classically affected Fabry patients. Indeed, the 
atypical family in this study started with neuronopathic symptoms, which may or 
may not be related to Fabry disease. Exclusion of these atypical variants revealed 
similar results. Another criticism could be the removal of one patient from the 
analyses due to intracerebral pathology making it impossible to attribute sensory 
abnormalities to SFN only; future studies on nerve fibre function in Fabry patients 
should consider a history of thalamic infarctions as an exclusion criterion.

Table 3a Relation between IENFD and QST results at the upper limb, males

CDT WDT TSL HPT CPT

B  
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P-value B 
(95% CI)

β P- value

IENFD 0.85
(0.32;1.38)

0.71 0.005 0.94
(0.42;1.46)

0.75 0.002 0.71
(0.31;1.12)

0.74 0.003 0.29
(-0.09;0.66)

0.44 0.120 -0.11
(-0.58;0.36)

-0.15 0.617

Table 3b Relation between IENFD and QST results at the lower limb, females

CDT WDT TSL HPT CPT

B  
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P- value B 
(95% CI)

β P- value

IENFD 0.02
(-0.14;0.17)

0.04 0.850 0.22
(0.04;0.40)

0.44 0.021 0.14
(0.03;0.26)

0.45 0.018 0.21
(0.00;0.41)

0.37 0.052 0.10
(-0.05;0.24)

0.26 0.188

B=regression coefficient, β=standardized regression coefficient, CDT=cold detection threshold, 
WDT=warm detection threshold, TSL=thermal sensory limen, HPT=heat pain threshold, 
CPT=cold pain threshold
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Altogether, small fibre structure is highly associated with small fibre function 
but the relation with pain is non-linear. Our findings suggest a complex relationship 
between SFN and pain with peripheral sensitisation and disappearance of pain in 
a subset of patients as hallmarks.
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SUMMARY
Background: Fabry patients have symptoms and signs compatible with 
autonomic dysfunction. These symptoms and signs are considered to be 
due to impairment of the peripheral nervous system, but findings indicative 
of autonomic neuropathy in other diseases, such as orthostatic intolerance 
and male sexual dysfunction, are infrequently reported in Fabry disease. The 
aim of our study was to investigate autonomic symptoms and cardiovascular 
autonomic function in a large cohort of male and female Fabry patients. 

Methods: Forty-eight Fabry patients (15 male, 30 treated with enzyme 
replacement therapy) and 48 sex- and age-matched controls completed  
a questionnaire on autonomic symptoms (the Autonomic Symptom Profile). 
Thirty-six Fabry patients underwent cardiovascular function tests. 

Results: The Autonomic Symptom Profile revealed a significantly higher 
sum score in Fabry patients than in healthy control subjects (22 vs 12), but  
a relatively low score compared to patients with proven autonomic neuropathy. 
Fabry patients scored worse than healthy controls in the orthostatic intolerance 
domain. Scores in the male sexual dysfunction domain were comparable 
between healthy controls and male Fabry patients. The cardiovascular 
autonomic function tests revealed only mild abnormalities in seven patients. 
None of these seven patients showed more than one abnormal test result. 
Enzyme replacement therapy was not associated with less severe disease, 
lower ASP scores or less frequent abnormal cardiovascular function test results. 

Conclusions: Male sexual function and autonomic control of the cardiovascular 
system are nearly normal in Fabry patients, which cast doubt on the general 
accepted assumption that autonomic neuropathy is the main cause of 
symptoms and signs compatible with autonomic dysfunction in Fabry disease. 
Possibly, end-organ damage plays a key role in the development of symptoms 
and signs in Fabry patients. An exceptional kind of autonomic neuropathy is 
another but less likely explanation.
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BACKGROUND
Fabry disease (OMIM 301500) is an X-linked glycolipid storage disease caused by 
deficient activity of the lysosomal enzyme α-galactosidase-A leading to lysosomal 
accumulation of globotriaosylceramide and subsequently to severe multi-system 
disease. Male patients are usually severely affected, but symptoms and signs 
often appear also in female carriers. They consist of skin lesions (angiokeratomas), 
corneal opacities, cardiac hypertrophy and rhythm disturbances, renal failure, 
acroparesthesias, defective sweating (hypo- or anhidrosis), abdominal pain and 
diarrhoea.

Abnormalities of tears and saliva formation, cardiac rhythm disturbances, 
defective sweating and gastrointestinal complaints have frequently been explained 
by autonomic failure. As several studies have shown small fibre damage1, 2 and 
accumulation of lipids in the autonomic ganglia in Fabry patients3, symptoms and 
signs compatible with autonomic dysfunction have generally been attributed to 
autonomic neuropathy4-6. However, more recently, an- or hypohydrosis has been 
found to be due to sweat gland dysfunction rather than autonomic neuropathy7.

Autonomic involvement occurs in a wide range of peripheral neuropathies, 
albeit with variable symptomatology. Orthostatic intolerance and male sexual 
dysfunction, however, are invariably found in autonomic neuropathies8. Surprisingly, 
these symptoms are infrequently reported in Fabry disease. Symptom surveys 
that systematically investigated the presence of orthostasis and impotence in 
Fabry patients are lacking. Data obtained from the Fabry Outcome Survey (FOS), 
a European outcomes database of clinical manifestations in Fabry patients, 
revealed only a limited number of cases with orthostatic intolerance9, while 
male sexual dysfunction was not recorded at all. Only few studies investigating 
cardiovascular autonomic function have been carried out in Fabry patients. Heart 
rate variability has been tested in small numbers of Fabry patients and showed 
abnormal results in two studies10, 11 while others did not find decreased heart rate 
variability12. None of the studied Fabry patients had orthostatic hypotension6, 12.

Altogether, symptoms and signs compatible with autonomic dysfunction in 
Fabry disease are considered to be due to autonomic neuropathy, while studies 
focusing on typical symptoms and signs are scarce. The main objective of this 
study was to investigate the presence of autonomic neuropathy with emphasis 
on autonomic symptomatology and impaired cardiovascular autonomic control 
in Fabry patients.

METHODS
The Academic Medical Centre (AMC) is the single referral centre for the treatment 
of Fabry patients in the Netherlands. All male and female Fabry patients aged 
12 years and older who visit the outpatient pediatric or adult clinic for inherited 
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metabolic diseases at the AMC were asked to participate. In all patients a 
diagnosis of Fabry disease was confirmed by enzymatic assay or DNA mutation. 
The study was approved by the local Ethics Committee and all patients (and 
parents if applicable) provided written informed consent.

To measure the severity of Fabry disease in individual patients, the Mainz Severity 
Score Index (MSSI) was used13. Patients with a total score of less than 20 are defined 
to be mildly affected, those with a score from 20-40 are moderately affected, and 
those with a score above 40 are severely affected14. Pain intensity was assessed on 
an 11-point visual analogue scale (VAS), anchored no pain (0) and worst possible 
pain (10). Patients were asked to score their most severe pain in the last 4 weeks15.

Presence and severity of autonomic symptoms were assessed using the 
Autonomic Symptom Profile (ASP)16. This questionnaire consists of 73 items on 
different aspects of autonomic dysfunction and has 11 weighted subscale scores, 
including an orthostatic intolerance and a male sexual dysfunction subscale. The 
total score is the calculated sum of the 11 individual subscales, giving a maximum 
score of 200 for males and of 170 (200 minus 30 for the male sexual dysfunction 
scale) for females. A score of zero means no complaints. A higher score indicates 
more or worse symptoms. Originally this instrument was tested in three different 
groups: healthy controls, patients with all kinds of non-autonomic peripheral 
neuropathy and patients with proven autonomic neuropathy16. Healthy controls 
had a mean sum score of 10, patients with non-autonomic peripheral neuropathy 
had a mean score of 26, and patients with proven autonomic neuropathy had on 
average a score of 52. The latter scored on average 21.6 (score more than zero: 
90%) in the orthostatic intolerance domain and 9.5 (score more than zero: 71%) 
in the male sexual dysfunction domain. Scores obtained from our patients were 
compared with these scores and with scores obtained from a sample of 48 sex- 
and age-matched healthy hospital workers who were asked for their co-operation 
by one of the authors (MB).

Furthermore, patients underwent cardiovascular autonomic function tests 
that were based on the guidelines designed for the detection of diabetic 
autonomic dysfunction and formulated by diabetes specialists in 1992 at the 
San Antonio Conference on Diabetic Neuropathy17. According to this conference 
an abnormality on more than one test is desirable to establish the presence of 
autonomic dysfunction.

In this study a forced breathing test and a standing up test from supine 
were performed. Changes in heart rate and blood pressure induced by forced 
breathing and standing up were assessed and compared to control values for 
these changes. Lower limits of normal (2.5 percentile) per age-group have been 
well-established in our laboratory18. The forced breathing test was performed in 
supine position. After 5 minutes rest the patient was instructed to perform six 
consecutive maximal inspiration and expiration cycles at a rate of 6 breaths per 
minute. To quantify the test score, the difference between maximal and minimal 
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heart rate for each of the six cycles was determined and averaged to obtain 
the Inspiratory-Expiratory (I-E) difference in beats per minute18. After standing 
up, heart rate increases. The highest heart rate in the first 15 seconds from the 
onset of standing was determined and expressed as the increase from baseline 
(DHRmax). We used the highest and lowest heart rate in the first 30 seconds from 
the onset of standing to quantify the relative bradycardia (HRmax/HRmin ratio). 
Heart rate and finger blood pressure at 3 minutes after the change of posture 
were measured. A persistent fall of more than 20 mmHg in systolic pressure after 
3 minutes standing and a fall of more than 10 mmHg in diastolic pressure after 3 
minutes standing were considered to be abnormal.

Statistical analysis
All results are expressed by mean and standard deviation or median and range 
where appropriate. Differences between variables are calculated using the 
unpaired t-test or Mann Whitney test and differences in proportions are tested 
using the Fisher’s exact test. Correlations between variables are described with 
the use of Spearman correlation coefficients (Spearman’s rho). Significance is 
defined at a P-value of <0.05.

RESULTS
A total of 70 Fabry patients are followed at regular intervals at the outpatient 
pediatric or adult clinic for inherited metabolic diseases at the AMC. All patients 
were asked to participate in the study. Two adult patients could not be reached by 
phone and 15 adult patients refused to participate. Travel distance was the most 
frequently mentioned reason. Another 5 children did not take part in the study, 
mostly as their parents considered participation as too demanding. Half of the 
22 non-participating patients were male. The median age was significantly lower 
than that of the participating patients (29 years, P = 0.008) but the MSSI was not 
different (median sum score 12.5, P = 0.74) at the time the study started.

In total, 48 patients (69% of the Dutch Fabry population) were included. In 
Table 1 the patient characteristics are shown. Thirty patients received enzyme 
replacement therapy (ERT) with a median duration of 3.6 years (range 0.2-6.0). 
Other frequently prescribed medications were: pain medication (11 patients of 
whom 1 used non-steroidal pain medication), ACE inhibitors (10 patients), ATII-
antagonists (11 patients), beta blockers (3 patients) and diuretics (9 patients).

The MSSI sum score revealed that on average male patients were moderately 
affected and females were mildly affected. Twenty-nine patients scored below 20 
(mildly affected), 18 patients scored between 20-40 (moderately affected) and 
only 1 male patient had a sum score of more than 40 (severely affected)14. The 
median score for most severe pain in the last 4 weeks was 3 (range 0-9). This score 
did not differ significantly between male and female patients. 



8

136

All patients completed the ASP. Table 2 shows median scores per domain. In 
Table 3 the numbers of patients with a score of more than zero for the different 
domains are shown. The median ASP sum score for all patients was 22 (range 
0-78). Male patients had a median score of 18 out of 200 points and female 
patients scored 24 out of 170 points. Neither these scores (P = 0.71), nor the 
scores of the different domains differed between males and females. Controls (15 
males, 33 females, median age 46 years, range 14-74) had a median score of 12 
(range 0-35), which was better than Fabry patients (P = 0.005). 

Median scores in the orthostatic intolerance domain were 13 (range 0-35) for 
Fabry patients and 1.3 (range 0-25) for healthy controls (P = 0.004). Seventy-
five percent of the Fabry patients scored more than zero points in this domain 
compared with 50% of the healthy controls (P = 0.02). Median scores in the male 
sexual failure domain were 0 (range 0-17) for Fabry patients and 0 (range 0-7.5) 
for healthy controls (P = 0.29). Forty percent of male Fabry patients scored more 
than zero points in this domain compared with 20% of healthy male controls (P 
= 0.43). Furthermore, unexpectedly low numbers of Fabry patients scored more 
than zero points in the secretomotor, gastroparesis, diarrhoea and constipation 
domains, being respectively 28, 15, 13 and 10. 

Spearman correlation did not show a relationship between age and the ASP 
sum score (Spearman’s rho = 0.14, P = 0.35) and a trend towards an association 
between the MSSI sum score and ASP sum score was found (Spearman’s rho = 
0.27, P = 0.06). 

Thirty-six patients (10 males and 26 females, 75% of the study population) 
underwent autonomic cardiovascular function tests. Twelve patients refused to 

Table 1 Patient characteristics

All patients
n = 48

Male patients 
n = 15

non-ERT
n = 2

ERT
n = 13

non-ERT vs ERT,
P-value

Female patients 
n = 33

non-ERT
n = 16

ERT
n = 17

non-ERT vs ERT,
P-value

Age, years, median (range) 47 (12-73) 47 (21-66) 47.5 (46-49) 47 (21-66) 1.00 45 (12-73) 25.5 (12-52) 51 (22-73) 0.00

Enzyme activity, mmol/l/hr, median (range) 14 (0.0-59) 1.2 (0.0-6.4) 2.0 (1.5-2.5) 0.7 (0.0-6.4) 0.20 19.6 (4.1-59.3) 20 (13-51) 19 (4.1-59) 0.51

MSSI sum score, median (range)
  general score, median (range)
  neurological score, median (range)
  cardiovascular score, median (range)  
  renal score, median (range)

15.5 (1-47)
4 (0-11)
4 (0-13)
6.5 (0-15)
0 (0-12)

25 (5-47)
5 (2-11)
6 (0-13)
9 (1-15)
0 (0-12)

11 (5-17)
3.5 (2-5)
0.5 (0-1)
7 (3-11)
0

27 (10-47)
5 (2-11)
6 (3-13)
9 (1-15)
0 (0-12)

0.23
0.31
0.02
0.69
0.38

13 (1-35)
4 (0-8)
3 (0-12)
4 (0-15)
0 (0-12)

7 (1-18)
2 (0-5)
1.5 (0-7)
1.5 (0-11)
0

23 (3-35)
5 (1-8)
4 (1-12)
9 (0-15)
4 (0-12)

0.00
0.00
0.04
0.07
0.00

VAS most severe pain, median (range) 3 (0-9) 4 (0-8) 1 4 (0-8) 0.31 2 (0-9) 0.5 (0-8) 5 (0-9) 0.20

n = 36 n = 10 n = 2 n = 8 n = 26 n = 9 n = 17

Systolic BP, mmHg, mean (SD) 118 (12) 114 (13) 115 (20) 113 (13) 0.88 120 (11) 115 (8) 123 (12) 0.11

Diastolic BP, mmHg, mean (SD) 71 (7) 71 (9) 74 (16) 70 (8) 0.68 71 (7) 70 (9) 72 (5) 0.46

Heart rate, bpm, mean (SD) 65 (12) 68 (13) 61 (4) 70 (14) 0.40 64 (12) 66 (13) 63 (11) 0.47

ERT=enzyme replacement therapy; MSSI=Mainz Severity Score Index; VAS=visual analogue 
scale; BP=blood pressure; bpm=beats per minute
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Table 1 Patient characteristics

All patients
n = 48

Male patients 
n = 15

non-ERT
n = 2

ERT
n = 13

non-ERT vs ERT,
P-value

Female patients 
n = 33

non-ERT
n = 16

ERT
n = 17

non-ERT vs ERT,
P-value

Age, years, median (range) 47 (12-73) 47 (21-66) 47.5 (46-49) 47 (21-66) 1.00 45 (12-73) 25.5 (12-52) 51 (22-73) 0.00

Enzyme activity, mmol/l/hr, median (range) 14 (0.0-59) 1.2 (0.0-6.4) 2.0 (1.5-2.5) 0.7 (0.0-6.4) 0.20 19.6 (4.1-59.3) 20 (13-51) 19 (4.1-59) 0.51

MSSI sum score, median (range)
  general score, median (range)
  neurological score, median (range)
  cardiovascular score, median (range)  
  renal score, median (range)

15.5 (1-47)
4 (0-11)
4 (0-13)
6.5 (0-15)
0 (0-12)

25 (5-47)
5 (2-11)
6 (0-13)
9 (1-15)
0 (0-12)

11 (5-17)
3.5 (2-5)
0.5 (0-1)
7 (3-11)
0

27 (10-47)
5 (2-11)
6 (3-13)
9 (1-15)
0 (0-12)

0.23
0.31
0.02
0.69
0.38

13 (1-35)
4 (0-8)
3 (0-12)
4 (0-15)
0 (0-12)

7 (1-18)
2 (0-5)
1.5 (0-7)
1.5 (0-11)
0

23 (3-35)
5 (1-8)
4 (1-12)
9 (0-15)
4 (0-12)

0.00
0.00
0.04
0.07
0.00

VAS most severe pain, median (range) 3 (0-9) 4 (0-8) 1 4 (0-8) 0.31 2 (0-9) 0.5 (0-8) 5 (0-9) 0.20

n = 36 n = 10 n = 2 n = 8 n = 26 n = 9 n = 17

Systolic BP, mmHg, mean (SD) 118 (12) 114 (13) 115 (20) 113 (13) 0.88 120 (11) 115 (8) 123 (12) 0.11

Diastolic BP, mmHg, mean (SD) 71 (7) 71 (9) 74 (16) 70 (8) 0.68 71 (7) 70 (9) 72 (5) 0.46

Heart rate, bpm, mean (SD) 65 (12) 68 (13) 61 (4) 70 (14) 0.40 64 (12) 66 (13) 63 (11) 0.47

ERT=enzyme replacement therapy; MSSI=Mainz Severity Score Index; VAS=visual analogue 
scale; BP=blood pressure; bpm=beats per minute

Table 2 Autonomic Symptom Profile scores, median (range)

Domain

All
patients
n = 48

non-ERT
n = 18

ERT
n = 30

non-ERT 
vs ERT,
P-value

Healthy 
controls
n = 48

Patients vs 
controls,
P-value

Orthostatic intolerance 13 (0-35) 14 (0-28) 13 (0-35) 0.96 1.3 (0-25) 0.004

Vasomotor impairment 0 (0-8.2) 0 (0-7.6) 0 (0-8.2) 0.33 0 (0-6.3) 0.017

Secretomotor disorder 1.5 (0-14) 0 (0-7.5) 3 (0-14) 0.000 1.5 (0-7.5) 0.23

Gastroparesis 0 (0-8.4) 0 (0-8.4) 0 (0-5) 0.36 0 (0-3.3) 0.017

Diarrhoea 0 (0-16) 0 (0-8) 0 (0-16) 0.57 0 (0-8) 1.00

Constipation 0 (0-11) 0 (0-6) 0 (0-11) 0.95 0 (0-9) 0.63

Bladder disorder 0 (0-12) 0 (0-10) 0 (0-12) 0.38 0 (0-4) 0.74

Pupillomotor impairment 0.5 (0-4.5) 0.5 (0-2.5) 0.5 (0-4.5) 0.78 0 (0-3) 0.13

Sleep disorder 1.5 (0-7.5) 0 (0-6) 1.5 (0-7.5) 0.002 0 (0-6) 0.06

Syncope 0 (0-4) 0 (0-4) 0 (0-4) 0.29 0 (0-4) 0.31

Sum score 22 (0-78) 21 (0-49) 24 (0-78) 0.30 12 (0-35) 0.005

Male 
patients
n = 15

non-ERT
n = 2

ERT
n = 13 P-value

Male
Controls
n = 15 P-value

Male sexual failure 0 (0-17) 0.8 (0-1.5) 0 (0-17) 0.93 0 (0-7.5) 0.29

ERT=enzyme replacement therapy
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Table 3 Autonomic Symptom Profile scores, score > 0, n (%)

Domain

All 
patients
n = 48

non-ERT
n = 18

ERT
n = 30

non-ERT 
vs ERT, 
P-value

Healthy 
controls
n = 48

Patients vs 
controls,
P-value

Orthostatic intolerance 36 (75) 13 (72) 23 (77) 0.74 24 (50) 0.02

Vasomotor impairment 15 (31) 4 (22) 11 (37) 0.35 6 (13) 0.047

Secretomotor disorder 28 (58) 3 (17) 25 (83) 0.00 25 (52) 0.68

Gastroparesis 15 (31) 4 (22) 11 (37) 0.35 6 (13) 0.047

Diarrhoea 13 (27) 6 (33) 7 (23) 0.51 15 (31) 0.82

Constipation 10 (21) 4 (22) 6 (20) 1.00 14 (29) 0.48

Bladder disorder 17 (35) 5 (28) 12 (40) 0.54 18 (38) 1.00

Pupillomotor impairment 29 (60) 12 (67) 17 (57) 0.55 19 (40) 0.07

Sleep disorder 28 (58) 5 (28) 23 (77) 0.00 23 (48) 0.41

Syncope 3 (6) 2 (11) 1 (3) 0.55 1 (2) 0.62

Sum score 46 (96) 17 (94) 29 (97) 1.00 46 (96) 1.00

Male 
patients
n = 15

non-ERT
n = 2

ERT
n = 13 P-value

Male 
controls
n = 15 P-value

Male sexual failure 6 (40) 1 (50) 5 (38) 1.00 3 (20) 0.43

ERT=enzyme replacement therapy

make an extra visit to the hospital for the purpose of this study. In two cases heart 
rate variability (HRV) was impossible to assess due to frequent extrasystoles. The 
results of these tests are summarized in Table 4 and Fig. 1.

Three female patients aged 25, 50 and 53 years old and with MSSI sum scores 
of 13, 24 and 17 showed abnormal results of the forced breathing test. They 
scored respectively 12, 9 and 9 beats per minute indicating a decreased HRV. The 
ECG of the 50-year-old woman showed signs of left ventricular hypertrophy (LVH) 
and the 53-year-old woman suffered from cardiomyopathy. Three males aged 25, 
52 and 63 years old and with MSSI sum scores of 13, 27 and 47 had an abnormal 
initial heart rate response to standing up from supine position. The first was known 
with LVH and the latter with cardiomyopathy, while the 52-year-old male did not 
have cardiac pathology. They scored respectively 17, 11 and 11 beats per minute 
which are abnormally low scores in relation to their age. One 14-year-old girl with 
an MSSI sum score of 2 had a persistent fall of 11 mmHg in diastolic pressure 3 
minutes after standing up. 

Role of ERT
Two of the 15 male study patients were untreated. They were similar to ERT treated 
patients with respect to age and disease severity. Female patients who were 
treated with ERT were older and more severely affected compared with untreated 
females (see Table 1). No difference in ASP sum score was found between ERT 
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treated and untreated patients (P = 0.30), while secretomotor problems and sleep 
disorder were more frequent and more severe in ERT treated than untreated 
patients (see Tables 2 and 3).

Twenty-five of the 36 patients (69%) who underwent autonomic cardiovascular 
function tests received ERT. Patients on ERT had lower heart rate variability than 
untreated patients. All three females and three males with an abnormal heart rate 
variability test result were treated with ERT. The 14-year-old girl was untreated. 
Altogether, ERT was not associated with less severe disease, lower ASP scores or 
less frequent cardiovascular autonomic function abnormalities.

Table 4 Autonomic function tests

n Mean (SD)
Number of patients with an 
abnormal test result (n)

Inspiratory-Expiratory (I-E) difference, bpm 34 19 (8) 3

∆HRmax, bpm 34 25 (10) 3

HRmax/HRmin ratio, mmHg 34 1.3 (0.21) 0

∆Syst 3 min after standing up, mmHg 36 3 (9) 0

∆Diast 3 min after standing up, mmHg 36 6 (7) 1

∆HR 3 min after standing up, bpm 36 7 (7) 0

bpm=beats per minute

Figure 1 Inspiratory-Expiratory difference 

 

Circle=male without LVH/cardiomyopathy; star=male with LVH/cardiomyopathy; triangle=female without 
LVH/cardiomyopathy; square=female with LVH/cardiomyopathy. 
 

 

Figure 1 Inspiratory-Expiratory difference

Circle=male without LVH/cardiomyopathy; star=male with LVH/cardiomyopathy; 
triangle=female without LVH/cardiomyopathy; square=female with LVH/cardiomyopathy.
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DISCUSSION
In this study we found a low prevalence of orthostatic intolerance and male 
sexual dysfunction in a rather large cohort of Fabry patients. The cardiovascular 
autonomic function tests showed normal cardiovascular autonomic control in 
almost all of our Fabry patients.

This raises the important question whether autonomic neuropathy plays a 
prominent role in Fabry symptoms and signs. The disturbances that have been 
ascribed to autonomic neuropathy in Fabry disease include an- or hypohydrosis, 
decreased tears and saliva formation, abnormal cerebrovascular reactivity, 
cardiac rhythm disturbances as well as gastrointestinal complaints4-6. However, 
unlike the findings in other diseases that cause autonomic neuropathy8 and in 
patients with proven autonomic failure16, orthostatic intolerance and male sexual 
dysfunction are less frequent and less severe manifestations in our Fabry patients. 
Furthermore, the low resting heart rate as found in our study patients is unusual 
in patients with an autonomic neuropathy.

Defective sweating has long been thought to originate from autonomic 
neuropathy. However, skin biopsies did not reveal a decrease in nerve fibre density 
of sweat gland innervation, but revealed storage of lipids in sweat glands. Also, 
the non-length dependent distribution of the an- or hypohydrosis and the rapid 
effect of single enzyme infusions, suggested a sweat gland dysfunction rather 
than an autonomic neuropathy7. In line with defective sweating, end-organ failure 
might also account for the abnormal peripheral blood flow that has been found in 
several studies19, 20. A study on vascular hyperreactivity in Fabry disease supports 
this hypothesis; absence of a difference in plasma epinephrine or norepinephrine 
levels between patients and controls suggested that the altered vessel response 
in Fabry disease may be attributed to vasogenic and not to neurogenic factors21. 
This is further supported by almost normal cardiovascular autonomic function, as 
has been confirmed in the current study as well as in previous studies6, 12. Studies 
on heart rate variability (HRV) in pediatric Fabry patients revealed significantly 
different results between boys and both girls and controls, with significant 
improvement of heart rate variability in boys upon ERT10, 11. However, it is likely 
that cardiac pathology (i.e. left ventricular hypertrophy and/or conduction system 
pathology) has influenced the abnormalities observed in these patients. In the 
current study, only 6 out of 36 Fabry patients showed an abnormal HRV on one 
test. As four of these six patients were known with LVH or cardiomyopathy, our 
findings could be partly explained by the underlying cardiac pathology.

Altogether, our results indicate that symptoms and signs compatible with 
autonomic dysfunction in Fabry patients are probably not due to autonomic 
neuropathy. More likely, these symptoms and signs are caused by end-organ 
failure which has been suggested before by others22, 23 and is supported by 
findings from previous studies7, 21. An exceptional kind of autonomic neuropathy 
can, however, not be totally excluded.
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It is surprising that, in spite of evidence of small fibre neuropathy in Fabry 
disease1, 2, and autonomic functions being carried by these small nerve fibres, 
we did not find symptoms and signs that are generally found in patients with 
autonomic neuropathy due to other diseases. Diabetic neuropathy and other 
small fibre neuropathies (i.e. amyloidosis, leprosy and HIV) lead to equal damage 
of C- and Aδ-fibres or to more severe damage of C-fibres than Aδ-fibres24-27. In 
contrast, Fabry disease causes more severe impairment of Aδ-fibres compared to 
C-fibres, as shown by quantitative sensory testing1, 12. Preganglionic autonomic 
fibres consist of small myelinated B-fibres and postganglionic autonomic fibres 
are small unmyelinated C-fibres28. The relatively selective damage to ‘non-
autonomic’ small myelinated Aδ-fibres in Fabry disease could therefore underlie 
the found preservation of autonomic function in Fabry disease. One other disease, 
hereditary sensory and autonomic neuropathy (HSAN) type 5, is known to cause 
selective loss of small myelinated nerve fibres. Autonomic function is usually 
spared in HSAN type 5; none of the reported patients had orthostatic hypotension, 
although anhydrosis has been reported in some29. Apparently, damage to C-fibres 
is required for the development of overt autonomic neuropathy.

In contrast to orthostatic intolerance and male sexual dysfunction, 
gastrointestinal complaints are frequently reported in Fabry disease. These 
complaints have been attributed to dysfunction of enteric neurons30. Data 
obtained from 342 Fabry patients enrolled in the Fabry Outcome Survey (FOS), 
revealed that 60.8% of children and 49.8% of adults experienced gastrointestinal 
complaints. The most frequently reported gastrointestinal symptoms were 
abdominal pain and diarrhoea30. In this light, the high numbers of patients 
without gastrointestinal disturbances in the current cohort are unexpected. This 
difference between the FOS data and our results may be due to an overestimation 
in the FOS as these findings were based on self-reports by patients, and not on a 
validated questionnaire.

Furthermore, an unexpectedly low number of Fabry patients reported 
secretomotor problems. This may be attributed to a shortcoming in the questionnaire 
we used: the ASP assesses changes in sweating in the past five years, whereas 
Fabry patients usually suffer from sweat problems from childhood on.

Another limitation of the current study is that we included mainly mild to 
moderately affected patients. As we found a trend towards a correlation between 
the MSSI sum score and the ASP sum score and relatively high MSSI sum scores 
in 4 out of 6 patients with an abnormal heart rate variability test result, we cannot 
exclude that autonomic neuropathy is more prevalent in severely affected patients. 
Besides, the cross-sectional character of the study precludes definite conclusions 
on the long term effect of enzyme replacement therapy in individual patients. 
However, our results suggest that patients with relatively severe disease are more 
often on ERT and that the severity of autonomic dysfunction is not influenced 
by ERT. A final limitation is that we have restricted the function tests to those 
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evaluating cardiovascular autonomic function. However, abnormalities in the 
autonomic control of other organ systems such as peripheral vascular reactivity 
is thought to reflect end-organ pathology and not real autonomic neuropathy as 
discussed above.

CONCLUSIONS
Male sexual function and autonomic control of the cardiovascular system are 
normal in Fabry patients, which cast doubt on the general accepted assumption 
that autonomic neuropathy is a major player in the pathophysiology of the disease.
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ABSTRACT 
A Fabry patient with poikilothermia is described. Laboratory investigations, 
neuro-imaging and autonomic function tests did not disclose a cause. 
Assessment of intra-epidermal nerve fibre density and quantitative sensory 
testing revealed small fibre neuropathy with a highly impaired cold sensation. 
We speculate that the poikilothermia is either caused by a vascular lesion 
in the hypothalamus not visible on MRI or by small fibre neuropathy 
leading to disturbed body temperature perception and therefore impaired 
thermoregulation.
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INTRODUCTION
Fabry disease (OMIM 301500) is an X-linked glycolipid storage disease caused 
by deficient activity of the lysosomal enzyme α-galactosidase A. This leads 
to accumulation of specific glycosphingolipids and results in multi-system 
disease. Early Fabry symptoms and signs are angiokeratomas, corneal opacities, 
hypo- or anhidrosis and acroparesthesias. Later in life renal failure, stroke and 
cardiomyopathy occur1. Most physicians take care of few Fabry patients, and 
some symptoms have only become apparent upon studying larger patient 
groups. Hearing loss, for instance, was only recently shown to occur frequently 
in these patients2. Here, we report on an additional possibly related symptom: 
poikilothermia.

CASE REPORT
A 38-year-old man was hospitalised because of malaise in December 2008. He 
was diagnosed with Fabry disease at the age of 18 years3, and at that time he 
had mild proteinuria, ankle oedema and left ventricular hypertrophy with normal 
cardiac function. In addition, white matter lesions in the right parietal and temporal 
lobes on MRI, sensory hearing loss and tingling paresthesias of the hands and feet 
were noted. He has been treated with human α-galactosidase A (Replagal, Shire 
Inc.) at a dose of 0.2 mg/kg since 2001. He was stable until March 2008 when he 
was evaluated because of transient hypoalbuminemia. At this time, hypothermia 
was noted. A few months later, he complained of malaise, slurred speech and 
difficulty with walking. At admission, physical examination revealed a bradyphrenic 
man with a body temperature of 34°C. Repeated measurements over the next 
weeks showed temperatures between 32.9 and 34.3°C. He declined feeling cold. 
Laboratory investigations, including electrolytes, vitamins, thyroid function and 
adrenocorticotropic hormones, were unremarkable except for minimal changes 
in thyroid hormones [TSH 9.70 mE/L (N = 0.50-5.00), fT4 12.5 pmol/L (N = 10.0-
23.0)] with negative anti-thyroxine peroxidase (aTPO). Structural lesions of the 
hypothalamus or its efferent pathways were not seen on cerebral and cervical 
MRI. A forced breathing test, supine-standing up test and Valsalva’s manoeuvre 
were performed and demonstrated normal cardiovascular autonomic function: the 
difference between maximal and minimal heart rates during the forced breathing 
test (inspiratory-expiratory difference) was 9 beats per minute, the highest heart 
rate in the first 15 s from the onset of standing minus the heart rate at baseline 
(DHRmax) was 20 beats per minute, and the ratio between the highest and lowest 
heart rate in the first 30 s from the onset of standing (HRmax/HRmin ratio) was 1.3. 
The Valsalva manoeuvre showed a normal heart rate and blood pressure response 
with a Valsalva ratio of 2.9. Small nerve fibre function was assessed with quantitative 
sensory testing: a special device that warms or cools the skin was placed over the 
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patient’s left hand and right foot. The patient was asked to press a button as 
soon as he felt the slightest change of temperature to warm or cold. These tests 
showed a highly impaired cold sensation at the upper and lower limb (see Fig. 1). 
A skin biopsy taken 10 cm above the lateral malleolus showed an intraepidermal 
nerve fibre density (IENFD) of 0.71 fibres/mm which is lower than healthy controls 
(median IENFD 8.4 fibres/mm, 0.05 quantile 4.7 fibres/mm4), but similar to other 
male Fabry patients (median IENFD 0.5 fibres/mm, unpublished data). 

During the following summertime, temperature normalised, and the 
accompanying symptoms resolved. The subsequent decrease of body temperature 
to 34°C during the next winter (2009) and again normalisation during the summer 
of 2010 suggested poikilothermia rather than hypothermia. Poikilothermia is 
defined as fluctuation in core temperature of more than 2°C due to changes in 
ambient temperature. Temperature stress tests were not performed. Heat stress 
testing was considered unethical due to the possible provocation of painful 
acroparesthesias that occur in Fabry patients. 

Figure 1 Quantitative sensory testing results at the lower limb 
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Quantitative sensory testing consisted of thermal detection and thermal pain thresholds. These tests 

were performed using a TSA 2001-II thermal sensory testing device. Normative values have been well 

established in our laboratory. Each test was done four times. This figure shows that our patient has a 

highly impaired cold sensation at the lower limb: a temperature decrease to 0°C was not perceived 

as cold or pain. Warm sensation was normal. The horizontal lines represent normative values. Values 

with exclamatory mark indicate abnormal value. 

 

 

Figure 1 Quantitative sensory testing results at the lower limb.

Quantitative sensory testing consisted of thermal detection and thermal pain thresholds. 
These tests were performed using a TSA 2001-II thermal sensory testing device. Normative 
values have been well established in our laboratory. Each test was done four times. This figure 
shows that our patient has a highly impaired cold sensation at the lower limb: a temperature 
decrease to 0°C was not perceived as cold or pain. Warm sensation was normal. The horizon-
tal lines represent normative values. Values with exclamatory mark indicate abnormal value.
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To find out whether poikilothermia is more prevalent in Fabry disease 
than previously recognised, we measured body temperatures routinely in 60 
Fabry patients (22 males, mean age 43 years) at the outpatient clinic (ambient 
temperature of 21°C) from September to December 2009. Only one other patient 
(female, 50 years old, known with white matter lesions, left ventricular hypertrophy 
and renal failure) had a temperature below 35°C. She also declined feeling cold. 

DISCUSSION
Except for heat intolerance due to sweat gland dysfunction, temperature 
disturbances have not been reported previously in Fabry disease. Maintenance 
of a constant body temperature is mainly governed by the thermoregulatory 
centres in the hypothalamus that contain warm-sensitive neurons. These neurons 
are activated by increase of body temperature and inhibited by input from cold 
receptors in the skin5. Integration of temperature information leads to heat loss 
responses or to heat conservation and production. Aside from hypothalamic 
lesions (e.g. vascular, multiple sclerosis and trauma), old age and thyroid disorders 
are the most common causes of impaired thermoregulation presenting symptoms 
as described in our patient (malaise, bradyphrenia, slurred speech and disturbed 
gait). Autonomic neuropathy may contribute to disturbed thermoregulation by 
impaired control of cutaneous circulation. We studied the autonomic nervous 
system in our patient showing normal cardiovascular autonomic function. This is 
in line with our recent study in 48 Fabry patients, where the generally accepted 
assumption that Fabry patients suffer from overt autonomic neuropathy was 
rejected6. In that paper, we suggested that symptoms and signs compatible 
with autonomic dysfunction in Fabry patients are mainly caused by end-organ 
failure due to continuous accumulation of glycosphingolipids. However, other 
investigators argue that functional autonomic neuropathy is a key feature of Fabry 
disease due to accumulation of glycosphingolipids in central and peripheral 
autonomic structures. A recent report on cardiovascular responses to orthostatic 
challenge in Fabry patients using spectral analysis revealed a reduced sympathetic 
activation and a limited cardiovagal withdrawal upon standing, suggesting subtle 
dysfunction of the autonomic nervous system7. However, none of the studied 
Fabry patients had overt orthostatic hypotension, whereas this is seen invariably 
in patients with autonomic neuropathy due to other diseases accompanied by 
peripheral neuropathies8. Abnormalities at the level of the heart, the vascular 
walls or the baroreceptors themselves could have accounted for the abnormal 
cardiovascular responses in that study. 

Common causes of poikilothermia are hypothalamic lesions or thyroid disorders. 
In 1996, four women with poikilothermia were described9. It was concluded that 
in these subjects, who had normal blood pressure responses to standing up 
and Valsalva manoeuvre, poikilothermia had to be attributed predominantly to 
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disorders of the central thermoregulatory pathways, being a trauma, a tumour 
and an empty sella. Possibly, the poikilothermia in our patient is also caused by 
a central nervous system abnormality. We cannot exclude for example that the 
white matter lesions found elsewhere in the brain of our patient point to a small 
localised vascular episode in the appropriate part of the hypothalamus not visible 
on MRI. The minimal changes in thyroid hormones are a consequence rather than 
a cause of the poikilothermia, as shown by its spontaneous normalisation. Finally, 
we propose that the small nerve fibre dysfunction could underly the abnormal 
temperature regulation. Quantitative sensory testing and skin biopsy results 
showed the presence of a severe small fibre neuropathy, which is a common 
finding in Fabry disease10. These tests were done during summertime when body 
temperature and thyroid hormones had normalised spontaneously. Possibly, the 
conduction of ‘cold’ information by small fibres from peripheral thermoreceptors 
to the hypothalamus is insufficient, while increases in body temperature are 
detected normally by the hypothalamic warm-sensitive neurons. This imbalance 
may lead to impaired feedback and therefore to a lower body temperature, 
especially during the cold winter time. However, if this was the true cause of 
poikilothermia in our patient, it is remarkable that poikilothermia has not been 
noted in other equally affected Fabry patients with small fibre neuropathy. 

CONCLUSION 
Poikilothermia in Fabry disease may have various causes. In our patient, 
the disturbed thermoregulation is either caused by a vascular lesion in the 
hypothalamus not visible on MRI or by his small fibre neuropathy with highly 
impaired cold sensation leading to impaired feedback and a low body temperature. 
More clinical observations and studies are awaited.
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SUMMARY
The first section of this thesis focuses on the neurological complications in type 
I Gaucher disease.

Although several case reports on coincidental neurological complications 
in type I Gaucher disease patients had been published the non-neuronopathic 
character of the disease has not been debated until recently and the terms type I 
Gaucher disease and non-neuronopathic Gaucher disease were used as synonyms. 
Since the description of 6 type I Gaucher disease patients with concomitant early-
onset parkinsonism in 19961, many reports and studies on the concurrence of type 
I Gaucher disease and parkinsonism have been published. Attention was drawn to 
the possible association between type I Gaucher disease and neurological diseases 
and the division into neuronopathic and non-neuronopathic phenotypes became 
subject of debate2. To elaborate on this issue, a literature search was performed, 
the results of which are described in chapter 2. The search revealed 86 reports 
on neurological diseases in patients with type I Gaucher disease. Moreover, the 
Dutch type I Gaucher disease cohort was retrospectively studied for the presence 
of neurological diseases which revealed 34 neurological diagnoses in 75 patients 
with type I Gaucher disease during a median follow-up time of 11 years. These 
findings resulted in the proposal to reject the term non-neuronopathic Gaucher 
disease. However, we argue to uphold the division in three phenotypes, as the 
neurological symptoms and signs encountered in type I Gaucher disease are of 
a totally different order and magnitude as compared to the symptoms and signs 
associated with type II and type III Gaucher disease.

In chapter 3 the results of a large multicentre study on the prevalence 
and incidence of polyneuropathy in type I Gaucher disease are presented. A 
few single polyneuropathy cases had been reported, but it remained unclear 
whether polyneuropathy should be considered part of the clinical spectrum of 
type I Gaucher disease. Our study showed a diagnosis of polyneuropathy in 11 
out of the 103 patients studied (prevalence: 10.7%). The two-year study period 
revealed another six cases of polyneuropathy (incidence: 2.9 per 100 person-
years). After a systematic review of the literature, the prevalence and incidence of 
polyneuropathy in the general population are estimated between 0.09 and 1.3% 
and 0.0046 and 0.015 per 100 person-years, respectively. Thus, polyneuropathy is 
more common in type I Gaucher disease patients than in the general population.

In the same cohort, the cognitive profile of type I Gaucher disease patients 
was studied. These results are described in chapter 4. Considering the entire 
cohort, type I Gaucher disease patients showed slightly impaired speed measures 
compared with age- and gender-matched control values. Subgroup analyses 
revealed that severely affected patients scored worse than mildly affected 
patients on several cognitive function measures. Likewise, age was associated 
with cognitive impairment: older patients scored worse on the composite scores 
Quality of Working Memory and Variability of Attention. These findings suggest 
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that the central nervous system may become involved during life. However, clinical 
relevance of this finding is uncertain since type I Gaucher disease patients usually 
do not report difficulties in conducting daily activities or cognitive problems. 

In chapter 5 a monozygous twin pair with type I Gaucher disease with highly 
discordant phenotypes is described. One had severe visceral involvement, 
epilepsy and a cerebellar syndrome. Her twin did not manifest any symptoms 
or signs of Gaucher disease. Interestingly, they had a presumably mild Gaucher 
mutation, although this genotype has also been described in relation to a mild 
type III phenotype with myoclonic epilepsy. The occurrence of highly discordant 
phenotypes in monozygotic twins and the concurrence of a mild Gaucher mutation 
and a severe phenotype, are both discussed. It is speculated that modifiers and/
or environmental factors play an important role in the initiation and progression 
of Gaucher disease.

In section II, studies on small fibre neuropathy in Fabry disease are described.
In chapter 6 and chapter 7 the results of a study on function and structure of 

small nerve fibres are presented. The small fibre neuropathy in Fabry disease is 
a length-dependent and Aδ-fibre preferential neuropathy. The length-dependent 
character was shown by the complete nerve fibre function loss at the lower limbs 
in almost all male patients, whereas nerve fibre function at the upper limbs was 
worse at older age and with more severe disease. Female patients exhibited 
incomplete small nerve fibre function loss at the lower limbs which was worse 
at older age and when disease was more severe, while small nerve fibres at the 
upper limb were relatively spared. In line with this observation, a decrease of 
intraepidermal nerve fibres was associated with more severe nerve fibre function 
impairment at the lower limbs in females. Males showed a more pronounced 
reduction of intraepidermal nerve fibre density; a further decrease was associated 
with more severe loss of nerve fibre function at the upper limbs. 

Interestingly, the severity of small nerve fibre damage was not associated 
with pain intensity. On the contrary, young patients with relatively mild nerve 
fibre damage had high pain scores, whereas a subset of older patients with more 
severe nerve fibre damage reported no pain. This could be due to the mechanism 
of peripheral sensitisation - i.e. limited nerve fibre damage leads to abnormal 
excitability and pain - in young patients. Conversely, with increasing age and 
thus with increasing disease burden small nerve fibre damage can become so 
widespread and severe that pain may abate.

The preference for Aδ-fibres was already known from previous studies in Fabry 
disease, and is unique when compared with other small fibre neuropathies. In 
diabetes, amyloidosis and other diseases known to cause small fibre neuropathy, 
C-fibres and Aδ-fibres are equally affected3-5. Therefore, the small fibre neuropathy 
in Fabry disease is most likely caused by the disease itself and not by comorbidities 
and/or co-medications.

Aside from pain and temperature, small nerve fibres carry autonomic 
functions. As a consequence, patients with small fibre neuropathy often suffer 
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from autonomic neuropathy. Abnormalities of tears and saliva formation, cardiac 
rhythm disturbances, defective sweating and gastrointestinal complaints in Fabry 
disease are therefore generally accepted to be caused by autonomic neuropathy. 
However, Fabry patients do not report symptoms and signs such as orthostatic 
intolerance and male sexual dysfunction that are invariably found in other 
autonomic neuropathies. Moreover, previous studies revealed that end-organ 
failure rather than autonomic neuropathy underlies the sweating problems and 
vascular hyperreactivity in Fabry disease. Therefore, the presence of autonomic 
neuropathy was doubted. We investigated the presence of autonomic neuropathy 
in a large cohort of Fabry patients. Results are described in chapter 8. Only a 
few Fabry patients reported orthostatic intolerance or male sexual dysfunction. 
Moreover, the cardiovascular autonomic function tests showed normal 
cardiovascular autonomic control in almost all Fabry patients. These findings 
make it unlikely that Fabry patients suffer from autonomic neuropathy despite 
the presence of small fibre neuropathy in this patient group. This seemingly 
contradiction may be explained by the difference between nerve fibre types 
involved in the autonomic control of organs and the nerve fibre type affected 
by Fabry disease; preganglionic autonomic fibres consist of small myelinated 
B-fibres and postganglionic autonomic fibres are small unmyelinated C-fibres6, 
whereas Fabry disease causes relatively selective damage to Aδ-fibres7-13. Possibly, 
the selective damage to ‘non-autonomic’ Aδ-fibres in Fabry disease leads to the 
preservation of some of the autonomic functions in Fabry disease. Symptoms and 
signs that have been attributed to autonomic neuropathy are more likely caused 
by end-organ failure.

In chapter 9 a male Fabry patient with poikilothermia is described. Laboratory 
investigations, neuro-imaging and autonomic function tests were all normal. 
Assessment of intraepidermal nerve fibre density and quantitative sensory testing 
revealed small nerve fibre damage with a highly impaired cold sensation. The 
poikilothermia may be either caused by a vascular lesion in the hypothalamus 
not visible on MRI, or related to the small fibre neuropathy which could have led 
to a disturbed body temperature perception and consequently to an impaired 
thermoregulation.

GENERAL DISCUSSION

Gaucher disease 

Does the non-neuronopathic phenotype exist? 
Gaucher disease is classically divided into three types, based upon the presence or 
absence and rate of progression of neurological manifestations. Type II is known as 
‘acute neuronopathic’ or ‘infantile’ Gaucher disease, with infantile onset of severe 
central nervous system involvement leading to death usually by the age of two 
years. Type III is known as ‘chronic neuronopathic’ or ‘juvenile’ Gaucher disease, 
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with an onset of central nervous system involvement in childhood, adolescence 
or early adulthood and a more indolent course. The distinction between type 
II and III Gaucher disease is made on the basis of age of onset and the rate of 
progression of neurological manifestations. Type I Gaucher disease, also known 
as ‘non-neuronopathic’ Gaucher disease, is the most prevalent form (94%), with 
an onset usually in adolescence or early adulthood. In this type, visceral organs 
are involved to varying degrees. Absence of nervous system involvement is 
traditionally considered mandatory for a diagnosis of type I Gaucher disease14, 

15. However, after the description of a small cohort of type I Gaucher disease 
patients with concomitant early-onset parkinsonism in 19961, studies were 
reported in which absence of neurological manifestations as phenotypic hallmark 
of type I disease was questioned16, 17. As outlined in the first section of this thesis, 
we also found considerable evidence for neurological complications in type I 
Gaucher disease. The systematic review of the literature as well as the results of 
the retrospective Dutch cohort study pointed to a broad range of neurological 
manifestations in this type of Gaucher disease18. Many of the - in the literature 
described - neurological complications in type I Gaucher disease patients are 
sequelae of vertebral involvement. Vertebral involvement is in turn a complication 
associated with severe generalized visceral and skeletal Gaucher disease. 
Spinal cord compression19-29 as well as nerve root compression21, 22, 24, 30-32 due to 
vertebral collapse and/or extraosseous accumulation of Gaucher cells have been 
reported. Furthermore, peripheral neuropathy was reported in patients with type I 
Gaucher disease, but whether this was related to the disease, medication or pure 
coincidence was unclear33, 34. Also, the co-occurrence of type I Gaucher disease 
and Parkinson disease has received increasing attention over the last decade1, 

16, 17, 32, 35-48. These patients may demonstrate an early onset, aggressive form of 
parkinsonism that is refractory to standard Parkinson therapy, but cases with a 
classic l-dopa-responsive Parkinson disease have also been described. 

It should be noted that the literature search as described in chapter 2 
revealed mostly case reports and case series. Systematic studies on neurological 
manifestations in type I Gaucher disease are very scarce. Following the observations 
of two cases of painful peripheral neuropathy and one case of dementia during 
a clinical trial with the substrate reduction therapy miglustat33, 34 the European 
Medicines Agency required a systematic study as part of a post-marketing study 
for miglustat. To find out whether the polyneuropathy and cognitive decline were 
miglustat-related, coincidence or part of type I Gaucher disease, the prevalence 
of these neurological manifestations were prospectively studied in a large cohort 
of type I Gaucher disease patients49. The peripheral neurological evaluations 
in this cohort identified sensory motor axonal polyneuropathy in 10.7% of the 
patients studied. Furthermore, an incidence of 2.9 per 100 person-years was 
found. Since we did not include a control group, the prevalence and incidence 
of polyneuropathy in the general population were estimated by reviewing the 
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literature; according to this review, the prevalence of polyneuropathy in the 
general population was estimated between 0.09 and 1.3% (see chapter 3, Table 
4) and the incidence was estimated between 0.0046 and 0.015 per 100 person-
years. Thus, polyneuropathy is more often encountered in patients with type I 
Gaucher disease than in the general population. 

The patients who were diagnosed with polyneuropathy in the clinical trial with 
miglustat had a painful polyneuropathy, while the patients in our study exhibited 
a mild polyneuropathy without pain33, 34. Patients with type I Gaucher disease who 
receive miglustat were excluded from the study on the prevalence of neurological 
manifestations. We hypothesised that miglustat had an additional, pain inducing 
effect in patients with pre-existing polyneuropathy, similar to findings in patients 
who are treated with cytotoxic drugs such as thalidomide or bortezomib in whom 
pre-existing neuropathy is a strong risk factor for a severe painful polyneuropathy50. 
However, recently presented results of a study on neurological manifestations in 
miglustat-treated type I Gaucher disease patients showed that miglustat-treated 
patients with concomitant polyneuropathy did not develop a painful neuropathy 
during a two-year follow-up period which makes it unlikely that miglustat has such 
an effect. 

In addition to an increased prevalence and incidence of polyneuropathy in 
type I Gaucher disease patients, our study revealed mild impairments for Power 
of Attention and Speed of Memory in type I Gaucher disease patients, reflecting 
a poorer ability to focus attention and a slowed retrieval of information held in 
memory in comparison to age-matched healthy controls. Memory complaints 
were not assessed. Since cognitive complaints are considered mandatory for 
a diagnosis of mild cognitive impairment or dementia51, patients could not be 
diagnosed as such. However, clinical practice has shown that type I Gaucher 
disease patients usually do not report difficulties in conducting daily activities or 
cognitive problems suggesting that the deficits in these patients were subtle and 
of doubtful clinical relevance.

Altogether, the peripheral as well as the central nervous system can be affected 
in type I Gaucher disease. The term non-neuronopathic Gaucher disease should 
therefore no longer be maintained. 

Is there still a distinction between type I and types II/III? Or is it a spectrum?
The notion of frequent neurological involvement has been used by some as 
an argument for the existence of a wide Gaucher disease spectrum rather than 
separate types of Gaucher disease2, 52. However, the neurological manifestations 
in type I patients differ from those found in type II/III patients. Peripheral 
neuropathy, for instance, has been found to be part of the clinical spectrum of 
type I Gaucher disease, but has not been described in the neuronopathic types 
of Gaucher disease. 

Neurological manifestations in type II Gaucher disease include saccade 
initiation abnormalities, strabismus and dysphagia. Neurologic progression 
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is marked by severe hypertonia, rigidity, opisthotonus and seizures. Type III 
Gaucher disease has a more heterogeneous presentation than type II disease. 
The clinical course may range from nervous system involvement that is limited to 
saccade initiation failure to progressive dementia, ataxia and myoclonus53. Also 
rigidity may be part of the neurological picture which is a sign of extrapyramidal 
involvement. Interestingly, type I Gaucher patients as well as carriers of 
glucocerebrosidase mutations have also displayed an increased risk to develop 
extrapyramidal manifestations in the form of Parkinson disease and Lewy body 
dementia54. Furthermore, the frequency of glucocerebrosidase mutations in 
cohorts of patients with parkinsonism (Parkinson disease as well as other Lewy 
body disorders) is increased around fivefold as compared to age-matched 
controls54. Neuropathology in a series of Gaucher brains revealed some clues 
to the pathophysiological link between Gaucher disease and Parkinson disease. 
Gaucher patients showed selective vulnerability of the hippocampal CA2-4 
regions, cerebral cortical layers 3 and 5 and calcarine cortex layer 4b with normal 
adjacent regions55. Pathologic changes in the three brain regions were present in 
all three types of Gaucher disease, although there were qualitative and quantitative 
differences between the three types; neurodegeneration predominated in type II 
and III disease, whereas astrogliosis was the only manifestation in type I patients55. 
The pattern of involvement corresponds with the pattern of neuropathological 
abnormalities seen in Lewy body dementia which is one of the few disorders that 
selectively target the hippocampal CA2-3 regions. Among the brains that were 
neuropathologically investigated, four patients had concomitant type I Gaucher 
disease and parkinsonism with dementia. One of these patients exhibited brain 
abnormalities similar to patients with Parkinson disease, i.e. neuronal loss of 
substantia nigra neurons accompanied by brainstem-type Lewy bodies, the 
second patient showed changes that were consistent with Lewy body dementia, 
i.e. diffuse brainstem- and cortical-type Lewy bodies and dystrophic neuritis in the 
CA2-3 region. The other two patients had hippocampal CA2-4 synuclein-positive 
inclusions similar to the Lewy bodies seen in Parkinson diseases and Lewy body 
dementia. Apparently, there are brain regions that are specifically vulnerable to 
damage in all three types of Gaucher disease. In type II/III disease this vulnerability 
leads to neuronal cell death and a severe neurological phenotype, whereas in type 
I disease it results in an increased risk of developing Lewy bodies with subsequent 
Parkinson disease or Lewy body dementia.

It is uncertain whether the neuropathological findings in type I Gaucher 
disease are of clinical relevance, aside from implicating a possible increased risk 
for developing parkinsonism. The cognitive profile of type I Gaucher disease 
patients shows some similarities with the profile of type III patients: a study in type 
III Gaucher disease children has shown that the cognitive deficits in these patients 
typically affect general nonverbal skills with a relative preservation of verbal 
skills. About 60% had below-average intellectual skills, and the weaknesses were 
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specifically observed in the areas of processing speed, visual-spatial relationships, 
and perceptual organization skills56. Thus, type I as well as type III patients exhibit 
decreased speed measures. However, type III patients have a broader spectrum 
of cognitive function deficits with weaknesses not only in the area of processing 
speed, but also in visual-spatial relationships and perceptual organization skills. 
Moreover, type III patients encounter problems in conducting their daily activities, 
while patients with type I Gaucher disease do not. These observations suggest 
that the deficits in type I patients are subtle and of doubtful clinical relevance, in 
contrast to type III patients. However, it cannot be excluded that patients with 
type I Gaucher disease have a higher chance of developing dementia after a 
certain age. Having a mildly impaired cognitive profile at young age could make 
the patient more prone than healthy people to develop dementia later in life. 
Our patients were all below the age of 75, making it impossible to analyse this 
hypothesis. Future observational studies in large cohorts of patients are clearly 
needed.

Altogether, unlike the neuronopathic types of Gaucher disease, peripheral 
nervous system involvement seems to be part of type I Gaucher disease. On 
the other hand the central nervous system involvement in types II and III is 
extensive and results in progressive neurological disease whereas type I patients 
generally do not exhibit overt central nervous system disease. These findings 
justify maintaining the distinction in the three types. In view of the neurological 
features in all types, we propose to change the classification of Gaucher disease 
phenotypes as follows: primarily visceral (type I), primarily neuronopathic (type II) 
and mixed (type III).

This classification into different phenotypes has important practical 
consequences, especially in view of counselling. Patients at high risk for or with 
established neuronopathic Gaucher disease are often confronted with severe 
disability and invalidity. Professional counselling may improve quality of life for 
patients and their families. In addition, counselling for decision making for ‘end-
of-life issues’ as well as bereavement counselling is often helpful for parents and 
siblings of infants with type II disease57.

Besides, classification of Gaucher disease may guide the therapeutic approach. 
Given the rapid disease progression observed in individuals with type II Gaucher 
disease, these patients are not considered as appropriate candidates for enzyme 
replacement or substrate reduction therapy. On the other hand, type I and III 
Gaucher disease patients may benefit greatly from treatment.  Symptomatic 
type I patients are usually treated with enzyme replacement therapy in dosages 
ranging from 15 to 60 U/kg every other week. Substrate reduction therapy is only 
indicated for patients with mild to moderate type I Gaucher disease for whom 
enzyme replacement therapy is unsuitable. Until recently patients with type III 
Gaucher disease were treated with high doses of enzyme replacement therapy 
(120 or even 240 U/kg every other week)58, but  treatment recommendations have 
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been revised following new available data showing that there was no evidence that 
high-dose enzyme replacement therapy prevented or slowed down neurological 
progression. It is therefore agreed that treatment should aim at ameliorating the 
visceral aspects of Gaucher disease. Nowadays it is recommended to treat type III 
children with enzyme replacement therapy in a dose of at least 60 U/kg every other 
week, and to treat type III adults with 30-60 U/kg57. Substrate reduction therapy 
used in combination with enzyme replacement therapy for type III patients does 
not appear to have significant benefits on the neurological manifestations of the 
disease59, although data are scarce and longer follow-up is needed in cases that 
are treated as such60. 

Although classification into different phenotypes has important consequences, 
sometimes physicians are confronted with a patient that does not seem to fit in 
one specific category. The patient that is described in chapter 5 serves as an 
example, as she has severe visceral involvement together with epilepsy and a 
mild cerebellar syndrome61. In cases like this, neurological examination can be 
best performed by a neurologist with experience in type III Gaucher disease57. 
Examination should include eye movement analysis; elicitation of repeated maximal 
amplitude horizontal saccades can be performed at the bedside and compared 
with a healthy subject. It is recommended to add an objective measurement, e.g. 
electro-oculography, as clinical examination alone often misses slowed saccades 
or gaze palsy62. Additionally, brain imaging by magnetic resonance imaging (MRI), 
electroencephalography (EEG) and neuropsychological testing should be part of 
the clinical assessment. 

Since difficulties with saccade initiation and slowed horizontal saccades as well 
as abnormalities on brain MRI are absent in our patient, her Gaucher disease is 
best classified as type I. 

Pathophysiology
Up to now, the underlying pathophysiological mechanisms of the peripheral and 
central nervous system involvement in type I Gaucher disease remain speculative. 

Regarding the central nervous system involvement, neuropathology has shown 
astrogliosis of several brain regions in type I Gaucher disease patients55. The 
most consistent and characteristic regions of pathology were the hippocampal 
CA2-4 regions. These parts of the hippocampus are known to have a massive 
association network: CA2-4 pyramidal cell neurons receive input from several 
parts of the brains, and contact for their part thousands of neurons in the ipsilateral 
hippocampus. Also, there is a pronounced positive feedback system in the CA2-4 
regions that produces a hyperexcitable state and predisposes the CA2-4 regions 
to large synchronous discharges initiated in these regions. In healthy individuals 
the hyperexcitable state is moderated by strong inhibitory influences, but subtle 
alterations of the CA2-4 neurons can result in pathologic hyperexcitability states55. 
Elevated glucosylceramide levels in these neurons may be such an alteration. 
In healthy people glucocerebrosidase expression is high in the affected CA2-4 
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regions which may be necessary to maintain low glucosylceramide levels in CA2-4 
regions. In Gaucher patients glucocerebrosidase activity is decreased, leading 
to increased glucosylceramide levels: a study in human brain tissue obtained 
post-mortem from Gaucher patients revealed glucosylceramide levels that varied 
between 0.7 and 2.9 nnmol/mg in control brains, and between 6.1 and 13.9 in 
type I Gaucher disease patients63. Elevated glucosylceramide levels have been 
shown to induce an elevated intracellular calcium release in these neurons64, 65, 
with a significant correlation between levels of glucosylceramide and the amount 
of calcium release63. A disturbed calcium balance in the vulnerable CA2-4 neurons 
may explain the involvement of these hippocampal sub regions in patients with 
type I Gaucher disease.

The correlation between age and both cognitive function impairments and 
polyneuropathy in type I Gaucher disease patients suggests that the central and 
peripheral nervous system are affected simultaneously in the disease. Possibly, a 
similar process underlies the central and peripheral nervous system damage. Just 
like in the central nervous system, an imbalance in calcium homeostasis due to 
slightly increased glucosylceramide levels may play a role in the pathophysiology 
of peripheral nerve disease - increased intracellular calcium has been implicated 
in the pathophysiology of diabetic neuropathy and neuropathic pain as well66-68.

The relationship between glucocerebrosidase mutations and Lewy body 
disorders (including Parkinson disease and Lewy body dementia) still has to 
be elucidated. Lewy body disorders are neurodegenerative disorders that are 
characterised by the presence of insoluble intracellular aggregates of α-synuclein 
(Lewy bodies). Gaucher patients as well as carriers of a glucocerebrosidae mutation 
have displayed an increased risk of developing synucleinopathies which is possibly 
due to a gain-of-function mechanism whereby mutated enzyme enhances the 
quantity of aggregates. Recently, seven brain samples from Gaucher disease 
patients and carriers were investigated. Glucocerebrosidase has been shown to 
be present in 75% of Lewy bodies in these patients compared to 4% in samples 
from subjects without mutations, which indicates that mutant glucocerebrosidase 
directly or indirectly induces α-synuclein aggregation through a gain-of-function 
mechanism69. Mutant glucocerebrosidase could for example lead to lysosomal 
dysfunction or may interfere with receptor binding of α-synuclein at the lysosomal 
membrane, thereby contributing to impaired α-synuclein clearance and thus to the 
formation of α-synuclein inclusions54, 69. Aside from gain-of-function mechanisms, 
loss of function has been postulated to play a role. Studies in mice suggested 
a correlation between glucosylceramide and α-synuclein aggregation70. Also, 
disturbed binding of α-synuclein to brain-derived glycosphingolipids - normally 
preventing the formation of fibrillar protein structures - due to accumulated 
glucosylceramide has been proposed as an underlying mechanism. 
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Fabry disease

Small fibre neuropathy in Fabry disease
Previous studies have explicitly shown that small nerve fibres are affected in Fabry 
disease7-13, 71-75. Neuropathological studies revealed loss of cell bodies in the dorsal 
root ganglia together with a pronounced reduction of small, thinly myelinated 
(Aδ) and unmyelinated (C) nerve fibres in sural nerve biopsy specimens71, 72. 
Reduced intraepidermal nerve fibre densities were found in 19 out of 20 male 
patients73 and in 3 out of 11 female patients7. In addition, up to now more than 
hundred male and female Fabry patients have been studied with quantitative 
sensory testing. These studies have repeatedly shown small fibre hypofunction 
with a predilection for cold sensation in Fabry patients7-13. Sixty-three to 100% of 
male patients8, 9, 12, 13 and 16 to 33% of female patients7, 10 were shown to have an 
impaired temperature perception.

We investigated small nerve fibre function and structure in 48 male and female 
Fabry patients. Our studies confirm previous findings in that we found solid 
evidence for the presence of small fibre neuropathy. A comparable percentage 
(100%) of male patients was shown to have an abnormal intraepidermal nerve fibre 
density, but a higher percentage (57%) of females exhibited abnormal skin biopsy 
results. However, nerve fibre densities in female patients were comparable to 
results from another study10. Just like earlier studies, we found a decreased thermal 
sensation in most Fabry patients76. Considering the cold detection threshold, the 
warm detection threshold and the thermal sensory limen at the upper and lower 
limb, almost all males (13 out of 15) showed at least one pathologically decreased 
thermal threshold (Z-score < 1.96) (see Table 1). In females, these numbers were 
somewhat different (see Table 2): almost half of the females (16 out of 33) studied 
with quantitative sensory testing had at least one abnormal thermal threshold at 
the upper or lower limb. 

A quarter of the females studied exhibited abnormal thermal sensation while 
their nerve fibre density was normal. Of the females who underwent a skin biopsy 
as well as quantitative sensory testing measurements, three quarters had either 
an abnormal intraepidermal nerve fibre density, or a decreased thermal detection 
thresholds, or both. 

Altogether, almost all male and about half of female Fabry patients suffer from 
small fibre neuropathy. Although our observations in females differ somewhat from 
previous findings, we feel that our results give a more reliable estimate due to the 
larger number of females studied. Since some male and many female patients 
are non- or oligosymptomatic, these estimates suggest that small nerve fibres 
are affected early during the course of the disease (i.e. before overt multisystem 
disease) which is not surprising considering the fact that neuropathic pain is one 
of the first symptoms in most Fabry patients77. This observation may be helpful in 
the ongoing discussion about the timing of treatment with enzyme replacement 
therapy in Fabry patients. It is assumed that enzyme replacement therapy is best 
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started before irreversible organ damage is present. If nerve fibre function and/
or structure are monitored in Fabry children, therapy may be commenced at the 
time small nerve fibre damage is revealed.

Diagnosis of small fibre neuropathy in atypical patients
Interestingly, the two male patients with normal thermal detection thresholds are 
so called ‘atypical’ patients; they carry a mutation that is usually not associated 
with classical Fabry symptoms such as neuropathic pain, angiokeratoma and 
hypo- or anhydrosis. Moreover, they are biochemically different from ‘classical’ 
Fabry patients in that they do not show elevated lyso-Gb3 levels. It has been 
even questioned whether these patients should be considered as Fabry patients 
at all78. While a diagnosis of small fibre neuropathy is usually straightforward in 
‘classical’ Fabry patients, it may be difficult to diagnose small fibre neuropathy 
due to Fabry disease in ‘atypical’ cases. This is of particular importance since 
small fibre neuropathy may be the reason to start enzyme replacement therapy 
- a therapy that has great implications for the patient involved as it exposes a 
patient to lifelong bi-monthly intravenous therapy which disrupts his/her quality 
of life and involves considerable health care expenses. Therefore, there is a need 
for robust criteria to diagnose small fibre neuropathy due to Fabry disease in 
individual patients. Considering this, we should keep in mind that neuropathies 
may develop in a considerable number of people as a consequence of many 

Table 1 Intraepidermal nerve fibre density and quantitative sensory testing results in male Fabry 
patients (n = 15)

Age IENFD CDT hand WDT hand TSL hand CDT foot WDT foot TSL foot

23 abnormal -1,57 ,52 -1,08 -4,01 -,57 -4,20

46 abnormal -1,62 ,00 -,23 ,66 ,97 ,46

49 abnormal -1,87 -1,33 -1,64 -,31 ,88 -,02

49 abnormal -4,87 -3,79 -4,16 -3,23 -2,23 -2,48

44 abnormal -1,56 -3,85 -1,84 -3,23 -2,21 -2,48

47 abnormal -,76 -1,05 -,75 -3,23 -,99 -2,30

63 abnormal -4,23 -2,81 -2,69 -2,36 -1,19 -1,77

66 abnormal -2,86 -1,41 -2,09 -3,14 -1,18 -2,05

47 abnormal -2,78 -1,50 -1,34 -3,14 -2,01 -1,84

52 abnormal -4,88 -4,45 -4,25 -3,27 -2,01 -2,50

49# normal -5,01 -2,28 -3,58 -3,23 -2,20 -2,46

52 abnormal -3,96 -4,20 -3,65 -3,94 -2,54 -3,72

38 abnormal -,71 -2,97 -1,81 -4,46 -1,53 -2,22

25 abnormal -2,66 -,37 -1,70 -3,45 -1,56 -3,27

21 abnormal -,03 -,89 -,72 -4,12 -2,43 -3,67

IENFD=intraepidermal nerve fibre density, CDT=cold detection threshold, WDT=warm detection 
threshold, TSL=thermal sensory limen
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Table 2 Intraepidermal nerve fibre density and quantitative sensory testing results in female 
Fabry patients (n = 33)

Age IENFD CDT hand WDT hand TSL hand CDT foot WDT foot TSL foot

12 normal -,14 -,35 -1,00 -1,69 1,06 -,07

15 abnormal 1,16 ,33 -,02 -,40 1,19 -,09

14 normal -,25 -,09 -,38 -,99 ,67 -,37

26 abnormal -1,03 -,23 -,89 -1,10 ,34 -,48

52 abnormal -3,13 -,66 -2,16 -1,46 ,15 -1,23

51 normal -,50 -,80 -2,09 -2,37 -1,77 -2,56

25 . ,20 1,28 ,13 ,51 ,10 -,25

61 normal -,48 -,24 -,19 -1,61 4,60 -,44

55 abnormal -3,00 -2,88 -,86 -3,32 -2,27 -2,30

25 normal -2,82 -,39 -1,34 -1,21 ,34 -,62

39 normal -,33 -,74 -,84 -2,64 -,97 -1,55

73 normal -,16 -,22 -,59 -3,76 -,83 -1,33

45 normal -2,10 -1,75 -1,91 -1,54 ,46 -,80

49 abnormal -1,44 -1,21 -1,38 -,58 -,70 -1,11

49 abnormal ,67 -,58 -1,09 -2,08 -2,39 -2,20

62 normal ,40 -,42 -,45 -1,82 -1,62 -1,44

58 abnormal ,46 ,30 ,23 -1,86 ,34 -2,41

38 normal -,01 -1,02 -,64 -1,04 ,15 -,07

18 normal -,39 ,62 -,45 -1,47 ,21 -1,08

37 abnormal ,17 -1,43 -,92 ,27 -,81 -,17

23 abnormal -,03 -1,35 -,81 ,73 1,77 ,44

25 abnormal -,43 -,39 -,70 -2,10 ,32 -1,51

62 abnormal -1,03 -,79 -1,01 -3,27 ,05 -2,99

50 abnormal -1,91 -,17 -1,19 -1,88 -,75 -1,94

48 abnormal -,10 -,06 ,07 -3,45 -1,71 -2,53

22 . -2,96 -,48 -2,15 -2,49 -,39 -1,69

62 . -1,00 -,54 -1,31 -1,91 -1,18 -1,88

25 . -,90 -1,03 -,60 -,12 ,83 -,91

47 abnormal -,27 -,61 -,57 -,84 -2,09 -1,93

24 abnormal -2,81 -1,77 -1,70 -1,54 -2,25 -1,97

50 abnormal ,51 ,22 ,91 1,04 -,05 ,22

53 normal -,11 ,30 ,61 -,90 -1,78 -,23

41 . ,19 -,65 -,68 -2,04 -,78 -1,88

IENFD=intraepidermal nerve fibre density, CDT=cold detection threshold, WDT=warm detection 
threshold, TSL=thermal sensory limen
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different disorders, of which (pre) diabetes is the most common cause. We 
should therefore look for Fabry disease-specific small fibre neuropathy features. 
According to our experience as well as to the literature, Fabry patients usually 
report burning or shooting pains or painful pins and needles in hands and/or feet, 
starting at young age and with typical heat-provoked pain crises79. We would 
propose to consider a diagnosis of small fibre neuropathy due to Fabry disease 
only in patients with (a history of) neuropathic pain in hands and/or feet, with 
either an onset of pain in childhood or adolescence (i.e. < 18 years of age), or a 
course of pain that is characterised by ongoing pain with exacerbations that are 
provoked by fever, exercise or heat, or both (see Fig. 1). Patients, who additionally 
exhibit a decreased cold sensation at the upper or lower limb or an abnormal 
intraepidermal nerve fibre density, probably suffer from small fibre neuropathy 
due to Fabry disease. Patient with typical pain complaints, a decreased cold 
sensation and an abnormal intraepidermal nerve fibre density have confirmed 
small fibre neuropathy due to Fabry disease. 

The course of small fibre neuropathy and pain in Fabry disease
The course of small nerve fibre involvement and pain has been studied only 
scarcely. Moreover, the few studies that have been done showed conflicting 
results7-10, 73. One study showed more severe small nerve fibre impairment with 
older age, while no correlation between thermal thresholds and pain severity was 
found8, another study found a positive correlation between age and pain severity 
but no associations between intraepidermal nerve fibre density, thermal sensation 

Figure 1 Flow chart to diagnose Fabry small fibre neuropathy 
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described as burning/
shooting/pins and needles

AND ≥ 1 of the following:

-ongoing pain with 
exacerbations that are 
provoked by fever, exercise or 
heat
-onset in childhood or 
Adolescence (i.e. < 18 years)

Tests
≥ 1 of the following:
-impaired cold sensation at the upper 
or lower limb
-IENFD < the 5th percentile

Fabry SFN unlikely

No

Yes

No

Yes

Confirmed Fabry SFN

Decreased heat or cold 
pain threshold

Impaired cold sensation 
AND

IENFD < the 5th percentile

No

Probable Fabry SFN

Yes

Yes

Beginning Fabry SFN?

No

 

Figure 1 Flow chart to diagnose Fabry small fibre neuropathy
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and pain severity10, a third did not reveal an association between small nerve 
fibre function and age or disease severity9, the fourth study did not demonstrate 
correlations between age, pain severity and nerve fibre function, although they did 
find an association between intraepidermal nerve fibre density and pain intensity7, 
and the last study could not demonstrate a correlation between intraepidermal 
nerve fibre density and disease severity73. Due to these divergent observations, 
the course of small fibre neuropathy in Fabry disease has been unclear so far.

These conflicting results are probably due to the small number of patients 
included in each of those studies. By studying 48 Fabry patients, we wanted 
to establish the course of small nerve fibre damage in Fabry disease. Our 
investigation revealed a clear association between age and disease severity on 
the one hand and small nerve fibre function and structure on the other hand: 
older and more severely affected patients exhibit more severely impaired thermal 
sensation and a lower intraepidermal nerve fibre density76. Moreover, more severe 
loss of intraepidermal nerve fibres turned out to be clearly associated with more 
severe loss of nerve fibre function.

Our findings point to a length-dependent neuropathy that starts at young age 
and leads to an abnormal intraepidermal nerve fibre density and complete loss 
of small nerve fibre function at the lower limbs in male patients in the first two 
decades. Nerve fibre function at the upper limbs decreases in the years thereafter. 
In females this process starts later in life, and most females will never develop 
complete loss of nerve fibre function at the lower limbs. 

Just like the observations in other studies, there was no linear relationship 
between structural and functional nerve fibre impairment and pain intensity. Young 
patients reported more severe pain and young females exhibited slightly positive 
heat pain threshold Z-scores which could have pointed to increased sensitivity 
(peripheral sensitisation) in young patients. Besides, one-third of females aged 
50 years and older reported no pain on the visual analogue scale for mean pain 
in the last 4 weeks. The lack of a linear relationship between quantitative sensory 
testing results, intraepidermal nerve fibre density and pain severity is therefore 
probably explained by peripheral sensitisation in the youngest patients, and 
disappearance of pain in a subset of the oldest patients (see chapter 6, Fig. 2a 
and Fig. 2b). However, conclusive proof of a causal relationship between small 
fibre damage and pain could not be established. Possibly, the absence of a linear 
correlation between small fibre damage and pain severity is caused by another 
underlying pain mechanism: for example, nociceptive pain may play a role in 
Fabry disease. However, taking the pain description and length-dependent 
character into account it is far more likely that the pain in Fabry disease is caused 
by small fibre damage rather than nociceptive pain.

Autonomic neuropathy
Aside from temperature and pain, small nerve fibres carry autonomic functions. 
As a consequence, small fibre damage often results in autonomic dysfunction. In 
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Fabry disease an- or hypohydrosis, decreased tears and saliva formation, abnormal 
cerebrovascular reactivity, cardiac rhythm disturbances as well as gastrointestinal 
complaints have been ascribed to autonomic neuropathy80-82. However, doubts 
have arisen about the existence of autonomic neuropathy in Fabry disease: 
orthostatic intolerance and male sexual dysfunction that are invariably found in 
autonomic neuropathies are infrequently reported by Fabry patients. Moreover, 
the defective sweating which has long been thought to originate from autonomic 
neuropathy is no longer considered to be caused by autonomic neuropathy as 
skin biopsy studies did not reveal a decrease in nerve fibre density of sweat gland 
innervation, but revealed storage of lipids in sweat glands. Also, the non-length 
dependent distribution of the an- or hypohydrosis and the rapid effect of single 
enzyme infusions, suggested a sweat gland dysfunction rather than an autonomic 
neuropathy83. 

Indeed, the assumption that Fabry patients suffer from autonomic neuropathy 
is probably not true. The low prevalence of orthostatic intolerance and male 
sexual dysfunction, the normal cardiovascular autonomic control, and the low 
resting heart rate of our study patients make it unlikely that Fabry patients suffer 
from autonomic neuropathy84. 

In our study, autonomic function tests were restricted to those evaluating 
cardiovascular autonomic function which was criticised by others. However, 
abnormalities in the autonomic control of other organ systems such as peripheral 
vascular reactivity probably reflect end-organ pathology and not real autonomic 
neuropathy, in line with defective sweating. A study on vascular hyperreactivity 
in Fabry disease supports this hypothesis; absence of a difference in plasma 
epinephrine or norepinephrine levels between patients and controls suggested 
that the altered vessel response in Fabry disease may be attributed to vasogenic 
and not to neurogenic factors85. Studies on heart rate variability (HRV) in pediatric 
Fabry patients revealed significantly different results between Fabry boys and 
Fabry girls and between Fabry boys and controls, with significant improvement 
of heart rate variability in Fabry boys upon enzyme replacement therapy86, 87. 
However, it is likely that cardiac pathology (left ventricular hypertrophy and/or 
conduction system pathology) has influenced the abnormalities observed in these 
patients.

Since the peripheral autonomic nervous system comprises of preganglionic 
small myelinated B-fibres and postganglionic small unmyelinated C-fibres, the 
relatively selective damage to ‘non-autonomic’ small myelinated Aδ-fibres in 
Fabry disease possibly underlies the preservation of autonomic function in Fabry 
disease. Although this is no more than a hypothesis, we found some support 
for this thought by similar findings, i.e. no evidence for autonomic failure, in 
hereditary sensory and autonomic neuropathy type 5 that is also known to cause 
selective loss of Aδ-fibres88. 
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The observation that Fabry patients do probably not suffer from autonomic 
neuropathy makes it unlikely that the poikilothermia in the Fabry patients that 
is described in chapter 9 is caused by autonomic failure89. This case has posed 
a diagnostic challenge to the physicians involved. Poikilothermia in humans 
has been reported only scarcely, and those patients that have been described 
in literature invariably had hypothalamic pathology as underlying cause. Our 
patient does neither have a history of hypothalamic contusion or infarction, nor 
hypothalamic lesions on cerebral MRI. It could still be possible that a hypothalamic 
infarction, not visible on MRI, causes his fluctuating body temperature. 
Alternatively, the poikilothermia could be related to his small fibre neuropathy. 
Since quantitative sensory testing showed severely impaired cold sensation in 
this patients, and the hypothalamus receives its cold information by input from 
cold receptors in the skin90, low body temperature is possibly not perceived 
properly by the hypothalamus. Subsequent impaired feedback might lead to 
lower body temperatures, especially during the cold winter time. Unfortunately, 
we are not able to support this hypothesis by thermal stress testing since these 
tests are considered unethical due to the well-known heat-provoked painful 
acroparesthesias in Fabry disease. Besides, the fact that most Fabry patients have 
a normal body temperature regulation despite impaired temperature sensation 
makes this hypothesis questionable.

Pathophysiology
Despite more extensive knowledge about the course and consequences of small 
fibre neuropathy in Fabry disease, the underlying pathophysiological mechanism 
remains speculative. It is uncertain whether the neuropathy arises from storage 
of lipids in ganglia leading to a so-called dying-back neuropathy, or from direct 
damage to small nerve fibre axons. The preference for Aδ-fibres suggests that 
the ganglia or axons of small myelinated nerve fibres are more vulnerable to 
lipid accumulation than small unmyelinated fibres are. We found an association 
between lyso-Gb3 exposure and small nerve fibre function in male hemizygotes; 
possibly, this sphingoid base exerts a direct pathological effect on the ganglia 
or axons of small myelinated nerve fibres. The possibility that chronic exposure 
to lyso-Gb3 is neurotoxic is of interest in connection to hereditary sensory 
neuropathy type 1A. Hereditary sensory neuropathy type 1A is an autosomal 
dominantly inherited length-dependent neuropathy caused by mutations in the 
SPTLC1 subunit of serine palmitoyltransferase. Palmitoyltransferase catalyzes the 
initial step in the de novo synthesis of sphingolipids. Mutations in the SPTLC1 
gene cause a shift in the substrate specifity of palmitoyltransferase resulting in 
the formation of two toxic side metabolites, the sphingolipid bases 1-deoxy-
sphinganine and 1-deoxymethyl-sphinganine, which both lack a hydroxyl group at 
C191. This prevents the further conversion of these metabolites to sphingomyelin 
and glycosphingolipids but also impedes their degradation. Consequently, 
1-deoxy-sphinganine and 1-deoxymethyl-sphinganine accumulate. In vitro, these 
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metabolites are neurotoxic and interfere with the formation of neuritis, possibly by 
disturbing neuronal skeleton formation91. Interestingly, 1-deoxy-sphinganine and 
1-deoxymethyl-sphinganine highly resemble lyso-Gb3, thereby supporting the 
hypothesis that elevated lyso-Gb3 levels underlie the neuropathy in Fabry disease. 
Hereditary sensory neuropathy type 1 and the neuropathy in Fabry disease show 
similarities: patients with hereditary sensory neuropathy type 1 usually present 
with severe shooting and lancinating pain and painless skin injuries. Ulcers are a 
common complication as the neuropathy progresses. Motor involvement tends to 
occur with time and is usually a distal wasting and weakness. Autonomic features 
are usually absent. Neurological examination detects distal sensory loss which 
often selectively affects pain and temperature sensation. Vibration and joint 
position sense are also affected but much less and later than pain and temperature 
sensation92. Sural biopsies in hereditary sensory neuropathy type 1 patients have 
revealed loss of large and small myelinated nerve fibres with preservation of small 
unmyelinated nerve fibres93 whereas large myelinated nerve fibres are spared in 
Fabry disease. This difference explains the more extensive sensory loss and motor 
involvement in patients with hereditary sensory neuropathy type 1.

FUTURE PERSPECTIVES

Type I Gaucher disease
Type I Gaucher disease and Lewy body disorders sometimes concur. 
Neuropathological studies have demonstrated pathology involving the 
hippocampal CA2-4 regions, the same regions that are affected in patients with 
Lewy body dementia. Moreover, the cognitive profile of type I Gaucher disease 
and Lewy body dementia patients have some features in common. Unravelling 
the relationship between type I Gaucher disease, Parkinson disease and Lewy 
body dementia would help in the understanding of these disorders.

Also, the occurrence of cognitive dysfunction and dementia in type I Gaucher 
disease should be studied more extensively. It would be interesting to compare 
the prevalence and incidence of dementia in older type I Gaucher disease patients 
(>80 years old) with those in the general population. Do type I patients have 
an increased risk of developing a subcortical dementia syndrome knowing that 
they exhibit mildly decreased cognitive speed measures at younger age? This 
question can be answered if cognitive function is assessed regularly in a large 
cohort of Gaucher patients. Ideally, cognitive data - for instance minimal mental 
state examination (MMSE) scores - are prospectively entered in a Gaucher disease 
registry, thereby generating reliable estimates of prevalence and incidence of 
dementia in type I Gaucher disease, regardless of disease severity, concomitant 
medical conditions and medical treatments. 
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Fabry disease
Discussions are ongoing about the timing of treatment with enzyme replacement 
therapy in Fabry patients. Previous studies showed improvement of nerve fibre 
function with enzyme replacement therapy83, whereas the intraepidermal nerve 
fibre density did not change after 12 months of treatment74. Apparently, structural 
damage is irreversible, while function of the remaining fibres may improve on 
enzyme replacement therapy. Enzyme replacement therapy is therefore possibly 
best started before nerve fibres are structurally damaged. We found subtle 
evidence for peripheral sensitisation in Fabry girls, in that they had slightly 
increased heat pain thresholds. The heat pain threshold may serve as a marker of 
functional but not structural damage to small nerve fibres, i.e. reversible disease. 
The role of the heat pain threshold as a measure of reversible disease in young 
boys and girls with ‘classical’ Fabry disease must be studied more extensively. 

Furthermore, in-depth studies on the possible neurotoxic character of lyso-
Gb3 should be performed. Firstly, the relation between small fibre neuropathy 
and brain white matter lesions and hearing loss must be investigated. Secondly, 
it would be worthwhile to investigate whether lyso-Gb3 exposure correlates with 
any of these parameters. The available mouse model of Fabry disease may also 
be exploited to determine the neurotoxicity of lyso-Gb3. 
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Lysosomen zijn kleine intracellulaire compartimenten waarin de afbraak van 
macromoleculen plaatsvindt. Als door een genetisch defect de afbraak van 
bepaalde macromoleculen niet of onvoldoende gebeurt, leidt dit tot stapeling 
van het betreffende macromolecuul. Men spreekt dan van een lysosomale 
stapelingsziekte. Momenteel zijn er meer dan 50 lysosomale stapelingsziekten 
bekend, waarvan de ernst zeer uiteenloopt. Sommige ziekten worden gekenmerkt 
door ernstige mentale retardatie met snel progressieve neurologische problemen 
en jong overlijden, terwijl andere nauwelijks een beperkte levensverwachting 
hebben. Toch kunnen er in de laatste groep ook neurologische complicaties 
optreden. Hoewel van minder ernstige aard dan de mentale retardatie die in 
infantiele vormen wordt gevonden, zijn deze soms zeer hinderlijk en zelfs 
invaliderend. Daarom is het van belang om meer inzicht te krijgen in zowel het 
spectrum van neurologische complicaties als de ernst en het beloop ervan. In 
dit proefschrift worden studies naar neurologische complicaties bij de ziekte van 
Gaucher type I en de ziekte van Fabry beschreven.

Het eerste deel van dit proefschrift richt zich op de ziekte van Gaucher 
type I. Deze aandoening wordt veroorzaakt door een tekort aan het enzym 
glucocerebrosidase waardoor stapeling van glucosylceramide in macrofagen 
optreedt. Belangrijke kenmerken van deze ziekte zijn hepatosplenomegalie, 
trombocytopenie en botproblemen. Gewoonlijk wordt type I onderscheiden 
van type II en type III door het ontbreken van neurologische complicaties. 
In de afgelopen jaren is echter steeds meer aandacht gekomen voor het 
voorkomen van neurologische ziekten in type I patiënten. Aanleiding hiervoor 
was de beschrijving van meerdere patiënten die zowel type I Gaucher als de 
ziekte van Parkinson hadden. Hierdoor ontstond discussie over het onderscheid 
in drie types: zouden we niet beter kunnen spreken van een ziektecontinuüm 
waarbij type I de ene kant van het spectrum vertegenwoordigt en type II/III de 
andere? Om meer inzicht te krijgen in de aard en de ernst van de neurologische 
complicaties in type I Gaucher patiënten is er een literatuurstudie gedaan naar alle 
beschrijvingen van type I patiënten met een neurologische ziekte. In Hoofdstuk 2 
worden de resultaten van deze literatuurstudie besproken. Er waren 86 artikelen 
waarin patiënten of dragers van een glucocerebrosidase mutatie beschreven 
werden met tegelijkertijd een neurologische diagnose. Naast de ziekte van 
Parkinson zijn dementie, een intracerebrale hematoom, ruggenmergsproblemen, 
wortelcompressie en polyneuropathieën beschreven. Ook is het Nederlandse 
Gaucher cohort onderzocht; de statussen werden doorgenomen op de 
aanwezigheid van neurologische symptomen, afwijkingen bij neurologisch 
onderzoek en neurologische diagnoses. In totaal werden 34 neurologische 
diagnoses gesteld in 75 patiënten gedurende een mediane follow-up tijd van elf 
jaar. Op basis van deze bevindingen lijkt de term non-neuronopathische ziekte 
van Gaucher, die gebruikt wordt als synoniem van type I Gaucher, een onjuiste 
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term. Toch zou het onderscheid in drie types bewaard moeten blijven omdat de 
aard en ernst van neurologische ziekten in type I patiënten duidelijk verschillen 
van die van type II en type III patiënten. 

Zoals hierboven beschreven, kan polyneuropathie voorkomen in patiënten 
met type I Gaucher. Het bleef echter onduidelijk of polyneuropathie gezien moest 
worden als onderdeel van type I Gaucher, of dat het beter beschouwd kon worden 
als toevalsbevinding omdat polyneuropathie ook veel voorkomt in de gewone 
populatie. Deze vraag werd extra belangrijk toen enkele type I patiënten tijdens 
een onderzoek naar de effectiviteit van een nieuw geneesmiddel (miglustat) een 
polyneuropathie bleken te hebben: moest de polyneuropathie in deze patiënten 
beschouwd worden als bijwerking van de medicatie of als complicatie van de 
ziekte zelf? Om antwoord op deze vraag te krijgen werd een grote internationale 
studie gedaan naar het voorkomen van polyneuropathie in type I patiënten. De 
bevindingen van deze studie staan beschreven in Hoofdstuk 3. Ruim 10% van 
de 103 onderzochte patiënten bleek een polyneuropathie te hebben. Tijdens 
de twee jaar follow-up werden nog eens zes patiënten met een polyneuropathie 
gediagnosticeerd. Deze getallen bleken duidelijk verhoogd in vergelijking met 
de prevalentie en incidentie in de algemene bevolking die werden geschat met 
behulp van een systematisch literatuuronderzoek. Polyneuropathie moet daarom 
beschouwd worden als onderdeel van de ziekte van Gaucher.

Ook werd tijdens het onderzoek naar de effectiviteit van miglustat een patiënt 
beschreven met cognitieve achteruitgang. Daarom werd in dezelfde 103 patiënten 
het cognitief functioneren gemeten. Resultaten hiervan worden beschreven 
in Hoofdstuk 4. Type I patiënten bleken een licht afwijkend cognitief profiel 
te hebben waarbij vooral een verminderde cognitieve snelheid gezien werd in 
vergelijking met gezonde controles. Subgroep analyses lieten zien dat leeftijd en 
ziekte-ernst gecorreleerd waren aan de resultaten van de cognitieve functietesten. 
Dit leidt tot de conclusie dat er gedurende het leven van type I Gaucher patiënten 
mogelijk toch lichte afwijkingen optreden in het centrale zenuwstelsel. De klinische 
betekenis hiervan is waarschijnlijk beperkt aangezien deze patiëntengroep in de 
dagelijkse praktijk gewoonlijk geen cognitieve klachten rapporteert.

In Hoofdstuk 5 ten slotte wordt een eeneiige tweeling beschreven met een 
zeer uiteenlopend klinisch beeld van type I Gaucher. Eén van de twee was ernstig 
aangedaan ondanks een milde Gaucher mutatie. Tevens had zij neurologische 
verschijnselen waaronder oogbewegingsstoornissen en epilepsie. Lange tijd was 
onduidelijk of deze patiënte niet beter als type III geclassificeerd kon worden. Het 
neurologisch beeld past hier echter niet goed bij en vooralsnog blijft zij als type 
I geclassificeerd. Het uiteenlopende fenotype in deze twee vrouwen ondanks 
dat zij genetisch identiek zijn, en het ernstige beeld ondanks een milde mutatie 
kunnen waarschijnlijk het beste verklaard worden door de invloed van modifiers 
en/of omgevingsfactoren op het fenotype.

Het tweede deel van dit proefschrift richt zich op de aard en het beloop van 
dunne vezel neuropathie in patiënten met de ziekte van Fabry. De ziekte van 
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Fabry is een X-gebonden aandoening die wordt veroorzaakt door een defect 
in het α-galactosidase-A gen wat leidt tot stapeling van globotriaosylceramide. 
Mannen zijn ernstiger aangedaan dan vrouwen. Kenmerken van de ziekte zijn 
nierfunctiestoornissen, cardiomyopathie en ritmestoornissen, witte stof laesies, 
darmklachten, verminderde of afwezige zweetsecretie en pijnklachten. De 
laatste drie verschijnselen worden van oudsher verklaard door schade aan dunne 
zenuwvezels. Om meer inzicht te krijgen in de aard en de gevolgen van de dunne 
vezel neuropathie bij de ziekte van Fabry werden functie en structuur van dunne 
zenuwvezels in een cohort van 48 Fabry patiënten onderzocht.

In Hoofdstuk 6 worden de resultaten van het functieonderzoek beschreven. 
Dunne zenuwvezels worden gewoonlijk onderverdeeld in dunne ongemyeliniseerde 
vezels (C-vezels) die warmte en pijn geleiden en dunne gemyeliniseerde vezels 
(Aδ-vezels) die koude en pijn doorgeven. Fabry patiënten lieten verminderde 
functie van voornamelijk Aδ-vezels zien. Er waren aanwijzingen voor een lengte-
afhankelijke neuropathie: het functieverlies begon aan de voeten en tastte in een 
later stadium van de ziekte ook de zenuwvezels in de handen aan. Verder hadden 
jonge patiënten de hoogste pijnscores waarschijnlijk als gevolg van perifere 
sensitisatie, terwijl oudere patiënten veelal geen pijn (meer) rapporteerden. Deze 
laatste bevindingen hebben er waarschijnlijk voor gezorgd dat er geen lineaire 
relatie tussen dunne vezel neuropathie en ernst van pijnklachten gevonden werd. 

In Hoofdstuk 7 worden de structurele afwijkingen van dunne zenuwvezels in 
Fabry patiënten beschreven. Alle onderzochte mannen en meer dan de helft van 
de onderzochte vrouwen toonden een verminderd aantal zenuwvezels in de huid. 
Het verlies aan dunne zenuwvezels was gecorreleerd aan functieverlies. Er werd 
echter weer geen directe relatie met pijn gevonden. De aanvankelijke toename 
van pijn door perifere sensitisatie en het uiteindelijke verdwijnen van pijn in 
sommige oudere patiënten hebben hieraan waarschijnlijk bijgedragen. Ook werd 
in deze studie een mogelijk verband tussen de blootstelling aan lyso-Gb3 en 
dunne vezel neuropathie in mannelijke patiënten aangetoond.

Naast temperatuur en pijn geleiden dunne zenuwvezels ook signalen van 
het autonome zenuwstelsel. De zweetproblemen en darmklachten zijn lange tijd 
geweten aan beschadiging van dunne zenuwvezels. Er is echter twijfel ontstaan 
over de aanwezigheid van autonome neuropathie in Fabry patiënten doordat 
typische autonome neuropathie klachten en afwijkingen zoals orthostatische 
hypotensie en impotentie ontbreken. Om meer duidelijkheid te krijgen over 
het wel of niet bestaan van autonome neuropathie bij de ziekte van Fabry, werd 
een uitgebreide vragenlijst afgenomen en werden cardiovasculaire autonome 
functietesten verricht in dezelfde 48 Fabry patiënten. In Hoofdstuk 8 worden de 
resultaten van deze studie beschreven. Er waren geen overtuigende aanwijzingen 
voor het bestaan van autonome neuropathie bij de ziekte van Fabry. Waarschijnlijk 
worden de klachten die jarenlang geweten zijn aan autonome neuropathie vooral 
veroorzaakt door eindorgaanschade.
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Hoofdstuk 9 beschrijft een Fabry patiënt met een schommelende 
lichaamstemperatuur (poikilothermie); tijdens de wintermaanden had hij 
ondertemperatuur, terwijl deze normaliseerde tijdens de zomermaanden. 
Schildklierafwijkingen, hypothalamuslaesies of autonome dysfunctie zijn 
mogelijke verklaringen voor de poikilothermie. De eerste mogelijkheid werd in 
onze patiënt uitgesloten met behulp van aanvullend onderzoek. De laatste werd 
onwaarschijnlijk geacht gezien de eerdere bevinding dat Fabry patiënten geen 
autonome neuropathie hebben. Zijn klachten worden mogelijk verklaard door 
een - op de MRI hersenen niet zichtbaar - infarct in de hypothalamus of er bestaat 
toch een verband met zijn ernstige dunne vezel neuropathie.

Hoofdstuk 10 begint met een samenvatting gevolgd door een discussie 
over de betekenis van onze bevindingen in relatie tot de al eerder door anderen 
gepubliceerde gegevens. Het spectrum aan neurologische complicaties bij de 
ziekte van Gaucher type I is in kaart gebracht wat voor zowel arts als patiënt van 
waarde kan zijn. Deze bevindingen zouden moeten leiden tot alertheid bij arts en 
patiënt op het voorkomen van neurologische ziekten in deze patiëntengroep, met 
als gevolg tijdig diagnosticeren en behandelen of ondersteunen indien nodig en 
waar mogelijk. Op grond van het patroon van neurologische manifestaties bij type 
I patiënten is het handhaven van een absoluut onderscheid tussen type I en type II/
III verdedigbaar. De veronderstelling dat type I een niet neuronopathisch fenotype 
is moet echter worden verlaten. Grotere studies naar het cognitief functioneren en 
het voorkomen van dementie in type I Gaucher patiënten zijn noodzakelijk. 

Daarnaast zijn de aard, ernst en het beloop van dunne vezel neuropathie 
bij de ziekte van Fabry in kaart gebracht. Fabry patiënten hebben een dunne 
vezel neuropathie waarbij vooral de Aδ-vezels aangedaan zijn. Beschadiging van 
deze zenuwvezels start al op jonge leeftijd waarbij de zenuwvezels aanvankelijk 
overgevoelig voor prikkels raken wat leidt tot hevige pijnklachten. Op latere 
leeftijd zijn de dunne zenuwvezels soms zodanig beschadigd dat zij geen signalen 
meer kunnen doorgeven; een deel van de oudere patiënten heeft daarom geen 
pijn meer. Als er twijfel is over de diagnose ziekte van Fabry - zoals het geval is 
in de zogenaamde atypische patiënten, die een mutatie in het α-galactosidase-A 
gen hebben waarvan de klinische betekenis onduidelijk is - en er zijn pijnklachten, 
dan moeten deze bevindingen meegenomen worden bij het bepalen of er sprake 
is van dunne vezel neuropathie als gevolg van de ziekte van Fabry. Pijnklachten 
kunnen pas met zekerheid aan de ziekte van Fabry worden toegeschreven als 
er sprake is van: start op jonge leeftijd, toename van pijn bij koorts, inspanning 
en hitte, functieverlies van Aδ-vezels en verlies van zenuwvezels in de huid. Of 
verlaagde temperatuur pijndrempels gebruikt kunnen worden als teken van 
beginnende dunne vezel neuropathie bij kinderen en daarmee als reden om 
therapie te starten, moet verder uitgezocht worden. Ook zijn meer (muizen-)
studies naar de relatie tussen de blootstelling aan lyso-Gb3 en dunne vezel 
neuropathie noodzakelijk. 
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DANKWOORD
Vele uren werk zitten er in dit proefschrift, maar wat heb ik het bedenken, opzetten 
en uitvoeren van de onderzoeken, en het analyseren en opschrijven van de 
resultaten met veel plezier gedaan. Met zoveel plezier zelfs, dat ik erover na ben 
gaan denken om verder te gaan in het onderzoek. In dezelfde tijd heb ik besloten 
om de opleiding tot neuroloog stop te zetten. Dat ik hier lang over nagedacht 
heb met meerdere slapeloze nachten tot gevolg, zal niemand verbazen. Mede 
door de prettige werksfeer en leuke collega’s op de afdeling, was de keuze niet 
zomaar gemaakt. Via deze weg wil ik hen, en in het bijzonder Jan Stam en Rien 
Vermeulen, ontzettend bedanken voor de mooie en leerzame tijd als AIOS op 
de afdeling neurologie. Daarnaast gaat mijn grote dank uit naar de volgende 
personen:

Ivo: Inmiddels enige tijd terug, op 1 februari 2004, maakten we kennis tijdens 
de introductiedag op het OLVG. Allebei begonnen we die dag in het OLVG, 
jij als neuroloog, ik als ANIOS neurologie. Met veel plezier heb ik daar met je 
samengewerkt. Toen jij mij in 2005 vroeg of ik met jou onderzoek wilde gaan doen, 
heb ik daarom niet lang hoeven nadenken. Met veel enthousiasme schreven we 
een protocol voor een studie naar de diagnostiek en het beloop van dunne vezel 
neuropathie. Het onderzoek nam uiteindelijk een andere wending, en richtte zich 
op neuropathieën in patiënten met lysosomale stapelingsziekten. Ik heb tijdens 
dit onderzoek ontzettend veel van je geleerd. Vooral je heldere analyses van 
problemen en je structurele aanpak van het schrijven van protocollen en artikelen 
waren erg waardevol. Je bent een enorm gedreven neuroloog en onderzoeker. 
Zoals we op dezelfde dag begonnen in het OLVG, zo zijn we beiden op (bijna) 
dezelfde dag begonnen met een nieuwe functie, jij als afdelingshoofd neurologie 
in het AMC, ik als coördinator van SPHINX. Ik weet zeker dat jij de aangewezen 
persoon bent voor de functie van afdelingshoofd en wens je heel veel succes bij 
de uitvoering ervan. Ik hoop dat we af en toe nog eens zullen bijpraten met een 
kopje koffie!

Carla: Via Ivo kwam ik in contact met jou. De 018 studie was inmiddels 
begonnen en ik deed de neurologische onderzoeken bij de Gaucher patiënten. Ik 
ben heel blij dat onze samenwerking niet beperkt is gebleven tot de 018 studie, 
maar veel intensiever is geworden door de studies naar dunne vezel neuropathie 
in de ziekte van Fabry. Ik wil je bedanken voor je toegewijde begeleiding en 
je altijd heldere commentaren op mijn stukken. Ooit hoop ik mijn bevindingen 
net zo duidelijk en to-the-point te kunnen verwoorden als jij. Bovenal wil ik je 
bedanken voor het vertrouwen dat je in me hebt gesteld met het mogelijk maken 
van mijn huidige werk als coördinator van SPHINX.

Hans: Ik wil je bedanken voor het meedenken over mijn resultaten en je 
waardevolle commentaren op mijn stukken. De artikelen zijn er ongetwijfeld beter 
op geworden!
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Marianne: Het is maar van korte duur geweest, maar toch wil ik je bedanken 
dat je mijn promotor wilde zijn, en ook dat je bereid bent geweest het 
promotorschap over te dragen aan Ivo. Je bent nu een ware aanvulling voor mijn 
promotiecommissie. 

Ook de overige leden van mijn promotiecommissie wil hartelijk danken voor 
het zitting nemen in deze commissie: Rien Vermeulen, Frits Wijburg, Prof. 
Verhoeven, Wouter Wieling en Gabor Linthorst

Wouter: Ik ben je zeer dankbaar voor je bijdrage aan mijn proefschrift. Jouw 
kennis over autonome dysfunctie is enorm en heeft mede geleid tot twee mooie 
stukken. 

Frits: Jij ook bedankt voor het steeds meelezen van de geschreven stukken. 
Onze samenwerking zal zich in de komende tijd ongetwijfeld verdiepen.

Gabor: Pas in een later stadium van dit proefschrift zijn wij gaan samenwerken. 
Ik vond het erg leuk om samen het case report te schrijven. Hopelijk volgen er 
meer!

Maaike W, Els en Lydia: Zonder jullie was het verzamelen van gegevens niet 
half zo soepel lopen. Steeds als ik een mailtje stuurde met een vraag over een 
patiënt kreeg ik direct antwoord terug. Ik bewonder jullie betrokkenheid bij de 
patiënten. 

Saskia, Laura en Bouwien: Wat fijn om zulke gezellige collega’s te hebben 
met wie je artikelen en onderzoeksplannen kunt bespreken, maar ook alledaagse 
dingen als boeken, kleding en relaties. Nu het proefschrift af is zal ik weer vaker 
mee gaan lunchen!

Anouk, Maaike de F, Mirjam en Josanne: Al lang en breed gepromoveerd 
en druk aan de slag om internist/klinisch geneticus te worden, maar voor mij 
horen jullie echt bij mijn onderzoekstijd. Dank jullie wel voor de gezelligheid en 
wijze lessen: de acceptatie dat onderzoek gewoon niet snel gaat, de wetenschap 
dat het normaal is als je stuk volledig rood is na correctie door de supervisor, 
en de uitspraak van chitotriosidase in het Engels - ik heb het allemaal met me 
meegenomen.

Quirine, Marlies, Machtelt, Jessica, Linda en Amber: De kinderdokters: altijd 
leuk om elkaar even te spreken voor en na besprekingen en om samen op congres 
te gaan. Dat er nog vele mogen volgen!

Birgit: Dank voor je hulp bij de laatste praktische dingen! We zullen vast nog 
veel samenwerken in de toekomst.

Mayienne: De eerste zenuwvezel zag ik door jouw microscoop in Maastricht. 
Toen leek het me nog onmogelijk om het zelf te leren, maar met jouw hulp heb 
ik de beoordeling van huidbiopten redelijk onder de knie gekregen. Je was altijd 
bereid om mij of Regien te helpen als we tegen een probleem aan liepen. Ik denk 
dat ons artikel erg leuk is geworden en ik wil je bedanken voor je bijdrage hieraan.

Marja en Regien: Dank jullie wel voor het kleuren van alle biopten. Regien, jij 
nam het stokje over van Marja, en met heel veel precisie heb je de biopten van 
gezonde controles gekleurd. Nu is het tijd om te genieten van je vrije tijd!
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Joop: Wat had ik zonder jouw hulp gemoeten? Mijn microscopie ervaring 
beperkte zich tot enkele practica tijdens mijn studie en dit bleek niet genoeg. 
Gelukkig kon ik je steeds roepen als de computer vastliep, er plotseling groene 
verkleuringen in beeld kwamen of wanneer m’n watervaste stift weer eens kwijt 
was. Heel erg bedankt voor je onbeperkte steun! Ik heb er vertrouwen in dat je 
snel en volledig zal herstellen zodat we nog vele kopjes koffie op het NIN kunnen 
drinken.

Joke: Mijn statistische steun en toeverlaat. Ook als ik je ’s avonds wanhopig 
belde, wist je me te kalmeren door rustig uitleg te geven. Dankzij jou zijn 
alle Spearman’s correlaties uit mijn stukken verdwenen om plaats te maken 
voor regressie analyses. Maar vooral dankzij jou heb ik een hele gezellige tijd 
als assistent en later als onderzoeker op de afdeling neurologie gehad. Petje 
af voor je doorzettingsvermogen (jij wel J :-)). Heel veel succes met je laatste 
opleidingsloodjes. 

Joost: Zonder jou was het een stuk minder aangenaam geweest op H2-235. 
Dat je na 4 jaar nog steeds met cappuccino (goed geschreven?) aankwam in 
plaats van met koffie met melk en suiker, was natuurlijk erg vervelend, maar je 
openheid, borrelbereidheid en champagne (die ik overigens nog steeds moet 
ontvangen) maakten een hoop goed. Je rol als huisvader gaat je goed af, maar ik 
neem aan dat er binnenkort weer eens tijd is voor een drankje?

Filip: Of het nou een gebroken been of een zwangerschap was, jij werd steeds 
weer opgezadeld met mijn onderzoekspatiënten. Gelukkig wilde je me steeds 
helpen, en je weet dat je me altijd kan bellen als je mijn hulp nodig hebt! Super 
zoals jij je werk als assistent en onderzoeker weet te combineren, en terecht dat 
je stukken stuk voor stuk en zonder al te veel morren geaccepteerd worden. Heb 
je al een datum?

Richard, Antje, Hanneke, Evelien, Willeke en overige denktankers: Dank 
jullie wel voor de gezelligheid en succes met jullie onderzoek!

Marc: Ik had graag nog een jaartje langer naast je gezeten.
Alle medewerkers van de afdeling die vragenlijsten hebben ingevuld of een 

stukje huid hebben afgestaan: Bedankt!
Alle patiënten die hebben meegewerkt aan mijn onderzoeken: Dank jullie 

wel voor jullie bereidheid tijd te investeren in mijn project. Ik hoop hiermee een 
bijdrage te hebben geleverd aan de kennis over jullie ziekten.

Mady, Iris, Josje en Wieneke: Zonder jullie lieve vriendinnetjes was het leven 
niet half zo leuk. Altijd gezellig om met z’n vijven te eten, altijd de mogelijkheid 
om even te spuien, altijd mijn vriendinnen!

Anika, Christine, Wieke en andere px-vriendinnen: Wat is het fijn om jullie 
als vriendinnen te hebben. Heerlijk om het werk en ziekenhuis even helemaal te 
vergeten als ik met jullie heb afgesproken. Op naar een toekomst met nog vele 
etentjes, weekendjes weg en baby’s!

Anne, Ina, Fenneke, Mike, Annelieke, Marije, Nynke en Boudewijn: Dank 
jullie wel voor jullie steun tijdens mijn onderzoeksactiviteiten en het maken van 
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mijn toekomstplannen, maar vooral voor de warmte en gezelligheid. Ik had me 
geen betere schoonfamilie kunnen wensen!

Papa: Ondanks de grotere fysieke afstand tussen ons blijf jij altijd 
geïnteresseerd in mij en mijn vorderingen op onderzoeksgebied. Dank je wel 
daarvoor. 

Mama: Jouw komst naar IJburg elke woensdag heeft de afgelopen tijd een 
stuk makkelijker en gezelliger gemaakt. De uurtjes die ik op deze dagen achter de 
computer heb kunnen doorbrengen hebben mede geleid tot dit resultaat. Ook na 
deze periode blijf je elke woensdag welkom bij ons!

José, Frans&Maaike&Roemer: Wat fijn om zulke leuke familieleden te 
hebben! Zus, je bent de beste die ik me kan wensen. Dank je wel dat je altijd voor 
me klaarstaat. Broer, ook al bevind je je op grote afstand, ik weet dat je trots op 
me bent!

Allerliefste Taeke en Yfke: Het is een groot feest met jullie thuis. Jullie maken 
mijn leven extra mooi. Ik hou ontzettend veel van jullie! Lieve Lou, dank je voor 
je onvoorwaardelijke steun en liefde. Je keek mee naar belangrijke stukken, je 
hielp me steeds als ik stress voelde, met jou kan ik lachen en huilen, je bent de 
allerbeste die ik me kan wensen!
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CURRICULUM VITAE
Marieke Biegstraaten was born on October 29, 1977 in Maarssen. In 1996 she 
graduated from secondary school (Christelijk Gymnasium Utrecht). Subsequently 
she started her medical education at the University of Amsterdam. Her first 
scientific research was on the value of a serological test for the diagnosis of 
schistosomiasis in Paramaribo, Surinam. At the end of 2003 she finished medical 
school and in 2004 she worked as a resident in neurology at the Onze Lieve 
Vrouwe Gasthuis (prof dr P Portegies). In April 2005 she started her neurology 
training at the Academic Medical Centre in Amsterdam (prof dr M Vermeulen, 
prof dr J Stam, dr JHTM Koelman) which she combined with the described 
PhD project on neurological manifestations in Gaucher and Fabry disease. She 
decided to stop her training in 2009 and currently she works as a coordinator and 
researcher at SPHINX Amsterdam Lysosome Centre. She lives in Amsterdam with 
Lourens and their two children, Taeke and Yfke.










