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Chapter 1

Genetic basis of disease

After Friedrich Miescher first isolated Deoxyribonucleic acid (DNA) in 1869 1,2, several decades 

passed before the double helix structure of DNA was discovered by Francis H. Crick and James 

D. Watson in 1953 3. But it was not until 1966 that the genetic code, 4 nucleotides coding 

for 20 different aminoacids, was unraveled, and in 2003, the full human genome sequence 

was uncovered by the Human Genome Project 4. In the meantime, understanding of genetic 

inheritance had developed substantially, and many inherited disorders had been described. The 

metabolic disorder alkaptonuria was one of the first diseases ascribed to a genetic cause. For a 

detailed history see 5,6. 

Especially in the last decades, tremendous developments have been achieved, and numerous 

genes and mutations related to inherited disorders were discovered. Furthermore, the recent 

development of high throughput DNA sequencing technologies (Next Generation Sequencing, 

NGS), have made it possible to sequence the full human genome in a short amount of time. 

Costs of NGS have diminished significantly in the past 15 years: less than $2000 for coding 

regions (whole exome sequencing (WES)) and less than $5000 for the complete human genome 

(whole genome sequencing (WGS)) 7,8, figure 1. 

Simultaneously, it became evident that sequence variants in the genome cannot fully explain 

different (disease) expressions. Epigenetic factors have an important influence through complex 

regulatory mechanisms 9. Although several factors are identified (such as DNA methylation and 

genomic imprinting), this field of study is relatively new, and the exact mechanisms by which 

regulation occurs are largely unknown.

Nowadays, genetic testing has shifted from research to daily clinical practice, and the genetic 

cause for previously unexplained clinical disease is more frequently discovered through the use 

of gene arrays to test multiple genes at once, or by WES and WGS 10,11. 

 

Figure 1. Sequencing costs per genome (adopted from 7).
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1
The identification of disease related genes and mutations, and the development of faster and 

less expensive methods to test for genetic disorders have led to a better understanding of the 

basis of genetic disease, improved diagnoses and new opportunities for the management of 

genetic disorders.

The interpretation of genetic data is often challenging. The application of population screening 

(studies) for genetic diseases, as well as individual case finding has resulted in the identification of 

an overwhelming amount of single nucleotide variants 8. A genetic variant may be clearly related 

to a disease and may therefore explain the phenotype of a given patient, but accidental findings 

of other diseases or risk factors occur on a regular basis 11. The prediction of the pathogenicity 

of a certain variant is not always straight forward, and genetic variants may be disease causing, 

non-pathogenic (neutral variant), or may only be seen as a risk factor for development of disease. 

Furthermore, epigenetics and environmental factors may influence pathogenicity on an individual 

basis. 

Several strategies are available to investigate the pathogenicity of genetic variants, including 

segregation within families, functional assays of the gene product, cellular expression models 

and prediction models. Furthermore, a relatively high allelic frequency in a control population, 

may indicate that a certain variant is not pathogenic. Despite these options, the pathogenicity 

of a variant and its relation to the clinical phenotype in an individual patient may often remain 

unclear. Such variants are referred to in this thesis as genetic variants of unknown significance 

(GVUS). 

Different opinions exist on the use of genetic testing. Some advocate that WES should be 

available to all, disregarding the suggestion of a genetic disease in the individual or the family 

history, because of the proposed benefits of risk estimation and early diagnosis. To this end, 

several commercial companies even exist that offer genetic testing. On the other hand, there 

is a strong resistance to this approach, as others recognize the many difficulties that arise with 

genetic testing. The detection of genetic variants is no longer difficult, but their interpretation, 

in contrast, is a major challenge 8. Moreover, when genetic testing is applied, it is essential to 

always provide a setting of pre- and post-test counseling and to invest in the clinical evaluation of 

the individual with a suspected genetic disease. 

The BRCA1/BRCA2 genes (hereditary ovarian and breast cancer) serve as an example. A significant 

number of GVUS are identified in patients who are tested for variants in these genes. Testing has 

become widespread, and the advised setting of pre- and post-test counseling is not always applied 
12. This has led to difficulties in identifying the correct approach to patients and family members 

at risk when a GVUS is found. On the other hand, variants in these genes are often identified as 

accidental finding with WES or WGS 11, revealing a potential risk factor with immense consequences 

for the patients and their families. For the BRCA genes, an international collaboration has been 

established to facilitate the pooling of resources to address the issue of GVUS 13.

Similar issues arise for many inherited disorders, including lysosomal storage disorders. 

Improved understanding of the phenotypical spectra and increased genetic testing, has clearly 
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demonstrated that a variant in the related gene, will not lead to evident disease in all cases. 

Especially in Fabry disease, GVUS are frequently identified, posing a real problem with respect 

to counseling, family screening and treatment options. A standardized and applicable approach is 

warranted to address these difficulties.

Fabry disease

Background
Fabry disease (OMIM 301500, FD) was first described independently by William Anderson in the 

United Kingdom and Johannes Fabry in Germany 14,15. While initially described as a dermatological 

disorder, both Anderson and Fabry also noticed the presence of other abnormalities, such as 

proteinuria and lymphedema. Follow-up of the originally described patients and an autopsy report 

of a Fabry disease patient 50 years later, confirmed the hypothesis that the disease is not limited 

to the skin, but is in fact a multi-organ disease, as we also view the disease today 16. 

FD is a lysosomal storage disorder, a group comprising of more than 50 inherited metabolic 

disorders, characterized by the impaired degradation or processing of certain macromolecules with 

subsequent accumulation in the lysosome. The lysosomal storage disorders are named after the 

lysosome, the cellular organelle responsible for the degradation of large molecules. The lysosome 

was discovered in 1955 by the Belgian scientist Christian de Duve, for which he received the 

Nobel prize in physiology or medicine 17. The individual lysosomal storage disorders are rare, but 

combined, they have an estimated prevalence of approximately 1 in 7000 live births 18,19. 

In FD, a deficiency of the lysosomal hydrolase α-Galactosidase A (αGalA) leads to impaired 

degradation and lysosomal accumulation of its substrates, mainly the glycosphingolipid 

globotriaosylceramide (Gb3). Degradation of other glycosphingolipids with a terminal α-1,4-

galactose is also impaired, but its contribution to disease development is not well known. 

The α-Galactosidase A (GLA) gene, encoding for αGalA, is located on the long arm of the 

X-chromosome. 

Pathophysiology 
Accumulation of Gb3 is still regarded as the primary cause of the clinical phenotype of FD. However, 

the exact mechanisms that are involved in the development of the disease are not completely 

understood 20. Accumulation of Gb3 can be found in several cell types including vascular cells, 

the endothelium, cardiomyocytes, podocytes and neurons in dorsal root ganglia and the central 

nervous system. Besides Gb3 itself, globotriaosylsphingosine (lysoGb3), a deacylated form of 

Gb3, has been identified as a hallmark of FD by Hans Aerts and coworkers 21. LysoGb3 induces 

smooth muscle cell proliferation in vitro, and it has been suggested that lysoGb3 is involved in 

the pathophysiology of FD 21. The mechanisms by which lysoGb3 is formed and how it causes its 

possible pathological effect is yet unknown 21,22. Plasma lysoGb3 has also been demonstrated to 

reliably identify FD patients with a classical FD phenotype, while Gb3 is sensitive for males only 
23. As a consequence, lysoGb3 is a promising diagnostic marker. Furthermore, Gb3 and lysoGb3 

are often used in the follow-up of patients, especially to assess the treatment efficacy. While a 

reduction of Gb3 and lysoGb3 is achieves with enzyme replacement therapy (ERT) 24,25, the value 

of these markers in this context is not evident 26.
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Phenotype 
In hemizygous males, FD may already present during childhood or adolescence with features 

that characterize what is now referred to as classical FD: neuropathic pain, angiokeratoma, 

cornea verticillata and hypo- or anhidrosis. During childhood, gastrointestinal symptoms and 

(micro)albuminuria may also occur 27. At a later age, progressive chronic kidney disease (CKD), 

left ventricular hypertrophy (LVH) and cerebrovascular disease will often develop, ultimately 

leading to the necessity of renal replacement therapy, heart failure, stroke or cognitive decline 
27. Biochemically, males are characterized by absent or near absent αGalA enzyme activity in 

leukocytes, and a marked increase of Gb3 and lysoGb3 in plasma and urine. Accumulation of 

Gb3, demonstrated by characteristic lamellated lysosomal inclusions, can be found in all tissues, 

including heart, kidney and skin. 

Besides this classical phenotype, an increasing number of individuals with an attenuated 

phenotype are identified. These individuals present later in life, often with isolated LVH, CKD or 

stroke. The characteristic clinical and biochemical features are mostly absent in these cases, and 

residual leukocyte αGalA enzyme activity is generally present in males 28.

Due to the X-linked nature of FD, females have long been considered to be carriers only. However, 

females can develop considerable FD related signs and symptoms, although the phenotype 

is generally less severe 29,30. Moreover, they show more variable disease, most likely due to 

differences in X-chromosome lyonization 31-34.

Treatment
Management of FD patients comprises of the combination of supportive care and ERT. As FD 

affects the vascular system, other cardiovascular risk factors may also influence the risk of 

complications. It has become apparent that supportive treatments, such as platelet aggregation 

inhibitors, should be considered. It has been shown that renal function decline is more rapid with 

higher levels of proteinuria 26. Angiotensin converting enzyme (ACE) inhibitors and angiotensin 

II receptor blockers (ARBs) reduce proteinuria, and are likely to reduce kidney function decline 

as a result 26,35. Carbamazepine, gabapentin and amitriptyline are the most frequently used 

medications for the management of neuropathic pain. Unfortunately, evidence for the efficacy of 

the suggested supportive care is scarce. However, supportive care has improved substantially 

over the years, and it is most likely that optimal supportive care has a substantial benefit for the 

patients. 

Two enzyme preparations are available (agalsidase alfa, Shire HGT, and agalsidase beta, Genzyme, 

a Sanofi company). Both products are administered intravenously every other week, agalsidase 

alfa at a dose of 0.2 mg/kg, and agalsidase beta at 1.0 mg/kg. The initial clinical trials showed 

beneficial effects on neuropathic pain, cardiac mass and kidney function, and biopsies showed 

a clear reduction of Gb3 in tissues 36,37. However, it has been shown that despite ERT, disease 

complications may still occur 26. Furthermore, the development of antibodies against the infused 

enzyme may diminish the effect of ERT in males 25,38. Although speculative, it is questionable 

if ERT has a substantial added value to optimal supportive care, especially for patients with 

antibodies and patients with a non-classical phenotype.
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Pathogenicity of GLa variants

While the prevalence of FD has long been estimated to be around 1 in 40.000 live male births 27, 

recent findings have suggested that this is an underestimation. 

Especially in the last decade, the awareness of FD has increased substantially, most likely 

related to the approval of the enzyme preparations by the European Medicines Agency (Europe) 

and Food and Drug  Administration (USA, agalsidase beta only) in 2001. FD may present with 

signs or symptoms that are relatively common in the general population (such as LVH, CKD 

and stroke). Subsequently, FD is increasingly considered as part of the differential diagnosis for 

these signs or symptoms, especially when they cannot be explained by more prevalent causes. 

Furthermore, improved technological possibilities to test for rare genetic disorders have resulted 

in the increased identification of patients with a GLA variant. Testing for FD among patients with 

a hypertrophic cardiomyopathy (HCM) serves as an example. Several genes are associated with 

HCM and often a cardiochip (a customized gene‐specific DNA‐based microarray for a number of 

genes related to HCM, including the GLA gene) is applied in order to identify the genetic cause 

for the disease. In The Netherlands, a cardiochip is used to test over 40 genes related to HCM 

at once. This has already led to the identification of more than 10 families with a GLA variant in 

the past years.

This increased awareness of FD is also illustrated by the number of screening studies performed 

in so called ‘high-risk’ groups, studying the prevalence of FD in cohorts with for example LVH, 

CKD or stroke. The studies demonstrated a much higher prevalence of patients with a GLA 

variant than expected based on previous calculations 39. Furthermore, screening studies among 

newborns revealed a prevalence of GLA variants up to 1 in 2500 40-42. While most population 

screening initiatives are yet performed within the framework of a scientific study, FD is already 

implemented in the newborn screening program in the state of Missouri in the USA 43, and is 

considered for implementation elsewhere. 

The increased identification of individuals with a GLA variant has revealed many new variants, 

and to date, more than 600 variants in the GLA gene are described 44. Interestingly, patients who 

are identified to have a GLA variant do not always have the characteristic clinical and biochemical 

features as described above. They may have an attenuated phenotype of FD, often referred to as 

atypical, late onset, or non-classical FD in the literature. However, it is important to realize that 

the presence of a GLA variant does not necessarily mean that this patient has FD, and that other 

risk factors or diseases may cause the clinical phenotype of that patient in the presence of a 

neutral GLA variant. It is of utmost importance to distinguish the true FD patient from those with 

a non-pathogenic GLA variant. The true FD patient needs regular assessments of kidney, heart 

and brain. Supportive care and ERT should be considered in some cases. On the other hand, a 

wrongful diagnosis of FD in patient with a non-pathogenic GLA variant may lead unnecessary 

treatment with ERT. And equally important: it may cause considerable but unnecessary distress 

for patients and their families. This thesis focuses on the approach of patients who have a GLA 

variant and in whom there is uncertainty about the FD diagnosis.
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aims of this thesis

‘The Hamlet study: Fabry or not Fabry’ was initiated to evaluate clinical and laboratory 

assessments in order to improve the diagnosis of FD 45.

With a systematic review of the literature, we studied the clinical phenotype of individuals with a 

GLA variant who were identified by screening, in order to assess the prevalence of patients with 

a classical FD phenotype and of patients with a GVUS in the GLA gene (chapter 2).

Diagnostic algorithms were subsequently developed through modified Delphi consensus 

procedures in collaboration with international experts. First, criteria for a definite diagnosis of 

FD, to identify those in whom there is no doubt about the diagnosis, were defined (chapter 3). 

Potential diagnostic criteria were identified in the literature for patients with an uncertain diagnosis 

of FD, in the presence of a GLA gene, who presented with LVH (chapter3), CKD (chapter 4), 

transient ischemic attacks, stroke of white matter lesions (chapter 5) or with neuropathic pain, 

angiokeratoma or cornea verticillata (chapter 6). The potential diagnostic criteria were assessed 

by the experts and additional analyses were performed to improve evidence. Finally, diagnostic 

algorithms were constructed based on the results of the Delphi consensus procedure.

Assessment of cornea verticillata (chapter 7), small nerve fibers (chapter 8) and lysoGb3 

(chapter 9) were studied separately as possible tools to aid in the diagnosis of individuals with 

an uncertain diagnosis of FD. 
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abSTRaCT
Introduction

Screening for Fabry disease (FD) reveals a high prevalence of individuals with alpha-galactosidase 

A (GLA) genetic variants of unknown significance (GVUS). These individuals often do not express 

characteristic features of FD. A systematic review on FD screening studies was performed 

to interpret the significance of GLA gene variants and to calculate the prevalence of definite 

classical and uncertain cases.

Methods 

We searched PubMed and Embase for screening studies on FD. We collected data on screening 

methods, clinical, biochemical and genetic assessments. The pooled prevalence of identified 

subjects and those with a definite diagnosis of classical FD were calculated. As criteria for a 

definite diagnosis we used the presence of a GLA variant, absent or near-absent leukocyte 

enzyme activity and characteristic features of FD.

Results 

Fifty-one studies were selected, 45 in high risk and 6 in newborn populations. The most often 

used screening method was an enzyme activity assay. Cut-off values comprised 10-55% of 

the mean reference value for males and up to 80% for females. Prevalence of GLA variants in 

newborns was 0.04%. In high risk populations the overall prevalence of individuals with GLA 

variants was 0.62%, while the prevalence of a definite diagnosis of FD was 0.12%.

Discussion 

The majority of identified individuals in high risk and newborn populations harbor GVUS or neutral 

variants in the GLA gene. To determine the pathogenicity of a GVUS in an individual, improved 

diagnostic criteria are needed. We propose a diagnostic algorithm to approach the individual with 

an uncertain diagnosis.
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INTRODuCTION
Fabry disease (OMIM 301500) is an X-linked lysosomal storage disorder with an estimated birth 

prevalence of 1:40.000-170.000 based on clinical ascertainment 1-3. The cause of the disorder 

is a deficiency of the hydrolase α-galactosidase A (AGAL-A), resulting primarily in storage of 

globotriaosylceramide (CTH, GL-3 or Gb3) 1. More than 600 variants in the alpha-galactosidase 

A (GLA) gene have been described 4;5. Most of these appear in single families. In hemizygous 

male, the disease may present during childhood or adolescence with characteristic features 

such as acroparesthesia, hypo- or anhidrosis, disseminated angiokeratoma, cornea verticillata, 

gastrointestinal symptoms and (micro)albuminuria 1. At a later age, progressive renal failure, 

hypertrophic cardiomyopathy and cerebrovascular disease (e.g. stroke) can occur.1 Heterozygous 

females may also be affected, yet they generally demonstrate a more variable and attenuated 

phenotype. In both males and females, life expectancy is diminished, although is more apparent 

in males 6;7. 

An increasing number of screening studies in high risk populations as well as newborn screening 

studies have been performed since enzyme replacement therapy (ERT) became available; 

currently ERT is the only approved causative treatment. These studies revealed an unexpected 

high number of individuals with mutations or genetic variants of unknown significance (GVUS) in 

the GLA gene and/or decreased AGAL-A activity. For example in newborn screening studies birth 

prevalences up to 1:1250 were reported, about thirty times higher than previously estimated 
8-11. While studies differed in methodology, it appeared that most male patients with such GLA 

variants demonstrated residual enzyme activity, in contrast to the absent or near absent enzyme 

activity in classically affected males. 

To establish a definite FD diagnosis in a classically affected male FD patient is usually 

straightforward. Such patients often have multiple characteristic FD signs and symptoms, very 

low or complete absent AGAL-A activity, increased Gb3 1 and globotriaosylsphingosine (lysoGb3) 

concentrations in plasma and urine 12-17 and a pathogenic mutation. However, many of the 

individuals detected in high risk screening studies express only a single nonspecific symptom 

such as left ventricular hypertrophy or stroke, the symptom that was used as the entry criterion 

for screening. This symptom could be completely unrelated to the detected GLA variant or could 

be caused by a non-classical form of FD. A patient with an early diagnosis and a classical Fabry 

disease phenotype might benefit from timely treatment and counseling. Equally important, the 

individual with a GLA variant, who does not have Fabry disease, should be identified to avoid 

unnecessary treatment. It is also important to note that, in contrast to classical Fabry disease, in 

non-classically affected Fabry patients the natural history and effectiveness of ERT are unknown. 

Thus, there is an urgent need to gain insight into the frequency of definite classical Fabry cases 

detected by screening studies and the prevalence of those with a GVUS. Individuals with a GVUS 

may turn out to have non-classical FD or no FD at all. 

Therefore, we performed a systematic review on Fabry screenings studies in newborns and 

high-risk populations. We aimed to systematically interpret the significance of the GLA gene 
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variants and/or the deficiency of the AGAL-A enzyme activity in identified individuals and their 

family members and to estimate the prevalence of definite classical cases and cases with a 

GVUS according to our proposed criteria for a definite FD diagnosis in this article. A strategy to 

optimize the diagnosis of Fabry disease is proposed in individuals with a GVUS in the GLA gene.

METhODS
Search

We searched PubMed and Embase until November 27th, 2012, using the search terms ‘Fabry 

disease’ AND ‘Screening’ OR ‘Prevalence’. The search was extended with synonyms for Fabry 

disease and Mesh terms or Headings. 

We selected full text articles in peer reviewed journals in all languages that aimed to identify 

individuals with FD in a well-defined cohort (e.g. stroke, left ventricular hypertrophy, renal disease, 

newborns) and with clear screening methods. References were cross-checked for additional 

relevant papers. Papers with single cases or family studies were excluded. 

Data collection 

All reported alterations in the coding sequence of the GLA gene and intronic variants are referred 

to as genetic variants. When the pathogenicity of the variant is not known it is referred to as 

genetic variant of unknown significance (GVUS).

Data on in- and exclusion criteria for screening and laboratory data were collected. Biochemical 

analyses for diagnostic purposes included AGAL-A enzyme activity in leucocytes, plasma and 

serum. In all cases the enzyme assay for AGAL-A as described by Mayes et. al. was used 18. In 

screening studies the source of enzyme was either plasma, serum or dried blood spots (DBS). In 

confirmatory studies mostly leukocytes were used. While a deficiency of AGAL-A can be reliably 

established with all enzyme sources, leukocytes are clearly superior to estimate residual AGAL-A 

activities. Therefore, only leukocyte data were used in our study for estimating the residual 

activities. Nevertheless, caution should be taken when this assay is used to estimate the true 

residual activity in vivo since the contribution of AGAL-B may not always be completely suppressed 

in the assay and the artificial substrate has different properties than the natural substrate. 

Reference values for healthy controls and cut off values for positively screened individuals 

were collected. In addition, the results of molecular analysis of the GLA gene were recorded. 

We registered the total number individuals in the screening study, the number of positively 

screened individuals in the first screening test and the number of true and false positives after 

the confirmatory test. All data were specified for males and females if available. For all true 

positives the following characteristics were collected: gender, age, GLA genotype, residual GLA 

enzyme activity (plasma, leukocyte and serum), lysoGb3 and the presence of phenotypic FD 

characteristics angiokeratoma, acroparesthesia and/or cornea verticillata. An- or hypohidrosis 

was not used as a characteristic because of the subjective nature of the symptom. If the author 

performed a pedigree analysis, we collected data on the presence of these characteristics in 

family members. 
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In order to recalculate the prevalence of Fabry disease, we systematically classified all individuals 

with a GLA variant (true positives) into three groups based upon the criteria in table 1 being: 

1. ‘Classical’, i.e. individuals with a definite diagnosis of classical FD, ‘Uncertain/Neutral’, i.e. 

individuals with a GVUS or an as yet unidentified neutral variant, and ‘Unknown’ if insufficient 

data were available (no reported leukocyte AGAL-A enzyme activity and no information on 

characteristic symptoms of the individual). Individuals with the GLA variants p.E66Q and p.D313Y 

were classified as ‘Uncertain/Neutral’. Based upon extensive laboratory and clinical studies, 

these GLA variants are considered polymorphisms, i.e. neutral variants 19-21. Other GLA gene 

variants have been characterized in the literature as possible neutral variants e.g. p.A143T. For 

other variants evidence for pathogenicity is limited e.g. p.R112H. LysoGb3 or Gb3 in plasma or 

urine were not used in the criteria because very few studies report results on these biomarkers. 

Monserrat et al described 3 males with the p.D313Y variant, who were not included in the 

estimate of the prevalence by the author 22. For consistency, we included these patients in our 

calculations, and classified them as ‘Uncertain/Neutral’. Porsch et al identified two individuals 

with a low DBS (Dried Blood Spot) AGAL-A enzyme activity and confirmed a diagnosis in one 

(c.30delG, personal communication) 23. In the second male identified by Utsumi et al, the authors 

did not find a variant in the GLA gene in one male, but this individual was included in our analysis 

because a low AGAL-A activity of 16% of the normal mean in the daughter suggested a pathogenic 

mutation 24. Rolfs et al reported that 28 individuals had a ‘biologically significant mutation’, but did 

not disclose further information 25. These individuals were included and categorized as ‘Unknown’ 

in the recalculation.

Data on financial support were collected from the publications. 

Table 1. Criteria for classification of screen positive individuals. 

Criteria as used for review of the included studies

Male Female

For inclusion as screen positive, a confirmed variant in the GLA gene is required

Classical: 
Severely decreased or absent leukocyte AGAL-A activity *
AND/OR
a minimum of one of the following characteristics: 
acroparesthesia; cornea verticillata; angiokeratoma

The individual or an affected family member showed a 
minimum of one of the following characteristics: 
acroparesthesia; cornea verticillata; angiokeratoma

uncertain/neutral: 
The individual does not fit the criteria for ‘Classical’

unknown: 
Insufficient information in the paper

* A severely decreased or absent leukocyte AGAL-A activity, defined as <5% of the mean or, if a mean is 
unavailable, the middle value of the range. This cut off value of 5% was based on the AGAL-A activity in the Dutch 
cohort of classical FD patients (data not shown) measured as previously described 18.
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Statistical analysis

Studies in high-risk populations were categorized according to the entry criterion for screening, 

i.e. hypertrophic cardiomyopathies (HCM, a cardiac disease), end stage renal disease (ESRD, 

kidney disease including renal transplantation), stroke/small fiber neuropathy (SFN) (neurological 

disease, not including migraine) or other (migraine and atherosclerosis). 

Pooled prevalence of individuals with a mutation or variant in the GLA gene was calculated. A 

recalculation was performed for all individuals that were categorized as ‘Classical’. All calculations 

were specified for gender. Studies in which gender was not specified, were excluded in the 

gender specific prevalence calculation, but were included in the total prevalence calculation. 

Exome variant Server

All genetic variants were searched for in the exome variant server 26 and the allele prevalence 

was reported for the most frequent variants.

RESuLTS
Literature search and selection of papers

The search identified 538 papers, of which 57 were selected based on title and abstract. Cross-

checking references revealed two more relevant papers 27;28. Articles in which only ethical issues 

regarding screening, or screening methods were discussed, reviews or papers not including 

Fabry disease, were excluded. Eight papers were excluded because they did not fit the criterion 

of screening a well-defined population (e.g. left ventricular hypertrophy, stroke, renal insufficiency, 

newborns) 29-32, because only patients with a high suspicion of FD within a high risk population 

were selected 33, because an insufficiently defined screening method was used 34;35 or because 

the study was performed in the same study center 36 as another screening study 37 and overlap 

in the studied population could not be excluded.

Patient characteristics and screening methods of included papers

The HCM studies (n=12) 22;27;28;38-46 included subjects with left ventricle hypertrophy according 

to local criteria. The ESRD studies (n=22) 23;24;37;47-65 concerned individuals on hemodialysis, 

continuous peritoneal dialysis, kidney transplantation and/or chronic kidney disease. Stroke 

studies (n=9) 25;66-73 included patients with (first or cryptogenic) stroke, transient ischemic attack, 

white matter lesions and/or basilar dolichoectasia or, in one study, small fiber neuropathy (SFN). 

Two studies that were labeled as ‘other’ were performed in subjects with migraine and premature 

atherosclerotic males respectively 74;75. Six studies on newborn screening were included 8-11;76;77.

Table 2 summarizes data on populations and screening methods. A dried blood spot (DBS) 

enzyme activity assay was used as the first screening method in the majority of the included 

papers. The cut-off value ranged from 20 to 55% of the mean reference value in males and from 

30 to 80% in females, where specified. 

In most studies criteria for a definitive diagnosis for FD were not specified. 
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Table 2. Population and screening method.

    Population   Screening method     

Total M F M/F NS DbS L PS DNa EM Other/NS

HCM 12 - 1 10 1 2 - 4 5 2 -

ESRD 22 - - 21 1 12 1 7 - - 2

Stroke/SFN 9 1 - 8 - 2 - 3 7 - -

Newborn 6 1 - 3 1 6 - - - - -

Other 2 1 - 1 - - - 1 - - 1

Cut-off (%) M 20-55 10-30

                   F 30-80 10-50

Four studies used a different method for males (enzyme activity) and females (mutation analysis) and therefore occur 
twice in the section screening method 25;46;68;71. M: male, F: female, L: leucocytes, DBS: dried blood spot, PS: plasma 
or serum enzyme activity assay, EM: electron microscopy on biopsy, NS: not specified.

Financial support and publication rate

Twenty-three (45%) studies were financially supported by companies that market treatments 

for FD: Shire HGT, formerly TKT, (8/51, 15%) or Genzyme, a Sanofi company, (15/51, 29%). One 

study was sponsored by both companies (2%). Thirteen (25%) studies were supported financially 

by (personal) grants or other sources. In 14 (27%) studies no information on financial support 

was provided.

The number of published papers per year increased steeply after ERT became available in 2001 

(see figure 1).

Figure 1. Screening studies per year and category.
ERT: enzyme replacement therapy, FDA: U.S. Food and Drug Administration, EMA: European Medicines Agency.
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FD prevalence in newborns and GLa variants

The pooled prevalence of individuals with a variant in the GLA gene in newborns was 0.04% 

(number screened n=397271, GLA variant n=153) while the prevalence in individual studies 

ranged from 0 to 0.04%. A recalculation of ‘Classical’ FD could not be performed because the 

newborns expressed no characteristic FD signs and for the majority no family data were available. 

Data on lysoGb3 were not available. 

In the Taiwanese newborn screening studies,9;10 the intronic splice site variant IVS4 +919G>A was 

found in 83% (n=100/120) of new-borns with a GLA variant. In European new-born studies the 

most frequent genetic variants were: p.A143T (n=10/29), p.R112H and p.D313Y (both n=2/29). A 

complete list of the genetic variants is presented in the online supplement.

FD prevalence in high risk populations and GLa variants

In total, 174 out of 28165 screened individuals were found to have a GLA variant, revealing 

an overall prevalence of 0.62% (individual study results ranged from 0 to 12 %). Of these, 33 

individuals met the criteria of ‘Classical’ FD, resulting in a prevalence of 0.12% (n=33/28165). Most 

individuals who were identified were categorized as ‘Uncertain/Neutral’ 0.30% (n=84/28165) or 

‘Unknown’ 0.20% (n=57/28165). In the uncertain/neutral group, 42 individuals harbor the neutral 

variants p.E66Q or p.D313Y, and 42 harbor a GVUS, accounting for a pooled prevalence of GVUS 

of 0.15% in the screened population. Details of the prevalence calculation are shown in table 3 

and figure 2. 

Data on lysoGb3 were available for five individuals. Dubuc et al 69 reported an initial slightly 

elevated lysoGb3 in plasma (1.97 ng/mL, reference <1.84) but a normal finding on second 

analysis in one individual. This male individual had a combination of splice site variants in the 

GLA gene (categorized as ‘Unknown’). LysoGb3 was not available for the other six individuals in 

that study. Four female individuals identified by Tanislav et al 72 also harbored a combination of 

intronic variants in the GLA gene and had a reported increased lysoGb3 in plasma (0.59-1.45 ng/

mL, reference mean 0.47, SD 0.06). 

Frequently encountered variants in the GLA gene were: p.D313Y (n=24, 14%) with an allele 

frequency in the exome variant server (EVS, in a total of 10563 alleles) 26 of 0.3% , p.E66Q (n=18, 

11%, not present in EVS), p.A143T (n=16, 9%, allele frequency in EVS 0.09%), p.R118C (n=11, 

6%, allele frequency in EVS 0.04%), p.N215S (n=8, 5%, not present in EVS), p.M296I (n=6, 4%, 

not present in EVS) and p.R112H (n=3, 2%, allele frequency in EVS 0.01%). A complete list of the 

genetic variants and characteristics is presented in the online supplement.
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Figure 2. Distribution of individuals with a variant in the GLA gene after classification. 

DISCuSSION
Screening for Fabry disease in high-risk groups reveals an overall prevalence of subjects with 

a variant in the GLA gene of 0.6%. In newborns, the prevalence is 0.04%. The current study 

demonstrates that a significant number of these individuals harbor GLA variants of unknown 

significance. As the number of screening studies has tremendously increased since 2001, the 

number of patients with these GLA variants of unknown significance also rises accordingly. 

Many studies (45%) were financially supported by industry that market ERT. This may have 

contributed to the increasing number of studies that screened for Fabry disease after ERT 

became commercially available.

Prevalence in newborns

Newborn screening studies in Europe and in Taiwan revealed a significantly higher prevalence 

of FD (as high as 1 in 1250) than was expected based on previous calculations 8-11;76;77. In two 

Taiwanese studies, 100/120 (83 %) identified individuals showed an intronic variance of uncertain 

significance, IVS4+919G>A. Hwu et al demonstrated 3.6-28.5% residual leukocyte enzyme 

activity in males 10. Pedigree analysis revealed that in some cases grandfathers of identified 

newborns who also harbor this variant show symptoms of left ventricular hypertrophy that could 

be associated with FD 9. This has led to the conclusion that this genetic variant may lead to a later 

onset or cardiac variant. However, additional data on characteristic storage in myocardial biopsies 

are necessary before this variant can be considered as a form of FD and poses a (limited) risk 

factor for cardiovascular disease.

In both European and Asian newborn screening studies, several missense mutations were 

identified, including the frequently reported p.A143T variant. These studies demonstrated high 
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residual enzyme activity in expression studies, and pedigree analysis revealed non-classical 

disease that may or may not be cause by FD. Based upon these studies, it is likely that an 

estimated 90% of identified individuals in newborn studies harbor a genetic variant of unknown 

significance (see also the discussion below on GVUS).

Prevalence in high risk populations

A high number of individuals with a GLA gene variant did not demonstrate characteristic features 

of FD. The calculated prevalence of individuals with ‘Classical’ FD in these high-risk populations 

was only 0.12%, or 1 per 1000 screened individuals. In other words, according to these criteria, 

for every individual with a certain diagnosis of classical FD, an estimated 5 individuals are 

identified with a GLA variant of uncertain significance or a neutral variant. 

There are several limitations that may have influenced our findings. Our criteria to calculate the 

prevalence of individuals with a certain diagnosis of classical FD have not (yet) been validated. 

We deemed individuals as classically affected if a minimum of one characteristic features was 

present (i.e. angiokeratoma, cornea verticillata, acroparesthesia), if AGAL-A enzyme activity was 

below 5%, or if there was an affected family member that showed one of the above characteristic 

features. However, these features can be hard to ascertain. The differentiation between atypical 

pains in limbs and Fabry-like neuropathic pain is difficult. Similarly, to discern angiokeratoma from 

senile angiomas is difficult as well. We relied on the reported diagnostic accuracy of these signs 

or symptoms, but it is possible that this assumption has caused overestimation of the prevalence 

of ‘Classical’ Fabry disease. Also an underestimation may be present if characteristic features 

were missed. A substantial number (38%) of individuals could not be categorized as ‘Classical’ 

or ‘Uncertain/Neutral’, because characteristic features and/or leukocyte AGAL-A enzyme activity 

were not reported. In the case of Rolfs et al all 28 individuals could not be categorized because of 

lack of data 25. LysoGb3 in plasma was available in a small subset of individuals with a combination 

of intronic variants in the GLA gene, and was slightly elevated. The diagnostic value and clinical 

relevance of such a mild elevation is yet uncertain. The lysoGb3 levels are much lower than 

levels that are found in classical male FD patients 17. Thus slight elevations cannot label these 

patients as ‘definite classical Fabry disease’. Despite these shortcomings, we believe that these 

calculations give a realistic estimate of the proportions of ‘Classical’ and ‘Uncertain/Neutral’ 

cases that are found by screening.

Genetic variants of unknown significance

The reason to screen high-risk populations for FD is to identify patients who may benefit from 

adequate management, including ERT. However, in oligo-symptomatic individuals, the presence 

of a decreased AGAL-A activity and a GLA gene variant that is often a GVUS, need not necessarily 

be the cause of that symptom, especially in the absence of a family history associated with FD. 

Difficult clinical dilemmas have emerged as these individuals may be misdiagnosed as having 

FD and treated with costly ERT. The p.A143T and p.R112H variants serve as an example. The 

p.A143T variant has previously been reported to be associated with a renal variant of FD, despite 

a residual enzyme activity of 36% when expressed in COS cells 8. The variant has also been 

identified in individuals with a left ventricular hypertrophy. Terryn et al investigated 12 individuals 
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with the p.A143T variant including tissue biopsies and reported no storage in biopsies with light 

microscopy. Unfortunately, electron microscopy was not performed 78. They concluded that the 

variant is most likely non-pathogenic. An earlier case study also reported that Gb3 was absent 

in a kidney biopsy in an individual with this variant 79. In addition, individuals with the p.A143T 

variant have no increase in plasma Gb3 and lysoGb3 15. Furthermore, the AGAL-A enzyme was 

localized within the lysosome, suggesting normal trafficking 5. Based on these studies and the 

absence of characteristic symptoms of FD we consider this GLA variant as a GVUS. However, in 

a single case, an individual was classified as ‘Classical’ because angiokeratoma were reported 40. 

The p.R112H variant has also been associated with a variable, non-classical phenotype and 

individuals with this variant do not show clear elevation of lysoGb3 as seen in patients with 

classical FD.80 Pathological evidence of storage in podocytes has been shown by us in a subject 

with the p.R112H variant and renal disease (Smid et al., in preparation), but it is unclear whether 

this GLA variant can always explain clinical symptoms. In this context it is important to realize 

that assessments of effectiveness of ERT from registry reports is also hampered by inclusion 

of these non-classical phenotypes or misdiagnosed subjects. For example, it should be noted 

that 15/20 patients in the Fabry Outcome Survey (Shire HGT) and 3/14 individuals in the Fabry 

Registry (Genzyme, a Sanofi company) with p.A143T are treated with ERT 78.

While for these mutations the pathogenicity is still debated, other GLA variants such as the 

p.D313Y and p.E66Q, are now considered to be non-pathogenic based on in vitro expression, 

lysoGb3 and Gb3 concentrations in plasma, prevalence in healthy alleles, a critical appraisal of the 

phenotype and assessment of biopsied organs 19-21;81. Despite this evidence, these GLA variants 

are still considered pathogenic by some 82 and are often included in prevalence calculations 

of FD in high-risk populations. These examples emphasize the need for in depth investigations 

including levels of plasma lysoGb3 12;13;15-17. These studies show that the levels of lysoGb3 are 

strongly elevated in classically affected males and the absence of a substantial elevation of 

lysGb3 should alert clinicians to perform further investigations to avoid misdiagnosis. 

Proposal new diagnostic criteria for FD diagnosis

To determine the pathogenic nature of a variant in the GLA gene in a certain individual, clear and 

practical diagnostic criteria are needed. In vitro expression may be helpful, but to determine the effect 

of a (private) genetic variant in vivo, detailed clinical assessments are mandatory. In the reviewed 

studies, the characteristic FD symptoms were not always clearly described and may therefore 

be nonspecific. Characteristic features that support the diagnosis of FD should be assessed by a 

physician with expertise in FD. Cornea verticillata is a highly specific symptom, but concomitant 

medication at any time in the medical history can induce cornea verticillata, such as chloroquine 

and amiodarone. Also more commonly used medications such as non-steroidal anti-inflammatory 

drugs should be considered as a possible cause of cornea verticillata 83. Angiokeratoma have a 

clustered pattern including typical localizations such as the umbilical and genital area and ought to 

be distinguished from simple angiomas. Acroparesthesia due to SFN can be assessed using criteria 

described by Biegstraaten et al 84 in order to exclude nonspecific pains. While an- or hypohidrosis is a 

specific feature, it cannot easily be objectified and should thus not be used as a diagnostic criterion 
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for FD. Following this line of argument, a male with a characteristic pattern of symptoms, with 

severely decreased or absent AGAL-A enzyme activity in leukocytes, is easily identified as having 

a certain diagnosis of classical FD. For females, either one or more of these symptoms should be 

present or an affected family member with characteristic features of FD should be identified. Plasma 

lysoGb3 is correlated to disease severity and has shown to be important to identify classically 

affected individuals 12;16;17. While this hallmark of FD is not frequently reported yet in diagnostic 

studies, it is highly recommended to aid in the diagnosis for both males and females.

The following criteria are proposed to identify individuals with a definite diagnosis of classical 

FD (see table 4). These criteria apply to all symptomatic individuals with a genetic variant in 

the GLA gene, and are designed to only detect individuals in whom there is no doubt about 

the diagnosis of classical FD: In an individual with symptoms that could be attributed to Fabry 

disease and harboring any variant in the GLA gene, a male should demonstrate low (< 5% of 

the mean reference value) AGAL-A enzyme activity in leukocytes, and have either one or both of 

the following criteria: a significant increase in plasma 17 lysoGb3 or Gb3 in the range of classical 

males, or one of the described characteristic features of FD, or a family member who is identified 

as having a definite diagnosis of FD; a female should have either ≥1 of the following criteria: an 

increase in plasma lysoGb3 or Gb3 in the range of classical males, a characteristic feature of FD, 

or a family member who is identified as having a definite diagnosis of classical FD. 

The disease manifestations in females are often heterogeneous within families with FD. This 

may be related to random-X inactivation; however, the literature is contradictory on this matter 
85-88. A female with a genetic variant and a (male) family member with a confirmed Fabry disease 

diagnosis will not necessarily develop signs and symptoms of FD. Therefore, caution should 

be taken in applying the proposed criteria to females, and each female should be assessed 

individually.

Table 4. Proposed criteria for a definite, classical diagnosis of FD.

Criteria for use in clinical setting, i.e. a definite diagnosis of Classical FD

Male Female

A confirmed variant in the GLA gene (any GLA variant, including GVUS)

AND AND

Severely decreased or absent leukocyte AGAL-A activity 
*
combined with a minimum of 1 of the following criteria:
acroparesthesia; cornea verticillata; angiokeratoma; 
increased plasma lysoGb3 or plasma Gb3 (if lysoGb3 
is not available) in the range of ‘Classical’ FD males or 
an affected family member with a definite diagnosis 
according to the above criteria

A minimum of 1 of the following criteria:
acroparesthesia; cornea verticillata; angiokeratoma; 
increased plasma lysoGb3 in the range of ‘Classical’ 
FD males 
or an affected family member with a definite 
diagnosis according to the above criteria

uncertain FD diagnosis: The individual does not fit the criteria for a definite diagnosis of Classical FD. Further 
evaluations are needed, following the diagnostic algorithm.
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If the individual does not fit the above criteria, there is an uncertain diagnosis of FD. In such a 

case, we propose to follow a diagnostic algorithm (see figure 3) to ascertain if this individual has 

FD, i.e. if the clinical symptoms that led to screening for FD, are actually caused by the deficient 

AGAL-A enzyme. The algorithm should include biochemical analyses, functional and imaging 

assessments of the affected organ to look for hallmarks of FD, and where uncertainty persists, 

a biopsy of the affected organ to demonstrate Gb3 accumulation on electron microscopy. Other 

features may also be of additional diagnostic value, such as SFN as shown by quantitative sensory 

testing and/or a decreased intraepidermal nerve fiber count. Ultimately, such an individual may 

be diagnosed with FD in a non-classical form. Currently, a study is underway to determine the 

sensitivity and specificity of clinical, biochemical and histological assessments for each affected 

organ in order to delineate diagnostic algorithms that can be of use for clinicians who encounter 

patients with a variant in the GLA gene (Dutch trial register [www.trialregister.nl] NTR3840 and 

NTR3841). 

In conclusion, screening for FD in high risk and newborn individuals yields many individuals with a 

mutation or variant in the GLA gene of unknown significance (GVUS). For these individuals, clear 

Figure 3. General diagnostic algorithm.
* Ophthalmological examination (cornea verticillata), angiokeratoma, acroparesthesia.
** Leukocyte AGAL enzyme activity, plasma lysoGb3, plasma and urinary Gb3.
*** E.g. endomyocardial biopsy, kidney biopsy.
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diagnostic criteria are needed. We strongly advise caution in screening large cohorts for Fabry 

disease until a clear diagnostic strategy is available so that unjustified diagnoses are avoided. In 

our opinion, in the absence of convincing evidence for pathogenicity in individuals with GVUS in 

the GLA gene, ERT should not be started. The natural history of individuals with non-classical FD 

is yet unknown and the efficacy of ERT in these individuals has not been studied. 

FuNDING
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project number T6-504: ‘Fabry or not Fabry: valorization of clinical and laboratory tools for 

improved diagnosis of Fabry disease’. TI Pharma is a not-for-profit organization that catalyzes 

research by founding partnerships between academia and industry. Partners: Genzyme, a Sanofi 

company; Academic Medical Center, University of Amsterdam; Subsidizing Party: Shire HGT. 

http://www.tipharma.com/pharmaceutical-research-projects/drug-discovery-development-and-

utilisation/hamlet-study.html. The industry partners had no role in the content of this manuscript. 



34

Chapter 2

REFERENCES
1. Desnick RJ, Ioannou YA, Eng CM. Chapter 150: 

alpha-Galactosidase A Deficiency: Fabry Disease. 

The Online Metabolic and Molecular bases of 

Inherited Disease. 8th edition ed. 2007;3733-3774.

2. Meikle PJ, Hopwood JJ, Clague AE, Carey WF. 

Prevalence of lysosomal storage disorders. JAMA 

1999;281(3):249-254.

3. Poorthuis BJ, Wevers RA, Kleijer WJ et al. The 

frequency of lysosomal storage diseases in The 

Netherlands. Hum Genet 1999;105(1-2):151-156.

4. The Human Genome Mutation Database www.

hgmd.org.  2013. 1-6-2013. 

Ref Type: Online Source

5. Garman SC. Structure-function relationships 

in alpha-galactosidase A. Acta Paediatr Suppl 

2007;1802(2):247-252.

6. Deegan PB, Baehner AF, Barba Romero MA, 

Hughes DA, Kampmann C, Beck M. Natural history 

of Fabry disease in females in the Fabry Outcome 

Survey. J Med Genet 2006;43(4):347-352.

7. Mehta A, Hughes DA. Fabry disease. 1993. 

GeneReviews™ http://www.ncbi.nlm.nih.gov/

books/NBK1292/. Initial Posting: 5 August, 2002; 

Last Update:10 Mar 2011.

8. Spada M, Pagliardini S, Yasuda M et al. High 

incidence of later-onset fabry disease revealed 

by newborn screening. Am J Hum Genet 

2006;79(1):31-40.

9. Lin HY, Chong KW, Hsu JH et al. High incidence 

of the cardiac variant of Fabry disease revealed 

by newborn screening in the Taiwan Chinese 

population. Circ Cardiovasc Genet 2009;2(5):450-

456.

10. Hwu WL, Chien YH, Lee NC et al. Newborn 

screening for Fabry disease in Taiwan reveals a 

high incidence of the later-onset GLA mutation 

c.936+919G>A (IVS4+919G>A). Hum Mutat 

2009;30(10):1397-1405.

11. Mechtler TP, Stary S, Metz TF et al. Neonatal 

screening for lysosomal storage disorders: 

feasibility and incidence from a nationwide study 

in Austria. Lancet 2012;379(9813):335-341.

12. Aerts JM, Groener JE, Kuiper S et al. Elevated 

globotriaosylsphingosine is a hallmark of Fabry 

disease. Proc Natl Acad Sci U S A 2008;105(8):2812-

2817.

13. Boutin M, Gagnon R, Lavoie P, Auray-Blais C. 

LC-MS/MS analysis of plasma lyso-Gb3 in Fabry 

disease. Clin Chim Acta 2012;414:273-280.

14. Lavoie P, Boutin M, Auray-Blais C. Multiplex analysis 

of novel urinary lyso-Gb3-related biomarkers for 

Fabry disease by tandem mass spectrometry. Anal 

Chem 2013;85(3):1743-1752.

15. Kruger R, Tholey A, Jakoby T et al. Quantification 

of the Fabry marker lysoGb3 in human plasma 

by tandem mass spectrometry. J Chromatogr B 

Analyt Technol Biomed Life Sci 2012;883-884:128-

135.

16. Togawa T, Kodama T, Suzuki T et al. Plasma 

globotriaosylsphingosine as a biomarker of Fabry 

disease. Mol Genet Metab 2010;100(3):257-261.

17. Gold H, Mirzaian M, Dekker N et al. Quantification 

of globotriaosylsphingosine in plasma and urine of 

fabry patients by stable isotope ultraperformance 

liquid chromatography-tandem mass spectrometry. 

Clin Chem 2013;59(3):547-556.

18. Mayes JS, Scheerer JB, Sifers RN, Donaldson 

ML. Differential assay for lysosomal alpha-

galactosidases in human tissues and its application 

to Fabry’s disease. Clin Chim Acta 1981;112(2):247-

251.

19. Yasuda M, Shabbeer J, Benson SD, Maire I, Burnett 

RM, Desnick RJ. Fabry disease: characterization of 

alpha-galactosidase A double mutations and the 

D313Y plasma enzyme pseudodeficiency allele. 

Hum Mutat 2003;22(6):486-492.

20. Kobayashi M, Ohashi T, Fukuda T et al. No 

accumulation of globotriaosylceramide in the 

heart of a patient with the E66Q mutation in the 

alpha-galactosidase A gene. Mol Genet Metab 

2012;107(4):711-715.

21. Togawa T, Tsukimura T, Kodama T et al. Fabry 

disease: biochemical, pathological and structural 

studies of the alpha-galactosidase A with E66Q 

amino acid substitution. Mol Genet Metab 

2012;105(4):615-620.

22. Monserrat L, Gimeno-Blanes JR, Marin 

F et al. Prevalence of fabry disease in 

a cohort of 508 unrelated patients with 

hypertrophic cardiomyopathy. J Am Coll Cardiol 

2007;50(25):2399-2403.



A systematic review on screening for Fabry disease 

35

2

23. Porsch DB, Nunes AC, Milani V et al. Fabry disease 

in hemodialysis patients in southern Brazil: 

prevalence study and clinical report. Ren Fail 

2008;30(9):825-830.

24. Utsumi K, Kase R, Takata T et al. Fabry disease in 

patients receiving maintenance dialysis. Clinical 

and Experimental Nephrology 2000;4:49-51.

25. Rolfs A, Bottcher T, Zschiesche M et al. 

Prevalence of Fabry disease in patients with 

cryptogenic stroke: a prospective study. Lancet 

2005;366(9499):1794-1796.

26. Exome Variant Server http://evs.gs.washington.

edu/.  2013. 19-2-2013. 

Ref Type: Online Source

27. Morita H, Larson MG, Barr SC et al. Single-gene 

mutations and increased left ventricular wall 

thickness in the community: the Framingham 

Heart Study. Circulation 2006;113(23):2697-2705.

28. Ommen SR, Nishimura RA, Edwards WD. Fabry 

disease: a mimic for obstructive hypertrophic 

cardiomyopathy? Heart 2003;89(8):929-930.

29. Albano LM, Rivitti C, Bertola DR et al. 

Angiokeratoma: a cutaneous marker of Fabry’s 

disease. Clin Exp Dermatol 2010;35(5):505-508.

30. Caudron E, Zhou JY, Germain DP, Prognon 

P. [Interest and limits of determination of 

a-galactosidase A enzymatic activity in population 

at risk for Fabry disease.]. Med Sci (Paris) 

2005;21(11 Suppl):53-54.

31. Bekri S, Ghafari T, Jaeger P. [Fabry’s disease: role 

of screening in populations at risk, in the image of 

chronic hemodialyzed patients]. Rev Med Suisse 

Romande 2004;124(11):677-678.

32. Green A, Allos M, Donohoe J, Carmody M, Walshe 

J. Prevalence of hereditary renal disease. Ir Med J 

1990;83(1):11-13.

33. Gruner C, Care M, Siminovitch K et al. Sarcomere 

protein gene mutations in patients with apical 

hypertrophic cardiomyopathy. Circulation: 

Cardiovascular Genetics 2011;4:288-295.

34. Friedman GS, Meier-Kriesche H-U, Kaplan B et 

al. Hypercoagulable states in renal transplant 

candidates: Impact of anticoagulation upon 

incidence of renal allograft thrombosis. 

Transplantation 2001;72:1073-1078.

35. Hauser AC, Lorenz M, Voigtlander T, Fodinger M, 

Sunder-Plassmann G. Results of an ophthalmologic 

screening programme for identification of cases 

with Anderson-Fabry disease. Ophthalmologica 

2004;218(3):207-209.

36. Kleinert J, Kotanko P, Spada M et al. Anderson-

Fabry disease: a case-finding study among male 

kidney transplant recipients in Austria. Transpl Int 

2009;22(3):287-292.

37. Kotanko P, Kramar R, Devrnja D et al. Results of a 

nationwide screening for Anderson-Fabry disease 

among dialysis patients. J Am Soc Nephrol 

2004;15(5):1323-1329.

38. Arad M, Maron BJ, Gorham JM et al. Glycogen 

storage diseases presenting as hypertrophic 

cardiomyopathy. New England Journal of Medicine 

2005;352:362-372.

39. Chimenti C, Pieroni M, Morgante E et al. 

Prevalence of Fabry disease in female patients 

with late-onset hypertrophic cardiomyopathy. 

Circulation 2004;110(9):1047-1053.

40. Elliott P, Baker R, Pasquale F et al. Prevalence 

of Anderson-Fabry disease in patients with 

hypertrophic cardiomyopathy: the European 

Anderson-Fabry Disease Survey. Heart 

2011;97(23):1957-1960.

41. Hagege AA, Caudron E, Damy T et al. Screening 

patients with hypertrophic cardiomyopathy for 

Fabry disease using a filter-paper test: the FOCUS 

study. Heart 2011;97(2):131-136.

42. Havndrup O, Christiansen M, Stoevring B 

et al. Fabry disease mimicking hypertrophic 

cardiomyopathy: genetic screening needed for 

establishing the diagnosis in women. Eur J Heart 

Fail 2010;12(6):535-540.

43. Mawatari K, Yasukawa H, Oba T, et al. Screening 

for Fabry disease in patients with left ventricular 

hypertrophy. International journal of cardiology. 

2013;167(3):1059-10

44. Nakao S, Takenaka T, Maeda M et al. An atypical 

variant of Fabry’s disease in men with left ventricular 

hypertrophy. N Engl J Med 1995;333(5):288-293.

45. Sachdev B, Takenaka T, Teraguchi H et al. Prevalence 

of Anderson-Fabry disease in male patients 

with late onset hypertrophic cardiomyopathy. 

Circulation 2002;105(12):1407-1411.



36

Chapter 2

46. Terryn W, Deschoenmakere G, De Keyser J, et al. 

Prevalence of Fabry disease in a predominantly 

hypertensive population with left ventricular 

hypertrophy. International journal of cardiology. 

2013;167(6):2555-2560.

47. Andrade J, Waters PJ, Singh RS et al. Screening 

for Fabry disease in patients with chronic kidney 

disease: limitations of plasma alpha-galactosidase 

assay as a screening test. Clin J Am Soc Nephrol 

2008;3(1):139-145.

48. Bekri S, Enica A, Ghafari T et al. Fabry disease 

in patients with end-stage renal failure: the 

potential benefits of screening. Nephron Clin Pract 

2005;101(1):c33-c38.

49. Doi K, Noiri E, Ishizu T et al. High-throughput 

screening identified disease-causing mutants and 

functional variants of alpha-galactosidase A gene 

in Japanese male hemodialysis patients. J Hum 

Genet 2012;57:575-579.

50. Fujii H, Kono K, Goto S et al. Prevalence and 

cardiovascular features of Japanese hemodialysis 

patients with Fabry disease. Am J Nephrol 

2009;30(6):527-535.

51. Gaspar P, Herrera J, Rodrigues D et al. Frequency 

of Fabry disease in male and female haemodialysis 

patients in Spain. BMC Med Genet 2010;11:19.

52. Ichinose M, Nakayama M, Ohashi T, Utsunomiya Y, 

Kobayashi M, Eto Y. Significance of screening for 

Fabry disease among male dialysis patients. Clin 

Exp Nephrol 2005;9(3):228-232.

53. Kalkan US, Sozmen E, Duman S, Basci A, Coker 

M. Alpha-Galactosidase A Activity Levels in 

Turkish Male Hemodialysis Patients. Therapeutic 

Apheresis and Dialysis 2012;16(6):560-565.

54. Kim JY, Hyun YY, Lee JE et al. Serum 

globotriaosylceramide assay as a screening 

test for fabry disease in patients with ESRD on 

maintenance dialysis in Korea. Korean J Intern 

Med 2010;25(4):415-421.

55. Linthorst GE, Hollak CE, Korevaar JC, van Manen 

JG, Aerts JM, Boeschoten EW. alpha-Galactosidase 

A deficiency in Dutch patients on dialysis: a critical 

appraisal of screening for Fabry disease. Nephrol 

Dial Transplant 2003;18(8):1581-1584.

56. Lv YL, Wang WM, Pan XX et al. A successful 

screening for Fabry disease in a Chinese dialysis 

patient population. Clin Genet 2009;76(2):219-221.

57. Maslauskiene R, Bumblyte IA, Sileikiene E et al. 

[The prevalence of Fabry’s disease among male 

patients on hemodialysis in Lithuania (a screening 

study)]. Medicina (Kaunas) 2007;43 Suppl 1:77-80.

58. Merta M, Reiterova J, Ledvinova J et al. A 

nationwide blood spot screening study for Fabry 

disease in the Czech Republic haemodialysis 

patient population. Nephrol Dial Transplant 

2007;22(1):179-186.

59. Nakao S, Kodama C, Takenaka T et al. Fabry 

disease: detection of undiagnosed hemodialysis 

patients and identification of a “renal variant” 

phenotype. Kidney Int 2003;64(3):801-807.

60. Nishino T, Obata Y, Furusu A et al. Identification of 

a novel mutation and prevalence study for fabry 

disease in Japanese dialysis patients. Ren Fail 

2012;34(5):566-570.

61. Rasaiah VI, Underwood JP, Oreopoulos DG, Medin 

JA. Implementation of high-throughput screening 

for Fabry disease in Toronto dialysis patients [5]. 

NDT Plus 2008;1:129-130.

62. DeSchoenmakere G, Poppe B, Wuyts B et al. 

Two-tier approach for the detection of alpha-

galactosidase A deficiency in kidney transplant 

recipients. Nephrology Dialysis Transplantation 

2008;23:4044-4048.

63. Tanaka M, Ohashi T, Kobayashi M et al. 

Identification of Fabry’s disease by the screening 

of alpha-galactosidase A activity in male and 

female hemodialysis patients. Clin Nephrol 

2005;64(4):281-287.

64. Terryn W, Poppe B, Wuyts B et al. Two-tier 

approach for the detection of alpha-galactosidase 

A deficiency in a predominantly female 

haemodialysis population. Nephrol Dial Transplant 

2008;23(1):294-300.

65. Wallin EF, Clatworthy MR, Pritchard NR. Fabry 

disease: results of the first UK hemodialysis 

screening study. Clin Nephrol 2011;75(6):506-510.

66. Baptista MV, Ferreira S, Pinho-E-Melo et al. 

Mutations of the GLA gene in young patients 

with stroke: the PORTYSTROKE study--screening 

genetic conditions in Portuguese young stroke 

patients. Stroke 2010;41(3):431-436.

67. Brouns R, Sheorajpanday R, Braxel E et al. 

Middelheim Fabry Study (MiFaS): a retrospective 

Belgian study on the prevalence of Fabry disease 



A systematic review on screening for Fabry disease 

37

2

in young patients with cryptogenic stroke. Clin 

Neurol Neurosurg 2007;109(6):479-484.

68. Brouns R, Thijs V, Eyskens F et al. Belgian Fabry 

study: prevalence of Fabry disease in a cohort of 

1000 young patients with cerebrovascular disease. 

Stroke 2010;41(5):863-868.

69. Dubuc V, Moore DF, Gioia LC, Saposnik G, Selchen 

D, Lanthier S. Prevalence of Fabry disease in 

young patients with cryptogenic ischemic stroke. 

J Stroke Cerebrovasc Dis. 2013;22(8):1288-1292.

70. Marquardt L, Baker R, Segal H et al. Fabry disease in 

unselected patients with TIA or stroke: population-

based study. Eur J Neurol 2012;19(11):1427-1432.

71. Sarikaya H, Yilmaz M, Michael N, Miserez AR, 

Steinmann B, Baumgartner RW. Zurich Fabry study 

- prevalence of Fabry disease in young patients 

with first cryptogenic ischaemic stroke or TIA. Eur 

J Neurol 2012;19(11):1421-1426.

72. Tanislav C, Kaps M, Rolfs A et al. Frequency 

of Fabry disease in patients with small-fibre 

neuropathy of unknown aetiology: a pilot study. 

Eur J Neurol 2011;18(4):631-636.

73. Wozniak MA, Kittner SJ, Tuhrim S et al. Frequency 

of unrecognized Fabry disease among young 

European-American and African-American men 

with first ischemic stroke. Stroke 2010;41(1):78-81.

74. Albano B, Dinia L, Del SM, Gandolfo C, Sivori 

G, Finocchi C. Fabry disease in patients with 

migraine with aura. Neurological Sciences 

2010;31:S167-S169.

75. Vedder AC, Gerdes VE, Poorthuis BJ et al. Failure 

to detect Fabry patients in a cohort of prematurely 

atherosclerotic males. J Inherit Metab Dis 

2007;30(6):988.

76. Paciotti S, Persichetti E, Pagliardini S et al. First 

pilot newborn screening for four lysosomal storage 

diseases in an Italian region: Identification and 

analysis of a putative causative mutation in the GBA 

gene. Clin Chim Acta 2012;413(23-24):1827-1831.

77. Wittmann J, Karg E, Turi S et al. Newborn screening 

for lysosomal storage disorders in hungary. JIMD 

Rep 2012;6:117-125.

78. Terryn W, Vanholder R, Hemelsoet D et al. 

Questioning the Pathogenic Role of the GLA 

p.Ala143Thr “Mutation” in Fabry Disease: 

Implications for Screening Studies and ERT. JIMD 

Rep 2012;8:101-108.

79. Nance CS, Klein CJ, Banikazemi M et al. Later-

onset Fabry disease: an adult variant presenting 

with the cramp-fasciculation syndrome. Arch 

Neurol 2006;63(3):453-457.

80. Rombach SM, Dekker N, Bouwman MG et al. 

Plasma globotriaosylsphingosine: diagnostic value 

and relation to clinical manifestations of Fabry 

disease. Biochim Biophys Acta 2010;1802(9):741-

748.

81. Eng CM, Resnick-Silverman LA, Niehaus DJ, Astrin 

KH, Desnick RJ. Nature and frequency of mutations 

in the alpha-galactosidase A gene that cause Fabry 

disease. Am J Hum Genet 1993;53(6):1186-1197.

82. Lenders M, Duning T, Schelleckes M et al. 

Multifocal White Matter Lesions Associated with 

the D313Y Mutation of the alpha-Galactosidase A 

Gene. PLoS One 2013;8(2):e55565.

83. Hollander DA, Aldave AJ. Drug-induced 

corneal complications. Curr Opin Ophthalmol 

2004;15(6):541-548.

84. Biegstraaten M, Binder A, Maag R, Hollak CE, 

Baron R, van Schaik IN. The relation between small 

nerve fibre function, age, disease severity and pain 

in Fabry disease. Eur J Pain 2011;15(8):822-829.

85. Bouwman MG, Rombach SM, Linthorst GE et al. 

Early cerebral manifestations in a young female 

with Fabry disease with skewed X-inactivation. 

Clin Genet 2011;80(5):500-502.

86. Dobrovolny R, Dvorakova L, Ledvinova J et al. 

Relationship between X-inactivation and clinical 

involvement in Fabry heterozygotes. Eleven novel 

mutations in the alpha-galactosidase A gene in the 

Czech and Slovak population. J Mol Med (Berl) 

2005;83(8):647-654.

87. Elstein D, Schachamorov E, Beeri R, Altarescu 

G. X-inactivation in Fabry disease. Gene 

2012;505(2):266-268.

88. Ropers HH, Wienker TF, Grimm T, Schroetter K, 

Bender K. Evidence for preferential X-chromosome 

inactivation in a family with Fabry disease. Am J 

Hum Genet 1977;29(4):361-370.



38

Chapter 2
S

u
p

p
le

m
en

t

S
tu

d
y

Ye
ar

Po
p

u
la

ti
o

n
In

d
iv

id
u

al
 

n
u

m
b

er
G

en
d

er
D

N
a

Le
u

ko
cy

te
 e

n
zy

m
e 

ac
ti

vi
ty

 (
m

ea
n

/m
id

d
le

 
va

lu
e 

o
f 

ra
n

ge
, p

er
ce

n
ta

ge
 o

f 
m

ea
n

)
C

h
ar

ac
te

ri
st

ic
 

sy
m

p
to

m
   

   
  

 1
: Y

es
, 0

: N
o

99
: u

n
kn

ow
n

C
h

ar
ac

te
ri

st
ic

 
sy

m
p

to
m

 in
 fa

m
ily

 
m

em
b

er
   

   
   

   
   

   
 

1:
 Y

es
, 0

: N
o,

 
99

: u
n

kn
ow

n

1:
 C

la
ss

ic
al

2:
u

n
ce

rt
ai

n
/

N
eu

tr
al

99
: u

n
kn

ow
n

C
o

m
m

en
t

A
lb

an
o

20
10

O
th

er
: M

ig
ra

in
e 

w
ith

 a
ur

a
1

2
D

31
3Y

1
99

2

B
ap

tis
ta

20
10

S
tr

ok
e

1
1

D
31

3Y
33

 n
m

ol
/h

/m
g 

(5
8;

 5
7%

)
0

99
2

B
ap

tis
ta

20
10

S
tr

ok
e

2
1

D
31

3Y
27

 n
m

ol
/h

/m
g 

(5
8;

 4
7%

)
0

99
2

B
ap

tis
ta

20
10

S
tr

ok
e

3
1

D
31

3Y
32

 n
m

ol
/h

/m
g 

(5
8;

 5
5%

)
0

99
2

B
ap

tis
ta

20
10

S
tr

ok
e

4
1

D
31

3Y
19

 n
m

ol
/h

/m
g 

(5
8;

 3
3%

)
0

99
2

B
ap

tis
ta

20
10

S
tr

ok
e

5
2

D
31

3Y
29

 n
m

ol
/h

/m
g 

(5
8;

 5
0%

)
99

99
2

B
ap

tis
ta

20
10

S
tr

ok
e

6
2

D
31

3Y
40

 n
m

ol
/h

/m
g 

(5
8;

 6
9%

)
99

99
2

B
ap

tis
ta

20
10

S
tr

ok
e

7
1

R
11

8C
20

 n
m

ol
/h

/m
g 

(5
8;

 3
4%

)
99

99
99

B
ap

tis
ta

20
10

S
tr

ok
e

8
1

R
11

8C
21

 n
m

ol
/h

/m
g 

(5
8;

 3
6%

)
99

99
99

B
ap

tis
ta

20
10

S
tr

ok
e

9
1

R
11

8C
20

 n
m

ol
/h

/m
g 

(5
8;

 3
4%

)
99

99
99

B
ap

tis
ta

20
10

S
tr

ok
e

10
2

R
11

8C
38

 n
m

ol
/h

/m
g 

(5
8;

 6
6%

)
99

99
99

B
ap

tis
ta

20
10

S
tr

ok
e

11
2

R
11

8C
40

 n
m

ol
/h

/m
g 

(5
8;

 6
9%

)
99

99
99

B
ap

tis
ta

20
10

S
tr

ok
e

12
2

R
11

8C
23

 n
m

ol
/h

/m
g 

(5
8;

 4
0%

)
99

99
99

B
ek

ri
20

05
E

S
R

D
1

1
N

21
5S

2.
5 

U
/m

g 
 (2

9;
 8

.6
%

)
99

99
99

B
ro

un
s

20
10

S
tr

ok
e

1
2

D
31

3Y
99

99
2

B
ro

un
s

20
10

S
tr

ok
e

2
2

D
31

3Y
99

99
2

B
ro

un
s

20
10

S
tr

ok
e

3
2

D
31

3Y
99

99
2

B
ro

un
s

20
10

S
tr

ok
e

4
2

D
31

3Y
99

99
2

B
ro

un
s

20
10

S
tr

ok
e

5
2

D
31

3Y
99

99
2

B
ro

un
s

20
10

S
tr

ok
e

6
2

A
14

3T
99

99
99

B
ro

un
s

20
10

S
tr

ok
e

7
2

A
14

3T
99

99
99

B
ro

un
s

20
10

S
tr

ok
e

8
2

S
12

6G
99

99
99

C
hi

m
en

ti
20

04
H

C
M

1
2

l3
44

x2
8S

TO
P

10
67

.5
 n

m
ol

/h
/m

g 
(1

91
8;

 5
6%

 )
99

99
99

C
hi

m
en

ti
20

04
H

C
M

2
2

C
37

8Y
14

45
.3

 n
m

ol
/h

/m
g 

(1
91

8;
 7

5%
)

99
1

1
C

hi
m

en
ti

20
04

H
C

M
3

2
R

27
7Q

92
3.

2 
nm

ol
/h

/m
g 

(1
91

8;
 4

8%
 )

99
1

1
C

hi
m

en
ti

20
04

H
C

M
4

2
N

21
5S

37
8.

4 
nm

ol
/h

/m
g 

(1
91

8;
 2

0%
 )

1
1

1
D

oi
20

12
E

S
R

D
1

1
G

19
5V

0
0

99
1

D
oi

20
12

E
S

R
D

2
1

M
29

6I
0

0
99

1
D

oi
20

12
E

S
R

D
3

1
E

66
Q

12
 n

m
ol

/h
/m

g 
(4

9;
 2

4%
)

99
99

2
D

oi
20

12
E

S
R

D
4

1
E

66
Q

24
 n

m
ol

/h
/m

g 
(4

9;
 4

9%
)

99
99

2
D

oi
20

12
E

S
R

D
5

1
E

66
Q

32
 n

m
ol

/h
/m

g 
(4

9;
 6

5%
)

99
99

2
D

oi
20

12
E

S
R

D
6

1
E

66
Q

14
 n

m
ol

/h
/m

g 
(4

9;
 2

9%
)

99
99

2
D

oi
20

12
E

S
R

D
7

1
E

66
Q

22
 n

m
ol

/h
/m

g 
(4

9;
 4

5%
)

99
99

2
D

oi
20

12
E

S
R

D
8

1
E

66
Q

18
 n

m
ol

/h
/m

g 
(4

9;
 3

7%
)

99
99

2
D

oi
20

12
E

S
R

D
9

1
E

66
Q

26
 n

m
ol

/h
/m

g 
(4

9;
 5

3%
)

99
99

2
D

oi
20

12
E

S
R

D
10

1
E

66
Q

20
 n

m
ol

/h
/m

g 
(4

9;
 4

1%
)

99
99

2
E

lli
ot

20
11

H
C

M
1

1
N

21
5S

0
99

2
E

lli
ot

20
11

H
C

M
2

2
R

11
8C

1
99

1
E

lli
ot

20
11

H
C

M
3

2
D

44
2N

35
.9

 n
m

ol
/h

/m
g 

(6
3.

2;
 5

7%
)

1
99

1
E

lli
ot

20
11

H
C

M
4

1
A

14
3T

1
99

1
E

lli
ot

20
11

H
C

M
5

2
A

14
3T

0
99

2
E

lli
ot

20
11

H
C

M
6

2
T4

01
A

0
99

2



A systematic review on screening for Fabry disease 

39

2

S
tu

d
y

Ye
ar

Po
p

u
la

ti
o

n
In

d
iv

id
u

al
 

n
u

m
b

er
G

en
d

er
D

N
a

Le
u

ko
cy

te
 e

n
zy

m
e 

ac
ti

vi
ty

 (
m

ea
n

/m
id

d
le

 
va

lu
e 

o
f 

ra
n

ge
, p

er
ce

n
ta

ge
 o

f 
m

ea
n

)
C

h
ar

ac
te

ri
st

ic
 

sy
m

p
to

m
   

   
  

 1
: Y

es
, 0

: N
o

99
: u

n
kn

ow
n

C
h

ar
ac

te
ri

st
ic

 
sy

m
p

to
m

 in
 fa

m
ily

 
m

em
b

er
   

   
   

   
   

   
 

1:
 Y

es
, 0

: N
o,

 
99

: u
n

kn
ow

n

1:
 C

la
ss

ic
al

2:
u

n
ce

rt
ai

n
/

N
eu

tr
al

99
: u

n
kn

ow
n

C
o

m
m

en
t

E
lli

ot
20

11
H

C
M

7
1

N
21

5S
0

99
2

Fu
ji

20
09

E
S

R
D

1
2

E
66

Q
61

.2
 n

m
ol

/h
/m

g 
(8

3.
1;

 7
4%

)
0

99
2

Fu
ji

20
09

E
S

R
D

2
1

E
66

Q
32

.1
 n

m
ol

/h
/m

g 
(8

3.
1;

 3
9%

)
0

99
2

Fu
ji

20
09

E
S

R
D

3
2

E
66

Q
0

99
2

G
as

pa
r

20
10

E
S

R
D

1
1

R
11

8C
20

 n
m

ol
/h

/m
g 

(5
7;

 3
5%

)
1

99
1

G
as

pa
r

20
10

E
S

R
D

2
1

R
11

8C
0

99
2

G
as

pa
r

20
10

E
S

R
D

3
2

D
31

3Y
28

 n
m

ol
/h

/m
g 

(5
7;

 4
9%

)
0

99
2

G
as

pa
r

20
10

E
S

R
D

4
2

R
11

8C
45

 n
m

ol
/h

/m
g 

(5
7;

 7
9%

)
0

99
2

G
as

pa
r

20
10

E
S

R
D

5
2

R
11

8C
34

 n
m

ol
/h

/m
g 

(5
7;

 6
0%

)
0

99
2

G
as

pa
r

20
10

E
S

R
D

6
2

V
19

9G
fs

X
20

3
1

99
1

G
as

pa
r

20
10

E
S

R
D

7
1

G
34

6A
fs

X
34

7
99

99
99

G
as

pa
r

20
10

E
S

R
D

8
1

D
31

3Y
0

99
2

H
ag

eg
e

20
11

H
C

M
1

1
W

16
2C

0
99

2
H

ag
eg

e
20

11
H

C
M

2
1

F1
13

L
0

99
2

H
ag

eg
e

20
11

H
C

M
3

1
F1

13
L

0
99

2
H

ag
eg

e
20

11
H

C
M

4
1

N
21

5S
0

99
2

H
av

nd
ru

p
20

10
H

C
M

1
2

N
13

9S
0

99
2

H
av

nd
ru

p
20

10
H

C
M

2
1

A
15

6T
0

99
2

H
av

nd
ru

p
20

10
H

C
M

3
2

G
27

1S
11

 U
ni

ts
/m

g 
pr

ot
ei

n 
(3

6;
 3

1%
)

1
1

1
Ic

hi
no

se
20

05
E

S
R

D
1

1
de

lV
10

25
2

0
99

2
Ko

ta
nk

o
20

04
E

S
R

D
1

1
A

12
1P

1
99

1
Ko

ta
nk

o
20

04
E

S
R

D
2

1
W

16
2R

1
99

1
Ko

ta
nk

o
20

04
E

S
R

D
3

1
I2

39
T

1
99

1
Ko

ta
nk

o
20

04
E

S
R

D
4

1
R

11
2H

0
99

2
Li

nt
ho

rs
t

20
03

E
S

R
D

1
1

D
29

9Q
99

99
99

Lv
20

09
E

S
R

D
1

1
A

29
1T

1
1

1
Lv

20
09

E
S

R
D

2
1

R
30

1Q
99

0
99

M
ar

qu
ar

dt
20

12
S

tr
ok

e
1

2
D

31
3Y

99
99

2
M

ar
qu

ar
dt

20
12

S
tr

ok
e

2
2

D
31

3Y
99

99
2

M
ar

qu
ar

dt
20

12
S

tr
ok

e
3

2
D

31
3Y

99
99

2
M

ar
qu

ar
dt

20
12

S
tr

ok
e

4
2

D
31

3Y
99

99
2

M
ar

qu
ar

dt
20

12
S

tr
ok

e
5

1
D

31
3Y

99
99

2
M

er
ta

20
07

E
S

R
D

1
1

G
36

0S
2.

3 
nm

ol
/h

/m
g 

(5
3.

8;
 4

.3
%

)
0

0
1

M
er

ta
20

07
E

S
R

D
2

1
A

14
3T

14
.6

 n
m

ol
/h

/m
g 

(5
3.

8;
 2

7%
)

0
99

2
M

er
ta

20
07

E
S

R
D

3
1

R
11

2H
0.

8 
nm

ol
/h

/m
g 

(5
3.

8;
 1

.5
%

)
0

99
1

M
er

ta
20

07
E

S
R

D
4

1
I3

17
T

1.
3 

nm
ol

/h
/m

g 
(5

3.
8;

 2
.4

%
)

0
99

1
M

er
ta

20
07

E
S

R
D

5
2

Q
28

0K
22

.5
 n

m
ol

/h
/m

g 
(5

3.
8;

 4
6%

)
0

99
2

M
on

se
rr

at
20

07
H

C
M

1
2

L8
9P

0
1

1
M

on
se

rr
at

20
07

H
C

M
2

2
A

14
3T

0
0

2
M

on
se

rr
at

20
07

H
C

M
3

1
E

35
8d

el
0

0
2

M
on

se
rr

at
20

07
H

C
M

4
1

S
23

8N
0

0
2

M
on

se
rr

at
20

07
H

C
M

5
1

S
23

8N
0

0
2

M
on

se
rr

at
20

07
H

C
M

6
1

D
31

3Y
99

99
2

M
on

se
rr

at
20

07
H

C
M

7
1

D
31

3Y
99

99
2

M
on

se
rr

at
20

07
H

C
M

8
1

D
31

3Y
99

99
2



40

Chapter 2
S

tu
d

y
Ye

ar
Po

p
u

la
ti

o
n

In
d

iv
id

u
al

 
n

u
m

b
er

G
en

d
er

D
N

a
Le

u
ko

cy
te

 e
n

zy
m

e 
ac

ti
vi

ty
 (

m
ea

n
/m

id
d

le
 

va
lu

e 
o

f 
ra

n
ge

, p
er

ce
n

ta
ge

 o
f 

m
ea

n
)

C
h

ar
ac

te
ri

st
ic

 
sy

m
p

to
m

   
   

  
 1

: Y
es

, 0
: N

o
99

: u
n

kn
ow

n

C
h

ar
ac

te
ri

st
ic

 
sy

m
p

to
m

 in
 fa

m
ily

 
m

em
b

er
   

   
   

   
   

   
 

1:
 Y

es
, 0

: N
o,

 
99

: u
n

kn
ow

n

1:
 C

la
ss

ic
al

2:
u

n
ce

rt
ai

n
/

N
eu

tr
al

99
: u

n
kn

ow
n

C
o

m
m

en
t

M
or

ita
20

06
H

C
M

1
1

A
14

3T
99

99
99

N
ak

ao
19

95
H

C
M

1
1

IV
S

4+
91

9G
>

A
-

0
99

2
N

ak
ao

19
95

H
C

M
2

1
IV

S
4+

91
9G

>
A

8.
4 

nm
ol

/h
/m

g 
(4

6.
4;

 1
8%

)
0

99
2

N
ak

ao
19

95
H

C
M

3
1

IV
S

4+
91

9G
>

A
6.

1 
nm

ol
/h

/m
g 

(4
6.

4;
 1

3%
)

0
99

2
N

ak
ao

19
95

H
C

M
4

1
M

29
6I

1.
7 

nm
ol

/h
/m

g 
(4

6.
4;

 3
.7

%
)

0
99

1
N

ak
ao

19
95

H
C

M
5

1
A

20
P

1.
6 

nm
ol

/h
/m

g 
(4

6.
4;

 3
.4

%
)

0
99

1
N

ak
ao

19
95

H
C

M
6

1
IV

S
4+

91
9G

>
A

4.
1 

nm
ol

/h
/m

g 
(4

6.
4;

 8
.8

%
)

0
99

2
N

ak
ao

19
95

H
C

M
7

1
IV

S
4+

91
9G

>
A

4.
2 

nm
ol

/h
/m

g 
(4

6.
4;

 9
.1

%
)

0
99

2
N

ak
ao

20
03

E
S

R
D

1
1

M
29

6I
2.

7 
U

/m
g 

U
: e

nz
ym

e 
1n

m
ol

/h
r 

(4
6.

4;
 5

.8
%

) 
0

99
2

N
ak

ao
20

03
E

S
R

D
2

1
M

29
6I

1.
5 

U
/m

g 
U

: e
nz

ym
e 

1n
m

ol
/h

r 
(4

6.
4;

 3
.2

%
) 

0
99

1
N

ak
ao

20
03

E
S

R
D

3
1

M
29

6I
3 

U
/m

g 
U

: e
nz

ym
e 

1n
m

ol
/h

r 
(4

6.
4;

 6
.5

%
) 

0
99

2
N

ak
ao

20
03

E
S

R
D

4
1

E
66

Q
12

,9
 U

/m
g 

U
: e

nz
ym

e 
1n

m
ol

/h
r 

(4
6.

4;
 2

8%
) 

0
99

2
N

ak
ao

20
03

E
S

R
D

5
1

A
97

V
1.

6 
U

/m
g 

U
: e

nz
ym

e 
1n

m
ol

/h
r 

(4
6.

4;
 3

.4
%

) 
0

99
1

N
ak

ao
20

03
E

S
R

D
6

1
G

37
3D

0.
9 

U
/m

g 
U

: e
nz

ym
e 

1n
m

ol
/h

r 
(4

6.
4;

 1
.9

%
) 

1
1

1
N

is
hi

no
20

12
E

S
R

D
1

2
A

73
E

0
99

2
N

is
hi

no
20

12
E

S
R

D
2

1
E

66
Q

0
99

2
N

is
hi

no
20

12
E

S
R

D
3

2
E

66
Q

0
99

2
Po

rs
ch

20
08

E
S

R
D

2
1

30
de

lG
1

0
1

R
ol

fs
20

05
S

tr
ok

e
28

 in
di

vi
du

al
s 

N
S

28
*9

9
A

rt
ic

le
 s

ta
te

s 
th

at
 a

ll 
28

 
in

di
vi

du
al

s 
ha

ve
 a

 G
LA

 v
ar

ia
nt

, 
th

ey
 a

re
 n

ot
 s

pe
ci

fie
d.

S
ac

hd
ev

20
02

H
C

M
1

1
N

21
5S

99
99

99
S

ac
hd

ev
20

02
H

C
M

2
1

I3
17

T
99

99
99

S
ac

hd
ev

20
02

H
C

M
3

1
de

l1
22

3
99

99
99

S
ac

hd
ev

20
02

H
C

M
4

1
N

21
5S

99
99

99
S

ac
hd

ev
20

02
H

C
M

5
1

N
21

5S
99

99
99

S
ac

hd
ev

20
02

H
C

M
6

1
D

31
3Y

99
99

2
D

eS
ch

oe
nm

ak
er

e
20

08
E

S
R

D
1

1
A

14
3T

0
0

2
Ta

na
ka

20
05

H
D

1
1

Y
36

5X
1

1
1

Ta
na

ka
20

05
H

D
2

1
Y

36
5X

1
1

1
Ta

na
ka

20
05

H
D

3
1

c.
28

8A
AT

>
AT

1
99

1
Ta

na
ka

20
05

H
D

4
1

M
29

6I
0

99
2

Ta
na

ka
20

05
H

D
5

2
E

66
Q

0
1

2
Ta

ni
sl

av
20

11
O

th
er

: S
FN

1
2

C
14

2R
5 

nm
ol

 M
U

/h
/m

g 
(7

1.
1;

 7
%

)
1

99
1

Ta
ni

sl
av

20
11

O
th

er
: S

FN
1

2
IV

S
0-

10
C

>
T,

 IV
S

4-
16

A
>

G
, 

IV
S

6-
22

C
>

T 
31

 n
m

ol
 M

U
/h

/m
g 

(7
1.

1;
 4

4%
)

0
99

1

Ta
ni

sl
av

20
11

O
th

er
: S

FN
1

2
IV

S
0-

10
C

>
T,

 IV
S

4-
16

A
>

G
, 

IV
S

6-
22

C
>

T 
41

 n
m

ol
 M

U
/h

/m
g 

(7
1.

1;
 5

8%
)

0
99

1

Ta
ni

sl
av

20
11

O
th

er
: S

FN
1

2
IV

S
0-

10
C

>
T,

 IV
S

4-
16

A
>

G
, 

IV
S

6-
22

C
>

T 
23

 n
m

ol
 M

U
/h

/m
g 

(7
1.

1;
 3

3%
)

0
99

1

Ta
ni

sl
av

20
11

O
th

er
: S

FN
1

2
IV

S
0-

10
C

>
T,

 IV
S

4-
16

A
>

G
,

 IV
S

6-
22

C
>

T 
29

 n
m

ol
 M

U
/h

/m
g 

(7
1.

1;
 4

1%
)

0
99

1

Te
rr

yn
20

08
H

D
1

2
A

14
3T

0
0

2
Te

rr
yn

20
08

E
S

R
D

2
2

A
14

3T
0

99
2

Te
rr

yn
20

08
E

S
R

D
3

1
W

23
6R

1
99

1



A systematic review on screening for Fabry disease 

41

2

S
tu

d
y

Ye
ar

Po
p

u
la

ti
o

n
In

d
iv

id
u

al
 

n
u

m
b

er
G

en
d

er
D

N
a

Le
u

ko
cy

te
 e

n
zy

m
e 

ac
ti

vi
ty

 (
m

ea
n

/m
id

d
le

 
va

lu
e 

o
f 

ra
n

ge
, p

er
ce

n
ta

ge
 o

f 
m

ea
n

)
C

h
ar

ac
te

ri
st

ic
 

sy
m

p
to

m
   

   
  

 1
: Y

es
, 0

: N
o

99
: u

n
kn

ow
n

C
h

ar
ac

te
ri

st
ic

 
sy

m
p

to
m

 in
 fa

m
ily

 
m

em
b

er
   

   
   

   
   

   
 

1:
 Y

es
, 0

: N
o,

 
99

: u
n

kn
ow

n

1:
 C

la
ss

ic
al

2:
u

n
ce

rt
ai

n
/

N
eu

tr
al

99
: u

n
kn

ow
n

C
o

m
m

en
t

U
ts

um
i

20
00

E
S

R
D

1
1

Q
35

7X
0.

2 
nm

ol
/m

g/
h 

(6
1.

2;
 0

.3
%

)
1

99
1

U
ts

um
i

20
00

E
S

R
D

2
1

no
t 

fo
un

d
99

99
99

N
o 

G
LA

 v
ar

ia
nt

 w
as

 fo
un

d,
 

in
di

vi
du

al
 w

as
 in

cl
ud

ed
, 

be
ca

us
e 

a 
da

ug
ht

er
 s

ho
w

ed
 

lo
w

 e
nz

ym
e 

ac
tiv

ity
 (1

6%
 o

f 
m

ea
n 

re
fe

re
nc

e 
va

lu
e)

W
oz

ni
ak

20
10

S
tr

ok
e

1
1

D
31

3Y
99

99
2

W
oz

ni
ak

20
10

S
tr

ok
e

2
1

A
14

3T
99

99
99

K
al

ka
n

20
12

E
S

R
D

1
1

R
11

2C
1

0
1

K
al

ka
n

20
12

E
S

R
D

2
1

A
14

3T
0

0
2

Te
rr

yn
20

12
H

C
M

1
1

A
14

3T
0

0
2

Te
rr

yn
20

12
H

C
M

2
2

A
14

3T
0

0
2

Te
rr

yn
20

12
H

C
M

3
2

A
14

3T
0

0
2

Te
rr

yn
20

12
H

C
M

4
2

A
14

3T
0

0
2

Te
rr

yn
20

12
H

C
M

5
1

A
5E

1
1

1
D

ub
uc

20
12

S
tr

ok
e

1
1

(IV
S

0-
10

C
.T

, r
s2

07
12

25
; 

IV
S

2-
81

. -
77

de
lC

A
G

C
C

; 
IV

S
4-

16
A

.G
, r

s2
07

13
97

; 
IV

S
6-

22
C

.T
,r

s2
07

12
28

99
99

99
A

 c
om

bi
na

tio
n 

of
 s

pl
ic

e 
si

te
 

va
ria

nt
s

D
ub

uc
20

12
S

tr
ok

e
2

1
N

S
99

99
99

A
rt

ic
le

 s
ta

te
s 

th
at

 a
ll 

in
di

vi
du

al
s 

ha
ve

 a
 G

LA
 v

ar
ia

nt
, t

he
y 

ar
e 

no
t 

sp
ec

ifi
ed

.
D

ub
uc

20
12

S
tr

ok
e

3
2

N
S

99
99

99
A

rt
ic

le
 s

ta
te

s 
th

at
 a

ll 
in

di
vi

du
al

s 
ha

ve
 a

 G
LA

 v
ar

ia
nt

, t
he

y 
ar

e 
no

t 
sp

ec
ifi

ed
.

D
ub

uc
20

12
S

tr
ok

e
4

2
N

S
99

99
99

A
rt

ic
le

 s
ta

te
s 

th
at

 a
ll 

in
di

vi
du

al
s 

ha
ve

 a
 G

LA
 v

ar
ia

nt
, t

he
y 

ar
e 

no
t 

sp
ec

ifi
ed

.
D

ub
uc

20
12

S
tr

ok
e

5
2

N
S

99
99

99
A

rt
ic

le
 s

ta
te

s 
th

at
 a

ll 
in

di
vi

du
al

s 
ha

ve
 a

 G
LA

 v
ar

ia
nt

, t
he

y 
ar

e 
no

t 
sp

ec
ifi

ed
.

D
ub

uc
20

12
S

tr
ok

e
6

2
N

S
99

99
99

A
rt

ic
le

 s
ta

te
s 

th
at

 a
ll 

in
di

vi
du

al
s 

ha
ve

 a
 G

LA
 v

ar
ia

nt
, t

he
y 

ar
e 

no
t 

sp
ec

ifi
ed

.
D

ub
uc

20
12

S
tr

ok
e

7
2

N
S

99
99

99
A

rt
ic

le
 s

ta
te

s 
th

at
 a

ll 
in

di
vi

du
al

s 
ha

ve
 a

 G
LA

 v
ar

ia
nt

, t
he

y 
ar

e 
no

t 
sp

ec
ifi

ed
.

M
aw

at
ar

i
20

12
H

C
M

1
1

E
66

Q
99

99
2

M
aw

at
ar

i
20

12
H

C
M

2
1

E
66

Q
99

99
2

M
aw

at
ar

i
20

12
H

C
M

3
1

E
66

Q
99

99
2

H
w

u
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

63
x 

IV
S

4+
91

9G
>

A
H

w
u

20
09

N
ew

bo
rn

 s
cr

ee
ni

ng
D

93
N

H
w

u
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

C
12

_L
14

de
l

H
w

u
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

4x
 G

36
0C

H
w

u
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

H
46

P



42

Chapter 2
S

tu
d

y
Ye

ar
Po

p
u

la
ti

o
n

In
d

iv
id

u
al

 
n

u
m

b
er

G
en

d
er

D
N

a
Le

u
ko

cy
te

 e
n

zy
m

e 
ac

ti
vi

ty
 (

m
ea

n
/m

id
d

le
 

va
lu

e 
o

f 
ra

n
ge

, p
er

ce
n

ta
ge

 o
f 

m
ea

n
)

C
h

ar
ac

te
ri

st
ic

 
sy

m
p

to
m

   
   

  
 1

: Y
es

, 0
: N

o
99

: u
n

kn
ow

n

C
h

ar
ac

te
ri

st
ic

 
sy

m
p

to
m

 in
 fa

m
ily

 
m

em
b

er
   

   
   

   
   

   
 

1:
 Y

es
, 0

: N
o,

 
99

: u
n

kn
ow

n

1:
 C

la
ss

ic
al

2:
u

n
ce

rt
ai

n
/

N
eu

tr
al

99
: u

n
kn

ow
n

C
o

m
m

en
t

H
w

u
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

L1
20

V
H

w
u

20
09

N
ew

bo
rn

 s
cr

ee
ni

ng
I2

19
T

H
w

u
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

2x
 R

35
6Q

H
w

u
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

E
66

Q
Li

n
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

G
10

4V
Li

n
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

R
11

2H
Li

n
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

A
14

3T
Li

n
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

M
29

6L
Li

n
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

R
35

6W
Li

n
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

G
36

0C
Li

n
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

K
39

1T
Li

n
20

09
N

ew
bo

rn
 s

cr
ee

ni
ng

37
 x

 IV
S

4+
91

9G
>

A
M

ec
ht

le
r

20
11

N
ew

bo
rn

 s
cr

ee
ni

ng
6x

 A
14

3T
M

ec
ht

le
r

20
11

N
ew

bo
rn

 s
cr

ee
ni

ng
2x

 R
11

2H
M

ec
ht

le
r

20
11

N
ew

bo
rn

 s
cr

ee
ni

ng
I3

59
T

S
pa

da
20

06
N

ew
bo

rn
 s

cr
ee

ni
ng

M
51

I
S

pa
da

20
06

N
ew

bo
rn

 s
cr

ee
ni

ng
E

66
G

S
pa

da
20

06
N

ew
bo

rn
 s

cr
ee

ni
ng

A
73

V
S

pa
da

20
06

N
ew

bo
rn

 s
cr

ee
ni

ng
R

11
8C

S
pa

da
20

06
N

ew
bo

rn
 s

cr
ee

ni
ng

F1
13

L
S

pa
da

20
06

N
ew

bo
rn

 s
cr

ee
ni

ng
A

14
3T

S
pa

da
20

06
N

ew
bo

rn
 s

cr
ee

ni
ng

N
21

5S
S

pa
da

20
06

N
ew

bo
rn

 s
cr

ee
ni

ng
IV

S
5+

1G
>

T
W

itt
m

an
n

20
12

N
ew

bo
rn

 s
cr

ee
ni

ng
3x

 A
14

3T
W

itt
m

an
n

20
12

N
ew

bo
rn

 s
cr

ee
ni

ng
2x

 D
31

3Y
W

itt
m

an
n

20
12

N
ew

bo
rn

 s
cr

ee
ni

ng
7x

 c
om

pl
ex

 in
tr

on
ic

 







B.E. Smid1, L. van der Tol1, F. Cecchi5, P.M. Elliott6, D.A. Hughes7, G.E. Linthorst1, J. 

Timmermans8, F. Weidemann9, M.L. West10, M. Biegstraaten1, R.H. Lekanne Deprez2 
, S. 

Florquin3, P.G. Postema4
, B. Tomberli5,  A.C. van der Wal3, M.A. van den Bergh Weerman3, 

C.E. Hollak1

1. Department of Endocrinology and Metabolism, 2. Clinical Genetics, 3 Department of 

Pathology, 4. Department of Cardiology, Academic Medical Centre, University of Amsterdam, 

Amsterdam, the Netherlands 5. Department of Clinical and Experimental Medicine, University 

of Florence, Italy 6. Department of Cardiology, Heart Hospital, London, UK 7. Department of 

Haematology, Royal Free & University college medical School, London, UK 8. Department of 

Cardiology, RadboudUMC, Nijmegen, the Netherlands 

9. Department of Cardiology, University Hospital Würzburg and comprehensive heart failure 

centre Würzburg, Germany 10. Department of Medicine, Dalhousie University, Halifax, Nova 

Scotia, Canada

ChaPTER 3
Uncertain diagnosis of Fabry disease: consensus 
recommendation on diagnosis in adults with left 
ventricular hypertrophy and  genetic variants of 

unknown significance  

International Journal of Cardiology 2014; 177(2):400-8



46

Chapter 3

abSTRaCT
background 

Screening in subjects with left ventricular hypertrophy (LVH) reveals a high prevalence of Fabry 

disease (FD). Often, a diagnosis is uncertain because characteristic clinical features are absent 

and genetic variants of unknown significance (GVUS) in the α-galactosidase A (GLA) gene are 

identified. This carries a risk of misdiagnosis, inappropriate counselling and extremely expensive 

treatment. We developed a diagnostic algorithm for adults with LVH (maximal wall thickness 

(MWT) of > 12 mm), GLA GVUS and an uncertain diagnosis of FD.

Methods 

A Delphi method was used to reach a consensus between FD experts. We performed a 

systematic review selecting criteria on electrocardiogram, MRI and echocardiography to confirm 

or exclude FD. Criteria for a definite or uncertain diagnosis and a gold standard were defined. 

Results 

A definite diagnosis of FD was defined as follows: a GLA mutation with ≤ 5% GLA activity 

(leucocytes, mean of reference value, males only) with ≥ 1 characteristic FD symptom or sign 

(neuropathic pain, cornea verticillata, angiokeratoma) or increased plasma (lyso)Gb3 (classical 

male range) or family members with definite FD. Subjects with LVH failing these criteria have a 

GVUS and an uncertain diagnosis. The gold standard was defined as characteristic storage in an 

endomyocardial biopsy on electron microscopy. Abnormally low voltages on ECG and severe LVH 

(MWT>15mm) < 20 years exclude FD. Other criteria were rejected due to insufficient evidence. 

Conclusion

In adults with unexplained LVH and a GLA GVUS, severe LVH at young age and low voltages 

on ECG exclude FD. If absent, an endomyocardial biopsy with electron microscopy should be 

performed. 
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INTRODuCTION
Fabry disease (FD; OMIM 3015001) is an X-linked lysosomal storage disorder caused by a 

deficiency of α-galactosidase A (AGAL-A). Estimated birth prevalence range between 1:40.000 

and 110.0002-4. Over 670 mutations in the α-galactosidase A (GLA) gene have been described5, 

mostly appearing in single families. Since the availability of enzyme replacement therapy (ERT) 

screening in newborns, high risk populations, as well as individual case finding is increasing 
6-15. These screening studies report a surprisingly high prevalence of FD in subjects with left 

ventricular hypertrophy (LVH) (range 0 - 12%). However, while the pathogenicity of some GLA 

mutations is well described, the subjects identified through screening often have a GLA genetic 

variant/ mutation of unknown significance (GVUS) 16-18. 

Interestingly, most males with such GVUS demonstrate significant residual AGAL-A enzyme 

activity, in contrast to the absent or near absent enzyme activity in classically affected males 
4. Moreover, most subjects identified through screening are lacking characteristic classical 

Fabry signs or symptoms such as neuropathic pain, angiokeratoma or cornea verticillata, but 

present with a single, non-specific Fabry sign such as cryptogenic stroke, proteinuria or LVH, 

all associated with other more common diseases19. Because these subjects have symptoms 

restricted to single organs, they were coined as cardiac, renal or late onset variants of the 

disease 20;21. In addition, while classically affected males invariably have significant elevations in 

plasma globotriaosylsphingosine (lysoGb3), non-classical FD patients and subjects with a non-

pathogenic GLA mutation, such as p.D313Y, have low or normal levels 22-24. While some still 

consider the p.D313Y mutation pathogenic 25;26 it has been shown that this mutation results in 

a pseudo-deficiency of AGAL-A in plasma, with only minimally reduced enzyme activity in cell 

expression models 27. Another example of advancing insight concerns the p.A143T mutation, 

which is frequently identified through screening studies. However, in subjects with this variant 

presenting with LVH or kidney failure, no characteristic Gb3 deposits were found in biopsies 16. 

These examples show that the lack of unequivocal definitions for a definite FD diagnosis leads 

to difficult clinical dilemmas with a risk of misdiagnosis. Early diagnosis of a true FD patient is of 

great importance to offer adequate support, but prompt identification of those without FD is of 

equal importance to avoid distress in families and inappropriate initiation of ERT, an invasive and 

extremely expensive treatment.

As part of the Hamlet study 28, designed to address the uncertainties related to diagnosing FD, 

we aimed to gain international consensus on a diagnostic algorithm for adult subjects presenting 

with LVH (maximal wall thickness in diastole (MWTd) of > 12 mm) with an uncertain diagnosis of 

FD, harbouring a GVUS in the GLA gene. 

METhODS
Delphi participants

We used a modified Delphi procedure29 to gain a consensus. The voting panel consisted of 

internists with expertise in the diagnosis and general management of FD and cardiologists with 

expertise in FD cardiomyopathy. 
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Pre-selection of voting items 

A proposal was made for definitions of a definite and uncertain diagnosis of FD, and the gold 

standard (by MB, CH, BS, and LT). A systematic review was performed to find criteria on 

electrocardiogram (ECG), cardiac magnetic resonance imaging (CMR) or echocardiography that 

could be used to either exclude FD (exit criteria) or confirm a diagnosis of FD (entry criteria). 

PubMed and EMBASE were searched from 1980 till October 2012 with the following search 

terms: Fabry disease, heart, cardiac, cardiomyopathy, cardiac hypertrophy, LVH, ECG, ultrasound 

and CMR, including synonyms and MesH terms. Included were peer reviewed English written 

studies in adult human subjects. Titles and abstracts were screened and cross-referencing was 

performed. Corresponding authors were contacted if additional clarification was required. Criteria 

qualified when they were directly compared to other subtypes of hypertrophic cardiomyopathies 

(HCM) 30 and when sensitivity and specificity could be calculated. We accepted an entry criterion 

for a diagnosis of FD only if there was a specificity of >90% (i.e. the presence of this criterion 

confirms a diagnosis of FD; there are no or only very few false positives) and an exit criterion only 

if the prevalence of this criterion was < 10% in FD (i.e. the presence of this criterion in FD is very 

unlikely, and is specific for other subtypes of HCM).

Validation of pre-selected criteria 

Validation of the pre-selected criteria in patients similar to those identified through screening for 

LVH is of importance, since the selected criteria from the literature were primarily based upon 

patients with classical FD versus controls. Criteria that are specific or sensitive in a classically 

affected group may not necessarily have similar diagnostic accuracy in non-classical FD patients. 

To determine specificity and sensitivity, the pre-selected criteria were applied to Dutch patients 

presenting with LVH only (LVH defined as interventricular septal wall thickness of ≥ 12 mm 

and/or left ventricular mass of ≥ 48 g/height in m2.7 for females, and ≥ 51 g/height in m2.7 for 

males31). These patients were divided into two groups. A ‘positive group’ consisted of patients 

presenting with LVH only and histological evidence of a specific storage pattern, or with a definite 

(classical) diagnosis based upon the following predefined criteria: a GLA mutation (defined as 

any abnormality found in the GLA gene) and ≤ 5% GLA activity (of the mean reference value in 

leucocytes, males only) with ≥ 1 characteristic FD sign or symptom (neuropathic pain, cornea 

verticillata, clustered angiokeratoma) or increased plasma (lyso)Gb3 (in the classical male range) 

or a family member with  a definite diagnosis of FD carrying the same GLA mutation. A ‘negative 

group’ consisted of patients with unexplained LVH who did not fulfil the criteria of a definite 

diagnosis of FD and therefore have a GVUS in the GLA gene (defined as a variant / mutation in 

the GLA gene of unknown clinical significance) in whom a biopsy of an affected organ excluded 

FD, or expression studies showed AGAL-A pseudo deficiency (p.D313Y) in index patients. All 

data were gathered with (written) informed consent. Pre-treatment ECGs were retrospectively 

assessed by a single investigator (PP) using digitized ECGs and on-screen callipers with the 

ImageJ program (http://rsb.info.nih.gov/ij/). Data on the following parameters were retrieved 

from 3 consecutive sinus beats: heart rate, P wave duration, PQ-interval, QRS-duration and QT-

interval, QTc32, Sokolow-Lyon index to assess left ventricular hypertrophy and the sum of the 

QRS amplitudes in lead I + II + III < 1.5mV33;34 as well as a Sokolow-Lyon index of < 1.5mV35 to 
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assess low voltages. All available echocardiography and CMR reports (baseline and treatment) 

were retrospectively scored for the presence of pericardial effusion, left ventricular outflow tract 

obstruction (LVOTO) and late enhancement by gadolinium on CMR. 

Delphi voting rounds

The procedure consisted of two voting rounds and a face-to-face meeting. During the first voting 

round panellists received the results of the systematic review and validation cohort. Through an 

online anonymous survey (Survey monkey) they could criticize the validity of the pre-selected 

criteria36. Comments and new criteria could be added. Results of the first round were reviewed, 

items were adapted or added and the results were provided during the second round. During the 

face-to-face meeting each criterion was discussed and adapted when necessary. We admitted 

the possibility for supplementary analyses in panellist’s cohorts in case the panel would conclude 

that the level of evidence of the pre-selected criteria is insufficient. 

Statistical considerations: selection of final items in diagnostic algorithm
In keeping with previous studies37 we decided to accept criteria in the diagnostic algorithm only 

when at least 75%  of the panel agreed, and none of the panellists disagreed (i.e. only two 

neutral votes were acceptable). To assess overall consensus, Cronbach’s α was calculated38, with 

0 indicating no consensus and 1 full consensus. The recommendations by Bland and Altman were 

applied: Cronbach’s α should be above 0.9, but preferably above 0.95 for clinical applications38. 

SPSS version 19 was used for statistical analyses.

RESuLTS
Delphi procedure and participants

Nine FD experts were invited to participate; seven FD experts (FC, PE, DH, JT, GL, FW and MW) 

completed all three rounds. At the face-to-face meeting, five experts were present and two were 

involved by telephone. 

Pre-selection of voting items: systematic review 

To preselect voting items proposed to the panel, a systematic review was performed. Our search 

retrieved 140 articles of which 88 were excluded (supplementary figure 1). From the remaining 

52 articles, 9 entry or exit criteria were pre-selected (table 1). A summary of all articles reviewed 

and the results of the Dutch validation cohort were presented to the panel (online supplementary 

data). 

Voting items

Overall consensus on all voting items, measured by Cronbach’s α, increased from 0.87 in round 

1 to 0.97 and 0.99 in rounds 2 and 3, respectively. 

Definitions of a definite and uncertain diagnosis of FD
There was 100% agreement that a diagnosis of FD in patients presenting with LVH only (defined 

as a MWT >12 mm), cannot always be made by biochemical (AGAL-A activity) and/or GLA 
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mutation analysis alone. To determine to whom the cardiac diagnostic algorithm would apply (i.e. 

the patients with an uncertain FD diagnosis) definitions of a definite and uncertain FD diagnosis 

were made (see table 2). A definite diagnosis of FD (i.e. classical FD) was defined as follows: 

a GLA mutation with ≤5% AGAL-A activity (of the mean of reference value in leucocytes 48, in 

males only) with either ≥1 characteristic FD symptom or sign or increased plasma (lyso)Gb3 (in 

the classical male range) or a family member with a definite diagnosis of FD carrying the same 

GLA mutation. Patients presenting with LVH and a GLA mutation not fulfilling these criteria have 

an uncertain diagnosis of FD. 

Diagnostic biochemical analyses

AGAL-A deficiency should preferably be measured in leucocytes 48. While this can reliably be 

established in other enzyme sources like dried blood spots and plasma, leukocytes are superior 

in estimating residual AGAL-A activity. Characteristic FD signs and symptoms should be assessed 

by a physician with extensive experience in  FD. Fabry neuropathic pain was defined as pain in 

hands and/or feet with an onset of pain in childhood or adolescence (i.e. < 18 years of age), 

and / or a course characterized by exacerbations that are provoked by fever, exercise or heat, 

as well as a decreased cold sensation and an abnormal intra epidermal nerve fibre density 49. 

Cornea verticillata should be evaluated in the absence of amphiphilic drug use50. Clustered 

angiokeratoma should be present in the bathing trunk, peri-umbilical and/or peri-oral regions (for 

examples see 51;52).

Plasma (lyso)Gb3 assays are not widely available but are very helpful when elevated to the level 

as found in classically affected males, e.g. with the assay used at the AMC either plasma lysoGb3 

Table 1. Summary of pre-selected criteria, with sensitivity and specificity calculation.

Fabry diagnosis Entry criteria Sen.
%

Spec.
%

Exit criteria Prev.
%

ECG PQ interval minus P wave duration 
< 40 ms 35

82 99 Low voltages: Sokolow-Lyon 
index of  ≤1.5 mV total QRS 
amplitude in I, II, III < 1.5mV 33;35

0

Corrected PQ interval < 144 ms 35 82 90

PQ < 120 ms 35 24 100

Cardiac 
echocardiography

Increased papillary muscle 
LV wall ≥ 12mm 
when LV wall > 13 mm 39 

75
100

86
ND

Severe LVH without right 
ventricle hypertrophy 40

ND

LVOTO 41-43 0

Pericardial effusion 33 0

CMR Late enhancement in papillary 
muscles 43-47

0

Abbreviations: CMR: cardiac magnetic resonance imaging, ECG: electrocardiogram, LV: left ventricle, LVOTO: left 
ventricular outflow tract obstruction (in rest), LVH: left ventricular hypertrophy, ND; no data, prev.: prevalence, sens.: 
sensitivity, spec.: specificity.
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values of > 50 nmol/L (normal reference range 0.3-0.5 nmol/L) or plasma Gb3 values of > 2.9 

nmol/mL (normal reference range 0.45-2.46 nmol/mL) 53. However, because different assays of 

plasma (lyso)Gb3 are available, no laboratory independent cut-off values could be generated.  

Gold standard for a diagnosis of FD in uncertain cases is EMb 

The panellists all agreed that the gold standard for a diagnosis of FD in subjects presenting with 

a non-specific FD sign (such as LVH, renal failure, proteinuria) and an uncertain diagnosis of FD 

(table 2) is the demonstration of characteristic storage in the affected organ (e.g. heart, kidney, 

aside from skin) by electron microscopy analysis, according to the judgement of an experienced 

pathology team. Storage should preferably be evaluated in the affected organ, as the expected 

diagnostic yield of skin biopsies in non-classical FD patients is low. While the majority of classical 

FD patients demonstrate a ubiquitous storage pattern including dermal storage 54;55, studies 

in patients with non-classical FD (or cardiac variant) illustrate that storage is restricted to the 

endomyocardium 20;56-58. In addition, other explanations for the cardiomyopathy might be found 

on endomyocardial biopsy (EMB). So in case a patient, presenting with a non-specific sign such 

as LVH, does not fulfil the diagnostic criteria for a definite diagnosis of FD, but has a confirmative 

biopsy, the diagnosis is considered definite and defined as non-classical, biopsy proven FD (figure 

1). In other words, a GLA mutation can be considered disease causing if the patient fulfils the 

definite FD diagnostic criteria, or if in a symptomatic patient not fulfilling the definite diagnostic 

criteria, a characteristic storage pattern in the affected organ is demonstrated. 

Table 2. Definitions of a definite and uncertain Fabry diagnosis.

Definite diagnosis of FD

Males
GLA mutation

+
AGAL-A deficiency of  ≤5% of mean reference value in 

leukocytes 48

+

Females
GLA mutation

+
 normal or deficient AGAL-A in leukocytes 48

+

A or B or C 
A

≥1 characteristic FD sign/symptom (Fabry neuropathic pain, cornea verticillata or clustered angiokeratoma)
B

(when available) an increase of plasma (lyso) Gb3 (within range of males with definite FD diagnosis)
C

A family member with a definite FD diagnosis carrying the same GLA mutation

uncertain diagnosis of FD in subjects presenting with a non-specific FD sign

Males/Females
All patients presenting with a non-specific FD sign (such as LVH, stroke at young age, proteinuria) who do not 

fulfil the criteria for a definite diagnosis of FD have a GLA GVUS

Abbreviations: AGAL-A: lysosomal α-galactosidase A enzyme, GLA: α-galactosidase A gene, GLA mutation: defined 
as any abnormality found in GLA gene, LVH: left ventricular hypertrophy defines as MWT >12 mm). GVUS: genetic 
variant of unknown significance, is defined as a GLA mutation that has unknown clinical significance because it 
does not fulfil the criteria of a definite diagnosis of FD.
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Characteristic storage was defined as concentric multi lamellated myelin bodies with a zebra 

like pattern (zebra bodies) with a periodicity of approximately 5 nm59, in the absence of drug use 

known to induce these inclusion bodies (such as chloroquine or amiodarone 50;60). Although these 

inclusion bodies can be found in other lysosomal storage disorders 61-63, there is no clinical overlap 

and therefore these inclusions are considered specific in the context of a clinical presentation 

compatible with FD. 

Following the protocol of the Association of European Cardiovascular Pathology and Society 

for Cardiovascular Pathology, a minimum of 5 endomyocardial fragments should be obtained 

for electron microscopy (EM) and light microscopy (LM) analysis (for a detailed description 

of processing biopsy material see 63). As the storage pattern in FD is diffuse throughout the 

ventricles, EMB can be performed in both ventricles 13;56;64;65. Furthermore, it was concluded that 

in patients with an uncertain diagnosis of FD, genetic (over) expression studies are informative 

(especially in females without an affected male family member), but cannot be used as a gold 

standard for a diagnosis of FD.

Figure 1. Proposal for a diagnostic algorithm for subjects presenting with isolated LVH and an uncertain diagnosis 
of FD. *LVH: left ventricular hypertrophy defined as an MWTd > 12 mm, ** see table 2, *** low voltages on ECG 
defined as the total sum of the amplitude of the QRS complex in I, II, III < 1.5 mV 34, **** severe LVH was defined 
as a MWT >15 mm. Abbreviations: EM: electron microscopy, FD: Fabry disease, GLA: α-galactosidase A gene. 

Exit and entry criteria on ECG, echocardiography, CMR to exclude or confirm FD

Table 1 shows the nine criteria that were pre-selected based on the systematic review. The 

supplementary data shows all criteria that were analysed (n=20) and the reasons for inclusion or 

rejection. Most criteria were not selected because they were not specific enough e.g. specificity 
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< 90% (concentric LVH, binary sign, myocardial infero-postero-lateral late enhancement), they 

were insufficiently compared to other subtypes of HCM (global and circumferential strain pattern, 

thoracal aortic dilatation), there were no clear cut off values available to discern FD from other 

subtypes of HCM (increased T2 relaxation time on CMR, extracellular volume measurement 

on CMR), or they were not reproducible (short p-wave on ECG). Furthermore, the expert panel 

suggested ‘severe LVH at young age’ as an exit criterion for a diagnosis of FD. 

The panel rejected seven of the pre-selected criteria. The main reason for rejection was 

unsatisfactory data on specificity; specificity was based on limited studies with small cohorts 

(PQ minus P wave < 40 ms, corrected PQ interval < 144 ms, hypertrophied papillary muscle), 

criteria were insufficiently compared to other subtypes of HCM (hypertrophied papillary muscle, 

severe LVH without RVH, late enhancement in papillary muscle), or the criterion was negated 

by the data of our validation cohort (PQ minus P wave < 40 ms). Other reasons were: imprecise 

and or impractical tool in daily practice (PQ minus P wave < 40 ms, corrected PQ interval < 144 

ms, severe LVH without RVH), or the presence of concomitant disease possibly inducing this 

criterion (LVOTO, pericardial effusion). 

Supplementary cohort analyses on exit and entry criteria

The panel concluded that three criteria possibly qualified for the diagnostic algorithm, but 

required additional analyses: “PQ interval < 120 ms” as an entry criterion, and “severe LVH at 

young age” and “presence of abnormally low voltages on ECG (defined as the total sum of the 

QRS amplitude in I, II, III < 1.5 mV) 34 as exit criteria. Therefore, additional baseline ECGs and 

echocardiographic data were gathered from Dutch, German and Italian FD cohorts. All available 

patients fulfilling the criteria for a definite (classical) diagnosis (see table 2) and those with a 

non-classical, biopsy proven diagnosis were included. At least all index patients of non-classical 

families (n=5) showed evidence of a characteristic storage pattern in an affected organ in kidney 

or heart (7 out of 15 patients had a confirmative biopsy), within families the pathogenicity of a 

mutation was extrapolated to family members carrying the same GLA mutation. Patients with 

an uncertain diagnosis of FD in whom no biopsy was available (or of any family member) were 

excluded. An exception was made for patients with a p.N215S GLA mutation who only had a 

confirmatory histology in 1 of 11 patients. The pathogenicity of this mutation is well-established: 

this is a prevalent mutation associated with a non-classical phenotype of which confirmative 

histology has been described in several papers 13;65-68. In addition, an Italian HCM cohort was 

investigated (defined as maximal wall thickness (MWT) ≥ 15 mm) in which a diagnosis of FD was 

ruled out either by mutation analysis (females) or AGAL-A activity (males). All data were gathered 

with informed consent following the Declaration of Helsinki.

Severe LVh at young age excludes FD

Figure 2 shows the distribution of the baseline IVSd thickness in 69 FD patients (27 males, 90% 

classical phenotype, median age of 18 years, range of 5-25). The maximum IVSd thickness was 

15 mm. The highest value was found in a 24 year old classically affected male. The panel decided 

that a cut-off IVSd thickness of >15 mm below 20 years could serve as an exit criterion for FD 

(figure 2).
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abnormally low voltages on ECG excludes FD 

In 158 adult FD patients (see table 3 for baseline characteristics) the presence of abnormally 

low voltages on ECG was 0.6% (n=1). This single female patient with a classical FD phenotype 

also had a concomitant phospholamban mutation (p.Arg14del) causing a dilated cardiomyopathy, 

which probably caused her abnormally low voltages on ECG 69. In 5% (n=3/66) of an Italian HCM 

cohort abnormally low voltages on ECG were present. As abnormally low voltages were found in 

this HCM cohort, and also in other subtypes of HCM33, but not in FD patients, the panel decided 

that the presence of low voltages on ECG < 1.5 mV could be used to exclude a diagnosis of FD, 

which was implemented in the diagnostic algorithm (figure 1).

Figure 2. Distribution of interventricular septum thickness in diastole (IVSd) in FD patients’  age of  ≤ 25 years (n= 67).

Table 3. Baseline characteristics of FD and HCM patients for supplementary data analysis.

FD patients
n= 158

hCM patients
n=66

Male/ Female, % (n) 38 (59) / 62 (97) 49(35) / 51(57)

Age median [years]  (range) 43 (18-90) 52 (20-80)

Classical/ non-classical phenotype with a positive 
biopsy % (n)

84 (132) / 17 (26, n=11 p.N215S)

IVSd /MWTd [mm] 
median (range)

12 (6-28)
n=4 missing data

20 (15-44)
n=4 missing data

IVSd/MWTd > 12 mm, % (n) 42 (64/154) 100

IVSd/MWT ≥ 15 mm, % (n) 23 (36/154) 100

ECG low voltages of < 1.5 mV, % (n) 0.6 (1/158) 5 (3/66) 

ECG PQ < 120 ms, % (n) 15 (13/84) 7 (4/60)
n=6 missing due to AF

Abbreviations: AF: atrial fibrillation, FD: Fabry disease, HCM: hypertrophic cardiomyopathy, IVSd: interventricular 
septum thickness in diastole, MWTd: maximal wall thickness in diastole.
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Red flag to suspect FD: PQ interval of < 120 ms in FD 

In a subset of 84 FD patients, the presence of a short PQ interval was investigated. Their baseline 

characteristics were comparable to the total FD cohort. Fifteen percent (n=13/84) of the adult FD 

patients (n=5 males, n=5 with LVH) had a PQ interval of < 120 ms, the majority having a classical 

phenotype (n=12/13). Thirteen percent of the FD patients with LVH and 18% without LVH had 

a PQ interval of < 120 ms. In the HCM cohort 7% (n=4/60) had a PQ interval of < 120 ms. In 

addition, shortening of PQ interval has been described in glycogen storage disorders70 such 

as Danon disease71. Danon disease can present with a late onset cardiomyopathy. Therefore, 

the panel concluded that a PQ interval < 120 ms is not specific enough to be included in the 

diagnostic algorithm. 

The panel considered the presence of a PQ interval < 120 ms, sinus bradycardia, hypertrophied 

papillary muscle, myocardial late enhancement in the infero-postero-lateral region (table 4) useful 

in daily practice as a red flag to suspect a diagnosis of FD, but the data on specificity were 

insufficient to include these criteria in the diagnostic algorithm. 

Table 4. Red flags suggestive of a diagnosis of FD. These criteria make a diagnosis of FD likely, but are not fully 
specific for FD.

Red flags to suspect Fabry disease 

ECG PQ interval < 120 ms 35

Sinus bradycardia 33;35;39

Echocardiography Hypertrophied papillary muscle 39 

CMR Myocardial late enhancement infero-postero-lateral region 43-47;72-77

DISCuSSION
Among an international group of experts a consensus was reached on a diagnostic algorithm 

for patients presenting with isolated LVH and an uncertain diagnosis of FD, harbouring a GVUS 

in the GLA gene. First of all, a consensus on definitions of a definite and an uncertain diagnosis 

was reached, emphasizing that in cases with an uncertain, non-classical phenotype, enzymatic 

or genetic tests cannot always confirm a definite diagnosis of FD. In these uncertain cases, 

additional studies are warranted. Agreement was reached that in these cases histology of the 

heart should be considered as the gold standard for a diagnosis of FD; an endomyocardial 

biopsy (EMB) showing characteristic lamellated inclusion bodies on electron microscopy, with a 

periodicity of approximately 5 nm59, in the absence of drug use known to induce a similar storage 

pattern. 

In the literature, many characteristics of FD cardiomyopathy, with regard to ECG and cardiac 

imaging, have been claimed. This is the first time that a systematic analysis of the specificity of 

these criteria has been reviewed and studied for replication for their usefulness in a diagnosis 

of Fabry disease. None of the criteria were specific enough (> 90%) to be used as an entry 

criterion, i.e. a test that confirms a definite diagnosis of FD. After confirmation in a relatively large 
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international Fabry disease cohort, two items were identified that could be used as exit criteria 

i.e. a test that can exclude FD. These were the presence of abnormally low voltages on ECG and 

severe LVH at young age (MWTd > 15 mm below the age of 20 years). However, in most cases 

with LVH and an uncertain FD diagnosis, an EMB should be performed. This conclusion is not new 

and has already been proposed by both the Association of European Cardiovascular Pathology 

and the Society for Cardiovascular Pathology 63. The proposed diagnostic criteria complement 

these recommendations by giving a detailed prescription in which cases EMB is warranted. It 

more specifically emphasizes that in a clinical context compatible with FD, in the absence of 

medication use inducing FD-like storage, EM analysis of an affected organ is considered as the 

gold standard. Although the performance of EMBs is already endorsed by some institutions and 

(FD screening) studies 13;16;17;21;65;78;79, many did not 6;7;14;80 or performed EMB without EM analysis 
8;16. 

Safety issues often restrain clinicians from performing EMB. The serious adverse event rate 

of EMB is reported to be 0.12-2% 63;65;81. In our opinion this does not outweigh the importance 

of a correct diagnosis. It should be stressed, however, that EMB should only be performed 

in experienced hands in symptomatic patients, after extensive diagnostic work-up has been 

performed. 

Although genetic testing for FD has become part of routine diagnostic tests in some cases,  in 

patients with unexplained LVH other more common diseases should be excluded first (for review 

see19). The presence of low voltages on ECG and severe LVH in young patients should discourage 

physicians to screen for FD. While we were unable to determine non-invasive tests that could 

prove a diagnosis of FD, there are several criteria that can serve as a red flag and raise clinical 

suspicion of FD (table 4). Of note, some of these criteria can demonstrate a dynamic behaviour in 

the course of FD’s cardiomyopathy. For instance, the presence of left atrial dilatation confounds 

the presence of short PQ intervals, and cardiac fibrosis can be more prominent in later disease 

stages, suggesting that the sensitivity and specificity can be variable throughout the disease 

course. As part of the diagnostic work-up, a careful history of drug use, such as amiodarone, 

chloroquine or tamoxifen, needs to be recorded50;60. These drugs are capable to induce a similar 

storage pattern as seen in FD. As amiodarone is widely used in cardiology practice, EMB will 

not be a panacea for all uncertain FD cases. Furthermore, should characteristic storage on EMB 

be found (confirming FD), it cannot predict the disease course. This especially holds for family 

members of a subject with a non-classical, but biopsy proven diagnosis of FD. They may have a 

milder disease course or even remain asymptomatic 66;68;82, depending on each individual genetic 

and environmental background. Also, when a characteristic storage pattern in an affected organ 

is found, this cannot automatically be extrapolated to other non-specific signs in other organs in 

a family member carrying the same GLA mutation.

This study has several limitations. First of all, the criteria for a definite diagnosis of FD applied 

here are quite strict. For instance, we agreed that the level of plasma (lyso) Gb3 needs to be 

in the range of classically affected males, instead of two standard deviations above the mean 

reference value, to fulfil the criteria of a definite diagnosis. We know that the diagnostic sensitivity 
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of plasma lysoGb3 in classical FD patients is high 22. In addition, several centres have published 

mass spectrometric methods capable to detect even small increases of lysoGb3 above normal 
83-86. A classification of pathogenicity of GLA mutations based on plasma lysoGb3 levels has 

recently been proposed24. In our experience slightly elevated levels of lysoGb3 are often found 

in non-classical patients with a biopsy proven diagnosis of FD87.  However, the use of plasma 

lysoGb3 to identify non-classical FD patients with certainty needs further validation. We need 

additional data to prove that these small increases are always accompanied by the characteristic 

storage pattern on EM in tissue biopsies. If so, tissue biopsies might become superfluous. 

Secondly, not all non-classical patients have had a confirmative biopsy. Of the included families, 

at least all index patients showed a characteristic storage pattern of an affected organ and we 

assume that this result can be extrapolated to family members with the same GLA mutation. 

This is supported by a study showing characteristic storage pattern throughout non-classical 

families87. Even if this would have led to the inclusion of non-Fabry patients, this would not have 

altered our conclusions, because this would not have led to a higher number of false negatives: 

i.e. FD patients in whom one of the exit criteria is present. 

Another limitation of this study was the small size of the expert panel. We specifically sought 

the expertise of FD cardiologists for the panel, but only few cardiologists have specific interest 

in this rare disease. Lastly, the diagnostic algorithm provides a snapshot of currently available 

data. After the consensus meeting interesting study results were published, showing that a low 

signal on CMR T1 mapping of the septum was considered highly specific for FD patients with 

LVH 88. Unfortunately, we have not yet been able to validate this in non-classical FD patients 

presenting with LVH. Many of the investigated criteria on ECG, CMR, or echocardiography were 

rejected because of low level of evidence. As soon as some of these criteria have been studied 

in larger cohorts, in non-classical patients with LVH and compared to other subtypes of HCM, the 

diagnostic algorithm should be updated.

Many screening studies suggest that the identification of FD patients is beneficial as (early) 

ERT treatment can be initiated 6-8;11-15. We would like to emphasize that this assumption is not 

sufficiently supported by evidence. The natural history and effects of ERT in non-classical, biopsy 

proven FD patients (i.e. late onset, cardiac and renal variants) are currently still unclear and should 

be the focus of future research. Up to then, non-classical FD patients should be fully informed 

over the lack of evidence of benefits of ERT at this stage, and its initiation should be considered 

on an individual basis and only with their consent. Furthermore, we should be reluctant to 

perform population screening (especially in new-borns), while individual screening in patients 

presenting with a HCM may be beneficial. 

Conclusions 

This study presents a diagnostic algorithm for patients presenting with unexplained LVH (MWT 

> 12 mm) with an uncertain diagnosis of FD. Via a Delphi procedure a consensus was reached 

on general diagnostic criteria for a definite diagnosis of FD. The gold standard was defined as 

characteristic storage in an endomyocardial biopsy on electron microscopy. The presence of 

abnormally low voltages on ECG and severe LVH (MWT> 15mm) < 20 years can exclude FD 
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and should discourage physicians to screen for FD. This algorithm aims to generate a structured 

approach for all subjects identified in screening studies with an uncertain diagnosis of FD.
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SuPPLEMENT
Results of systematic review and Dutch validation cohort presented to panel 

The pre-selected criteria from the literature (see figure S1 for systematic review results, and table 1 for 

selected criteria) were primarily based upon patients with classical Fabry disease versus controls. Since our 

aim is to make a definite diagnosis in patients with non-classical FD and an uncertain diagnosis of FD, the 

pre-selected criteria were applied to two groups of patients presenting with LVH only. The positive group 

comprised of n=22 FD patients with a definite (classical) diagnosis, including n= 16 females (either with 

characteristic FD signs or symptoms or a family member with a definite FD diagnosis) and n=6 patients with 

a biopsy proven diagnosis of the affected organ of the index patient (p.P389A (n=5), p.R112H (n=1), 3 females, 

3 males). The negative group, with an initial uncertain FD diagnosis, comprised of n= 7 patients. (p.A143T 

variant (n=3), p.D313Y variant (n=2), p.P60L variant (n=2) 3 females, 4 males). All index patients with these 

mutations proved to have no FD by biopsy or showed a non-pathogenic GLA variant by expression analysis 

(p.D313Y). Results of the pre-selected criteria applied to the validation cohort are presented in the tables in 

the last column.

 

n= 6 screening studies 

Articles identified (n=140) 

Articles included (n= 52) 

Excluded articles 

n= 1 murine  

n= 2 assesses technical questions on cardiac imaging 

n= 1 not peer reviewed  

n= 11 focus on other organ involvement in FD 

n= 3 about other diseases 

n=1 not English  
n=8 focus on ERT effect on left ventricular mass 

n=7 case report/case series 

n=24 review/editorial/letters 

n=3 biomarkers 

n=7 cardiac investigation not routinely used in clinical practice 

n= 4 published before 1980 

n= 7 focus on cardiac events 

n= 3 children 

Supplementary Figure 1. Flow chart of identification, screening and inclusion of articles in the systematic review.
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1. Electrocardiogram: possible Electrocardiogram criteria

author (s) Patients, (controls) Methods Results
Comments/ 
Limitations

Validation  cohort

Namdar 
et al 35

FD, classical 
phenotype, pre-ERT; 
n=17; all LVH

Controls: HCM, 
cardiac amyloidosis, 
HDD, aortic stenosis

Controls: age and LV 
mass matched 

Exclusion: all patients 
with CAD, WMA, 
atrial fibrillation, 
pacemaker, FD with 
hypertension, FD with 
cardiac variant

Retrospective
case-control study 

PQ interval minus P wave 
duration  < 40 ms
sensitivity 82% and  
specificity 99% for FD

PQ minus P wave < 40ms 
and or QTc < 440ms
sensitivity 99% specificity 
100% for FD

Small sample sizes

Hypertensive and CAD 
FD patients excluded

Unclear if all 
consecutive FD 
patients are included, or 
selection is made

Parameters manually 
traced instead of 
digitally

PQminusP < 40ms
Positive
group:
 57% (12/21, 1 missing data)

Negative group:
86% (6/7)

PQminusP < 40ms
and or QTC
< 440ms
Positive
group: 91% (19/21, 
1 missing data)

Negative group:
86% (6/7)

Namdar 
et al 89

FD without LVH
n=30
Healthy controls
Age and heart rate 
matched

Retrospective 
case-control study

No difference between  
FD without LVH and 
healthy  controls on PQ 
interval minus P wave 
duration  

1.1. PQ interval minus P wave duration as an entry criterion for FD diagnosis

Abbreviations for supplementary data tables: CAD: coronary artery disease, CMR: cardiac MRI, DM : diabetes 

mellitus, ERT: enzyme replacement therapy, FD: Fabry disease, HCM: hypertrophic cardiomyopathy, HDD: 

hypertensive heart disease, LBTB: left bundle branch block, LE: late enhancement, LV: left ventricle,  LVH: 

left ventricular hypertrophy, LVM: left ventricle mass, LVOTO: left ventricular outflow tract obstruction, LVWT: 

left ventricle wall thickness, PE: pericardial effusion, RBTB: right bundle branch block, SAM: systolic anterior 

motion of mitral valve leaflet, WMA: wall motion abnormalities

•	 Comments

 o Studies:

•	 Single study in rather small cohorts of different cardiomyopathies.

•	 Exclusion of patients with CAD, pacemaker and hypertensive FD and only analysed in classical 

FD patients: representative sampling of study population is questionable.

•	 PQ minus P interval < 40 ms is a small difference on ECG: possibly not a reliable parameter 

in clinical practice due to manual tracing.

•	 Discrepancy between PQ minus P < 40 ms in FD patients with and without LVH (since 

shortening of PQ interval is found in FD patients with and without LVH). No pathophysiological 

explanation is given. 

 o Validation cohort: 

•	 PQminusP < 40 ms: sensitivity (57%) and specificity (14%) in FD positive group, possibly due 

to milder cardiac phenotype in females than study Namdar et al 35.
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1.2. Shortened PQ interval < 120 ms or corrected PQ < 144 ms as an entry criterion for FD diagnosis

author (s) Patients, (controls) Methods Results
Comments/
Limitations

Validation cohort

Namdar 
et al 35

FD, classical phenotype, pre-ERT
all LVH
n=17

controls:
HCM, cardiac amyloidosis, HDD, 
aortic stenosis

controls: age and LV mass matched 

Exclusion: all patients with CAD, 
WMA, atrial fibrillation, pacemaker, FD 
with hypertension and cardiac variant

Retrospective
case-control study 

PQ < 120 ms
Sensitivity 
24%
Specificity 100%

Corrected PQ < 144ms
Sensitivity 82%
Specificity  90%

Small sample sizes PQ < 120ms
Positive
group: 5% (1/21
,1 missing data)

Negative group: 0% 

Corrected PQ < 144ms
Positive
group: 29 % (6/21
,1 missing data)

Negative group: 0% 

Namdar 
et al 89

FD without LVH
n=30
Healthy controls
Age and heart rate matched

Retrospective case-
control study

PQ < 120 ms
13% (M+F)

Namdar 
et al 90

FD, pre-ERT
LVH 46%
n=207

No controls

Cross-sectional cohort 
study

PQ < 120 ms
14% (M+F)

PQ interval similar in FD 
LVH+ and FD LVH- 

Percentage of 
patients with LVH 
and PQ < 120 ms 
unknown

Motwani 
et al 91

FD, pre-ERT
LVH 64% 
n=66

No controls

Prospective, 
longitudinal cohort 
study

PQ < 120 ms
12% (M+F), after 
ERT 3%

Percentage of 
patients with LVH 
and PQ < 120 ms 
unknown

Niemann 
et al 74

FD, pre-ERT, 
LVH % unknown
n=150
No controls

Cross-sectional cohort 
study

PQ < 120 ms
16% males, 16% 
females

Percentage of 
patients with LVH 
and PQ < 120 ms 
unknown

O’Mahony  
et al 92 

FD, ERT 23% 
LVH 53%
n=204
No controls

Retrospective 
longitudinal cohort 
study

PQ < 120 ms
7% (M+F)

Percentage of 
patients with LVH 
and PQ < 120 ms 
unknown

Sadick 93 
et al

FD, ERT unkown
LVH 75%
n=12
Controls n=42

Cross-sectional cohort 
study (controls for 
echocardiography only)

PQ < 120 ms
17% (2 out of 12)

Percentage of 
patients with LVH 
and PQ < 120 ms 
unknown

Senechal 
94 et al

FD, classical males, ERT unknown
LVH 50%
n=20
No controls

Cross-sectional cohort 
study

PQ < 120 ms
40% (M only)

Percentage of 
patients with LVH 
and PQ < 120 ms 
unknown

Shah 95 
et al

FD, ERT 53%,
LVH  unknown %
n=78

No controls

Longitudinal cohort 
study

PQ < 120 ms
21% (M+F)

No correlation between 
short PQ and LV mass

Percentage of 
patients with LVH 
and PQ < 120 ms 
unknown

•	 Comments:
 o Studies:

•	 Short PQ interval is not 100% specific for FD: shortening of PQ interval has been described in 
glycogen storage disorders 70 such as (late onset) Pompe 96;97 and Danon disease71 sometimes 
presenting with a cardiomyopathy. These can easily be ruled out enzymatically or genetically.

 o Validation cohort: 
•	 PQ < 120 ms: sensitivity 5% (studies: sensitivity 7-40%), specificity 100%
•	 Corrected PQ < 144ms: sensitivity 28%, specificity 100%

 o General
•	 Correction of PQ time for heart rate unusual 
•	 When short PQ interval or corrected PQ < 144 ms is present, FD diagnosis likely, when 

absent does not exclude FD.

•	 No pathophysiological background?
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1.3 abnormally low voltages on ECG as an exit criterion for FD

author (s) Patients, (controls) Methods Results
Comments/
Limitations

Validation cohort

Namdar 
et al 35

FD, classical phenotype, pre-ERT, 
all LVH, n=17

controls:
HCM, cardiac amyloidosis, 
hypertensive heart disease, aortic 
stenosis

age and LV mass matched 

Exclusion: all patients with 
CAD, WMA, atrial fibrillation, 
pacemaker, FD with hypertension 
and cardiac variant

Retrospective
case-control study 

Abnormally low 
voltages defined as 
Sokolow-Lyon index 
≤ 1.5 mV

QTc > 440ms +
Sokolow-Lyon index ≤ 
1.5 mV 
in FD: 0%
in amyloidosis: 85%

Sokolow-Lyon index ≤ 1.5 
mV in FD: 0%

Small sample sizes Sokolow-Lyon 
Index < 1.5mV:

Positive
group: 3/21 
(2 with 
RBTB)

Negative
group: 
0/7

Hoigné 
et al 33

FD, classical phenotype
46% ERT
all LVH
n=13

controls:
cardiac amyloidosis, non-
obstructive HCM, hypertensive 
heart disease

not age gender or LV mass 
matched

Exclusion: transmural myocardial 
infarct, asymmetric septal 
hypertrophy, LVOTO

Case-control study

Abnormally low 
voltages defined as 
total QRS amplitude 
in I, II, III < 1.5mV 

Abnormally low voltages 
(total QRS amplitude in I, 
II, III < 1.5mV)

In FD: 0%

Absence of hypertension, 
pericardial effusion, 
abnormal papillary muscle 
or orthostatic hypotension:

sensitivity 92%, specificity 
87% for FD

Small sample sizes

HCM not genetically 
proven

FD incomplete 
baseline data

Abnormally low 
voltages (total QRS 
amplitude in I, II, III 
< 1.5mV)

Positive group:
0 /21

Negative group:
0/7

•	 Comments:

 o Studies

•	 Sokolow-Lyon index: single study in rather small cohorts of different cardiomyopathies 35

•	 Sokolow-Lyon index: a tool for LVH assessment, possibly unsuitable tool to assess abnormally 

low voltages.

•	 Abnormally low voltages measured with total QRS amplitude in I, II, III < 1.5 mV 0% in FD. 

Single study on rather small cohorts.

 o Validation cohort

•	 Sokolow-Lyon index used to asses low voltages presumably not reliable in patients with right 

bundle branch block, a frequent finding in FD.
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2. Cardiac echocardiography: possibly echocardiography criteria

2.1. Pericardial effusion as an exit criterion for FD diagnosis

author (s) Patients (controls) Methods Results
Comments/
Limitations

Validation

Hoigné
et al 33

FD, classical phenotype
46% ERT
all LVH
n=13

controls:
cardiac amyloidosis, non-obstructive 
HCM, hypertensive heart disease

Exclusion: transmural myocardial infarct, 
asymmetric septal hypertrophy, LVOTO

Case-control 
study

Pericardial 
effusion

0% in FD
38% amyloidosis
6% HCM
5% HDD

Small sample sizes

HCM not genetically 
proven

Controls not age 
gender or LV mass 
matched

FD incomplete 
baseline data

Pericardial effusion:
Positive
Group:  0/22

Negative group: n=4/7
limited amount of PE 
on echocardiography or 
CMR

•	 Comments

 o Studies

•	 Single study with small sample sizes

 o Validation cohort

•	 Small amount of pericardial effusion is present in 4/7 patients in negative group: when is 

amount of pericardial effusion clinically significant?
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2.2. Left ventricular outflow tract obstruction (LVOTO) as an exit criterion for FD diagnosis

author (s) Patients, (controls) Methods Results
Comments/
Limitations

Validation cohort

Kounas
 et al 41 

FD, ERT 100%
n=14; LVH 86%

Controls:
HCM 

Age gender maximal LV wall thickness 
matched

Retrospective 
case-control study

LVOTO= LVOT 
gradient ≥30 
mmHg

In FD: 0%
In HCM: 29%

Small sample size
Not all patients 
LVH

LVOTO
Positive group: 1/22 
possible 
LVOTO, coinciding with
mild SAM

Negative group: 0/7

Mundigler 
et al 42 

FD, ERT
n=14; LVH 100%

Controls (n=295): valvular disease, 
CAD, HCM, hypertension, heart 
transplantation, arrhythmias, other

Not age gender or LV matched

Exclusion: FD patients without LVH

Retrospective 
case-control study

LVOTO

In FD: 0%
In HCM:52%

LVOTO not 
defined

Pieroni 
et al 43 

FD, ERT 100%, 
LVH: 83%; n=40

Controls:
Hypertensive heart disease, HCM, age 
matched healthy controls

Case-control study LVOT > 30 mmHg 
at rest

In FD: 0%
In HCM: 25%

•	 Comments

 o Other studies:

•	 Resting left ventricular outflow tract obstruction is a relatively frequent finding in HCM 41-43, 

and has rarely been described in FD. It might therefore be of interest as an exit criterion for 

FD. However, some FD cases with LVOTO have been described 93;98-101. In the majority of 

these cases this coincided with an asymmetrical septum instead of a concentric hypertrophy, 

which is less often found in FD 102. It is important to note that it is unclear whether HCM was 

genetically ruled out in these cases. 

 o Validation cohort: 

•	 1 patient with possible LVOTO. To be discussed: practical cut off value for LVOTO in practice
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2.3 hypertrophied papillary muscle as an entry criterion for FD diagnosis

author (s) Patients, (controls) Methods Results Comments/Limitations Validation cohort

Niemann 
et al 39

FD, ERT: unknown
LVH 100%
n=28

controls:
Friedriech ataxia, 
HDD, amyloidosis and 
healthy controls.

Exclusion:
Valvular heart disease, 
DM, other endocrine 
and systemic disease

Prospective 
case-control study

papillary muscle 
measurement:
absolute papillary 
muscle area, relative 
to LV cavity, also with  
eyeballing technique

Prominent papillary muscle:

(increase absolute papillary 
muscle area  and relative to  
LV cavity) 

FD:
Sensitivity 75% specificity 
86%

In FD:
when LV wall > 13 mm: 
100% of FD patients with 
increased papillary muscle, 
unknown in controls

By eyeballing:
in FD 19/21 patients with 
increased papillary muscle 
were identified

LV mass was rather high 
in FD compared to some 
of the other CM

Not investigated in HCM 
(asymmetric or concentric)

Measurement of papillary 
muscle laborious. 
Eyeballing possibly 
sufficient, but sensitivity 
and specificity not 
assessed with eyeballing 
technique.

Significant overlap with 
HDD

No clear cut off values for 
increased size 

Not structurally 
assessed in patients, 
papillary muscle size
not routinely 
measured.

By eyeballing 
mentioned in two
FD patients in positive 
group on CMR.

•	 Comments

 o Studies

•	 Single study

•	 Not investigated in HCM (symmetrical and asymmetrical), which is in the differential diagnosis 

of FD. 

•	 In comparison to some of the other investigated subtypes of hypertrophic cardiomyopathies, 

Fabry patients had rather large LV dimensions. Since LV mass correlated to papillary muscle 

size, it cannot be excluded that the specificity would have been lower when all patients would 

have been LV mass matched.

•	 No clear cut-off values could be generated since values of different cardiomyopathies were 

overlapping.    

•	 Implication in practice: the authors conclude that eyeballing instead of exact measurement of 

papillary muscle is sufficient to recognize the hypertrophied muscle. But this was only done in 

FD patients. Sensitivity and specificity not assessed with eyeballing technique. Surprisingly, 

a study of Hoigné et al 33 found an increased papillary muscle by eyeballing technique in only 

1/13 FD patients. In our validation cohort it is only described twice on CMR. This can possibly 

be explained by different severity of phenotype or that assessor of echocardiography/CMR 

should be focussed on papillary muscle.
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3. Cardiac Magnetic Resonance Imaging (CMR): possible CMR criteria

3.1. Late enhancement (LE) in papillary muscle as an exit criterion for FD

author (s) Patients, (controls) Methods Results
Comments/
Limitations

Validation cohort

Pieroni 
et al 43 

FD, ERT 100%, 
LVH: 83%
n=40 (n= 20 with MWT≥ 15 mm)

Controls:
Hypertensive heart disease, HCM, age 
gender  matched healthy controls

Case-control 
study

Late enhancement:
In FD with LVH (MWT≥ 15 mm):50%

All basal or mid-lateral or infero-
lateral, some apical, none papillary

In HCM: 50% LE: mostly (no % 
given) interventricular and papillary, 
but  9/20  with concentric LVH also 
basal segment lateral inferior

LE papillary 
muscle:
Positive group: 0/15 

Negative group: 0/3

De Cobelli 
et al 45

FD, ERT: unknown
LVH 100%
n=13

Controls Symmetrical HCM

Age matched

Excluded 
HCM: asymmetric, LVOTO, septal alcohol 
ablation/myomectomy

Retrospective 
case-control 
study

LE: FD: 77% (10/13)

LE: all mid and basal infero-lateral, in 
some with apical anterior and lateral 
extension, none papillary muscle 

HCM: 89% (8/9)
LE mostly basal or mid inferior 
lateral wall

LE papillary muscle 1/8

Beer 
et al 46

FD, pre-ERT
LVH: unknown %
n=35

Prospective 
longitudinal 
cohort study

FD 
LE 35% (11/35)
(location missing n=3)
n=6 infero lateral
n=2 septal

None in papillary muscle

Moon 
et al 44

FD, ERT unknown
LVH 53%
n=26

Prospective 
cohort study

LE: 50%

None in papillary muscle

Niemann 
47 et al 

FD, pre-ERT
LVH ± 38%
n=104

Cross-
sectional 
cohort study

LE: 55% in FD with LVH

None in papillary muscle

Other studies:

 o In FD in the majority of LE is found in LV basal en mid infero-lateral or postero-lateral segments 
43-47;72-77, it can also expand to the anterior and lateral apex 45, mid and basal septum 47 and is rarely 

found restricted to (antero) septal segments (n=2) 73. 

•	 Studies

 o Significant overlap LE pattern HCM and FD in study de Cobelli and Pieroni et al.

 o Incidence of LE in papillary muscle in HCM differs greatly between these studies. When incidence 

of LE in papillary in HCM is low, LE in papillary muscle possibly unsuitable exit criterion.

 o To be discussed: feasibility of assessment LE in papillary muscle: easily missed etc.



Consensus recommendation: left ventricular hypertrophy

73

3

4. Onset of LVh in Fabry disease below the age of 25 as an exit criterion for Fabry disease

author (s) Patients, (controls) Methods Results Comments/
Limitations

Validation cohort

Niemann 
et al 47

FD, 
ERT 0%
58 males (7-66 years),  
46 females (10-71 years)

Definition LVH:  
LVWT >12 mm on 
echocardiography

Youngest male 20 
years  

Precise data on 
severity of LVH not 
given

No longitudinal data 
available of positive 
group

Negative group:  5 
missing data, n=2 LVH 
below age of 25

Wu 
et al 100

FD patients > 16 years, 
ERT 0%
92 males (13-75 years)
47 females (13-71 years)

Definition LVH: LVMi g/m2 > 95 g/
m2  for females and 115 g/m2 for 
males on echocardiography

LVH present in age 
group 10-29 years 
(male and female)

Number of patients 
with LVH, 25 years not 
given, precise data on 
severity of LVH not 
given

Ramaswami 
et al 103

FD patients < 7 year
ERT 0%
7 males (2,5- 6 year) 
 1 females (4 year)

Definition of LVH:
LVMi/m2.7  > 95 % CI by 
echocardiography

LVH 
1 male 4 year
52.3 g/m2.7

Kampmann 
et al 104

FD patients
ERT 0%
55 females (6-70 years)

Definition LVH: 
LVMi > 47 g/m2.7 body mass 
index (BMI) < 26 kg/m2
Or > 60 g/m2.7  in BMI > 26 kg/m2
by echocardiography

Youngest female 14 
years

No precise data on 
severity of LVH in this 
patient

Kampmann 
et al 102

FD patients
ERT 0%
100 females, 66 males 
(3.3-70.8 years)

Definition LVH: 
LVMi > 48 g/m2.7  for females; > 
51 g/m2.7  for males
by echocardiography

Youngest male 24 
years, female 14 years

No precise data on 
severity of LVH in this 
patient

Kampmann 
et al 105

FD patients, < 18 year
ERT unknown
12 females (10-15 years)
 8 males  (6-16 years)

Definition LVH:
LVMi > 50 g/m2.7  

by echocardiography

LVH below age 18:
2 males
5 females

No precise data on 
severity of LVH in 
these patients

Ries 
et al 106

FD patients
ERT unknown
25 males
(6-18 years)

Definition LVH:
LVMi > 51 g/m2.7 for adults and > 
95th percentile for children
by echocardiography

7 patients < 18 year 
with LVH (40.4-55.6 
g/m 2.7), youngest male 
6 years with LVH:
55.6 g/m2.7

No precise data on 
severity of LVH in this 
patient

Hughes 
et al 107

FD patients > 18 year
ERT 0%
15 males (23.1-50.8 
year)

Definition LVH:
LVM > 134 g/m2 by 
echocardiography

Youngest patients with 
LVH 23 year

No precise data on 
severity of LVH or 
gender in this patient

Weidemann 
et al 108

FD patients
ERT 0%
14 males (24-55year)
2 females (57-58years)

Definition LVH:
not defined

Youngest male patient 
with LVH 24 year

No precise data on 
severity of LVH in this 
patient

•	 Comments

 o Studies: 

•	 Only cross-sectional studies available: this may cause an underestimation of age of onset.

•	 Different definitions of LVH are being used

•	 Data on precise severity of LVH, contribution of other cardiac diseases often lacking.



74

Chapter 3

The age at which LVH occurs in Fabry disease has been reported in many studies. Although it is believed 

that LVH generally develops at adulthood, LVH has been described in a substantial number of patients < 

25 years old, the youngest being a 4 year old male 103 and a 14 year old female 102.  Unfortunately, most 

studies use different LVH definitions, this troubles comparing LVH severity between studies. Furthermore, 

many studies do not comment whether other cardiac diseases were ruled out in these patients. Lastly, there 

are many cross-sectional, but no longitudinal studies that report on the age of onset of LVH. Therefore an 

underestimation of LVH at young age is probably made. Whether severe LVH (i.e. MWTd > 15 mm) below 

the age of 25 is present at young age could not be answered by literature since articles use different units of 

expressing LVH and data on severity of LVH are often lacking.

Other criteria 

5. Other ECG parameters 

5.1. Sinus bradycardia 

In some studies it has been found that the heart rate of Fabry patients in comparison to other cardiomyopathies 

is generally low 33;35;39. However, sinus bradycardia is not a specific sign. The prevalence of sinus bradycardia 

in FD ranges from 16.4 -72% in males and females (defined as heart rate < 60 bpm in 109, not defined in 100 
110). It was not reported whether the prevalence is higher in FD patients with LVH. Whether absence of sinus 

bradycardia in an FD patient precludes a diagnosis of FD has not been investigated.

5.2 Short p-wave 

In two studies the prevalence of a short p-wave (< 80 msec.)  in FD with and one without LVH, ranged from 

85-92% 89. However, in the previously mentioned study of Namdar et al 35 no differences in mean p-wave 

duration could be found between FD and other cardiomyopathies. This difference can possibly be explained 

by the larger left atrial size in the latter study, which is known to influence p-wave length. Since p-wave is 

influenced by atrial size, Namdar et al concluded that this marker is less reliable than PQ interval minus P 

wave duration to detect FD.  

6. Other echocardiography parameters

6.1. absence of RVh with presence of LVh

Right ventricular hypertrophy (RVH) was present in 65-94% of FD patients with LVH 40;75;111. The degree of RVH 

in FD was never compared to other cardiomyopathies with echocardiography. One study investigates RVH 

with ECG 35, wherein FD RVH was less pronounced than in other cardiomyopathies. Since all FD patients with 

severe LVH (> 75 g/m2.7) also had RVH (right ventricle anterior wall thickness > 6mm) the absence of RVH 

when severe LVH is present, could therefore serve as an exit criterion for FD diagnosis40. However, whether 

this is specific for FD is unknown since this was never compared to other cardiomyopathies. Furthermore, 

severe LVH defined as > 75 g/m2.7 is an impractical clinical tool and assessment if RVH by echocardiography 

is not very reliable. 

6.2. Speckle tracking                                              

One study investigated longitudinal and rotational mechanics with speckle tracking in FD, versus HCM 112. In 

contrast to FD patients, HCM patients had an increase of systolic global circumferential strain (GCS), whereas 

FD patients, with or without LVH, had a decrease of systolic global longitudinal and circumferential strain (GCS 

and GSL). However, other studies reported an increase as well as a decrease of GCS in HCM 112. Although 

the findings of this study are very interesting, we did not include GSL or GSL as robust feature to discern FD 

from HCM because of the following reasons; Gruner et al could not (yet) generate cut-off values to discern FD 
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from HCM, FD was only compared to HCM and not to other cardiomyopathies and values appeared variable 

in different HCM cohorts. 

6.3. Tissue Doppler imaging (TDI)

TDI can detect early changes of systolic and diastolic dysfunction in FD patients even without LVH 100;113-115. 

Zamorano et al showed that early TDI decreases later progresses to LVH. Similar findings have been found 

in other cardiomyopathies 115 and are therefore not specific for FD. In a report by Sadick et al93, especially 

the E’ velocity was decreased with a corresponding decrease in E’/A’ ratio, compared to controls. However, 

decreased E’ velocity is also described in other cardiomyopathies. 

6.4. Concentric versus asymmetrical septal or eccentric hypertrophy 

The presence of an asymmetrical septal or eccentric hypertrophy does not rule out the presence of FD, 

although the majority of FD patients suffer from a concentric hypertrophy. A rather large study of untreated 

FD patients (n=166) showed that roughly 5% of FD patients had an asymmetrical septal hypertrophy and 33% 

an eccentric hypertrophy 102.

6.5. binary sign 

Multiple studies have investigated a binary appearance of the left endomyocardial border as a pathognomonic 

sign of Fabry disease 41;42;116-118. A study of Pieroni et al showed a high sensitivity of 94% and a specificity of 

100% for FD patients with maximal wall thickness of ≥ 15 mm, compared to a cohort of healthy controls, 

hypertensive LVH and HCM. Other studies found much lower sensitivities in FD, ranging from 12.5- 44%. In 

contrast to the study of Pieroni et al, the binary sign was present in 20% in a study with a rather large control 

group with LVH of another cause than FD 42. Possible explanations for the divergent results are the poor 

reproducibility, variability caused by echocardiography settings and different software, phenotypic variation 

of FD, and size of the control groups 42. Because the data of Pieroni et al were poorly reproducible and the 

binary sign was found in a significant number of other cardiomyopathies we did not consider the binary sign 

a reliable parameter for FD diagnosis.

6.6. Other 

The following identified factors were (sometimes) present in FD but are not specific for FD: diminished 

ejection fraction or (severity of) diastolic dysfunction 33;39;116 or mitral valve thickening 33. 

7. Other CMR parameters

7.1. aortic dilatation

Thoracic aortic dilatation in FD patients has been reported in different studies with echocardiography and 

CMR, albeit with different definitions of dilatation 91;94;98;119;120. The prevalence of aortic dilatation in FD, 

irrespective of LVH, ranged from 10-56% in classically affected males and 0-21.1% in females. The largest 

study (n=106) reported a prevalence of 5.6% and 21.1% of dilatation of the aorta respectively at the sinus of 

Valsalva or the ascending aorta in females, and 32.7 % and 29.6% in males 120. Since LV mass correlates with 

aortic dilatation 120, we expect that the percentage of an aortic dilatation to be even higher in FD patients with 

LVH. The percentage of aortic dilatation in FD patients with LVH could only be assessed from a rather small 

study in which 63% (n=5 out of 8) male and 33% (n=1 out of 3) female FD patients with LVH presented with 

aortic dilatation. FD Aortic dilatation was never actively compared to other cardiomyopathies; therefore no 

specificity could be calculated. Importantly, aortic dilatation is frequently described in hypertensive patients 

with LVH (±10%)121, but also in those with mitochondrial cardiomyopathy 122 and Noonan’s syndrome123. 
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7.2. T2 relaxation time

Imbriaco et al 124 found an increased T2 relaxation time in a relatively small FD cohort as compared to HCM an 

healthy controls. Interestingly, increased T2 relaxation times could also be found in three women without LVH. 

However, albeit less pronounced, T2 relaxation time was also increased in HCM and overlapped with some FD 

patients. Since no clear cut-off values could be generated to distinguish FD from HCM, data would preferably 

have to be confirmed in larger cohorts and compared to other cardiomyopathies.

7.3. Extracellular volume (ECV)

Sado et al hypothesized that the extracellular volume (ECV) could be increased in different cardiomyopathies 

in equilibrium contrast CMR. They compared ECV between healthy controls, Fabry disease (80% with LVH), 

HCM, dilated and hypertrophied cardiomyopathy, severe aortic stenosis, cardiac amyloidosis and myocardial 

infarction 125. While septal ECV was markedly elevated in patients with cardiac amyloidosis and myocardial 

infarcts, FD did not differ from healthy controls. Septal ECV might therefore be an interesting tool to discern 

cardiac amyloidosis from Fabry disease. Limitations of this study are that all FD patients were on ERT and that 

ECV was measured only in the septum. The authors note that it cannot be excluded that ECV when measured 

in the total myocardium could be increased in FD. Also, there was a large overlap between FD, HCM DCM 

and AS. Although the findings of this study are very interesting, we did not adopt in the algorithm because the 

technique is not yet implemented in daily care and earlier mentioned limitations. 

Unspecific CMR parameters for FD

7.4. Late enhancement: location and distribution throughout the wall (excluding LE in papillary 

muscles)

The presence of late enhancement in FD has been investigated in many studies 43-47;72-77 and has been found 

in FD males and females with LVH, as well as in FD females without LVH 47. Selecting only patients with 

LVH (which was defined differently within studies) LE presence ranged from 48-77% (males and females 

combined) 43;45;47;72-75. Although it has been suggested that the localization and distribution of LE has a specific 

pattern for FD distinguishable from symmetrical HCM, this has been refuted by larger studies 45. Two studies 

showed that the LE pattern in HCM often significantly overlaps with FD 43;45. In contrast to HCM, LE was never 

detected in papillary muscles in FD, which might serve as an exit criterion. 

It has been suggested that the distribution of LE within the wall in FD is always mesocardial, whereas in HCM 

both subendocardial and mesocardial 45. This contradicts to other (larger) cohort studies where LE was also 

found subendocardial, epicardial and even transmural 44;46;47;73.

7.5. CMR-tagging

CMR tagging is a powerful method to assess subtle changes in cardiac motion. Long axis shortening, 

circumferential contraction as well as apical rotation and torsional deformation appear abnormal in FD 

cardiomyopathy 126. But since this has also been found in other cardiomyopathies e.g. as the consequence of 

aortic stenosis or hypertension, it is not a specific finding for FD 126.
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abSTRaCT
background and objectives

Screening for Fabry disease (FD), an X-linked lysosomal storage disorder, reveals a significant 

number of individuals with a genetic variant of unknown significance without classical FD 

manifestations; these variants in the α-galactosidase A gene often result in a high residual 

leukocyte α-galactosidase A and it is unclear whether these individuals suffer from FD. Therefore, 

a structured diagnostic approach is warranted. We present a diagnostic algorithm on how to 

approach adults with chronic kidney disease and an uncertain diagnosis of FD nephropathy.

Design, setting, participants, and measurements

A modified Delphi procedure was conducted to reach consensus among 11 FD experts. A 

systematic review was performed to identify possible criteria that could confirm or exclude FD 

nephropathy.

Results

The gold standard for FD nephropathy was defined as characteristic storage on electron 

microscopy (EM) in a kidney biopsy, in the absence of medication that may induce similar 

storage. The suggested criteria to confirm FD nephropathy: ‘renal cysts’, ‘Maltese cross sign’, 

‘immunohistochemical staining of Gb3 in urine’ and ‘high urinary Gb3’; and to exclude FD 

nephropathy: ‘absence of renal cysts’, ‘small kidneys’ and ‘high protein excretion’, were rejected 

because of low or uncertain specificity. Urinary Gb3 may be increased in other kidney diseases 

and there was no agreement on this criterion, although a third of the panel indicated that it is 

sufficient to diagnose FD nephropathy. The ‘Maltese cross sign’ and ‘high urinary Gb3’ were 

selected as red flags to suggest the possibility of FD nephropathy, but are not sufficient for a 

definite diagnosis of FD nephropathy. 

Conclusions

In adults with chronic kidney disease, an α-galactosidase A gene variant and an uncertain diagnosis 

of FD, a kidney biopsy with EM analysis should be performed to confirm or reject the diagnosis of 

FD nephropathy. Other criteria currently cannot substitute for a biopsy in these cases. 
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INTRODuCTION
Fabry disease (McKusick 301500; FD) is an X-linked, lysosomal storage disorder caused by 

deficient activity of α-galactosidase A (αGalA). The estimated birth prevalence has been reported 

to be between 1:40.000-170.000 for males 1-3. More than 670, mostly private, mutations/variants 

in the α-Galactosidase A (GLA) gene have been described 4,5. Classical FD is characterized by 

angiokeratoma, neuropathic pain, cornea verticillata, an- or hypohidrosis, and in males by absent 

or near absent αGalA activity and very high globotriaosylceramide (Gb3) and lysoGb3 in plasma 

and urine 6,7. The kidneys, heart and central nervous system are often affected. Females can also 

be affected although, in general, organ involvement is less severe.

Since the availability of enzyme replacement therapy (ERT) with recombinant AGAL-A (agalsidase 

alpha, Shire HGT and agalsidase beta, Genzyme, a Sanofi company) an increasing number of 

studies have been performed in which high risk populations (i.e. with a nonspecific symptom such 

as chronic kidney disease or left ventricular hypertrophy) as well as newborns are screened for 

FD, for a review see 8. These screening studies as well as individual case finding revealed a higher 

than expected number of individuals with a GLA gene variant (defined as any alteration of the 

wild type GLA gene, irrespective of its suspected pathogenicity) and/or a deficiency of the αGalA 

enzyme. Approximately 80% of these identified individuals with a GLA gene variant are lacking 

characteristic FD features such as cornea verticillata 8. Males who are identified by screening 

most often have a higher residual αGalA activity and normal or slightly elevated (lyso)Gb3 levels 

than classically affected males 6,7. While the pathogenicity of some variants is well described, this 

is not the case for most of the GLA variants identified by screening. Thus, individuals often have 

an uncertain diagnosis of FD in the presence of a genetic variant of unknown significance (GVUS) 
8,9. For example, Terryn et al. showed that subjects identified by screening with the GLA variant 

p.A143T had no characteristic FD features and kidney biopsies of three individuals showed no 

Gb3 storage 10, while in classically affected males, kidney Gb3 deposits are already present 

during childhood 11. In Taiwan the splice site variant IVS4-919G>A has a high prevalence of 1 in 

1300 newborns, but adults harbouring this variant did not demonstrate a classical FD phenotype. 

Yet, characteristic storage is reported in some tissue biopsies, but there is to date no systematic 

evaluation of structural changes in these individuals. Similar clinico-pathological variability has 

been reported for other GLA variants: e.g. N215S, R112H 12,13. 

In the wake of our growing understanding of the spectrum of phenotypes associated with 

GLA variants, difficult dilemmas have emerged as these individuals may be misdiagnosed with 

FD 8. Misdiagnosis of FD can cause distress and inappropriate initiation of costly ERT. Often, 

individuals with a GLA variant of unknown significance are simply diagnosed as FD patients and 

treated as such without further consideration of other contributing (cardiovascular) risk factors 

and the pathogenicity of the GLA variant 8. Increased awareness for FD will inevitably lead to 

an increasing number of such cases. In contrast, early diagnosis of a true FD patient is of equal 

importance, since this will lead to adequate support and family counseling. 

To address these diagnostic dilemmas, we initiated ‘The Hamlet study: Fabry or not Fabry’ to 

valorize clinical and laboratory assessments in order to improve the diagnosis of FD [Dutch 
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trial register [www.trialregister.nl] NTR3840 and NTR3841]. As part of this study, international 

consensus was reached among experts on criteria for a definite diagnosis of FD 14. For individuals 

with an uncertain diagnosis of FD, organ-specific diagnostic algorithms were developed. 

Here we report on a diagnostic algorithm based on the currently best available evidence 

regarding adults presenting with chronic kidney disease (CKD) and a variant in the GLA gene 

with an uncertain diagnosis of FD nephropathy. This algorithm was constructed by a panel of 

nephrologist and international experts on FD.

MaTERIaLS aND METhODS
Panel and Delphi procedure

Experts on FD were invited to participate in the study panel via email. A consensus document 

was presented to the experts with the rationale of the study and the adopted results from the 

previous consensus study on general diagnostic criteria for FD, chapter 3, table 2 14. The results 

of the literature study and the preselected items were described in detail.

The modified Delphi procedure consisted of online survey rounds, and a telephonic survey round 

(by investigator LT) to address outstanding arguments. The panelists were asked to criticize the 

proposed criteria on a five-point Likert scale, and were invited to add comments and suggestions 

for additional criteria. Additional analyses were performed in the Dutch FD cohort to gather 

additional data on features that the expert panel deemed possible entry or exit criteria.

Anonymized results were presented to the panel (absolute scores and comments) after every 

round and the online survey was adapted following these results. Clarification and additional 

data were provided. Rounds were repeated until consensus was reached or if consensus was 

deemed not feasible. 

Systematic review and pre-selection of voting items

PubMed and Embase were searched for studies involving adults in peer reviewed journals that 

investigated kidney specific features in FD patients and/or healthy or diseased controls. Clinical 

trials as well as studies that investigated kidney specific features as the main subject were 

included. The prevalence of kidney specific features in FD patients and control groups was 

calculated and specified by gender. Sensitivity and specificity were calculated wherever possible. 

Unfortunately, data to calculate specificity were often absent, since most studies did not include 

a control group with non-FD kidney diseases. As a surrogate, specificity was calculated based 

on prevalence in healthy controls. Candidate criteria to exclude (exit criteria) or confirm (entry 

criteria) the diagnosis of FD nephropathy were selected by the study team (LT, MB, GEL). We 

aimed to select features that were compared to other kidney diseases with a high specificity 

of N90%. Because the number of criteria that fit this requirement was very limited, all studies 

were reported to the experts to assess the possible diagnostic criteria. The candidate items that 

were initially selected as possible entry criteria were subsequently selected as candidate criteria 

to serve as red flags. A red flag indicates that the presence of a feature makes a diagnosis of 
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FD nephropathy more likely, but it is not sufficient for a definite diagnosis of FD nephropathy by 

itself. Details on the literature search and criteria are presented in the online supplement. 

Statistical considerations

As customary for a Delphi procedure, criteria were accepted if ≥75% (n ≥9/11 panelists) of the 

panelists agreed, and no one disagreed 15. Neutral votes were accepted if the other conditions 

were met. Data are presented as absolute numbers, or median and range. Cronbach’s α 

was calculated to assess consensus among experts on a scale of 0-1, where 1 indicated full 

consensus. 

RESuLTS
adopted results

The panel re-emphasized the results of a previous consensus study on general diagnostic criteria 

for FD. These criteria include biochemical data (residual leukocyte enzyme activity of αGalA, 

plasma Gb3 and lysoGb3) as well as clinical data, see chapter 3, table 2 14.

Systematic Literature search and pre-selection of voting items

The literature search revealed 25 articles that studied kidney specific features in FD patients 

of which 4 also studied a control group with non-Fabry kidney diseases. Four features were 

selected as possible criteria to confirm or exclude FD nephropathy for survey round one (table 1). 

Details on the literature search are presented in the online supplement.

Table 1. Possible entry and exit criteria that were rejected by the panel.  

assessment Entry criteria Exit criteria

Literature Kidney Ultrasound/MRI/CT Renal cysts

Absence of renal 
cysts

Urine light microscopy Immunohistochemical staining of Gb3 in 
urine

Maltese cross sign in urine

Suggested 
by panel

Urine Mass spectroscopy High urinary Gb3 (in range of classical 
males)

Kidney Ultrasound/MRI/CT Small kidneys

High proteinuria *

* Because the panel decided ‘High proteinuria’ is not a valid a criterion for diagnostic purpose, no cutoff value was 
defined.
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Panel

Thirteen FD experts (8 nephrologists and 5 general FD experts) were invited to participate. Two 

experts supported the initiative, but were unable to participate due to time constraints. The panel 

consisted of three internists (CH, DH, RL) and eight nephrologists (AO, JO, ES, CT (pediatric 

nephrologist), WT, CW, MW, SW). All panelists participated in all rounds.

Delphi procedure and diagnostic criteria

Rounds 1 and 2 were online questionnaires. Because some issues required further clarification, 

the questionnaire of the second round was repeated in an individual telephonic round (round 3). 

Overall consensus, measured by Cronbach’s α, increased from 0.85 in round 1 to 0.97 in round 

3, indicating excellent consensus. The panel fully agreed that the current diagnostic algorithm is 

developed to aid in the diagnosis for individuals with CKD in whom a GLA variant was already 

found, who do not fit the criteria for a definite diagnosis of classical FD, see chapter 3, table 2 
14. Thus, these individuals have an uncertain diagnosis of FD. 

Initially, criteria for CKD were discussed according to the level of proteinuria and estimated 

GFR. Based upon feedback from the expert panel, the 2012 ‘Clinical Practice Guideline for the 

Evaluation and Management of Chronic Kidney Disease’ by the KDIGO working group was 

adopted to define CKD 16. 

Full agreement was reached on the current gold standard, defined as concentric multi-lamellated 

myelin bodies with a zebra like pattern (zebra bodies) with a periodicity of approximately 5 nm on 

electron microscopy (EM) 17, in a kidney biopsy, in the absence of medication use that may induce 

similar storage18. The biopsy should be assessed by an expert team on FD pathology. It was 

emphasized that in case of an uncertain diagnosis, a kidney biopsy should always be considered 

as it is currently the only assessment that can confirm or exclude the diagnosis in individuals with 

an uncertain diagnosis of FD nephropathy and CKD. 

The preselected diagnostic criteria from the literature in round 1 are depicted in Table 1. The 

panel commented that renal cysts have a high prevalence, ranging from 5 to 41% in the general 

population 19-21. It was suggested that the presence of medullary cysts may imply the presence of 

congenital kidney disease, while Ries et al. reported a 50% prevalence of parapelvic cysts among 

24 FD patients 22. Because of the non-specific nature and limited data, renal cysts were rejected 

by all experts as a diagnostic criterion. 

The ‘Maltese cross sign’ and ‘immunohistochemical staining of Gb3 in urine’ may be helpful 

as diagnostic assessments 23, but results may be difficult to interpret. The differentiation 

between different Maltese cross types is challenging and the Maltese cross sign may also occur 

in patients with other causes for high urinary lipid content. The ‘Maltese Cross sign’ criterion 

was rejected by 10/11 experts, 1 voted neither agree nor disagree. Staining urine sediment 

immunohistochemically for Gb3 is hampered by the natural presence of Gb3 in several cell-

types and limited data are available on urinary Gb3 in other, non FD, kidney diseases. Following 

discussion, 9/11 experts rejected ‘immunohistochemical staining of Gb3 in urine’ as a criterion, 1 

agreed and 1 voted neither agree nor disagree. 
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Three additional criteria were suggested (table 1). First, ‘urinary Gb3 (in the range of classical 

males)’, measured in whole urine, was suggested to confirm FD nephropathy. Others suggested 

that urinary and/or plasma Gb3 levels may be significantly increased in other diseases than FD 
24,25. Consequently, there was no agreement, although 4/11 of panelists were convinced that this 

criterion, in the context of chronic kidney disease and a GLA variant, is sufficient to confirm FD 

nephropathy. The remaining 7 panelists rejected this criterion.

Second, it was postulated that small kidneys could possibly exclude FD nephropathy. It was 

discussed that in all causes for CKD, including FD, small kidneys occur at end stage disease. 

The most frequent cause of small kidneys is hypertension, which may also coexist with FD, 

although in the experience of the experts classical FD patients often have normal or low blood 

pressure in early phases of the disease. All panelists rejected ‘small kidneys’ as an exit criterion 

in the absence of hypertension, while 3/11 experts agreed that in the presence of hypertension, 

small kidneys exclude FD nephropathy. As a result, the ‘small kidneys’ criterion was not included 

in the diagnostic algorithm. Finally, ‘high level of proteinuria’ was suggested to be rarely found 

in FD patients and to serve as a possible exit criterion. Because this feature was not studied in 

the literature, we assessed the maximum 24 hour protein excretion in 102 (39 males) Dutch FD 

patients with a definite diagnosis of classical FD, in accordance with previously defined criteria 

(chapter 3, table 2) 14. Median total protein excretion was 0.31 g/24 h (range 0.07–4.8), 0.62 g/24 

h in males (0.13–4.39) and 0.24 g/24 h (0.07–4.80) in females. Few patients had proteinuria in the 

nephrotic range (>3 g/24 h) (see figure 1 and table 2). An applicable cutoff value was debated 

and different opinions were shared by the experts. Most experts reported that some FD patients 

can have very high proteinuria. Proteinuria can also be influenced by concomitant diseases, e.g. 

hypertension. Because of limited data and absence of a cutoff value, this exit criterion was 

rejected by most experts (8/11). One voted neither agree nor disagree and 2 experts agreed that 

high proteinuria could serve as an exit criterion. The ‘Maltese cross sign’ and ‘high urinary Gb3’ 

were depicted as red flags, indicating that the presence of these features raises the suspicion 

of FD nephropathy, but further assessments are mandatory. It was deemed not necessary to 

perform these 2 assessments in all individuals with an uncertain diagnosis of FD nephropathy. 

Ultimately, the diagnostic algorithm was constructed (figure 2). 

Table 2. Specificity of proteinuria as an exit criterion in FD patients with a definite diagnosis of FD.

Cut off value proteinuria 
g/24h

all, n=102
Specificity (n)

Male, n=39
Specificity (n)

Female, n=63
Specificity (n)

> 3.0 94% (6) 90% (4) 97% (2)

> 3.5 96% (4) 95% (2) 97% (2)

> 4.0 98% (2) 97% (1) 98% (1)
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DISCuSSION
An international panel of experts agreed on the diagnostic approach for individuals with CKD 

and an uncertain diagnosis of FD nephropathy. Group consensus was excellent, represented by 

a Cronbach’s α of 0.97. The experts indicated that a biopsy of the kidney with EM assessment is 

currently the only available tool that can reliably confirm or exclude FD nephropathy and should 

be considered in all patients without a classical pattern of disease manifestations, a GLA variant 

and CKD who have an uncertain diagnosis of FD (predefined criteria, chapter 3, table 2 14).

This group endorses the diagnostic value of a biopsy of an affected organ (i.e. heart, kidney) to 

assess a true diagnosis of FD, as proposed in a previous study on individuals with LVH and an 

uncertain diagnosis of FD 14. However, use of medication that may induce similar storage at any 

time during the medical history should always be excluded. The importance of morphological 

evidence in cases where the diagnosis of FD remains uncertain was stressed by the panel. In 

clinical practice, a nephrologist may not always be involved in the care of FD patients and a kidney 

biopsy is not routinely performed. However, we strongly recommend that those individuals with 

Figure 1. Proteinuria in 102 (39males) FD patients with a definite diagnosis of FD.
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an uncertain diagnosis of FD nephropathy are assessed by a nephrologist and a kidney biopsy 

should be considered.

The storage pattern in FD, with characteristic lysosomal inclusions on EM, is specific for FD in 

the absence of medication (such as chloroquine and amiodarone) that may induce similar storage 
14,17. It is crucial that the kidney pathology is assessed by an expert team including a pathologist 

and nephrologist. Although similar storage to that of FD has been reported in other lysosomal 

storage diseases 26,27, the clinical presentation is distinct from that of FD. Thus, the specificity 

is not disputed in the clinical context of symptoms that are compatible with FD. Furthermore, 

it is encouraged that the conclusion of the clinico-pathological examination should also state 

if the amount of storage is compatible with the renal involvement of that particular patient. A 

detailed scoring system of the amount and characteristics of Fabry-specific storage in various 

kidney cells has recently been developed 28. Because not all centers routinely perform EM on 

kidney biopsies, adequate routines and collaboration with specialized pathology departments are 

essential. The risks of a kidney biopsy are small when general contraindications are respected 

 
Figure 2. Diagnostic algorithm for individuals with an uncertain diagnosis of Fabry disease (FD). * In the absence of 
medication use that may induce similar storage.
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and complications most often fully resolve 29,30. The indication and possible risks should be 

assessed carefully in each case. Clearly, the benefits of a correct diagnosis (either confirming 

or excluding FD nephropathy) are substantial. This study focused on diagnosis only, neither 

treatment indications nor the benefit of repeated renal biopsies to evaluate treatment for FD 

was discussed. 

Our study was hampered by very limited and insufficient data on the prevalence of certain 

parameters in non-FD kidney diseases. Because of this, the specificity of most features could 

almost never be determined. Furthermore, expertise on some assessments is likely to be 

present only in few centers (e.g. staining of urinary cells for Gb3, interpretation of Maltese cross 

signs) and these assessments are therefore not widely applicable. The limited data emphasize 

the need to investigate the diagnostic accuracy of parameters in FD nephropathy and non-FD 

kidney disease in more detail, especially those tests that are minimally invasive. 

The panel extensively discussed the value of increased levels of urinary Gb3, which is historically 

seen as a hallmark of FD. Data from previous studies indicate that Gb3may be increased 

in plasma and/or urine in other diseases as well 24,25. As early as in 1978, reports on urinary 

glycosphingolipids in the urine of patients without sphingolipidoses were published 31. The 

specificity of the diagnostic criteria that were part of this study and that (in)directly assess Gb3 

in urine (‘immunohistochemical staining of Gb3 in urine’, ‘Maltese cross sign in urine’ and ‘high 

urinary Gb3 (in range of classical males)’) was therefore debated by the panel. It is quite likely 

that urinary Gb3 levels in the high range as usually seen in classical males can differentiate 

between classical FD and other diseases. The deacylated form of Gb3, lysoGb3, may be of even 

more importance as it can clearly differentiate classical patients from non-classical FD patients 
6,7,32.

The ‘Maltese cross sign’ and ‘high urinary Gb3 (in the range of classical males)’ were selected 

as red flags. In individuals with an uncertain diagnosis of FD, who are not suitable for a kidney 

biopsy, these features may be helpful, but not conclusive, to address the diagnostic dilemma. 

The current study does not serve to advocate screening for FD in cohorts or individuals with 

CKD. It is solely intended to provide the best possible knowledge on the diagnostic process in an 

individual with CKD and a GVUS in the GLA gene. Screening of individuals to identify FD patients 

is advocated by some to be able to initiate early treatment 33-35. It is important to realize that the 

majority of individuals who are identified through screening do not present with the characteristic 

pattern of FD and possibly do not suffer from FD 8. This causes unnecessary burden for the 

individual and family members. Moreover, for individuals with a non-classical FD phenotype with 

biopsy proven characteristic storage in the kidney, the natural history is yet unclear, and the effect 

of ERT has not been studied independently. While ERT may delay complications in patients with 

classical disease 36, a careful risk/benefit consideration should be made on an individual basis 

before initiating ERT in non-classical FD. Ideally, this group should be further studied within a 

well-defined study protocol.
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In conclusion, a kidney biopsy with EM analysis should be considered for all individuals with 

CKD, a variant in the GLA gene and an uncertain diagnosis of FD, as it is currently the only 

diagnostic procedure to confirm or reject the diagnosis of FD nephropathy. With this approach, 

the unnecessary burden of inappropriate diagnosis of FD, counseling and treatment with costly 

ERT can be avoided. Equally important, individuals with true FD can be identified to initiate 

appropriate individualized counseling, treatment and family screening.
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SuPPLEMENT
Literature search and pre-selection of items

PubMed and Embase (1980-april 2013) were searched with the search terms Fabry disease, kidney, urine, 

ultrasound, MRI, pathology, biopsy, (electron/polarized) microscopy and Maltese crosses, using synonyms 

and mesh terms or headings were added. English, German and French studies were selected based on title 

and abstract, references were cross checked. Studies in adults in peer reviewed journals that investigated 

kidney specific features in Fabry disease (FD) patients and/or healthy or diseased controls were included. 

Reviews, case reports or case series, editorials and letters without original data were excluded. Reports 

on specific features of kidney biopsies were excluded because full consensus was already reached on 

electron microscopy assessments of biopsy material from an affected organ as the current gold standard 

for FD in another consensus meeting 1. Enzyme replacement therapy studies were included if biochemical 

assessments were reported in the abstract. 

Baseline data were used (i.e. before initiation of enzyme replacement therapy) or it was indicated otherwise. 

Data on prevalence in FD patients and control groups of kidney specific features were calculated and specified 

for gender. Sensitivity and specificity were calculated wherever possible. Unfortunately data to calculate 

specificity (no control group with kidney disease) were often absent. As a surrogate, specificity was calculated 

based on prevalence in healthy controls. A qualitative description of the study results was used if data were 

not sufficient. If the authors reported details on the non-classical nature of FD patients in the cohort, this 

data was also captured, with specific attention for globotriaosylceramide and globotriaosylsphingosine ((lyso)

Gb3), angiokeratoma, cornea verticillata (CV) and neuropathic pain. Corresponding authors were contacted if 

additional clarification was required. 

The tables below summarize the results of the systematic literature search. The selected articles are 

categorized by the (type of) criterion that was studied. A study may appear more than once if two criteria 

were studied by the authors. See figure A.

In most studies specificity is not reliable for patients with kidney disease, since the feature was not studied 

in groups with non-Fabry kidney disease. Unfortunately, data on comparison with non-Fabry kidney disease is 

very limited (4 studies). In addition studies were hampered by low sensitivity, and were mostly performed in a 

combined population of FD patients with or without kidney disease. Where possible, details on the presence 

of kidney disease in the specific study were given.

Definitions

Entry criterion: the presence of this entry criterion confirms a diagnosis of Fabry disease

Exit criterion: the presence of this exit criterion excludes Fabry disease

urine Gb3

Urine Gb3 (as well as urine Gb3 isoforms) is believed to be indicative of general disease burden and not 

specific for the kidney only. It is therefore uncertain to which extend the level of urine Gb3 is determined by 

kidney involvement. In the process to define criteria for a definite diagnosis, urine Gb3 was considered to be 

of use for these criteria. Initially Gb3 and/or plasma LysoGb3 were  considered not to be kidney specific (or 

indicative of systemic disease) and therefore urine Gb3 was not selected as an entry criterion in round one. 

However, the panel suggested to add the feature as an entry criterion, and it was subsequently discussed in 

round two.
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452 articles 

43 
articles 
included 

409 articles excluded 
 Conference abstracts 
 No data on kidney 

specific features 
 Review article 
 Not on FD (general 

kidney disease) 
 Pediatric patients only 

39 articles  

6 articles excluded 
 1 measurement not tested in FD 
 1 used pooled/mixed samples 
 4 no data on urine measurement 

(Gb3) 

 14 articles on 
kidney biopsies in 
FD 

25 articles included 

2 articles  
cross checking 
references  

Figure a. Literature search.
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Summary of selected possible criteria from the literature

assessment Entry criteria Exit criteria

kidney ultrasound/MRI/CT Renal cysts

Absence of Renal cysts

urine light microscopy Immunohistochemical staining of Gb3 in urine

Maltese cross sign in urine

ultrasound and MRI of the kidney 

Study Patients (controls) Method Results
Comments/ 
limitations

Glass 2004 2 FD patients: n=116, n=76 males, n=40 
females

N=6 cardiac variant patients were not included 
in calculation since definite diagnosis is 
possibly uncertain

Controls: -

MRI 1.5T & Ultrasound:
•	 decreased cortical thickness; 
•	 cortical cysts;
•	 decreased corticomedulory 

differentiation;
•	 increased echogenecity;
•	 parapelvic cysts;
•	 renal atrophy;
•	 scarring; 

Ultrasound
Sensitivity 27%
Males 53%
Females 28%

MRI
Sensitivity 54%
Males 57%
Females 50%

Specificity unknown

Combined sensitivity 
for different features.  
Features develop with 
increasing age. 

Ries 2004 3 FD patients: n=24 males
Low enzyme activity, 22 confirmed with GLA 
mutation
FD protein excretion 84-3909 mg/24u. Inulin 
clearance 33-130 ml/min. No difference in 
uGb3 between FD with and without cysts.

Controls: n= 19 healthy age matched

MRI 1.5T Sensitivity 50%
Specificity 95%

Not compared to other 
kidney disease. Small 
control group. 

Comments

•	 Renal cysts are described in FD patients and occur mainly in the parapelvic area. The sensitivity is, low and 

seems correlated with age.

•	 High prevalence of cysts are reported in healthy individuals and increases with age [21, 22]

•	 The sensitivity is low in FD patients.
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Microscopy of urine

Study Patients (controls) Method Results Comments/ limitations

Selvalrajah 
2010 4

FD patients: n=35 n=16 males, 19 females 
no kidney transplant, GLA mutation unkown.
 n=2 male and n=4 female have no kidney involvement
ERT treated patients included.

Controls: n=20 patients n=11 males, n=9 females 
across a spectrum of biopsy-proven renal disease: 
•	 lupus nephritis (Classes 3–5, n=5), 
•	 diabetic nephropathy (n=2),
•	 nephrotic minimal-change disease (n=1), 
•	 focal glomerular sclerosis (n=2),
•	 membranous nephropathy (n=1),
•	 crescentic nephritis (n=2), 
•	 Antineutrophil cytoplasmic autoantibody (ANCA) 

vasculitis (n=2), 
•	 thrombotic thrombocytopaenic purpura (TTP, n=1),
•	 acute tubular necrosis (n=3), 
•	 IgA nephropathy (n=1) 
one normal subject (no renal biopsy, no 
Microalb.,Normal serum creatinine)

Phase contrast 
microscopy using a 
polarized filter.
Number of maltese 
crosses, three distict 
Maltese cross particle 
morphologies: MC1, MC2, 
MC3

For MC2 particles: 
Sensitivity 100%
Specificity 100%

Combined ERT and 
untreated patients.
Experimental method but 
widely available

Sevalrajah 
2010 4

See above Anti CD77 staining of 
urine

Sensitivity 97%
Specificity 100%

See above

Utsumi 
1999 5

FD patients: n=23 ERT unknown. N=15 males, n=8 
females. Of which 5 males and 1 female with ‘variant 
disease’.

Controls: healthy n= 49 n=29 males, n=20 females
Proteinuria n=23 , n=10 males, n=13 females

immunoblotting, enzyme-
linked immunosorbent 
assaying (ELISA), and 
immunofluorescent 
microscopy.
Vitronectin receptor

Sensitivity 
and specificity 
unknown

sensitivity could not be 
calculated from the available 
data, a cutoff value was not 
defined. there is a slight 
overlap with healthy and 
proteinuria controls

Utsumi 
2005 6

FD patients: n=4 males, enzyme activity <1%.
N=2 GLA mutation, N=2 mutation unknown

Controls: -

Polarized light microscopy
Maltese crosses, not 
specified for type

Sensitivity 100% specificity is unknown

Comments

•	 The applied light microscopy techniques are widely available methods.

•	 Limited data available for each method
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urine Gb3 (uGb3)

Study Patients (controls) Method Results Comments/ limitations

Baehner 
2003 7

FD patients: n= 15 females with multi organ 
involvement
Mean creatinine clearance values varied from 65 
to 73ml/min per 1.73m2, proteinura not given

Controls: - 

HPLC Sensitivity and 
specificity unknown

Data on decline of uGb3 on ERT 
treatment only

Cable 
1982 8

FD patientsL n=24, n=10 males, n=12 females. 
Of the females 9 were obligate heterozygotes.

Controls: healthy n=6

HPLC of uGb3 
and Digalactosyl- 
ceramide

Sensitivity 100%
Sensitivity males: 
100%
Sensitivity females: 
100%
Specificity 100% 

Specificity based on reference 
value of healthy controls
Unknown if the 3 non obligate 
carriers also had an increased 
glycolipid pattern.

Choi 
2008 9

FD patients: n=11, n=8 males, n=3 females
1 male patient with renal disease (normal uGb3)
Five patients had increased protein excretion of 
more than 150 mg/24u

Controls: healthy n=unknown

MS/MS Sensitivity 65%
Sensitivity males: 
75%
Sensitivity females: 
33%
Specificity 100% 

Specificity based on reference 
value of healthy controls

Gupta 
2005 10

FD patients: n= 57 females with GLA mutation 
and signs or symptoms of FD. 
N=4 no GLA mutation, 
n=23 proteinuria >150mg/24u
n=24 GFR<90

Controls: - 

HPLC Sensitivity and 
specificity unknown

Patient Gb3 in range 25-1493 
nmol/g Cr. 
No reference value available

Hughes 
2008 11

FD patients: n=15 males with GLA mutation

Controls: - 

HPLC Sensitivity and 
specificity unknown

No raw data on uGb3 and no 
reference value available. 
Data on decline of uGb3 on ERT 
only.

Kitagawa 
2005 12

FD patients n=19 males and females with FD, 
genotyping “if necessary”.  
2 cardiac variant patients not included, 
Pediatric patients were included: Age range 3-65 
years. Low GFR <30ml/min in 3 hemizygous 
patients and proteinuria in 4 patients.

Controls: Healthy n= 1140

MS/MS Sensitivity 89%
Sensitivity males: 
100%
Sensitivity females: 
75%
Specificity 100% 

Specificity based on reference 
value of healthy controls

Schiffmann 
2000 13

FD patients: n=10 males, 1 patient with a high 
(12%) residual enzyme activity

Controls:-

HPLC Sensitivity and 
specificity unknown

No reference value available, 
Decline of uGb3 on ERT only 

Utsumi 
2005 6

FD patients: n=4 male with an enzyme activity 
<1%.
N=2 R112A, N=2 mutation unknown

Controls: Healthy n=5

HPLC followed 
by MS

Sensitivity 100%
Specificity 100%

Sensitivity and specificity are 
100% based on value of healthy 
controls, however raw data is 
only available from 1 patient as 
an example. It was assumed that 
other patients also have a high 
uGb3.

Vedder 
2007 14

FD patients: n=51 males n=22, females n=29

Controls: -

HPTLC Sensitivity 82%
Sensitivity males: 
86%
Sensitivity females: 
79%
Specificity 100% 

Calculation based on previously 
known normal reference value.

Vedder 
2007 15

FD patients: n=34 males n=18, females n=16
Confirmed with low enzyme activitiy in males 
and GLA mutation in females.

Controls: -

HPLC Sensitivity 92%
Sensitivity males: 
100%
Sensitivity females: 
88%
Specificity 100% 

Calculation based on previously 
known normal reference value.

Vedder 
2008 16

FD patients: n=39
Confirmed with low enzyme activitiy in males 
and GLA mutation in females

Controls: -

HPLC Sensitivity 95%
Specificity 100%

Calculation based on previously 
known normal reference value.
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Study Patients (controls) Method Results Comments/ limitations

Whitfield 
2005 17

FD patients: n=8 , males n=6, females n=2
Confirmed with low enzyme activitiy in males 
and/or GLA mutation in females

Controls: -

MS/MS Sensitivity and 
specificity unknown

Data on decline of uGb3 on ERT 
treatment only

Whybra 
2009 18

FD patients: N=36 females with a GLA mutation 
mean (±SD) urinary protein excretion was 377 
± 546
mg/24 hours

HPLC Sensitivity 56% 
Specificity 100%

Calculation based on previously 
known normal reference value.

Auray-Blais 
2008 19

FD patients n=78, ERT n=33
Confirmed with low enzyme activitiy in males 
and/or GLA mutation in females

Controls: healthy n=47 females n=24, males 
n=23

MS/MS Sensitivity and 
specificity unknown

Children were tested, but 
excluded in the data capture. 
Upper limit of normal for adults 
25ugr/mmolCr.Only graph available 
showing an overlap of patients 
with the normal control range, 
sensitivity and specificity were not 
calculated.

Comments

•	 Urine Gb3 is measured routinely in many clinical centers and is a widely available assessment. 

•	 The data were collected in both patients with and without kidney failure and or proteinuria.

•	 Data were not compared to other kidney diseases. Thus specificity is non-informative for the use in case of 

kidney disease. (elevation of uGb3 was based on healthy individuals as the comparative group).

urine Gb3 isoforms

Study Patients (controls) Method Results Comments/ limitations

Fauler 
2005 20

FD patients: n=4, n=2 male, n=2 female 

Controls: Healthy n=63

MS/MS, 
Isoforms Gb3-
24:0/24:1

Sensitivity 
100%
Specificity 
100%

isoforms respectively were found 
to be>2.5- and>5.2—fold above the 
highest female and male controls.
ERT unknown, not widely available, 
Experimental method.

Paschke 
2011 21

FD patients: n=26 females, with a GLA mutation
GFR 70-92 ml/min/1.73m2 Protein/dreatinine ration: 
76-1,337 mg/g Cr, 

Controls:  Healthy n=112
CKD n=170
 
CKD was defined using protein-creatinine ratio >150 
mg/g creatinine and/or estimated GFR <60 mL/
min/1.73 m2. 

MS/MS, 
Isoforms Gb3-24 
Diagnostic ranking 
revealed Gb3-24 
as best marker, 
sensitivity and 
specificity for cutoff 
34,8 ng/mgCr. 

Sensitivity 
100%
Specificity 
87%

Uncertain analytical performance 
samples were excluded. 
Experimental and not widely 
available 

Comments

•	 Urine Gb3 isoforms are not measured routinely.

•	 The measurement is accessible to centers that use MS/MS for quantification of urinary Gb3.
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urine Lyso-Gb3

Study Patients (controls) Method Results Comments/ limitations

Auray-Blais 
2010 22

FD patients: n=83, n=41 males, n=42 females.

Markedly decreased enzyme activity of mutation in GLA gene
ERT: n=27males, n=18 females

Controls: Healthy, n=77, n=30 males, n=47 females

Tandem MS/MS Sensitivity 87%
Specificity 
100%

Difficult and experimental 
assay

Comments

•	 Urine Lyso-Gb3 is not measured routinely,

•	 Limited data available. 

•	 Data were not compared to other kidney diseases. Thus specificity is non-informative for the use in case 

of kidney disease.

•	 LysoGb3 is possibly reacylated to Gb3, resulting in a possible underestimation of lysoGb3 excretion.

Other

Study Patients (controls) Method Results Comments/ limitations

Vylet’al 
2008 23

FD patients: n=15 
with low enzyme activity and GLA mutation

Controls: -

SDS-PAGE and western blot; 
MS; immunohistochemistry; 
Deglycosylation 
Experiment.

Uromodulin 

Sensitivity 
and specificity 
unknown

Uromodulin has been described 
in many kidney disorders. There is 
no value available in the article to 
calculate sensitivity or specificity.

Kistler 
2011 24

FD patients: n=17 females, not specified if GLA 
mutation was present, no ERT

Controls: Healthy age/gender matched n=45
renal, metabolic and cardiovascular
diseases. n=8-78

CE-MS proteomics(Capillary
electrophoresis coupled to 
mass spectrometry)

Sensitivity 
88%
Specificity 
98%

Specificity for other diseases 
89-100%. 

Highly experimental method, not 
widely available.

Fuller 
2005 25

FD patients: n=28 males n=15, females N=13

Controls: -

MS lipid profiling (Gb3 and 
other lipids)

Sensitivity 
and specificity 
unknown

Only mean and standard 
deviations given. Sensitivity and 
specificity could not be calculated.

Comments

•	 The assessments are experimental and were not added as an entry or exit criterion.
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abSTRaCT
Introduction

Increased awareness of Fabry disease has led to the identification of individuals with transient 

ischemic attacks, stroke, or white matter lesions more than expected for age, with a genetic 

variant of unknown significance in the α-galactosidase A gene. To prevent potential misdiagnosis 

of these individuals as Fabry disease patients, we developed a diagnostic algorithm. 

Methods

Potential diagnostic criteria were identified through a systematic review. International experts 

assessed these in a modified Delphi procedure. Brain magnetic resonance images from 38 Fabry 

disease (15 males) and 38 age and gender matched non-Fabry disease stroke controls were 

analysed with specific focus on basilar artery diameter and distribution of white matter lesions. 

Results

Eleven potential diagnostic criteria were identified. The experts (n= 11) rejected 9 criteria because 

of limited value and/or data. The pulvinar sign on T1 weighted magnetic resonance imaging was 

selected as a ‘red flag’ for the diagnosis of Fabry disease, but not as definite proof. The additional 

brain magnetic resonance imaging analyses revealed that the basilar artery diameter was 

significantly increased in Fabry disease patients compared to non-Fabry disease stroke controls 

(males: 4.3 vs 2.5 mm, females: 3.3 vs 2.4 mm). Based on these results and data from previous 

studies, the panel agreed that a basilar artery diameter of > 4.2 mm could serve as a ‘red flag’, 

but could not confirm the diagnosis of FD. A white matter lesion pattern characteristic of Cerebral 

Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy was never 

present. 

Conclusion

A pulvinar sign (T1 weighted magnetic resonance imaging and/or a basilar artery diameter of > 

4.2 mm raise suspicion for the diagnosis of FD, but are not confirmative. A white matter lesion 

pattern characteristic of Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and 

Leukoencephalopathy excludes Fabry disease. Follow-up is advised when a definite conclusion 

cannot be drawn. 
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INTRODuCTION
Fabry disease (FD; McKusick 301500) is caused by a deficiency of the lysosomal hydrolase 

α-galactosidase A (αGalA, E.C. 3.2.1.22) due to variants/mutations in the GLA. To date, more 

than 700 variants in the α-galactosidase A (GLA) gene are described 1 of which many occur 

in single families. Accumulation of globotriaosylceramide (Gb3) and other glycosphingolipids 

with terminal α-galactosyl moieties in lysosomes may lead to a characteristic clinical phenotype. 

Male patients often have neuropathic pain with childhood onset, clustered angiokeratomas, 

and cornea verticillata. Later in life, cardiac and renal complications may occur. Moreover, the 

central nervous system is often affected, resulting in white matter lesions (WMLs) with a small-

vessel-disease like appearance, and transient ischemic attacks (TIAs) and stroke at a young age 
2. Cognitive decline may occur, and is assumed to be of a vascular origin. This disease phenotype 

is currently reported as ‘classical FD’. In females, the phenotype is often more attenuated, due 

to the X-linked pattern of inheritance 3. 

Historically, the birth prevalence of FD has been estimated as between 1:40.000-170.000 for 

males 4-6. However, the overall prevalence of GLA variants has been reported to be much higher 

when screening of newborns or high-risk groups is applied 7,8. The high number of these screening 

initiatives in the last decade, together with increased awareness of FD, has led to the frequent 

identification of individuals with a genetic variant of unknown significance (GVUS) 9. These 

individuals frequently have a non-specific clinical feature such as left ventricular hypertrophy (LVH), 

chronic kidney disease (CKD) or stroke, but do not present the characteristic clinical signs and 

symptoms of FD as they occur in the patients with classical FD (for review see 9). Some of the 

individuals with a GLA GVUS may have FD with a non-classical phenotype, while others do not 

have FD at all. Misdiagnosing the latter as having FD may lead to considerable distress for patients 

and their families and inappropriate administration of enzyme replacement therapy (ERT). 

Screening studies among patients with a TIA or cryptogenic stroke revealed that 67 out of 4193 

(1.60%) screened patients had a GLA variant, while only one individual showed characteristic 

features of FD 9. These data indicate that the majority of individuals with a cryptogenic stroke 

and a GLA variant may not have classical FD, and it is unknown if they have (non-classical) FD, 

or no FD at all. 

To address the diagnostic dilemmas in FD, we have initiated ‘The Hamlet study: Fabry or not 

Fabry’ to evaluate clinical and laboratory assessments in order to improve the diagnosis of FD 10. 

For individuals with LVH or CKD, international experts agreed that a biopsy of the affected heart 

or kidney with electron microscopy assessment may be necessary to confirm or exclude FD in 

cases with an uncertain diagnosis 11,12. However, for individuals with an isolated TIA, stroke or 

WMLs, in whom a GVUS in the GLA gene was identified (i.e. they have an uncertain diagnosis 

of FD), histology of the affected tissue is not an option. However, several imaging abnormalities, 

such as an increased basilar artery diameter (BAD) 13,14 or a pulvinar sign 15-17, have been described 

in FD patients, and could possibly aid in the diagnosis of uncertain cases. Here, we present a 

diagnostic algorithm based on the best available evidence in the literature, supplemented with 

additional brain magnetic resonance imaging (MRI) assessments. 
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MaTERIaLS aND METhODS
Throughout the manuscript, WMLs refer to white matter lesions more than expected for age.

Pre-selection of potential diagnostic criteria

The databases PubMed and Embase were searched for studies on brain imaging characteristics 

in adult FD patients. Potential diagnostic criteria to confirm or exclude FD were selected by 

the study team, and sensitivity and specificity rates were calculated and stratified for gender if 

possible.

A very high specificity (> 90%) was deemed necessary to use a criterion in the diagnostic 

algorithm. Ideally, specificity should be calculated using a control group of patients with stroke in 

whom FD has been excluded. However, the number of studies that reported on a stroke control 

group was limited. As second best option, healthy control groups were used for specificity 

calculation. Details of the literature review are available in the supplement. In addition to the 

brain imaging characteristics identified by the literature search, the study team selected storage 

characteristic of FD, assessed with electron microscopy, in a skin or kidney biopsy as potential 

criteria to confirm FD, based on their clinical experience.

Consensus procedure

Recognized experts in FD and/or neuroimaging were invited to participate in this study as a 

panel member. A modified Delphi technique was used to develop group consensus on criteria 

that may confirm or exclude FD in cases with an uncertain diagnosis of FD. For the first round, 

a background document was compiled by the study team (LT, MB, CH) with information on the 

motivation for this study and general criteria for a definite diagnosis of FD (as adopted from a 

previous study, Chapter 3, table 2). Furthermore, the document presented the literature review 

in which potential diagnostic criteria for FD were described (supplement). 

Subsequently, an online questionnaire was sent to the experts. They were asked to assess the 

potential diagnostic criteria using a 5-point Likert scale, and were encouraged to add comments 

and additional items. This was followed by a face-to-face meeting, during which anonymized 

results (absolute scores and comments) of the first round were presented and discussed. 

Criteria were modified if required, and experts voted again. If not accepted as a criterion to 

confirm, but still considered useful in the diagnosis, criteria were re-formulated as a ‘red flag’ 

indicating that the experts find that the likelihood of FD is high in the presence of this feature, but 

additional assessments are still needed to confirm or exclude the diagnosis of FD. Furthermore, 

possibilities for gathering additional data to support the use of potential criteria in the algorithm 

were discussed. 

Statistical analyses

Criteria to confirm or exclude FD were accepted if ≥ 75% of the panellists agreed, and no one 

disagreed 18. Absolute numbers and/or percentages are used to present results. To assess 

consensus among experts, Cronbach’s α was used on a scale of 0-1, with 1 indicating complete 

consensus.
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additional analyses to improve evidence

During the face-to-face meeting, the panel discussed possibilities for additional (collaborative) 

studies, to add to the currently available data. After the meeting, the experts collaborated to 

study the following MRI parameters: increased BAD to confirm FD; the presence of infratentorial 

WMLs to exclude FD; and a characteristic WML pattern as seen in classical Cerebral Autosomal-

Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL) to exclude 

FD. In CADASIL there is a typical pattern of WMLs in the frontal and temporal lobes and the 

external capsule 19, and this feature was suggested by the participating neuroradiologists to 

possibly exclude FD.

Patients

Brain MRI data were retrospectively collected from the Dutch and German FD cohorts 

(investigators LT, MB, CH, GL, NÜ). Only patients with a definite diagnosis of FD (according 

to the previously defined criteria, Chapter 3, table 2) and for whom a matched non-FD stroke 

control was available were selected. These patients will generally have a classical FD phenotype. 

FD patients were matched 1:1 with non-FD stroke controls by age ±1 year and gender. MRI 

data from non-FD stroke controls were obtained from the ‘Follow-Up of TIA and stroke patients 

and Unelucidated Risk factor Evaluation’ (FUTURE) Study (investigator FL) 20. Participants in the 

FUTURE study signed informed consent. Ethics approval was not required for the current study 

because of the retrospective design. 

For FD patients clinical and laboratory data were retrieved at the time of the MRI scan ± 1 

year. Data on stroke or TIA, myocardial infarction, cardiac rhythm abnormalities on ECG, cardiac 

septal wall thickness on cardiac ultrasound, pacemaker or ICD implantation, heart failure, plasma 

creatinine, dialysis and kidney transplantation were collected. ERT status was also acquired. 

An interventricular septum thickness > 12 mm in diastole on cardiac ultrasound defined LVH. 

Glomerular filtration rate was estimated with the CKD-EPI formula 21. αGalA activity was measured 

in leukocytes 22, and in a minority without inhibition of α-N-acetyl-galactosaminidase 23, values 

were presented as the percentage of the mean of the reference value. If no mean value was 

available, the middle of the reference range was used. Globotriaosylsphingosine (lysoGb3) was 

analysed as previously described by Gold et al 24 (Dutch patients) and Tanislav et al. 25 (German 

patients). 

MRI measurements

Brain MRI scans were generated on a 1.5 Tesla MRI system only. Manufacturers of MRI systems 

and protocols differed between Centres and patients, although in the majority of FD patients 

MRI scans were performed on a Siemens Magnetom Avanto system (n= 22). In the remaining 

patients the MRIs were performed on a Siemens Magnetom Symphony (n= 3), a Siemens 

Magnetom Vision (n= 1), a Siemens Magnetom Espree (n= 1) or a GE medical systems Genesis 

Signa (n= 11) system. For all patients at least T1 (repetition time [TR] 400-585 ms; echo time [TE] 

8-20ms; slice thickness 5-6mm; FOV 186-235 mm; matrix 179-512 mm), T2 (TR 2420-5550 ms; 

TE 80-125 ms; slice thickness 3-6mm; FOV 186-240 mm; matrix 179-512 mm), and FLAIR (TR 

8000-13270 ms; TE 86-158 ms; slice thickness 3-6mm; FOV 184-300 mm; matrix 96-320 mm) 
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weighted images were available. Time of flight (TOF) images were not available for all patients, 

therefore, vascular analysis was done on T2 axial images. When multiple scans were available, 

the most recent scan was selected. Data from the 38 age- and gender-matched control patients 

with non-FD stroke were retrieved. For this control group a Siemens Magnetom Avanto 1.5 Tesla 

scanner had been used. Investigators LV (12 years of experience with MRIs of FD patients) and 

RMe (three years of experience with MRIs of FD patients) independently analysed MRI scans. 

When there was disagreement, they discussed and reassessed the data until consensus was 

reached. 

MRI analyses

The pulvinar sign was assessed on T1 as present or absent. On FLAIR, the number, size and 

localization (periventricular, deep, subcortical) of WMLs were recorded per region (frontal, 

temporal, parieto-occipital, infratentorial and basal ganglia). The age-related white matter 

changes (ARWMC) rating scale was used to classify the severity of WMLs 26. A classical brain 

MRI pattern for CADASIL was assessed as present or absent. The BAD was measured on axial 

planes of the T2 modality and defined as the mean of the most rostral, middle and most caudal 

diameter. Furthermore, basilar artery elongation was assessed with the Pico scale 27. For the non-

FD stroke control subjects, only the basilar artery was analysed. To put our data into perspective, 

literature was searched for previous studies in which the BAD was studied in FD and non-FD 

stroke controls.

Statistical analyses MRI data

Data are presented as mean and standard deviation (SD) or median and range where appropriate. 

To compare data between FD patients and non-FD stroke controls, the paired-samples t-test 

was used. The relation between age and BAD was assessed with the use of linear regression 

analysis. Median and range were used to compare data between studies.

RESuLTS
Pre-selected criteria and Delphi procedure

Based on the literature search (supplement) eight brain imaging characteristics were selected as 

potential diagnostic criteria, see table 1. The study team added three general items. 

Consensus panel

Thirteen experts were invited to participate. Two experts supported the initiative, but declined 

due to time constraints. Two general FD specialists (DH, GL), three neuroradiologists (CBM, 

RMa, LV) and six neurologists (AB, PD, LG, FL, IS, NÜ), all experienced in the care for FD 

patients, participated as expert panel members, of whom eight were present during the face-

to-face meeting (AB, PD, LG, FL, GL, RMa, NÜ, LV). The results of the meeting were discussed 

separately with those who could not attend the meeting, and votes were obtained (DH, IS, CM). 

In general, the experts agreed that in an individual who presents with brain disease and a GLA 

variant of unknown significance, and who has concomitant CKD or LVH, the respective kidney 
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12 or heart 11 algorithm should be applied. The recommendations in the current consensus study 

apply to individuals in whom a GLA variant was found, but who do not meet the above criteria for 

a definite diagnosis of FD and present with isolated TIA, stroke or WMLs. Cronbach’s α increased 

from 0.95 in round one to 0.98 in round two, indicating excellent consensus.

accepted statements and criteria

The experts found (nine agreed, two neither agreed nor disagreed) that it is very likely that a TIA, 

stroke, or WMLs is caused by FD if a skin biopsy demonstrates storage characteristic of FD on 

electron microscopy. This statement applies only if the patient does not use certain medications 

that may induce similar storage. However, the prevalence of FD characteristic storage in a skin 

biopsy specimen may be very low among patients with a non-classical phenotype. Therefore, it 

is not recommended to perform skin biopsies in all patients with an uncertain diagnosis of FD to 

confirm the diagnosis.

The pulvinar sign on T1 MRI sequences was discussed as the most specific brain imaging 

characteristic of FD known to date. However, several other causes for the pulvinar sign on T1 

have been reported, such as malnutrition, or human immune deficiency virus infection 15-17. So far, 

no reports have been published on the pulvinar sign in non-FD stroke patients without FD, but 

this has not been sufficiently studied. Consensus was achieved that the presence of a pulvinar 

sign on T1 MRI sequences was not sufficient to confirm FD, but could serve as a ’red flag’. 

Additional assessments are still needed to confirm or exclude the diagnosis of FD in patients 

with TIA, stroke or WMLs and a GLA variant, and in the absence of other causes. 

Table 1. Pre-selected criteria.

Potential diagnostic criteria 

Brain imaging characteristics

Localization of WMLs 

Large number/high load of WMLs

Pulvinar sign on T1 in the absence of other causes

Increased BAD

Arterial tortuosity

Diffusion abnormalities on DWI or DTI

Increased intima-media thickness in the absence of atherosclerotic plaques

Increased cerebral blood flow velocity

General criteria

Storage characteristic of FD on electron microscopy in a skin biopsy

Kidney biopsy in the absence of CKD

(Podocyte) storage characteristic of FD on electron microscopy in a kidney biopsy (in the absence of CKD)

Abbreviations: WMLs: white matter lesions, T1: T1 weighted imaging with magnetic resonance imaging (MRI), BAD: 
basilar artery diameter, DWI: diffusion weighted imaging with MRI, DTI: diffusion tensor imaging with MRI, CKD: 
chronic kidney disease, FD: Fabry disease.
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The panel extensively discussed whether an increased BAD could serve as a confirmative 

criterion or a ‘red flag’ for the diagnosis of FD in patients with an uncertain FD diagnosis. In the 

end, the panel decided that additional MRI analyses were needed to strengthen previous data on 

the applicability of this brain imaging characteristic in establishing the diagnosis of FD 13. 

Rejected statements and criteria

While a brain biopsy is not an option for the individuals discussed here, a kidney biopsy may be 

considered to obtain histological evidence for FD. The experts agreed that individual cases need 

to be discussed with a nephrologist.

The criteria ‘increased intima-media thickness in the absence of atherosclerotic plaques’, 

‘increased cerebral blood flow velocity’, and ‘diffusion abnormalities on DWI or DTI’ were 

rejected by the full panel because of the limited, sometimes even contradictory data, and the 

substantial overlap with healthy controls. The items ‘localization of WMLs’ and ‘large number/

high load of WMLs’ were rejected by all experts because data were not compared to relevant 

control groups. Furthermore, the experts emphasized that the distribution of WMLs in FD is 

similar to what is seen in many other cerebrovascular disorders, and therefore considered 

these criteria not useful for diagnosis. Tortuosity of the basilar artery was rejected as a criterion 

to confirm FD, because a standardized method to define tortuosity is lacking and data are 

limited. While most experts also rejected this feature as a ‘red flag’, three experts felt that 

when a neuroradiologist identifies tortuosity of the cerebral arteries, it could serve as a ’red 

flag’.

Results of additional brain MRI analyses

Thirty-eight FD patients (15 males, Dutch n= 35 and German n= 3) and 38 age and gender 

matched non-FD stroke controls were included. In two cases the age difference between the FD 

patient and non-FD stroke patient was 2 years. Clinical characteristics of FD patients and non-FD 

stroke control patients are shown in table 2. 

Table 2 gives an overview of MRI features in FD patients and non-FD stroke controls. Ten 

FD males (67%) and ten FD females (43%) had one or more WMLs. Most FD patients had 

periventricular WMLs (n= 19, 95%), but deep (n= 8, 40%) and subcortical (n= 11, 55%) WMLs 

were also reported. Two males (13%) and one female (4%) had infratentorial WMLs. None of the 

patients showed a WML pattern as seen in CADASIL patients. 

Table 2 and figure 1 present the details on the BAD measurements. The diameter was increased 

by 1.76 mm (95% CI 1.28-2.23) in male FD patients compared to male non-FD stroke controls and 

by 0.91 mm (95% CI 0.61-1.21) in female FD compared to female stoke patients, but there was 

overlap between FD patients and non-FD stroke controls. A 100% specificity, (95 % CI 85-100%) 

was achieved with a BAD of > 3.3 mm, with a corresponding sensitivity of 58% (22 FD patients, 

12 males). 

Age was not associated with the BAD when all data from FD patients and non-FD stroke controls 

were combined (B= 0.010, 95% CI -0.010-0.030), while an association was found when FD males 
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Table 2. Baseline characteristics and magnetic resonance imaging data.  

FD males FD females
Non-FD s
troke males

Non-FD  
stroke females

n 15 23 15 23

Age, mean (SD) 40 (10) 48 (9) 40 (10) 48 (9)

Treated with ERT % (n) 100 (15) 46 (13) na na

αGalA % median (range) 1.1 (0-4.3) 34.4 (7.5-119.3) na na

≥ 1 Clinical event % (n) 40 (6) 17 (4) na na

Stroke % (n) 20 (3) 4 (1) na na

TIA % (n) 7 (1) 4 (1) na na

LVH % (n) 73 (11) 45 (10/22) na na

Dialysis/kidney transplant % (n) 7 (1) 0 na na

eGFR median (range) 105 (33-132) 96 (94-113) na na

Plasma lysoGb3* median (range) 113.4 (50.5-224.3) 7.0 (2.7-23.5) na na

Pulvinar sign n (%) 5 (33) 0 na na

WMLs, ARWMC scale, median (range):

Frontal 0 (0-3) 0 (0-1) na na

Parieto-occipital 2 (0-3) 0 (0-2) na na

Temporal 0 (0-2) 0 na na

Infratentorial 0 (0-1) 0 (0-1) na na

Basal ganglia 0 (0-2) 0 (0-1) na na

Number of WMLs,  
median (range)

4 (0-30) 0 (0-7) na na

CADASIL pattern % (n) 0 0 na na

Pico scale** median (range) 1 (0-2) 1 (0-2) 0 (0-2) 0 (0-2)

Pico scale** ≥ 1 n (%) 11 (73) 12 (52) 7 (47) 4 (17)

BAD in mm, mean (SD) 
range

4.3 (0.8) 
3.0-5.6

3.3 (0.6) 
2.4-4.5

2.5 (0.4) 
1.8-3.2

2.4 (0.4) 
1.4-3.3

* LysGb3: normal reference ≤ 0.6 nmol/L. 
** Pico scale defined as: 0: midline, 1: medial to lateral margin of the clivus or dorsum sellae, 2: lateral to lateral 
margin of the clivus or dorsum sellae, 3: in the cerebellopontine angle cistern.
Clinical events are defined as cardiac events (arrhythmias, pacemaker or intra cardiac device implantation, myocar-
dial infarction, percutaneous transluminal coronary angioplasty, coronary artery bypass graft or hospitalization for 
heart failure, transient ischemic attack, stroke, dialysis or kidney transplantation. 
Abbreviations: na: not analyzed in the current study, WMLs: white matter lesions, ARWMC: age-related white 
matter changes 26, CADASIL: Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoen-
cephalopathy, BAD: basilar artery diameter. LVH: left ventricular hypertrophy (missing data for 1 FD patient). GFR: 
glomerular filtration rate, in mL/min/1.73m2 (missing data for 2 FD patients) 21. αGalA: α-Galactosidase A activity, in 
nmol/mg/h. LysoGb3: globotriaosylsphingosine, in nmol/L (missing data for 1 FD patient). 
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were considered separately (B= 0.043, 95% CI 0.006-0.081). Such a correlation could not be 

found in FD females or non-FD stroke controls, see figure 2. 

We compared our data with those from the only two previously published studies by Fellgiebel 

et al. 13 and Üçeyler et al. 14 in which the BAD in FD patients was compared to a stroke control 

group and healthy controls, see figure 3. Interestingly, the upper limit of the range of the BAD 

in non-FD stroke controls was the same (3.3 mm) in both our study and that of Fellgiebel et al.. 

The non-FD stroke controls who were included in the study by Üçeyler et al. showed an upper 

limit of the range of 4.2 mm, where a higher age of non-FD stroke controls compared to the FD 

patients should be taken into consideration. Furthermore, the study by Üçeyler et al. found a 

higher upper limit of the range in the healthy control group (5.5 mm). Of note, the data from that 

study by Üçeyler et al. became available only after the face to face meeting and was therefore 

not included in the literature study. 

Based on the results of the current study and data from the two previously published studies, 

the panel agreed that a BAD of > 4.2 mm could serve as a ‘red flag’, but could not confirm a 

diagnosis of FD. 

Diagnostic algorithm

Taking the results of the first two rounds and the additional brain MRI analyses into account, the 

panel came to the diagnostic algorithm for patients with TIA, stroke or WMLs and a GLA GVUS 

(thus having an uncertain diagnosis of FD) presented in figure 4.

Figure 1. Basilar artery diameter in FD patients and non-FD stroke controls. Horizontal lines represent the median. 
Abbreviations: FD: Fabry disease.
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Figure 2. Relation between age and basilar artery diameter. A: males, B: females. Black circles and triangles repre-
sent males, open squares and triangles represent females. Abbreviations: FD: Fabry disease.

Figure 3. Basilar artery diameter in different studies. Horizontal lines represent the median, range is represented by 
the bars. Fellgiebel 13, Üçeyler 14. Abbreviations: FD: Fabry disease.

DISCuSSION
International experts evaluated the available data in the literature to improve the diagnostic 

approach for individuals with TIA, stroke or WMLs, a GLA variant, and an uncertain diagnosis of 

FD. Additional MRI brain analyses in FD patients and age and gender matched non-FD stroke 

controls were subsequently performed to add to the currently available literature. We aimed 
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to improve the diagnosis for patients in whom a GLA variant was already found. The indication 

whom to test for FD is beyond the scope of this study.

The pulvinar sign, on a T1 sequence and in the absence of other causes 15-17 is considered a ’red 

flag’ for FD, indicating that FD is likely, but that there is insufficient information to make a definite 

diagnosis. Confirming the experts’ expectations, the additional MRI analyses revealed that a 

pattern of WMLs as seen in CADASIL is not found in FD patients, and its presence therefore 

excludes FD. Conversely, infratentorial WMLs were sometimes seen in FD patients, dismissing 

the use of this feature to exclude FD. Tortuosity of the basilar artery could not clearly distinguish 

FD patients from no-FD stroke controls. We confirmed previous data that WMLs in FD patients 

may be present in all areas of the brain, and may be located in the periventricular, deep or 

subcortical white matter. 

We specifically studied the BAD as a potential criterion to confirm FD. Based on our data and data 

from two other groups, we concluded that the presence of a BAD > 4.2 mm, is suggestive of FD, 

but cannot confirm the diagnosis of FD in patients with TIA, stroke or WMLs, a GLA GVUS and 

an uncertain diagnosis of FD. However, it is important to note several differences between the 

studies. Fellgiebel et al. concluded that the BAD is a potential screening tool to assess FD in a 

young stroke cohort, and found that 25 FD patients had a significantly increased BAD compared 

to non-FD stroke controls and healthy controls 13. A cut-off of 2.98 mm was identified, with a 

sensitivity of 84% and a specificity of 88.5%. However, the objective of this study differed from 

ours. Fellgiebel et al. were interested in the potential of the BAD for screening for FD among 

stroke patients. In those with an increased BAD measurement of enzyme activity or GLA gene 

Figure 4. Diagnostic algorithm. * Organ specific algorithms for heart and kidney are published in separate articles 
11,12. ** BAD measured on T2 or Time of Flight MRI sequence. *** Follow up in an expert Centre for FD could be 
considered, ERT is not indicated. 
Abbreviations: TIA: transient ischemic attack, WMLs: white matter lesions, GLA gene: α-Galactosidase A gene, CKD: 
chronic kidney disease, LVH: left ventricular hypertrophy, CADASIL: Cerebral Autosomal-Dominant Arteriopathy with 
Subcortical Infarcts and Leukoencephalopathy, FD: Fabry disease.
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sequencing would follow as a second step in the diagnostic work-up of FD. Conversely, patients 

in whom a GLA variant was already found are the subject of this study, making a very high 

specificity (no false positives) of utmost importance. In the study by Fellgiebel et al., no false 

positives were found when a cut-off of  > 3.3 mm was applied to the BAD (FD patients compared 

to non-FD stroke controls, calculated based on original data provided by prof. Fellgiebel, personal 

communication). 

Üçeyler et al. published their data on the BAD in a larger group of 87 FD patients, compared to 

non-FD stroke controls and healthy controls 14. In contrast to our findings, they did not find a 

difference between FD patients and non-FD stroke controls, while FD males had an increased 

BAD compared to healthy male controls. It should be noted, however, that the non-FD stroke 

controls were older than the FD patients. The authors argued that stroke is a disease of older 

age, and that in the absence of a correlation with age, this did not influence the data. While 

Fellgiebel et al. were also not able to identify a correlation between the BAD and age, we did 

find such a correlation, but only for male FD patients. Others have found a correlation between 

age and the BAD in a large group of 466 stroke patients 27, and in a group of 171 patients with 

mixed indications for brain imaging. They reported a 95th percentile of 4.4 mm for the BAD 28. 

While the influence of age remains inconclusive, we believe that this dilemma is overcome for 

the data presented here, by the case-control design of our study. And, although the BAD may 

increase with age (possibly affected by the increased occurrence of vascular diseases 29), this is 

less relevant for the purpose of a correct diagnosis in a patient with an uncertain diagnosis of FD, 

as FD will mostly be considered in patients with young, cryptogenic stroke.

Another issue that needs to be considered is that different methods were used. While the 

above studies used MRI TOF to measure the BAD, this was not available for the current study. 

The measurement on T2-weighted MR images may in theory lead to an overestimation of the 

diameter because measurements include the vessel wall, while TOF measurements represent 

only the lumen. However, TOF measurements are influenced by the blood flow velocity, in that 

they underestimate the diameter if blood flow velocity is low, and overestimate the diameter if 

blood flow velocity is high. A higher blood flow velocity has been reported in FD patients by some 

groups (for overview of studies see the supplement). Therefore, in FD T2-weighted images and 

TOF measurements may both overestimate the BAD.

Furthermore, we used the mean of the BAD at three locations, measured on a 1.5 Tesla system, 

as was also used by Fellgiebel et al., while Üçeyler et al. measured the mid-artery diameter on a 3 

Tesla system. In addition, it is important to realize that the age of the FD patients differs between 

studies, and different criteria for the diagnosis of FD were used.

In our study, only patients with a definite diagnosis of FD were included. In general, these 

patients have a classical FD phenotype, while the patients for whom the algorithm is built have a 

non-classical phenotype or no FD. The BAD of patients with non-classical FD might be normal or 

less clearly increased, making the clinical applicability of this criterion questionable. For validation 

of the criterion, ideally a (prospective) diagnostic accuracy study is performed. For this purpose, a 
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group of individuals presenting with TIA, stroke or WMLs, and a GVUS in the GLA gene in whom 

the diagnosis of FD has been confirmed or excluded is needed. This is, however, hampered 

by the diagnostic dilemmas in these patients, which was the objective for this study in the 

first place. Future studies in patients presenting with LVH or CKD in whom FD is confirmed or 

excluded with the use of the respective algorithms 11,12 might shed a light on this issue.

However, with these limitations in mind, we still believe that a cut-off of > 4.2 mm for the BAD, 

measured on MRI TOF or T2 sequences, is suggestive of FD and can serve as a ’red flag‘ for 

patients with TIA, stroke or WMLs, a GLA variant and an uncertain diagnosis of FD. 

With the current algorithm, it is very likely that a definite diagnosis cannot be established in all 

patients. For individuals in whom the diagnosis remains uncertain, adequate follow-up, including 

extensive and repeated evaluation of all organ systems that are potentially at risk in FD, at a 

centre with expertise on FD is advised. If other complications, such as heart or kidney disease, 

develop, further assessments according to the respective algorithms are indicated 11,12. In patients 

without a definite diagnosis, no specific treatment such as enzyme replacement therapy should 

be started.

In conclusion, there is a need for tools to confirm or reject the diagnosis of FD in patients with 

TIA, stroke or WMLs, a GLA GVUS and an uncertain diagnosis of FD. We are confident that, with 

the current available data, a BAD - measured on MRI TOF or T2, of > 4.2 mm- and a pulvinar sign 

on T1 weighted MRI are suggestive of FD and as such should be considered a ’red flag‘ for FD in 

these patients. While these criteria make the diagnosis of FD likely, they are not confirmative. If 

a WML pattern as seen in CADASIL is present, FD is excluded. Follow- up is advised for those in 

whom a definite diagnosis cannot be established. 
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SuPPLEMENT
Literature search

For the first round, we prepared a systematic review of the relevant literature. PubMed and Embase (1980 – 

current) were searched in July 2013 with the search terms Fabry disease (FD), brain, stroke, and dolichoectasia. 

Synonyms and mesh terms or headings were incorporated in the search. We selected articles based on title 

and abstract. References were cross checked. Only reports in English, French or German, concerning adult 

populations and published in peer reviewed journals were included. In addition, brain specific features in 

adult FD patients and/or healthy or diseased controls had to be reported. Reviews, case reports or series, 

editorials and letters without original data were excluded. Enzyme replacement therapy (ERT) trials were 

included if brain involvement was a main focus of the study and baseline data were available. Only baseline 

data of FD specific features were used (i.e. no ERT given) except when indicated otherwise. If feasible, the 

sensitivity and specificity were calculated and specified for gender. Gender specific calculations were not 

reported if the data were insufficient. Specificity was calculated if a control group with similar presentation 

(e.g. young stroke, small vessel disease) was used to compare data. Specificity was not applicable (n/a) if a 

healthy control group was used to compare data. If the author reported details on the non-classical nature of 

FD patients in the cohort, this data was also captured. Corresponding authors were contacted if additional 

clarification was required. 

Criteria that could be used either to exclude FD or to confirm FD were selected. We aimed to select criteria 

that were compared to other brain/neurological diseases. It should be noted here that a specificity calculation 

based on data in healthy controls, often reaching 90-100%, cannot be applied to the target group with 

neurological disease and a  genetic variant of unknown significance in the GLA gene, because the aim of the 

algorithm is to differentiate between FD and other diseases that may cause similar cerebral manifestations. 

However, the number of papers that fit this criterion was limited (n= 1). Therefore, we selected all papers that 

assessed a brain specific feature in a group of FD patients with or without comparison to patients suffering 

from other brain/neurological diseases. Specificity was therefore mostly not available. 

Statistical considerations

The aim of the literature review was to find criteria that could possibly serve as an entry or exit criterion. We 

searched for criteria with a specificity of at least 90% since the presence of an entry criterion with a high 

specificity confirms a diagnosis of FD; there are no or only very few false positives. Likewise, the presence 

of an exit criterion with a high specificity confirms the presence of another disease than Fabry disease; again, 

there are no or only few false positives. However, because of limited data on comparison of such criteria in 

other brain diseases, we will not exclude criteria with a slightly lower or unknown specificity. Additionally, a 

low sensitivity was accepted in order to include all papers that give information about the brain features of 

Fabry disease. 

The tables below summarize the results of the systematic literature search. The selected articles are 

categorized by the criterion that was studied. A study may appear twice or more if two or more criteria were 

studied by the authors. 

As indicated above, specificity is unknown in most studies, since most features were not studied in non-Fabry 

neurological diseases. Also, sensitivity may be low, and was mostly studied in a combined population of FD 

patients with or without cerebral manifestations and with classical and non-classical phenotypes. Hence, the 

sensitivity may be different in a cohort of non-classical FD only. 
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Literature study results

See Figure 1 and Tables a-j.

a) White matter lesion (WML) load (Fazekas, Visual rating scale [VRS]), White matter (WM) and WML 

volume)

b) WML localization

c) Pulvinar sign

d) Basilar artery diameter

e) Arterial tortuosity

f) DTI/DWI

g) Intima-media thickness (IMT) common carotid artery

h) Blood flow velocity (BFV)

i) Spectroscopy

j) Other

 

Database search 
N=1092 

Selected n=50 

 Conference abstract/paper n=113 
 Screening studies n=25 
 No brain investigations n=114 
 Case study/series n=227 
 Review n=384 
 Epidemiological n=6 
 Clinical trial n=52 
 Comment/editorial n=39 
 Not about FD or lysosomal 

disease n=28 
 Basic science/animal studies 

n=54 

Included n=42 

Exluded full text: 
 Same cohort as other 

study n=1 
 No original data n=3 
 No brain investigations 

n=2 
 Article in Hungarian n=1 
 No full text n=1 

Figure 1. Literature search flow chart.
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a. wML load (Fazekas, Visual rating scale [VRS]), wM and wML volume

Study Patients (controls) Method
(technique and 
quantification 
method)

Fazekas/ Visual 
rating scale (VRS)

Results
(sensitivity and specificity 
of presence of wML)

Comments/ limitations

Albrecht 
20071

FD adults n=25 (15 males)
Controls: Healthy n=20 (12 
males)

•	 MRI 1.5 T
•	 VRS

0 N=11
1 N=7
2 N=7 
No controls with 
VRS2

•	 WML in patients 
exceeded controls 

•	 Age correlated with 
WML load in FD

Sensitivity 56% Specificity n/a

20 Patients on ERT; 22 patients 
and 18 controls part of Fellgiebel 
et al 2006

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: -

•	 MRI 1.5T
•	 Fazekas 

Only for subgroup 
aged >45yrs, n=12. 
I N=1
II N=1
III N=2
 
No data on other 
patients <45 yrs

Sensitivity 33% 
Specificity n/a

Normal values from the literature 
were reported for WM and GM 
volume, but no statistical test 
performed

Buechner 
2008 3

FD adults n=41 (25 males)
Controls: -

•	 MRI (Tesla 
unknown)

•	 Fazekas

0 36%
I unknown
II/III 81% of 
males and 77% of 
females with an 
abnormal MRI 

Abnormal MRI (all features) 
in 64% in males, and 81% 
in females 

Sensitivity of WML unknown
Specificity n/a 

No clear data on Fazekas I; no 
detailed information on WML 
sensitivity

Burlina 
2008 4

FD adults n=36 (16 males)
Controls: -

•	 MRI 1.5T - Sensitivity 25%
Specificity n/a 

9 patients were reported to have 
WMLs, but WMLs were not 
quantified or localized

Crutchfield 
1998 5

FD adults n=50 (50 males)
Controls: -

•	 MRI 1.5T - Sensitivity WML/GML 82% 
Specificity n/a

WML/GML were found in 41/50 
patients of whom 13 patients had 
periventricular WML and 35% 
had lesions in brain stem; lesions 
(in mm, total diameter of WMLs 
combined) showed a positive 
correlation with age 

Duning 
2013 6

FD adults n=23 (12 males)
Controls: Healthy age 
matched n=44 (23 males)

•	 MRI 3T
•	 Fazekas

Mean Fazekas 
score: 1.9, mean 
WML volume: 
2.97 mL

Sensitivity unknown
Specificity n/a

No data on score/volume per 
patient

Takanashi 
2003 7

FD adults  n=10 (9 males)
Controls: -

•	 MRI 1.5 T - Sensitivity 70%
Specificity n/a 

No  quantitative values of WML

Fellgiebel 
2009 8

FD adults  n=25 (10 males)
Controls: Healthy age 
matched n=20 (9 males)

•	 MRI 1.5T
•	 Manually 

traced WML 
(>2mm)

- No significant difference 
between FD and controls

Sensitivity unknown
Specificity n/a

WML volume with a wide spread

Fellgiebel 
2005 9

FD adults n=27 (13 males)
Controls: -

•	 MRI 1.5T
•	 VRS

0 N=12
1 N=6
2 N= 9

Sensitivity 56% 
Specificity n/a

WML = lesion ≥5mm; correlation 
between age and WML scores;
no difference in WML scores 
between males and females

Gavazzi 
2006 10

FD adults n=16 (8 males)
Controls: Healthy age and 
dexterity matched n=16 
(8 males)

•	 MRI 1.5T
•	 Fazekas

Fazekas details 
unknown

Sensitivity 94% 
Specificity n/a

No data on score per patient

Gupta 
2005 11

FD adults n=54 (0 males)
Controls: -

•	 MRI, Tesla 
unknown

- Sensitivity 20%  
Specificity n/a

Lacunar infarction (n=4.7%) 
included in sensitivity

Jardim 
2004 12

FD adults n=8 (7 males)
Controls: -

•	 MRI 1.5T - Sensitivity 50%
Specificity n/a

Low 
2007 13

FD adults n=14 (13 males)
Controls: -

•	 MRI 1.5T - Sensitivity 43%
Specificity n/a

3 patients with discrete infarctions 
in the internal capsule; in 2 
patients these lesions extended 
to the centrum semiovale and 
thalamus
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Study Patients (controls) Method
(technique and 
quantification 
method)

Fazekas/ Visual 
rating scale (VRS)

Results
(sensitivity and specificity 
of presence of wML)

Comments/ limitations

Marino 
2006 14

FD adults n=8 (4 males)
Controls: Healthy age/
gender matched n=8 (4 
males)

•	 MRI 1.5T
•	 Manually 

traced for 
WM volume

- Sensitivity 38%
Specificity n/a

WM volume normalized for head 
size was similar in FD and controls

Moore 
2001 
(July) 15

FD adults n=26 (26 males)
Controls: Healthy n=10 
(number of males 
unknown)

•	 MRI, Tesla 
unknown

- Sensitivity 23% 
Specificity n/a

In 3 patients a mild amount of 
white matter, high-signal
abnormality was found on FLAIR 
imaging; in another 3 patients,
1 - 3 discrete lesions were noted

Moore 
2003 16

FD adults n=26 (26 males)
Controls: Healthy age/
gender matched n=8 (8 
males)

•	 MRI, Tesla 
unknown

- Sensitivity 39%
Specificity n/a

Study patients are a selection of a 
larger cohort of 79 patients

Mortilla 
2007 17

FD adults n=10 (number of 
males unknown)
Controls: -

•	 MRI, Tesla 
unknown

•	 Other rating 
scale

- Sensitivity 100%
Specificity n/a

Non-standardized rating scale  
0: no lesions  
1: mild  
2: moderate  
3: severe involvement 

5 different regions were scored in 
32 sequential scans in 10 patients

Paavilainen 
2013 18

FD patients above 16 years 
of age n=12 (4 males)
Controls: Healthy adults 
n=13 (2 males)

•	 MRI 1.5T
•	 Fazekas

0 n=5
 I n=3
II n= 3
III N=1

Sensitivity 58%
Specificity n/a

Politei 
2006 19

FD patients above 17 years 
of age n=5 (4 males)
Controls: Healthy age 
matched n=5 (number of 
males unknown)

•	 MRI 1.5T - Sensitivity 0%
Specificity n/a

All patients were on ERT

Reisin 
2011 20

Adult FD patients n=36 
(15 males)
Controls: -

•	 MRI, Tesla 
unknown

•	 Simplified 
rating scale 

Sensitivity 44%
Specificity n/a

WML = lesion >5mm, 
hyperintense on FLAIR
Scale: 
mild: focal WML severe: confluent/ 
deep grey matter or multiple 
lesions

1 patient described with normal 
MRI at age 12, and first WML 
at age 13 

Ries et al 
2007 21

FD patients n=109 (85 
males) Males: age 6-58 
years, mean 31, SD 13; 
Females age: 22-72, mean 
42, SD 12
Controls: -

•	 MRI, Tesla 
unknown

- Sensitivity unknown
Specificity n/a

Median WML 0, inter quartile 
range 0-14 in a subset of 49 
patients

Schermuly 
et al 2011 22

FD adults n=25 (10 males)
Controls n=20 (9 males).

•	 MRI 1.5T - Sensitivity unknown
Specificity n/a

WML = lesion >2mm;
manually traced WML: WML 
volume not significantly different 
from controls, but 7 FD patients 
showed marked elevated WML 
volumes

Tedeschi 
1999 23

FD adults n=9 (9 males)
Controls: Healthy age 
and gender matched 
n=20 (number of males 
unknown)

•	 MRI 1.5T - Sensitivity 44%
Specificity n/a

Vedder 
2007 24

FD adults n=66 (25 males) 
including 7 individuals with 
a GLA variant associated 
with an uncertain diagnosis 
or non-classical phenotype 
(p.P60L n=1 and p.R112H 
n=6)

•	 MRI, Tesla 
unknown

- Sensitivity unknown
Specificity n/a

Lacunar infarctions in 38%, WML 
not reported
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Study Patients (controls) Method
(technique and 
quantification 
method)

Fazekas/ Visual 
rating scale (VRS)

Results
(sensitivity and specificity 
of presence of wML)

Comments/ limitations

Whybra  
2001 25

FD patients n=4 (0 males)
Age 12-65 years, mean 38

•	 MRI, Tesla 
unknown

- Sensitivity unknown
Specificity n/a

Multiple lesions in a 58-year-old 
woman and lesions to a minor 
extend in 2 others; details on 
type of lesions only specified in 
1 patient

Comments

•	 Sensitivity ranged between 0 and 100%, i.e. not all FD patients have WMLs, especially the younger FD 

patients

•	 The results may not apply to individuals with a GVUS and stroke/WML, because they often present with 

changes of the white matter with an uncertain etiology

•	 Specificity of WML load could not be calculated since no comparison was made to other diseases that 

may cause WMLs

•	 WMLs have been described in pediatric FD patients but increase with age 
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b. wML- localization

Study Patients (controls) Method Results Comments/ limitations

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: Healthy age matched (doppler only)  
n=20 (number of males unknown)

•	 MRA 1.5 T WML mainly located in the 
periventricular and fronto-
temporal regions

No individual data, no 
standardized method

Buechner 
2008 3

FD adults n=41 (25 males)
Controls: -

•	 MRI, Tesla 
unknown

If MRI abnormality in males: 
vertebrobasilar area and 
carotid area (n=6/6)
Females: carotid area 
(n=5/5), and vertebrobasilar 
area (n=2/5)

No data on individual patients 
or spread 

Crutchfield 
1998 5

FD adults n=50 (50 males)
Controls: -

•	 MRI 1.5T 13 patients had 
periventricular WML 

No data on individual patients 
or spread 

Duning 
2013 6

FD adults n=23 (12 males)
Controls: Healthy age matched n=44 (23 
males)

•	 MRI 3T The symmetrical WM 
changes were most 
prominent in the frontal 
lobes, the midbrain, and in 
the brainstem

No data on individual patients 
or spread 

Jardim 
2004 12

FD adults n=8 (7 males)
Controls: -

•	 MRI 1.5T Predominantly in the carotid 
distribution

No data on individual patients 
or spread 

Moore 
2003 16

FD adults n=16 (16 males)
Controls: Healthy age and gender matched 
n=8 (8 males)

•	 MRI, Tesla 
unknown

Predominantly posterior and 
periventricular

No data on individual patients 
or spread 

Mortilla  
2007 17

FD adults n=10 (number of males unknown)
Controls: -

•	 MRI, Tesla 
unknown

Preferential localizations: 
periventricular white matter 
and centrum semiovalis 
which
were involved earlier than 
the brainstem and basal 
ganglia

No data on individual patients 
or spread 

32 sequential scans in 10 
patients

Reisin 
2011 20

FD patients n=36 (15 males)
Controls: -

•	 MRI, Tesla 
unknown

Lesions predominated in 
the anterior circulation in 7 
and posterior circulation in 3 
patients; Equal distribution 
between posterior and 
anterior circulation in 6 
patients

No data on individual patients 
or spread 

Whybra 
2001 25

FD patients n=4 (0 males)
Age 12-65 years, mean 38

•	 MRI, Tesla 
unknown

Frontoparietal region and 
thalamus, in central and 
subcortical white matter

Localization based on multiple 
lesions in a 58-year-old 
woman, not described for 
2 other patients with MRI 
abnormalities 

Comments: 

•	 WMLs are described in both the anterior and posterior circulation. Periventricular white matter was most 

often described as localization in terms of sub-cortical or deep white matter involvement

•	 WML localization was not studied in a standardized way

•	 No comparison was made to other diseases that may cause WMLs

•	 Sensitivity and specificity could not be calculated
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c. Pulvinar Sign

Study Patients (controls) Method Results Comments/ limitations

Albrecht 
2007 1

FD adults n=25 (15 males)
Controls: Healthy n=20 (12 males)

•	 MRI 1.5 T Sensitivity 8% (males 20%, 
females 0%) 
Specificity n/a

20 Patients on ERT; 22 patients and 18 
controls part of Fellgiebel et al 2006

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: -

•	 MRI 1.5 T Sensitivity 0%
Specificity n/a

Buechner 
2008 3

FD adults n=41 (25 males)
Controls: -

•	 MRI, Tesla 
unknown

Sensitivity 5% (males 8%, females 
0%)
Specificity n/a

Burlina 
2008 4

FD adults n=36 (16 males) 
Controls: -

•	 MRI 1.5T Sensitivity 14% (males 31%, 
females 0%)
Specificity n/a

All patients with the pulvinar sing were 
ERT treated. 

Moore 2003 
(Jun) 26

FD patients (including 13 children) 
n=94 (94 males)
Controls: -

•	 MRI Sensitivity 23% 
Specificity n/a

Prevalence increased with age. 

Gavazzi 
2006 10

FD adults n=16 (8 males)
Controls: Healthy age and 
dexterity matched n=16 (8 males)

•	 MRI 1.5T Sensitivity 6% (males 13%, 
females 0%)
Specificity n/a

Reisin 
2011 20

FD patients n=36 (15 males) 
Controls: -

•	 MRI, Tesla 
unknown

Sensitivity 0%
Specificity n/a

Pulvinar sign was seen in one patient 
on dialysis, this patient was excluded 
from the study (unknown reasons)

Takanashi 
2003 7

FD adults n=10 (9 males) 
Controls: -

•	 MRI 1.5 T Sensitivity 70% (89% males, 0% 
females)
Specificity n/a

Comments

•	 Sensitivity is low with a range of 0-70%, in male patients only; a case report by Burlina et al reported the 

pulvinar sign in two young females with FD, in the absence of WMLs and considerable cardiac or renal 

involvement (1 had microalbuminuria) 27

•	 The pulvinar sign has been described in total parenteral nutrition with hyperintensities mainly in the globus 

pallidus 28, liver failure 4, HIV infection4, von Hippel Lindau disease 4, CNS infection 29 and whole brain 

radiation/chemo-radiation 4  

•	 Specificity could not be calculated from the available data. However, in the literature, the pulvinar sign has 

only been associated with a few other conditions that are easily distinguished from FD on clinical grounds
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d. basilar artery diameter (baD)

Study Patients (controls) Method Results Comments/ limitations

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: -

•	 MRI/MRA 
1.5 T

Mean BAD FD 3.66 mm (SD 
0.72)
Sensitivity unknown
Specificity n/a

Cut off values were not reported, therefore 
sensitivity and specificity could not be 
calculated

Fellgiebel 
2011 30

FD adults n=53 (24 males)
Controls: Healthy age matched n=20 (9 
males) AND young stroke patients n=26 
(9 males)

•	 MRI/MRA 
1.5T

Compared to young stroke 
patients: Sensitivity 84% 
Specificity 88.5% 
(males/females unknown)

Both men and women with FD had increased 
BADs compared to the age-matched stroke 
patient group (p<0.0005). Also the MCA 
and the carotid artery were significantly 
increased in diameter compared to stroke 
controls. For predictive properties AUC of 
the ROC curve was used. a baD cut off 
of 2.98mm was used for sensitivity and 
specificity calculation. The measurement 
was reliable and reproducible.

Fellgiebel 
2009 8

FD adults n=25 (10 males)
Controls: Healthy age matched n=20 
(9 males)

•	 MRI 1.5T All large vessels except the 
anterior cerebral artery were 
significantly dilated in FD for 
total group and sub analysis for 
men and women

With BAD cut-off of 2.67mm: 
Sensitivity 95%  (males/
females unknown)
Specificity n/a

Larger BAD in men than women with FD 
(p 0.006).
With cut off value for BAD of 2.67mm: 
accuracy 87 % (correctly classified in FD or 
control group). 
Specificity based on healthy controls was 
83%

Gavazzi 
2006 10

FD adults n=16 (8 males)
Controls: Healthy age and dexterity 
matched n=16 (8 males)

•	 MRI/MRA 
1.5T

Sensitivity 13% (males 20%, 
females 13%)
Specificity n/a

Vertebrobasilar dolichoectasia was present in 
2 males with FD, no detailed data available 
(not the main subject of the study)

Gupta 
2005 11

FD adults n=50 (0 males)
Controls: -

•	 MRI/MRA, 
Tesla 
unknown 

Sensitivity 20% 
Specificity n/a

No details on cut off and type of arteries; 
sensitivity includes dolichoectasia and 
stenosis/occlusion, not further specified

Jardim 
2004 12

FD adults n=8 (7 males)
Controls: -

•	 MRI/MRA 
1.5T

Sensitivity 13% (males/females 
unknown)
Specificity n/a

Dolichoectasia, no details on cut off and type 
of arteries

Low 
2007 13

FD adults n=14 (13 males)
Controls: -

•	 MRI/MRA 
1.5T

Sensitivity 7% (males/females 
unknown)
Specificity n/a

Sensitivity was based on 1 patient that had 
a basilar artery aneurysm, no details on cut 
off value

Schermuly 
2011 22

FD adults n=25 (10 males)
Controls n=20 (9 males)

•	 MRI 1.5T Sensitivity unknown
Specificity n/a

BAD significantly increased in FD patients 

Comments

•	 Sensitivity was variable (range 7 – 95%). The FD patients studied were mainly patients with a classical 

phenotype. 

•	 Specificity was investigated in one study (Fellgiebel 2011), comparing young stroke patients with and 

without FD  .

•	 Technical differences between MRI scanners may influence the results; possibly local reference values 

should be obtained before this feature may be used as a diagnostic tool
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e. arterial tortuosity

Study Patients (controls) Method Results Comments/ limitations

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: Healthy age matched (Doppler only) 
n=20 (number of males unknown)

•	 MRI/MRA 
1.5 T

Sensitivity 67% (males 60%, 
females 71%)
Specificity n/a

Predominantly internal carotid, 
MCA, BA tortuosity 

Low 
2007 13

FD adults n=14 (13 males)
Controls: -

•	 MRI/MRA 
1.5T

Sensitivity 21%
Specificity n/a

3 patients with basilar artery 
tortuosity

Comments

•	 Sensitivity ranged between 21 and 71%. Tortuosity was not studied in a standardized way. 

•	 Tortuosity was not compared to a control group with small vessel disease/young stroke to calculate 

specificity.

f. DTI/DwI

Abbreviations: MD: mean diffusivity and Fa: Functional Anisotropy

Study Patients (controls) Method Results Comments/ limitations

Albrecht 
2007 1

FD adults n=25 (15 males)
Controls: Healthy n=20 (12 males)

•	 MRI 1.5 T MD: increased in FD
FA: no significant difference

Statistical differences and correlations 
reported.
20 Patients on ERT; 22 patients and 
18 controls part of Fellgiebel et al 
2006

Duning 
2013 6

FD adults n=23 (12 males)
Controls: Healthy age matched n=44 
(23 males)

•	 MRI 3T MD: not reported
FA: Widespread decline in FD 
vs controls

In general, the clusters of FA 
reductions significantly exceeded the 
WM hyper intensities that were seen 
on conventional MRI

Fellgiebel 
2009 8

FD adults n=25 (10 males)
Controls: Healthy age matched n=20 
(9 males)

•	 MRI 1.5T MD: significantly elevated in FD 
(p 0.041)
FA: not reported

No FA because in previous study no 
difference between FD and healthy 
controls was found (Albrecht 2007/
Fellgiebel 2006)

Fellgiebel 
2006 31

FD adults n=27 (13 males)
Controls: Healthy age matched n=21 
(12 males)

•	 MRI 1.5T MD: increased in FD, maximum 
MD elevations in frontal parietal 
and temporal white matter
FA: no significant difference

Clear overlap in values of controls and 
FD patients 

Moore 
2002 32

FD adults n=17 (17males)
Controls: Healthy n=8 (8 males)

•	 MRI 1.5T MD: Significant increase of 
average brain diffusion in  FD 
patients

Clear overlap in values of FD patients 
and controls

Paavilainen 
2013 18

FD patients above 16 years of age 
n=12 (4 males)
Controls: Healthy adults n=13 (2 males)

•	 MRI 1.5T MD: elevated in FD patients
FA: decreased FA in FD patients 

58% (n=7) of FD patients ERT treated
FA: only slight overlap with controls, 
no cut off defined for sensitivity/
specificity calculation

Politei 
2006 19

FD patients above 17 years of age n=5 
(4 males)
Controls: Healthy age matched n=5 
(number of males unknown)

•	 MRI 1.5T DWI mean apparent diffusion 
coefficient increased compared 
to controls

All patients were ERT treated

Schermuly 
2011  22

FD adults n=25 (10 males)
Controls n=20 (9 males)

•	 MRI 1.5T MD: significant increase in FD FA not reported

Comments

•	 Sensitivity could not be calculated, as in most studies only p-values were available to show significant 

difference between patients and healthy controls. However, the sensitivity is unlikely to be very high, since 

there was considerable overlap between FD and healthy cohorts

•	 Specificity could not be calculated as no comparison with a young stroke cohort or other CNS disorders 

was made, but is unlikely to be very high, as diffusion changes have been described in other neurological 

diseases in which brain tissue alterations occur, such as stroke and multiple sclerosis.
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g. Intima-media thickness (IMT) common carotid artery

Study Patients (controls) Method Results Comments/ limitations

Boutouyrie 
2002 33

FD adults n=21 (21 males)
Controls: Healthy age and gender 
matched n=24 (24 males)

•	 High definition 
ultrasonography

•	 Aplanation tonometry 
(measurement of 
arterial pressure.)

Carotid IMT mildly but 
significantly increased in 
FD patients

Groups overlap, no cut off defined

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: Healthy age matched 
n=20 (number of males unknown)

•	 Trans cranial vascular 
ultrasound/doppler

FD: No atherosclerotic 
plaques, no stenosis

Barbey et 
al 2006 34

FD adults n=53 (24 males)
Controls: Healthy age matched 
n=120 (83 males)

•	 High definition 
ultrasonography

IMT increased in FD

Atherosclerotic plaques:
FD 0%
Controls 34%

Kalliokoski 
2006 35

FD adults n=17 (7 males)
Controls: Healthy age, gender and 
smoking matched n=34 (16 males)

•	 Ultrasound Significant increase in 
IMT of carotid, no cut off 
defined; groups overlap

9 patients ERT treated 15-20 months, 
no difference between treated and 
untreated FD patients, no difference in 
arterial compliance

Comments

•	 Sensitivity could not be determined as only statistical comparisons with healthy individuals were made. 

However, the sensitivity is unlikely to be very high, since there was considerable overlap between FD and 

healthy cohorts 

•	 Atherosclerotic plaques were not present in FD patients in these studies. However, atherosclerotic lesions 

have been described in FD patients 36
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h. blood flow velocity (bFV)

Study Patients (controls) Method Results Comments/ 
limitations

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: Healthy age matched (Doppler 
only) n=20 (number of males unknown)

•	 Trans cranial 
vascular ultrasound/
doppler

Significantly reduced PCA BVF, lower 
gain and lower rate time in FD patients

Hilz 
2004 37

FD adults n=22 (22males)
Controls: healthy age and sex matched 
n=24 (24 males)

•	 Trans cranial doppler BFV of the MCA was measured; BFV 
significantly decreased in FD patients 

Moore 
2001 15

FD adults n=26 (26 males)
Controls: Healthy n=10 (10 males)

•	 Resting BFV using 
PET procedure with 
[15O] H2O

Hyperperfusion mainly in posterior 
circulation, but also to a lesser extend 
in the anterior circulation

Moore 
2001 38

FD adults n=26 (26 males)
Controls: Healthy n=10 (10 males)

•	 Resting BFV using 
PET procedure with 
[15O] H2O

No difference in resting global cerebral 
blood flow (CBF) velocity, but regional 
increase of CBF velocity in FD (in 
brain stem, cerebellum, and bilateral 
temporal, posterior occipital, and 
inferior frontal regions)

Moore 
2002 39

FD adults n=26 (26 males)
Controls: Healthy n=10 (10 males)

•	 Functional cerebral 
BFV with visual 
stimulation and 
acetozolamide 
challenge with PET 
procedure with 
[15O] H2O

Significant increase in resting CBF 
velocity in FD patients after visual 
stimulation and acetozolamide 
challenge

Moore 
2002 40 

(Feb)

FD adults n=63 (63 males)
Controls: Healthy n=31 (31 males)

•	 Trans cranial doppler Significant increase in BFV in MCA and 
PCA in FD

No cut off, large 
overlap in data

Moore 
2003 16

FD adults n=26 (26 males)
Controls: Healthy age and gender 
matched n=8 (8 males)

•	 MRI Tesla unknown Resting CBF was significantly 
increased in both WML group and no 
WML group compared to controls 
p<0.01

Data not shown

Uçeyler 
2012 41

FD patient age 17-72 years
N=68 (33 males) 
Controls: healthy n=77 (36 males)

•	 Extra- and 
transcranial Doppler

Increase in BFV on extra cranial 
Doppler in FD patients for internal 
carotid artery (mean flow and end-
diastolic flow velocity) but within 
normal range

N=23 on ERT; 
conclusion that 
the statistical 
differences are 
not biologically 
meaningful 

Comments

•	 Sensitivity could not be determined as only statistical comparisons with healthy individuals were made. 

However, the sensitivity is unlikely to be very high, since there was considerable overlap between FD and 

healthy cohorts 

•	 Specificity could not be calculated as no comparison with a young stroke cohort or other CNS disorders 

was made
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i. Spectroscopy

Study Patients (controls) Method Results Comments/ 
limitations

Gavazzi 
2006 10

FD adults n=16 (8 males)
Controls: Healthy age and dexterity 
matched n=16 (8 males)

•	 MRI 1.5T No difference between patients and controls for 
concentration of N-acetyl aspartate, creatine and 
choline; during motor tasks FD patients show 
recruitment of additional cortical areas

Sensitivity unknown
Specificity n/a

Gruber 
2010 42

FD adults n=7 (4 males)
Controls: healthy age and gender 
matched n=8 (4 males)

•	 MRI 3T No difference of metabolites between patients and 
controls

Sensitivity unknown
Specificity n/a

Jardim 
2004 12

FD adults n=5 (number of males 
unknown)
Controls: -

•	 MRI 1.5T 3 patients with abnormal MRS metabolites had no 
lesions on MRI

Sensitivity 83%
Specificity n/a

Sensitivity based 
on predefined 
normal values

Marino 
2006 14

FD adults n=8 (4 males)
Controls: Healthy age and gender 
matched n=8 (4 males)

•	 MRI 1.5T Values of central brain of N-acetyl aspartate/creatine 
were different between FD patients and controls 
p<0.02

Sensitivity unknown
Specificity n/a

Politei 
2006 19

FD patients above 17 years of age n=5 
(4 males)
Controls: Healthy age matched n=5 
(number of males unknown)

•	 MRI 1.5T N-acetyl aspartate/creatine  ratio and choline/creatine 
ration were not different compared to controls

Sensitivity unknown
Specificity n/a

All patients were 
ERT treated

Tedeschi 
1999 23

FD adults n=9 (9 males)
Controls: Healthy age and gender 
matched n=20 (number of males 
unknown) 

•	 MRI 1.5T N-acetyl aspartate/creatine ratio and N-acetyl 
aspartate/choline ratio were reduced in FD patients 
in the temporal region of interest; no difference in 
choline/creatine ratio was found
Sensitivity unknown
Specificity n/a

Comments

•	 Sensitivity could not be determined as only statistical comparisons with healthy individuals were made. 

However, the sensitivity is unlikely to be very high, since there was considerable overlap between FD and 

healthy cohorts

•	 Specificity could not be calculated as no comparison with a young stroke cohort or other CNS disorders 

was made



Consensus recommendation: TIA, stroke, white matter lesions

131

5

j. Other

Study Patients (controls) Method Results Comments/ limitations

Fellgiebel 2012 43

hippocampal 
volume

FD adults n=25 (10 males) 
Controls Healthy age/education 
matched n=20 (number of 
males unknown)

•	 MRI 1.5 T 
hippocampus

Smaller hippocampal 
volumes (normalized for GM 
and WM volumes) in FD

Sensitivity unknown
Specificity n/a

No difference in depression rate between 
FD and controls, depression severity did 
not correlate with hippocampal volume; 
no difference between FD women and 
female controls

Germain 2006 44

Chiari 
malformations

FD adults n=51 (44 males)
Controls: -

•	 MRI 1.5T Sensitivity 4% 
Specificity n/a

Study was initiated based on case report 
of FD male with a chiari malformation

Moore 2003 16

PET
FD adults n=16 (16 males)
Controls: Healthy age and 
gender matched n=8 (8 males)

•	 PET scanner Sensitivity unknown
Specificity n/a

No significant difference in the mean 
regional cerebral glucose utilization, but 
decreased in some regions, also in FD 
patients without WML

Ortu 2013 45

Motor cortex 
excitability 

FD adults n=11 (4 males)
Controls: Healthy age and 
gender matched

•	 EMG and 
transcranial 
magnetic 
stimulation

Increased activity of motor 
glutamergic excitatory 
circuits in FD patients
Sensitivity unknown
Specificity n/a

No cut off value defined 

Reisin 2011 20

Microbleeds
FD patients n=36 (15 males) 
Controls: -

•	 MRI, Tesla 
unknown

•	 Gradient Echo 
sequence

Sensitivity 11%
Specificity n/a



132

Chapter 5

REFERENCES
1. Albrecht J, Dellani PR, Muller MJ et al. Voxel 

based analyses of diffusion tensor imaging in 

Fabry disease. J Neurol Neurosurg Psychiatry 

2007;78(9):964-969.

2. Azevedo E, Mendes A, Seixas D et al. Functional 

transcranial Doppler: presymptomatic changes 

in Fabry disease. Eur Neurol 2012;67(6):331-337.

3. Buechner S, Moretti M, Burlina AP et al. Central 

nervous system involvement in Anderson-Fabry 

disease: a clinical and MRI retrospective study. 

J Neurol Neurosurg Psychiatry 2008;79(11):1249-

1254.

4. Burlina AP, Manara R, Caillaud C et al. The 

pulvinar sign: frequency and clinical correlations 

in Fabry disease. J Neurol 2008;255(5):738-744.

5. Crutchfield KE, Patronas NJ, Dambrosia 

JM et al. Quantitative analysis of cerebral 

vasculopathy in patients with Fabry disease. 

Neurology 1998;50(6):1746-1749.

6. Duning T, Deppe M, Brand E et al. Brainstem 

involvement as a cause of central sleep apnea: 

pattern of microstructural cerebral damage in 

patients with cerebral microangiopathy. PLoS 

One 2013;8(4):e60304.

7. Takanashi J, Barkovich AJ, Dillon WP, Sherr EH, 

Hart KA, Packman S. T1 hyperintensity in the 

pulvinar: key imaging feature for diagnosis 

of Fabry disease. AJNR Am J Neuroradiol 

2003;24(5):916-921.

8. Fellgiebel A, Keller I, Marin D et al. Diagnostic 

utility of different MRI and MR angiography 

measures in Fabry disease. Neurology 

2009;72(1):63-68.

9. Fellgiebel A, Muller MJ, Mazanek M, Baron K, 

Beck M, Stoeter P. White matter lesion severity 

in male and female patients with Fabry disease. 

Neurology 2005;65(4):600-602.

10. Gavazzi C, Borsini W, Guerrini L et al. Subcortical 

damage and cortical functional changes in men 

and women with Fabry disease: a multifaceted 

MR study. Radiology 2006;241(2):492-500.

11. Gupta S, Ries M, Kotsopoulos S, Schiffmann R. 

The relationship of vascular glycolipid storage 

to clinical manifestations of Fabry disease: 

A cross-sectional study of a large cohort 

of clinically affected heterozygous women. 

Medicine 2005;84:261-268.

12. Jardim L, Vedolin L, Schwartz IV et al. CNS 

involvement in Fabry disease: clinical and 

imaging studies before and after 12 months of 

enzyme replacement therapy. J Inherit Metab 

Dis 2004;27(2):229-240.

13. Low M, Nicholls K, Tubridy N et al. Neurology of 

Fabry disease. Intern Med J 2007;37(7):436-447.

14. Marino S, Borsini W, Buchner S et al. Diffuse 

structural and metabolic brain changes in Fabry 

disease. J Neurol 2006;253(4):434-440.

15. Moore DF, Herscovitch P, Schiffmann R. Selective 

arterial distribution of cerebral hyperperfusion 

in Fabry disease. J Neuroimaging 2001;11(3):303-

307.

16. Moore DF, Altarescu G, Barker WC, Patronas 

NJ, Herscovitch P, Schiffmann R. White matter 

lesions in Fabry disease occur in ‘prior’ 

selectively hypometabolic and hyperperfused 

brain regions. Brain Res Bull 2003;62(3):231-240.

17. Mortilla M, Borsini W, Antonello M, Buchner 

S, Fonda C. MR imaging in Anderson-Fabry 

disease: What are we expected to find? 

Neuroradiology Journal 2007;20:632-636.

18. Paavilainen T, Lepomaki V, Saunavaara J et al. 

Diffusion tensor imaging and brain volumetry 

in Fabry disease patients. Neuroradiology 

2013;55(5):551-558.

19. Politei JM, Capizzano AA. Magnetic resonance 

image findings in 5 young patients with Fabry 

disease. Neurologist 2006;12(2):103-105.

20. Reisin RC, Romero C, Marchesoni C et al. Brain 

MRI findings in patients with Fabry disease. J 

Neurol Sci 2011;305(1-2):41-44.

21. Ries M, Kim HJ, Zalewski CK et al. Neuropathic 

and cerebrovascular correlates of hearing loss 

in Fabry disease. Brain 2007;130(Pt 1):143-150.

22. Schermuly I, Muller MJ, Muller KM et al. 

Neuropsychiatric symptoms and brain 

structural alterations in Fabry disease. Eur J 

Neurol 2011;18(2):347-353.

23. Tedeschi G, Bonavita S, Banerjee TK, Virta 

A, Schiffmann R. Diffuse central neuronal 

involvement in Fabry disease: a proton MRS 

imaging study. Neurology 1999;52(8):1663-1667.

24. Vedder AC, Linthorst GE, van Breemen MJ et 

al. The Dutch Fabry cohort: diversity of clinical 



Consensus recommendation: TIA, stroke, white matter lesions

133

5

manifestations and Gb3 levels. J Inherit Metab 

Dis 2007;30(1):68-78.

25. Whybra C, Kampmann C, Willers I et al. 

Anderson-Fabry disease: clinical manifestations 

of disease in female heterozygotes. J Inherit 

Metab Dis 2001;24(7):715-724.

26. Moore DF, Ye F, Schiffmann R, Butman JA. 

Increased signal intensity in the pulvinar on 

T1-weighted images: a pathognomonic MR 

imaging sign of Fabry disease. AJNR Am J 

Neuroradiol 2003;24(6):1096-1101.

27. Burlina AP, Politei J, Cinque S et al. The pulvinar 

sign in Fabry patients: the first report in female 

patients. J Neurol 2012;259(6):1227-1228.

28. Mirowitz SA, Westrich TJ, Hirsch JD. 

Hyperintense basal ganglia on T1-weighted 

MR images in patients receiving parenteral 

nutrition. Radiology 1991;181(1):117-120.

29. Sahraian MA, Motamedi M, Azimi AR, 

Hasan Paknejad SM. Bilateral pulvinar 

thalamic calcification in a patient with 

chronic cryptococcal meningitis. Eur J Neurol 

2007;14(4):e1-e2.

30. Fellgiebel A, Keller I, Martus P et al. Basilar 

artery diameter is a potential screening tool 

for Fabry disease in young stroke patients. 

Cerebrovasc Dis 2011;31(3):294-299.

31. Fellgiebel A, Mazanek M, Whybra C et al. Pattern 

of microstructural brain tissue alterations in 

Fabry disease: a diffusion-tensor imaging 

study. J Neurol 2006;253(6):780-787.

32. Moore DF, Schiffmann R, Ulug AM. Elevated 

CNS average diffusion constant in Fabry 

disease. Acta Paediatr Suppl 2002;91(439):67-68.

33. Boutouyrie P, Laurent S, Laloux B, Lidove O, 

Grunfeld JP, Germain DP. Arterial remodelling 

in Fabry disease. Acta Paediatr Suppl 

2002;91(439):62-66.

34. Barbey F, Brakch N, Linhart A et al. Increased 

carotid intima-media thickness in the absence 

of atherosclerotic plaques in an adult 

population with Fabry disease. Acta Paediatr 

Suppl 2006;95(451):63-68.

35. Kalliokoski RJ, Kalliokoski KK, Penttinen M et al. 

Structural and functional changes in peripheral 

vasculature of Fabry patients. J Inherit Metab 

Dis 2006;29(5):660-666.

36. Schiffmann R, Rapkiewicz A, Abu-Asab M et al. 

Pathological findings in a patient with Fabry 

disease who died after 2.5 years of enzyme 

replacement. Virchows Arch 2006;448(3):337-

343.

37. Hilz MJ, Kolodny EH, Brys M, Stemper 

B, Haendl T, Marthol H. Reduced cerebral 

blood flow velocity and impaired cerebral 

autoregulation in patients with Fabry disease. 

J Neurol 2004;251(5):564-570.

38. Moore DF, Scott LT, Gladwin MT et al. Regional 

cerebral hyperperfusion and nitric oxide 

pathway dysregulation in Fabry disease: 

reversal by enzyme replacement therapy. 

Circulation 2001;104(13):1506-1512.

39. Moore DF, Altarescu G, Herscovitch P, 

Schiffmann R. Enzyme replacement reverses 

abnormal cerebrovascular responses in Fabry 

disease. BMC Neurol 2002;2:4.

40. Moore DF, Altarescu G, Ling GS et al. Elevated 

cerebral blood flow velocities in Fabry disease 

with reversal after enzyme replacement. Stroke 

2002;33(2):525-531.

41. Uceyler N, He L, Kahn AK, Breunig F, Mullges 

W, Sommer C. Cerebral blood flow in patients 

with Fabry disease as measured by Doppler 

sonography is not different from that in healthy 

individuals and is unaffected by treatment. J 

Ultrasound Med 2012;31(3):463-468.

42. Gruber S, Bogner W, Stadlbauer A, Krssak M, 

Bodamer O. Magnetic resonance spectroscopy 

in patients with Fabry and Gaucher disease. Eur 

J Radiol 2011;79(2):295-298.

43. Fellgiebel A, Wolf DO, Kolodny E, Muller 

MJ. Hippocampal atrophy as a surrogate of 

neuronal involvement in Fabry disease. J Inherit 

Metab Dis 2012;35(2):363-367.

44. Germain DP, Benistan K, Halimi P. Chiari type 

I malformation in four unrelated patients 

affected with Fabry disease. Eur J Med Genet 

2006;49(5):419-425.

45. Ortu E, Fancellu L, Sau G et al. Primary motor 

cortex hyperexcitability in Fabry’s disease. Clin 

Neurophysiol 2013;124(7):1381-1389.





Linda Van der Tol1, David Cassiman2, Gunnar Houge3, Mirian Janssen4, Robin H Lachmann5, 

Gabor E Linthorst1, Uma Ramaswami6, Claudia Sommer7, CamillaTøndel8, Michael L West9, 

Frank Weidemann10, Frits A Wijburg11, Einar Svarstad12, Carla EM Hollak1, 

Marieke Biegstraaten1

1. Department of Internal Medicine, division Endocrinology and Metabolism, Amsterdam 

lysosome centre ‘Sphinx’, Academic Medical Center, University of Amsterdam, Amsterdam, 

The Netherlands2. Department of Hepatology and Metabolic Center, University Hospital 

Gasthuisberg, Leuven, Belgium 3. Center for Medical Genetics and Molecular Medicine, 

Haukeland University Hospital, Bergen, Norway 4. Department of Internal Medicine, Radboud 

University Nijmegen Medical Centre, Nijmegen, The Netherlands 5. Charles Dent Metabolic 

Unit, National Hospital for Neurology and Neurosurgery, London, UK 6. Department of 

lysosomal storage disorders, Royal Free Hospital, London, UK 7. Department of Neurology, 

University Hospital of Würzburg, Würzburg, Germany 8. Department of Pediatrics, Haukeland 

University Hospital, Bergen, Norway 9. Department of Nephrology, Dalhousie University, 

Halifax, Nova Scotia, Canada 10. Department of Cardiology, University Hospital of Würzburg, 

Würzburg, Germany 11. Department of Pediatrics, Metabolic diseases, Amsterdam lysosome 

centre ‘Sphinx’, Academic Medical Center, University of Amsterdam, Amsterdam, The 

Netherlands 12. Department of Clinical Medicine, University of Bergen and Department of 

Medicine, Haukeland University Hospital, Bergen, Norway

ChaPTER 6
Uncertain diagnosis of Fabry disease in patients 
with neuropathic pain, angiokeratoma or cornea 

verticillata: consensus on the approach to 
diagnosis and follow-up

Journal of Inherited Metabolic Disease Reports 2014; 17:83-90



136

Chapter 6

abSTRaCT
Introduction

Individuals with neuropathic pain, angiokeratoma (AK) and/or cornea verticillata (CV) may 

be tested for Fabry disease (FD). Classical FD is characterised by a specific pattern of these 

features. When a patient presents with an non-specific pattern, the pathogenicity of a variant in 

the α-galactosidase A (GLA) gene may be unclear. This uncertainty often leads to considerable 

distress and inappropriate counselling and treatment. We developed a clinical approach for these 

individuals with an uncertain diagnosis of FD.

Materials and Methods

A document was presented to a FD expert panel with background information based on clinical 

experience and the literature, followed by an online survey and a written recommendation.

Results

The 13 experts agreed that the recommendation is intended for individuals with neuropathic 

pain, AK and/or CV only, i.e. without kidney, heart or brain disease, with an uncertain diagnosis of 

FD. Only in the presence of FD specific neuropathic pain (small fibre neuropathy with FD specific 

pattern), AK (FD specific localisations) or CV (without CV inducing medication), FD is confirmed. 

When these features have a non-specific pattern, there is insufficient evidence for FD. If no 

alternative diagnosis is found, follow-up is recommended. 

Conclusions

In individuals with an uncertain diagnosis of FD, presence of a FD specific pattern of CV, AK 

or neuropathic pain is sufficient to confirm the diagnosis of FD. When these features are non-

specific, a definite diagnosis cannot (yet) be established and follow-up is indicated. ERT should 

be considered only in those patients with a confirmed diagnosis of FD.
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INTRODuCTION
Fabry disease (OMIM 301500; FD) is an X-linked multisystem lysosomal storage disorder caused 

by deficient activity of α-galactosidase A (αGalA, E.C. 3.2.1.22). The estimated birth prevalence 

has originally been reported to be between 1:40.000-170.000 1-3. More than 600 variants/

mutations in the α-galactosidase A (GLA) gene have been described 4,5, most of which are private 

variants/mutations. For consistency, the term ‘variant’ will be used throughout this article for 

all variations in the GLA gene, being either pathogenic, non-pathogenic or a genetic variant of 

unknown significance (GVUS), in the latter, an individual has an uncertain diagnosis of FD. 

Fabry disease is generally divided into ‘classical’ and ‘non-classical’ phenotypes. The first 

phenotype is usually characterised by a specific pattern of neuropathic pain (related to small fiber 

neuropathy, SFN), angiokeratoma and cornea verticillata (CV), while some or all of these features 

are usually absent in the latter 6,7. For definitions see chapter 3, table 2.   

Since the availability of enzyme replacement therapy (ERT) with recombinant human 

α-galactosidase A (agalsidase alpha, Shire HGT and agalsidase beta, Genzyme Corp., a Sanofi 

company) an increasing number of screening studies in high risk populations as well as newborn 

screening studies have been performed (e.g. 8-14). These screening studies have revealed a high 

number of individuals with variants in the GLA gene 15-17. While the pathogenicity of some GLA 

variants is well described, the subjects identified by these screening studies often have a GVUS 

in the GLA gene, i.e. an uncertain diagnosis of FD. Interestingly, most male patients with a GVUS 

demonstrate residual enzyme activity, in contrast to the absent or near absent enzyme activity in 

classically affected males. Also, previous studies have shown that patients with a non-classical 

phenotype often only show a slight increase of lysoGb3 in plasma, while classically affected 

males invariably have very high levels 18-21. 

The reason to test for FD is usually a nonspecific symptom such as stroke, chronic kidney 

disease or left ventricular hypertrophy in the absence of other causes. However, individuals with 

neuropathic pain, angiokeratoma or CV -  in the absence of symptomatic involvement of the heart, 

brain or kidney - may also be tested for the presence of a variant in the GLA gene. These solitary 

features may be present in a pattern that differs from what is usually seen in FD patients with a 

classical phenotype and is therefore considered non-specific. For example, angiokeratoma may be 

scattered instead of clustered, or neuropathic pain may not be related to a SFN and have started 

at a much older age than expected in the context of a classical FD phenotype. CV may be present 

in individuals who used medication that may induce CV. If in such an individual a variant in the 

GLA gene is found, while there is residual enzyme activity (for males) and normal or only slightly 

increased Gb3 and lysoGb3, the pathogenicity of this variant is generally unclear, the variant is a 

GVUS. The subsequent uncertain diagnosis may cause considerable distress for the patient and 

the family, and may also lead to inappropriate counselling and initiation of treatment with expensive 

enzyme replacement therapy. Thus, it is of great importance to achieve a correct diagnosis. 

To address diagnostic dilemmas with regard to FD, we initiated ‘The Hamlet study: Fabry or not 

Fabry’ to valorise clinical and laboratory assessments in order to improve the diagnosis of FD 
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[Dutch trial register www.trialregister.nl NTR3840 and NTR3841]. For individuals with an uncertain 

diagnosis of FD, diagnostic algorithms are developed based upon literature data and international 

expert consensus through a modified Delphi procedure. As part of this study we developed 

the approach to aid in the diagnostic pathway, counselling and follow-up for individuals with an 

uncertain diagnosis of FD, who present with cornea verticillata, angiokeratoma or neuropathic 

pain, with a GVUS in the GLA gene, but without a classical FD phenotype (for definitions see 

chapter 3, table 2). The approach is based on the current available evidence and international 

consensus.  

MaTERIaLS aND METhODS
Panel and Delphi procedure

FD experts were invited to participate in the study panel through email. A consensus document 

was compiled and presented to the experts with an explanation of the rationale of the study as 

well as literature references and the applicable adopted results from the previous consensus 

procedure on general diagnostic criteria for FD, see chapter 3, table 2. 

The modified Delphi procedure consisted of an online survey round  (round 1), after which a written 

recommendation was created for review by the panel (round 2). In round 1, virtual case histories 

were presented with neuropathic pain, angiokeratoma and/or CV. These case histories contained 

information on clinical symptoms and biochemical findings (enzyme activity in leukocytes, Gb3 

and lysoGb3) were given. The panellists were asked to indicate whether or not the available 

information was sufficient to confirm or reject FD in the particular case on a 5-point Likert scale, 

and were invited to add comments and suggestions. Anonymized results were presented to 

the panel (absolute scores and comments) after round 1. Clarification and additional data were 

provided. The consensus document for round 2 that was subsequently created represented the 

opinion of the expert panel as assessed in round 1. This document was thereafter reviewed and 

discussed by the expert panel via personal communication. A final version was drafted, and all 

participants agreed on the recommendations presented herein. 

adopted definitions

The criteria for a definite and an uncertain diagnosis of FD were adopted from a previous 

consensus procedure, chapter 3, table2. Strict definitions of the FD specific clinical features of 

FD (neuropathic pain, angiokeratoma, CV) were applied. If these strict definitions are fulfilled, the 

specificity for FD is very high (i.e. there is no differential diagnosis). These criteria were created 

to select classical FD patients in whom there is no doubt about the diagnosis.

RESuLTS/RECOMMENDaTIONS
See figure 1 for the diagnostic algorithm that was constructed based on the following results.
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Panel

Thirteen FD experts were invited and consented to participate. The panel consisted of 4 general 

FD  specialists in internal medicine (RL, GL, DC, MJ), 2 paediatricians (FW, UR), 2 neurologists 

(CS, AM), a cardiologist (FW), 3 nephrologists (ES, CT (paediatric nephrologist), MW) and a 

medical geneticist (GH). 

The panel agreed on the following 2-step approach:

Step 1: An individual with a GLA variant, first evaluation (adopted from 22)

The panel agreed that all individuals with a GLA mutation need to undergo a full assessment of 

all organ systems that are involved in FD, and extensive biochemical analyses should be pursued, 

including αGalA enzyme activity in leukocytes, plasma lysoGb3 (if available), plasma Gb3, urine 

Gb3. The presence of Fabry specific neuropathic pain, AK and/or CV should be thoroughly 

assessed. A complete family history should be taken. An expert on FD should interpret clinical 

and biochemical assessments. The criteria to identify the patient with a definite diagnosis of FD 

can subsequently be applied (chapter 3, table 2).

Step 2: An individual with a GLA variant and an uncertain diagnosis of FD (i.e. he or she has a 

GVUS in the GLA gene)

If heart, kidney or brain disease is present, the respective organ specific algorithm - developed 

in separate projects as part of the Hamlet study - should be applied. For these algorithms, 

left ventricular hypertrophy, chronic kidney disease and stroke/TIA are defined according to 

internationally accepted definitions. For example, kidney disease is defined as chronic kidney 

disease according the 2012 international guideline for kidney disease (KDIGO, http://kdigo.org/

home/guidelines/ckd-evaluation-management/), with a GFR and urinary protein excretion as 

measures of kidney disease 23. 

In individuals who present with neuropathic pain, AK or CV, but in whom heart, kidney or brain 

involvement is absent, the panel agreed on the following:

Cornea verticillata

In an individual who presents with cornea verticillata, in the absence of medication use that may 

induce cornea verticillata (table 1), and in whom a GLA variant is found, there are no known 

alternative diagnoses but FD. 

However, in an individual who presents with cornea verticillata only but who has used medication 

that may induce cornea verticillata at any time during the medical history (table 1), there is 

insufficient evidence for a diagnosis of FD, despite the presence of a GLA variant.  

angiokeratoma

In an individual with a variant in the GLA gene and clustered angiokeratoma in the bathing trunk 

area, umbilicus and/or perioral region, there are no known alternative diagnoses but FD. 
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In an individual with scattered (i.e. not clustered) angiokeratoma, there is insufficient evidence 

for a diagnosis of FD, despite the presence of a GLA variant. The differential diagnosis of 

angiokeratoma should be considered (table 2). 

A skin biopsy of an angiokeratoma may be considered. A biopsy with characteristic storage 

on EM confirms the diagnosis of FD. However, the pre-test likelihood of finding storage in an 

angiokeratoma or general skin biopsy is unknown for individuals with a non-classical phenotype 

of FD, but is considered to be very low (see also Pathology section). For review on the differential 

diagnosis of angiokeratoma see 25.  

Table 1. Medication that may induce cornea verticillata, for review on drug induced corneal complications see 24. 

Medication that may induce cornea verticillata Comment

Amiodarone
Aminoquinolones (chloroquine, hydroxychloroquine, amodiaquine)

Well documented to induce cornea 
verticillata

Atovaquone
Clofazimine
Gentamicin (Subconjunctival)
Gold
Mepacrine
Monobenzone (topical skin ointment)
NSAID’s (Ibuprofen, Naproxen, Indomethacin)
Perhexiline maleate
Phenothiazines
Suramin
Tamoxifen
Tilorone hydrochloride

Limited evidence, mainly case reports

Table 2. Differential diagnosis of Angiokeratoma. 

angiokeratoma Preferred localization

Angiokeratoma of Fordyce Scrotal/Vaginal

Angiokeratoma of Mibelli Fingers and toes

Angiokeratoma corporis circumscriptum Trunk/extremities

Angiokeratoma circumscriptum naeviforme (rare, easily confused with 
melanoma)

Neck

Idiopathic All localizations

Other Lysosomal storage disorders* Related to the corresponding disease

*Other lysosomal storage disorders that present with angiokeratoma, such as Fucosidosis, Schindler’s disease and 
Sialidosis, are rare and have a distinct clinical pattern, dissimilar to FD. In the clinical context, another LSD disease 
will not likely be mistaken for FD, but additional testing for lysosomal storage disorders can be considered.

Neuropathic pain

The differential diagnosis of neuropathic pain and SFN in particular is broad. The neuropathic 

pain that is caused by FD has a characteristic presentation and is related to the presence of 

SFN. In 95% of male and 75% of female FD patients, an abnormal heat detection threshold for 
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cold and/or diminished intraepidermal nerve fibre density is found 26-28. In case of a variant in 

the GLA gene and the presence of neuropathic pain in hands and feet starting at childhood and 

increasing with heat/fever 28,29, there is no known alternative diagnosis. However, in all patients 

with pain as only symptom, neurophysiological tests, quantitative sensory testing and a skin 

biopsy for intraepidermal nerve fibre density  are needed to confirm the presence of isolated 

SFN, preferably before testing for FD is performed to rule out other causes.

In individuals with a GVUS in the GLA gene and neuropathic pain related to SFN that does 

not fit the characteristic Fabry neuropathic pain description, there is insufficient evidence for a 

diagnosis of FD, despite the presence of a GLA variant. The differential diagnosis for SFN should 

be considered involving an expert on SFN, see table 3. 

Table 3. Differential diagnosis to be considered in cases of SFN and an uncertain diagnosis of FD.

Isolated SFN

Idiopathic (approximately 40%) Sarcoidosis

Diabetes mellitus/impaired glucose metabolism HIV

Toxin: medication/ alcohol/ drug induced Coeliac disease

Hypothyroidism Post infectious

Sjögrens’ disease Hyperlipidaemia

Monoclonal gammopathy Hereditary sensoric autonomic neuropathy

Amyloidosis ‘Burning feet’ syndrome

Vasculitis Erythromelalgia

Pathology

In addition to the 2-step approach, the feasibility to perform biopsies in individuals with 

neuropathic pain, AK and/or CV was discussed. In previous consensus procedures it was agreed 

that characteristic storage on electron microscopy (EM) of an affected organ (i.e. heart or kidney) 

should be considered as the gold standard for FD 22,23,30,31. The panel is convinced that in the group 

of patients discussed here (i.e. patients with non-specific neuropathic pain, AK or CV but without 

heart or kidney involvement) a skin biopsy with characteristic storage on electron microscopy 

(EM) could confirm the diagnosis of FD. 

The presence of characteristic storage in the skin has been well documented in most classical 

male FD patients 32,33, while reports on skin biopsies in non-classical FD patients, i.e. who 

have confirmed storage in a kidney or heart biopsy but not fulfilling the criteria for a definite 

classical diagnosis of FD (chapter 3, table 2), are lacking.  Thus it is unknown if a non-classical 

phenotype of FD will also coincide with characteristic storage in the skin. Since the prevalence 

of characteristic skin storage is unknown in these individuals, we do not recommend to perform 

a skin biopsy in all patients with non-specific neuropathic pain, AK and/or CV and an uncertain 

diagnosis of FD.
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DISCuSSION
In case of a FD specific pattern of cornea verticillata, angiokeratoma and/or neuropathic pain, 

and in the absence of other causes for these features, there is no alternative diagnosis than FD. 

Because of the major implications of a FD diagnosis, it is of great importance to ensure that the 

feature closely meets the criteria of a FD specific feature (see chapter 3, table 2). Yet, in case 

of a GLA GVUS (an uncertain diagnosis of FD) and with cornea verticillata, angiokeratoma and/or 

neuropathic pain that are non-specific, there are currently no diagnostic tools to confirm or reject 

the diagnosis of FD. Thus, in these cases there is insufficient evidence for a diagnosis of FD. The 

expert panel advises to explain to the individual and family members, that based upon current 

knowledge, FD is an unlikely diagnosis. Alternative diagnoses should be considered carefully. 

This line of argumentation is depicted in the algorithm in figure 1.

If no alternative diagnosis is made, it remains uncertain, but still very unlikely, that FD disease 

plays a role in the development of the clinical feature that was the reason to test for FD. Follow 

up in an expert centre for FD could be considered on an individual basis. In case heart, kidney 

or brain disease develops, the diagnosis should be re-evaluated by applying the respective 

diagnostic algorithm, e.g. with a kidney biopsy in case of chronic kidney disease 22,23,34. 

Figure 1. Diagnostic algorithm.
Green: individuals with a GLA GVUS (uncertain diagnosis of FD) with angiokeratoma, SFN or cornea verticillata 
without heart, kidney or brain disease: the subjects of the current study. 
Step 1: apply criteria for a definite diagnosis, chapter 3, table 2.
Step 2: approach to individuals with an uncertain diagnosis of FD.
* Organ specific algorithm will be published in separate articles 22,23,34.
** Follow up in an expert centre for FD could be considered, ERT is not (yet) indicated.

 

STEP 1 

YES 
Definite diagnosis, 

classical phenotype of 
Fabry disease: follow-up 
according to local Fabry 

disease protocol 

NO 
Fabry specific pattern for 

Angiokeratoma,  
neuropathic pain or cornea 

verticillata  
as defined in table 1? 

GLA variant with 
Angiokeratoma  

AND/OR Neuropathic pain 
AND/OR Cornea verticillata 

Fits criteria for a definite diagnosis? 
 (Chapter 3, table 2) 

YES 
Fabry disease is confirmed  
(non classical phenotype) 

NO 
Insufficient evidence for  

Fabry disease ** 

NO 
Uncertain diagnosis of Fabry 

disease 
Heart, kidney, brain disease? 

YES 
Follow organ specific  
diagnostic algorithm* 

 

STEP 2 

 



Consensus recommendation: neuropathic pain, angiokeratoma, cornea verticillata 

143

6

The expert group stressed the need for adequate counselling for these individuals and their 

family members to avoid unnecessary burden of a chronic illness. 

In patients with heart or kidney involvement and an uncertain diagnosis of FD, histological 

evidence of characteristic storage by electron microscopy in an affected organ is the current gold 

standard for FD. In the patients who are the subjects of the current study, the heart and kidney 

are, by definition, not involved. Skin biopsies will, most likely, also yield negative results in the 

majority of cases. In classical male FD patients, characteristic storage in kidney cells is already 

present at a young age and in the absence of proteinuria 35. Therefore, it may be postulated to 

perform a kidney biopsy even in the absence of any clinical signs of kidney disease. However, in 

case of non-classical FD without chronic kidney disease, the prevalence of characteristic storage 

in kidney (or heart) is currently unknown and expected to be low. Furthermore, Houge et al 

reported on a male patient with characteristic storage in the kidney, while kidney biopsies of 

family members with the GLA variant did not show deposits, illustrating intra-familial differences 
36. Because of the low expected yield and the inability to exclude future FD associated organ 

involvement when storage is absent, a kidney biopsy is currently not recommended. 

In individuals with a persisting uncertain diagnosis of FD, based upon clinical judgment, regular 

follow-up can be considered on an individual basis. If indeed kidney, heart or brain disease 

develops, a confirmation of the diagnosis should first be made following the subsequent organ 

specific diagnostic algorithm, frequently involving a biopsy. 

This recommendation does not serve to encourage screening for FD of groups or individuals 
15. However, individuals with a GLA GVUS and thus an uncertain diagnosis of FD are frequently 

identified. With the recommendations in this study, unnecessary burden, inadequate counselling and 

unnecessary treatment with costly ERT can be avoided for these individuals and family members. 

Further studies may indicate new diagnostic tools, and the algorithm may subsequently be updated. 
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abSTRaCT
background

Screening for Fabry disease (FD) increasingly reveals individuals without characteristic features 

and with a variant of unknown significance in the α-galactosidase A (GLA) gene. Cornea verticillata 

(CV) assessment, as a characteristic sign of FD, may be a valuable diagnostic tool to assess if 

these individuals have a non-classical phenotype or no FD at all. 

Methods

We performed a systematic review to estimate the prevalence of CV in FD. Additionally, CV 

prevalence was assessed in the Dutch FD cohort. Data were stratified by gender and phenotype 

(classical, non-classical, uncertain, no-FD) using pre-defined criteria. 

Results

CV was assessed in 21 cohorts (n=753, 330 males, age 0-85 years). Pooled prevalence was 

69% (74% males, 66% females). In 6 studies, 77 (19 males) individuals with a non-classical 

or uncertain diagnosis were identified. Individual data were available in 4/6 studies (n=66, 16 

males). CV was present in 24% (n=16, 2 males). 

Hundred-and-one (35 males) subjects from the Dutch cohort were grouped as classical, of whom 

86% (94% males, 82% females including 5 who used amiodarone) had CV. Of the 25 (11 males) 

non-classical patients, 4 (3 males) had CV. Subjects in the uncertain and no-FD groups did not 

have CV.

Conclusion

CV is related to classical or biopsy proven non-classical FD, with a very high sensitivity in classical 

males. Thus, presence of CV in an individual with an uncertain diagnosis of FD indicates a 

pathogenic GLA variant, in the absence of medication that may induce CV; if CV is absent, FD 

cannot be excluded. 
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INTRODuCTION
The lysosomal storage disorder Fabry disease (FD) is caused by variants in the X-chromosomal 

α-galactosidase A (GLA) gene 1. Due to impaired function of the lysosomal hydrolase 

α-galactosidase A (αGaLA), globotriaosylceramide (Gb3) accumulates. Absent or near absent 

enzyme activity in males usually leads to classical FD which is characterized by neuropathic pain 

with childhood onset, angiokeratoma and cornea verticillata (CV). End organ complications of the 

heart, kidney and brain arise later in life. Due to the X-linked nature of the disease, females are 

usually less severely affected. 

Screening for FD and individual case finding has resulted in the identification of an increasing 

number of individuals with a GLA variant. While the birth prevalence of FD was previously 

estimated to be between 1:40.000-170.000 1-3, screening studies in high risk populations (i.e. 

groups with heart, kidney or brain disease) reveal a much higher prevalence of up to more than 

1%. These individuals have a non-specific sign such as left ventricular hypertrophy or chronic 

kidney disease that may be attributable to FD, but most do not have the characteristic clinical 

and biochemical features of FD that are required to confirm a definite diagnosis of FD 4. Thus, 

the majority of these individuals have an uncertain diagnosis of FD in the presence of a genetic 

variant of unknown significance (GVUS) in the GLA gene 4. They may have a non-classical FD 

phenotype, or a neutral, non-disease causing GLA variant.

Diagnostic tools are needed to confirm the presence of FD, but also to avoid unjustified labelling 

of individuals with a non-disease causing GLA variant and wrongful initiation of costly treatment. 

CV assessment may be a useful, non-invasive tool in the diagnosis of FD, specifically for those 

with an uncertain diagnosis of FD, since it has a high prevalence among FD patients. The whorl 

like pattern of corneal opacities is specific for FD 5, with the exception of some medications 

that may induce a corneal whorling that cannot be distinguished from that in FD (among others 

amiodarone and chloroquine, for review see 6). With this study we aim to value the presence of 

CV in the diagnosis of FD by investigating the prevalence of CV in individuals with a classical or 

non-classical FD phenotype and in individuals with an uncertain diagnosis of FD or no FD. 

METhODS
Systematic review

Search
Medline and EMBASE (1980 till January 2013) were searched for studies that assessed eye 

abnormalities in FD patients. Search terms used were ‘Fabry disease’ combined with ‘Eye’, 

‘Ophthalmology’, ‘Cornea verticillata’, ‘Tortuous retinal veins’, ‘Corneal opacity’, and their 

synonyms, Mesh terms (Medline) and headings (Embase). In Embase, limits were used to 

exclude conference papers and abstracts. 

First selection was done based on title and abstract. We selected full text articles and reports 

with original data on eye abnormalities in FD subjects in all languages (with an English abstract), 
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including papers that presented data from international Fabry disease registries (Fabry Registry, 

Genzyme, a Sanofi company and Fabry Outcome Survey, FOS, Shire HGT). Case reports, newborn 

screening studies, comments, reviews and book chapters were excluded. Subsequently, studies 

were screened and included based on full text if the inclusion criteria were met.

Data collection and analysis
Data were recorded on the type of study (registry, screening or cohort study), participating study 

center(s), number of subjects, gender and age groups (children and/or adults), together with the 

type of eye abnormalities assessed and therapy status at the time of ophthalmology assessment. 

A sub analysis was performed on subjects designated as non-classical or uncertain FD. For this 

purpose subjects were selected who were reported to have:

•	 a high residual enzyme activity

•	 non-classical FD disease manifestations such as a cardiac or renal variant

•	 a GLA variant that has frequently been associated with a non-classical FD phenotype

•	 a GLA variant that is generally considered non-pathogenic/neutral, or which pathogenicity 

is currently discussed in the literature (e.g. p.R112H, p.P389A, p.N215S, p.A143T, 

c.936+919G>A (IVS4+919G>A)) 4

Raw prevalence data from all studies were combined for calculation of a weighed pooled 

prevalence, and specified for gender. Data from registry and screening studies were analyzed 

separately.

Dutch cohort

Patient selection and groups
The Dutch database, comprising data from all subjects that visited the outpatient FD clinic with 

any GLA variant was searched for all adults (>18 years of age). Data on the use of amiodarone and/

or chloroquine at any time during the medical history were retrieved from the medical records. 

Previously reported criteria were applied to classify subjects into 4 groups.4,7 Classical: The 

strict criteria for a definite diagnosis of Fabry disease were used to identify patients with a 

classical FD phenotype. Criteria include very low or absent enzyme activity in leukocytes (males), 

very high lysoGb3, FD specific clinical characteristics (neuropathic pain, cornea verticillata and 

angiokeratoma) and a family history which is positive for classical FD (see chapter 3, table 2 
7). For this study an exception was made: CV was not used as a criterion to group subjects as 

‘classical’, because CV is the feature under investigation in this study. Non-classical: Subjects 

who do not fulfill these detailed criteria for a definite diagnosis as described in chapter 3, table 

2, were grouped as non-classical if this subject or a family member has FD characteristic storage 

on electron microscopy in a biopsy of an affected organ (i.e. heart or kidney). Uncertain: subjects 

who do not fulfill the strict criteria, and of whom a biopsy was not available, were grouped as 

uncertain. No FD: subjects were grouped as no FD (a neutral GLA variant ) if a biopsy from a 

subject or from one of his/her family members did not show FD characteristic storage, or if the 

individual carried the well-known neutral variant p.D313Y 8,9. Subjects were excluded from the 

analyses if data were insufficient to apply the above criteria, and/or CV assessment was missing.



Cornea verticillata supports a diagnosis of Fabry disease in non-classical phenotypes 

151

7

Age at time of database search was calculated for all groups, and stratified by gender. For 

deceased subjects, age at death was used.

CV assessments
Assessment of CV was performed as part of regular clinical care at adulthood or adolescence. 

IRB/Ethics Committee ruled that approval was not required for this study. A slit-lamp examination 

was performed by an experienced ophthalmologist or trained physician (LT, supervised by 

ophthalmologist MS) to assess the left and right cornea. CV was recorded as present, mild or 

absent. Corneal photographs were obtained in some illustrative cases, see figure 2. Data on 

lenticular changes and retinal vessel tortuosity were not available.

Data analyses
Prevalence of CV was calculated for ‘classical’, ‘non-classical’, ‘uncertain’ and ‘no FD’ groups and 

specified for gender. Ninety-five percent confidence intervals for proportions were calculated 

using the modified Wald method 10. Positive and negative predictive values were calculated, for 

individuals who initially presented with an uncertain diagnosis of FD (non-classical and no FD, 

uncertain cases were excluded).

RESuLTS
Systematic review

Search
Four-hundred-and-sixty records were retrieved from Medline and Embase after duplicates were 

removed. Twenty-three studies were selected for data extraction. Two studies were subsequently 

added by the authors because of their interest for the research question (Whybra et al 11), not 

selected with the search and Sher et al 12, initially excluded based on the publication date <1980). 

These studies included 21 cohort studies 13-31, 2 high risk group screening studies 32,33, and 2 

registry studies.34,35 Details on selection and inclusion are presented in figure 1.

Prevalence of cornea verticillata
CV was assessed in 753 individuals (330 males) from 21 cohorts with an age range of 0-85 years, for 

details see table 1 11-31. Pooled prevalence of CV was 69% (range 26-96). Gender specific data were 

available for 18 out of 21 studies (n=685, 295 males) 11,12,14-16,18-24,26-31, revealing a pooled prevalence 

of 74% (range 14-94) for males and 66% (range 31-100) for females. Thirteen studies reported data 

on ERT administration, although in most cases the timing of CV assessment in relation to ERT 

administration was not specified. Therefore, further analysis of these data was not feasible.

In 6 cohort studies, 77 (19 males) individuals with a non-classical phenotype or uncertain FD 

could be identified, see table 2. Separate data for gender were available in 4 out of these 6 

studies (n=66, 16 males). CV was present in 24% of non-classical or uncertain subjects (n=16, 

2 males), mainly comprising of the GLA variant c.936+919G>A (IVS4+919G>A) (n=15, 1 male) 

from one study on this specific GLA variant .22 Allen at al reported mild CV in a 3.5 years old boy 

with a p.A143T variant, while his brother with the same GLA variant did not have CV at age 1.5 

years (13 and personal communication). 
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One of the registry studies reported a CV prevalence of 75% (males 73%, females 77%) 30, while 

the second reported that in 11% of males and 12% of females CV was the presenting symptom 
34. The high-risk group screening studies revealed that CV was absent in all adult individuals 

(n=29, 12 males) who were identified with a GLA variant 32,33.

Dutch cohort

Patient selection and groups
Hundred-and-ninety-four records of adults with a GLA variant were retrieved from the database, 

of whom 50 were excluded because data were not sufficient to fulfill the study criteria for disease 

groups and/or CV assessment was not (yet) performed due to lost to follow-up or because they 

had died before assessments were completed (n=45), or patients were recently referred and 

investigations were ongoing at the time of the study (n=5). Hundred-and-forty-four subjects (56 

males, 4 males deceased) were included in the analyses.

Most subjects fit the criteria for a definite diagnosis of FD (classical, n=101, 35 males) and 25 

subjects (11 males) were grouped as ‘non-classical’. FD was excluded in 7 subjects (no FD, 5 

males) and in 11 subjects (5 males) the diagnosis of FD was still uncertain. 

One exceptions to the classification criteria was made. In three families (n=5 subjects), biopsies 

of an affected organ were lacking. Because other families in our cohort with the same GLA 

variant did have positive biopsies, these subjects were classified as non-classical, biopsy proven 

disease.

Figure 1. Selection of studies.
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Cornea verticillata prevalence and details 
CV prevalence in the Dutch cohort is depicted in table 3. Nearly all males in the classical group 

had CV (94%). The two subjects without CV had received more than 9 years of treatment 

with ERT at the time of CV assessment. These 2 males had the p.D136Y and p.R342Q GLA 

variant causing complete absence of αGalA activity in leukocytes, very high lysoGb3 in plasma, 

acroparesthesia, white matter lesions and left ventricular hypertrophy. Eighty-two percent of 

females in the classical group had cornea verticillata, of whom 5 had used amiodarone for cardiac 

rhythm abnormalities before or at the time of CV assessment. See figure 2A. for an example of 

characteristic CV.

Table 1. Cornea verticillata (CV) prevalence in reviewed studies. 

author Year Center Patients CV prevalence

n (m/f) Total % Males %             Females %

Allen* 2010 UK (Cambridge) 26 (12/14) 50% - -

Barba Romero 2004 Spain 14 (14/0) 36% 36% -

Beltran-Becerra 2012 Mexico 13 (7/6) 46% 57% 33%

Borgwardt 2012 Denmark 10 (6/4) 90% 83% 100%

Choi 2008 Korea 11 (8/3) 82% - -

Falke 2009 Germany (Rostock) 22 (6/16) 46% 50% 44%

Gupta* 2005 USA, Maryland 57 (0/57) 82% - 82%

Kaminsky 2013 France (Nancy) 108 (41/67) 54% 51% 55%

Kobayashi 2008 Japan 36 (0/36) 50% - 50%

Lin* 2010 Taiwan 52 (7/45) 29% 14% 31%

Nguyen 2005 Australia 66 (34/32) 83% 94% 72%

Orssaud 2003 France (Paris) 32 (32/0) 56% 56% -

Pitz 2009 Germany (Mainz) 31 (15/16) 81% - -

Rákóczi* 2007 Hungary 31 (15/16) 65% 67% 63%

Reisin 2010 Argentina 54 (31/23) 96% 94% 100%

Ries* 2003
Germany (Mainz),  
Italy (Milan), Sweden, UK 
(Cambridge)

33 (15/18) 76% 73% 78%

Ries* 2005 USA, Maryland 24 (24/0) 88% 88% -

Sher 1979 USA (Minnesota) 62 (37/25) 92% 95% 88%

Sodi 2013
Italy (Florence), Belgium (Charleroi),  
UK (London), Germany (Mainz)

35 (17/18) 89% 94% 83%

Tøndel 2008 Norway 16 (9/7) 94% 89% 100%

Whybra 2001 Germany (Mainz) 20 (0/20) 70% - 70%

TOTAL** 753 (330/423) 69% 74% 66%

* Non-classical or uncertain cases were reported, see table 2 for details ** Only studies who reported gender specific 
data were used for male (m) and female (f) prevalence  - not applicable or missing data.
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Of the 25 non-classical subjects, 4 (16%, 3 males and 1 female) had CV. One female and 2 

males had the p.P389A variant, and 1 male had the p.R112H variant. The clinical and biochemical 

characteristics of the subject and family members with the p.R112H variant  are described in 

detail by  Smid et al 36. The corneal changes in these patients were subtle and limited to one 

or two small sub epithelial deposits, thereby differing from the typical whorl like pattern that is 

seen in classical FD patients (figure 2B. and C). These subjects did not use medication that is 

associated with CV.

Table 2. CV prevalence in non-classical/uncertain cases in the literature.

CV prevalence

Total Males Females

author Year n (m/f) GLa variant % n % n % n Details

Allen 2010 9 (6/3)
7x p.N215S  
2x p.A143T

11% 1 17% 1 0 0
Mild CV in 3.5 year 
old male with p.A143T 
(personal communication)

Gupta 2005 7 (0/7)
4x p.R112H 
3x p.N215S

- - - - - -

Lin 2010 52 (7/45)
c.936+919G>A 
(IVS4+919G>A)

29% 15 14% 1 31% 14

Ries 2003 2 (2/0) p.A143T 0 0 0 0 - -

Ries 2005 3 (3/0)
2x p.R112H 
1x p.A97V

0 0 0 0 - -

Rákóczi 2007 4 (1/3) p.N215S - - - - - -

- not applicable or missing data, CV: cornea verticillata.

Figure 2 a. Cornea verticillata (arrow) in a 45 year 
old untreated female with a classical FD phenotype. 
Arrow: origin of the pigmented verticillata. 
b. and C. Subtle cornea deposits (arrow) in a 36 year 
old male with a non-classical FD phenotype.
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There were no false positive cases (none of the subjects in the no-FD group had CV). For 

individuals who presented to our clinic with an uncertain diagnosis (groups non-classical and no-

FD), the positive predictive value of CV is 1, and the negative predictive value is 0.25.

DISCuSSION
Screening for FD is often performed in high-risk groups, e.g. among individuals with chronic 

kidney disease, left ventricular hypertrophy or stroke, which may be attributed to FD. If a genetic 

variant in the GLA gene is found, the diagnosis of FD can be uncertain since characteristic 

FD signs or symptoms are often lacking 4. CV assessment may be helpful in these cases. 

Our study revealed a high prevalence of 94% in classically affected males, and there were no 

false positives. In FD patients with a classical phenotype CV is usually diffuse with a typical 

whorl like pattern. In patients with the non-classical phenotype subtle changes were identified, 

which confirms previous findings of CV in individuals with a non-classical phenotype with the 

c.936+919G>A (IVS4+919G>A) variant 22. Our findings suggest that the presence of CV, in the 

absence of medication that may induce CV, confirms the diagnosis of classical or non-classical 

FD. The absence of CV, however, does not exclude FD. Especially in cases with a non-classical 

phenotype, CV may be absent, even if characteristic storage is present in an affected organ, such 

as the heart or kidney. 

The prevalence of CV among FD patients in the literature is variable and generally lower in 

comparison to the Dutch cohort. This discrepancy is probably caused by the inclusion of subjects 

with a non-classical phenotype or even subjects with a neutral GLA variant in the reviewed 

Table 3. Dutch cohort. 

Group (age median, range) n Percentage CV  
(n, 95% CI)

Details

Males classical (40, 19-65) 35 94% (33, 80- 99) 2 subjects without CV received >9 years of 
treatment with ERT 

Females classical (48, 19-81) 66 82% (54, 71-89 ) 5 subjects with CV received amiodarone 
treatment before or during CV assessment

TOTAL classical 101 86% (87, 78-92)

Males non-classical (64, 36-74) 11 27% (3, 9-57) In all patients with CV, corneal changes were 
minimal

Females non-classical (39, 18-78) 14 7% (1, <0.01-34)

TOTAL non-classical 25 16% (4, 6-35)

Males uncertain (49, 45-71) 5 0 (0-48)

Females uncertain (57, 30-68) 6 0 (0-44)

TOTAL uncertain 11 0 (0-30)

Males no FD (41, 23-70) 5 0 (0-48)

Females no FD (49, 52-46) 2 0 (0-71)

TOTAL no FD 7 0 (0-40)

FD: Fabry disease, CV: cornea verticillata, ERT: enzyme replacement therapy.
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studies. It was not possible to correct for this bias, because the required clinical, biochemical and 

genetic details were most often not provided. 

Additionally, age may have affected the prevalence of CV, because of the inclusion of children in 

several studies. Borgwardt et al described two boys who started ERT treatment at the age of 

10 and 12, in whom CV was absent at baseline, but who developed CV after 1 year of follow-up 
16. These cases suggest that CV may not always be present from birth. Although in the above 

cases ERT did not seem to influence the development of CV, the effect of ERT on CV has not 

been studied systematically, and may have influenced the data. In the Dutch cohort, 2 males did 

not have CV at adulthood, while clinical and biochemical evaluation as well as the family history 

demonstrated a classical FD phenotype. As previously suggested by Sodi et al 35, we postulate 

that long-term ERT may have corrected the corneal changes in these subjects. 

This study focused on CV, and did not study other ocular changes that are related to FD. Posterior 

lens cataract has previously been described as a specific feature in FD 37. This type of cataract has 

been reported in a few studies only with a prevalence up to 53% of FD males 12,24,30,35.

Another FD associated ocular feature is retinal vascular tortuosity. This feature has not often been 

reported in the literature. Importantly, and in analogy with tortuosity and dilatation of the cerebral 

basilar artery 38,39, the specificity is yet uncertain, as tortuous and dilated retinal vessels are 

reported to be present in other diseases that affect the vasculature such as diabetes, and may 

be subjected to age 40. Because our study was observational and cataract and retinal vessels are 

not assessed routinely, these data were not available for the Dutch cohort.

In addition, we did not strive to study the nature of FD related ocular changes, but we pursued 

to assess the diagnostic applicability of an assessment that is non-invasive and worldwide 

applicable, in order to discern patients with a classical and non-classical FD phenotype from 

those without FD. We are confident that CV assessment, as the current most extensively 

studied and understood ocular feature in FD and with the highest prevalence, is the best suitable 

ophthalmological assessment to use for diagnostic purposes. 

Data from the Dutch cohort show a correlation between CV and a classical FD phenotype or 

biopsy proven non-classical FD. But, the number of subjects who were classified as ‘no FD’ in 

this cohort is small. Further studies are needed to confirm that CV is not present in subjects 

with a neutral GLA variant (no FD), and thus, that the presence of CV predicts a classical or non-

classical FD phenotype. We are confident, however, that the presence of diffuse CV with a whorl 

like pattern can substitute the gold standard for FD (a biopsy of an affected organ), in patients 

with an uncertain diagnosis of FD. Whether this also applies to the more subtle changes that are 

usually seen in non-classical FD patients should be subject of further studies. 

In conclusion, in individuals with an uncertain diagnosis of FD, when no medication is used that 

can cause CV, the presence of CV provides evidence for FD. 
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abSTRaCT
background

Fabry disease (FD) is an X-linked lysosomal storage disorder caused by an α-galactosidase A 

enzyme deficiency, due to pathogenic variants in the α-galactosidase A gene (GLA). An increasing 

number of individuals with a GLA variant, but without characteristic FD features are identified. A 

definite diagnosis of FD has important consequences for treatment and counselling.

Objectives

We assessed the diagnostic value of quantitative sensory testing (QST) and intraepidermal nerve 

fibre density (IENFD) for patients with an uncertain FD diagnosis.

Methods

All patients with a GLA variant who initially presented at the Academic Medical Centre with 

an uncertain FD diagnosis were included. A biopsy of an affected organ in a patient or family 

member showing FD characteristic storage is used as a reference standard for a diagnosis 

of FD. All patients underwent a comprehensive QST protocol and IENFD assessment which 

was compared to age and gender matched healthy controls. Sensitivity and specificity were 

calculated for a combination of ≥1 abnormal QST modality and an abnormal IENFD.

Results

Twenty-six patients participated (non-classical FD n=18, 9 males; no FD n=5, 3 males; uncertain 

n=3, 1 male). Of the patients classified as non-classical FD, 28% had ≥1 abnormal QST modalities, 

and 83% had an abnormal IENFD. From the patients without FD, 20% had ≥1 abnormal QST 

modality, and IENFD was abnormal in 25% (1 not available). Sensitivity was 28% and specificity 

80%.

Conclusions

In our study cohort, QST and IENFD could not reliably distinguish patients with FD from those 

without FD. 
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INTRODuCTION
Fabry disease (FD) is a lysosomal storage disorder with an X-linked pattern of inheritance, caused by 

impaired function of the lysosomal hydrolase α-galactosidase A (αGalA) due to pathogenic variants 

in the α-galactosidase A (GLA) gene. Subsequent accumulation of globotriaosylsphingosine (Gb3) 

may lead to cornea verticillata, angiokeratoma and pain in the upper and lower limbs related to 

a small fibre neuropathy (Fabry neuropathic pain). These characteristic features usually appear 

in childhood, while later in life complications of heart, kidney and the central nervous system 

may occur. This disease phenotype is reported as classical FD 1. Females may also be affected 

although in general they demonstrate a less severe disease course compared to males. In the 

past few years it has become clear that the phenotypical spectrum is broad. Patients with a 

proven disease-causing GLA gene variant and reduced αGalA activity may present at middle age 

with a single, nonspecific feature such as stroke, left ventricular hypertrophy or chronic kidney 

disease. This disease phenotype is currently known as non-classical or late onset FD. A third 

group of individuals has been described with non-pathogenic variants in the GLA gene. These 

individuals do not suffer from FD. A diagnosis can be erroneously made in these individuals, 

since non-classical disease symptoms show overlap with more common diseases, such as 

cerebrovascular disease. This has become critical with the increase in screening initiatives in 

FD which have resulted in an increasing number of individuals with a GLA variant in whom it is 

unclear if they have either non-classical FD or a non-pathogenic GLA variant 2-4. Uncertainty of the 

diagnosis may lead to considerable distress for the patients and their families. Additionally, this 

poses difficult dilemmas with regard to counselling, family screening and expensive treatment 

options 3,4. Reliable tools are needed to confirm or exclude FD in these cases in order to decide 

on the best clinical approach for each individual patient.

In previous studies, experts agreed that in patients with an uncertain FD diagnosis, electron 

microscopy (EM) examination of biopsy specimen of the affected organ (i.e. kidney or heart) 

showing storage characteristic of FD, according to strict histological criteria, can confirm the 

diagnosis in most cases (see chapter 3, table2) 5,6. However, a biopsy is invasive and not an 

option in for example patients who present with stroke. 

Previous studies have shown that all male and most female patients with FD (predominantly 

with a classical phenotype) have an abnormal quantitative sensory testing (QST) profile and a 

decreased intraepidermal nerve fibre density (IENFD) in a skin biopsy at the distal leg 7-12. We 

hypothesized that QST and IENFD could aid in establishing the diagnosis of FD in patients who 

initially present with an uncertain diagnosis. Advantages are that QST is non-invasive, that a 

skin biopsy is far less invasive than an organ biopsy, and that both investigations can be done in 

patients in whom a biopsy of an affected organ is not an option, e.g. individuals with a stroke.
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MaTERIaLS aND METhODS
Patients 

The Academic Medical Centre (AMC) is the single referral centre for patients with (suspected) 

FD in the Netherlands. Patients with a GLA variant wo originally presented with an uncertain FD 

diagnosis were eligible for participation in the study. 

Patients were included prospectively if they presented at the AMC between January 2012 

and May 2013. In addition, the Dutch FD database (initiated in 1999), which contains clinical, 

biochemical and radiological data on all individuals with any GLA variant who ever visited the 

outpatient FD clinic at the AMC, was searched for additional eligible patients. Patients with the 

classical phenotype as defined by absent or very low (<5%) residual enzyme activity in leukocytes 

(males), and the presence of FD specific signs or symptoms (neuropathic pain, cornea verticillata 

and clustered angiokeratoma) or a very high plasma globotriaosylsphingosine (lysoGb3) (see 

chapter 3, table 2 for details) were excluded. Patients who initially presented with an uncertain 

diagnosis were invited to participate. Patients with a confirmed small fibre neuropathy or 

polyneuropathy in the medical history were excluded because nerve fibre assessment is under 

investigation in this study. 

Reference standard

A biopsy of the affected organ in a patient or a family member showing storage characteristic 

of FD was considered confirmative for a FD diagnosis 3,5,13-15. Based upon the results of an 

organ biopsy using strict histological criteria (see chapter 3, table 2 for details), patients were 

categorized as follows: 

1. Non-classical FD: FD is confirmed by storage characteristic of FD on electron microscopy 

in a biopsy of the affected organ (i.e. heart or kidney) of the patient or a family member. 

2. No FD: FD is excluded based on a negative biopsy from the subject or a family member, 

or the individual carries the well-known neutral variant p.D313Y 16,17.

3. Uncertain: A biopsy is not available from the patient or a family member. 

assessments 

QST and IENFD data were extracted from the database if these tests were already performed in 

the context of a previous study 7,8. In all other study patients a QST protocol and skin biopsy for 

IENFD assessment were performed. The QST protocol consisted of the following measurements 

on the left hand and right foot: cold detection threshold (CDT), warm detection threshold (WDT) 

and thermal sensory limen (TSL). Patient data were compared to previously established reference 

data matched for site, age and gender, from the German Research Network on Neuropathic Pain 
18.

To assess intraepidermal nerve fibre density (IENFD), 3 mm circular skin biopsies were taken 

10 cm above the malleolus of the right foot. The biopsies were processed and nerve counts 

were performed by an experienced investigator (AK) as previously described 19,20. In short, 

the biopsy specimen was fixed in cold fixative and kept in a cryoprotective solution for 3 
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nights. The specimens were cut 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 computerized software and the 

IENFD was subsequently calculated. Patient data were compared to reference values matched 

for age and gender 20. 

Information on medication history, neuropathic pain and medical history was retrieved from the 

medical charts. Laboratory data on plasma creatinine, glucose and lipid profile were collected 

within 1 year from the study assessment date. Glomerular filtration rate was estimated with 

the CKD-EPI formula 21. αGalA enzyme activity was measured in leukocytes at baseline, and 

is represented as percentage of the mean of the normal reference value. If the mean was not 

available, the middle of the range was used. Globotriaosylsphingosine (lysoGb3) was assessed at 

baseline (before initiation of enzyme replacement therapy) as previously described 22.

approval and consent

The local institutional review board approved this study and all patients signed informed consent. 

Six patients participated in a previous study that included similar investigations and gave their 

consent to re-use their results in this study 7.

Statistical analyses

Data were specified for gender and phenotype as described above. 

To assess QST data independently from the specific reference values for site of assessment, 

age and gender, data were Z-transformed for each parameter. Absolute values were used to 

calculate the Z-score with the formula: Z=(valuepatient-meancontrols)/SD. As recommended by Rolke 

et al 18,23, logarithmic transformation was used for CDT, WDT and TSL values to calculate the 

Z-score. Z-scores below -1.96 indicate loss of function. Thus, if higher temperatures compared 

to controls are needed to feel warmth, and lower temperatures are needed to feel cold, this will 

result in negative Z-scores; the patient is less sensitive for the applied stimulus. 

Absolute data were given for IENFD, and IENFD was scored as normal or abnormal. Abnormal 

values are defined as an IENFD below the 5th percentile for age and gender matched reference 

values 20. 

Sensitivity and specificity for the combination of ≥ 1 abnormal QST modality (CDT, WDT or TSL; 

hand or foot) and an abnormal IENFD were calculated for the prediction of a positive outcome of 

the reference standard (non-classical FD). 
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RESuLTS
Patients

Forty-three patients fulfilled the criteria of non-classical FD, no FD, or an uncertain FD diagnosis. 

Four patients were excluded because they presented with a small fibre neuropathy (p.D313Y, 

male, no FD; and p.R118C, female, uncertain diagnosis) or a polyneuropathy (p.R112H, male, 

non-classical, and p.D313Y, male, no FD). Thirteen patients (non-classical FD: n=3 females; no 

FD: n=2, 1 male; uncertain: n=8, 4 males) refused to participate. Time constraints was the most 

frequently mentioned reason. Twenty-six patients of 9 families participated (non-classical FD: 

n=18, 9 males; no FD: n=5, 3 males; uncertain: n=3, 1 male). Ultimately, one participant (patient 

6), only consented to QST assessment. A few exceptions to the classification criteria were made. 

For two patients (family 4) because they harboured the same GLA variant as family 3, in which 2 

members had a heart biopsy with characteristic storage on electron microscopy. Based on this 

these patients were grouped as non-classical FD. Four patients (2.3, 2.4, 2.6 and 3.1) had atypical 

non-diffuse corneal abnormalities, very different from the diffuse cornea verticillata observed in 

patients with a classical phenotype. Because other FD characteristic signs or symptoms such as 

neuropathic pain and angiokeratoma were absent, these patients were grouped as non-classical. 

Baseline patient characteristics are presented in table 1.

Pain, QST and IENFD

None of the patients used pain medication for pain in the upper and/or lower limbs. Patient 2.9 

had burning pains in her feet that had commenced in her thirties, not exacerbating with heat, 

fever or exercise. Patient 9 has had episodic pain in the limbs since early childhood, not clearly 

related to heat, fever or exercise. The remaining patients did not report pain in hands or feet.

In 2 patients, the QST assessments were performed on the right hand and left foot, because of 

a stroke that affected the sensory function of the left hand (patient 2.2) and due to discomfort of 

the right leg for patient 3.4.

Individual patient data on QST and IENFD are presented in table 2 and supplement figure 1. 

Five patients (28%) with the non-classical phenotype had a loss of function of one or more QST 

modalities, with 1-4 affected modalities per patient. The CDT, previously reported as the most 

severely affected QST value in FD patients with a classical phenotype 7, was abnormal in 1 (6%) 

and 2 (11%) patients at the foot and hand, respectively. In patient 2.9, who had complaints of 

burning pain, none of the QST modalities were abnormal. 

One patient in the ‘no FD group’ had an abnormal CDT (20%). In the uncertain group, 1 female 

(33%) had an abnormal CDT and WDT at the foot in the absence of pain. The male patient, had 

a normal QST profile. 

IENFD was abnormal in most patients with a non-classical phenotype (83%, n=15, 7 males), in 

3 patients in the ‘no FD group’ (75%, 1 male), and in 2 patients in the ‘uncertain group’ (66%, 

n=2, 1 male).
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Table 1. Baseline characteristics. 

Patient Gender age GLa αGala
(%)

Organ 
biopsy 
with EM

Lyso 
Gb3 
(nmol/ L)c

≥1
Clinical 
event

eGFR
(mL/min/ 
1.73m2)

Lipid 
profile

Statin DM

Non-classical

1 M 69 I319T 2.2 + 19.7 + 86 -b - -b

2.1 M 60 P389A 6.7 + 5 + 59 +b + -b

2.2 M 70 P389A 6.7 nd 7.6 + 85 +b + -b

2.3 M 66 P389A 3.3 nd 7.5 + 56 -b - -b

2.4 M 34 P389A 6.7 nd 7.4 - 103a -b - -b

2.5 F 70 P389A 73.3 nd 1.1 - 79a -b + -b

2.6 F 46 P389A 46.7 nd 1.3 - 91 -b - -b

2.7 F 64 P389A 76.7 nd 1.5 - 68 +b + +b

2.8 F 34 P389A 36.4 nd 1 - 117a -b - -b

2.9 F 38 P389A 38.0 nd 0.6 - 89 -b - -b

2.10 F 37 P389A 80.0 nd 1.2 - 105 -b - -b

3.1 M 66 R112H 2.7 + 2 + 9 + + -

3.2 M 49 R112H 4.5 + 1.8 - 82 - - -

3.3 M 46 R112H 2.7 nd 1.3 - 98 - - -

3.4 F 77 R112H 12.7 nd 0.7 - 29 -b - -b

3.5 F 37 R112H 55.6 nd 0.6 - 96 - - -

4.1 M 62 R112H 2.4 - 1.6 - 87 - + +

4.2 F 24 R112H 34.7 nd 0.5 - 120 - - -

No FD

5.1 M 27 A143T 29.8 nd 0.4 - 118a -b - -b

5.2 M 22 A143T 35.8 nd 0.6 - 121 -b - -b

6 M 69 D313Y 108.4 nd 0.3 + 72 - - -

7.1 F 50 D313Y 142.2 nd 0.3 + 98 - - -

7.2 F 44 D313Y 156.0 nd 0.3 - 102 - - -

Uncertain

8.1 M 69 L106F 5.6 nd 1.6 + 93 - + -

8.2 F 48 L106F 60.7 nd 0.4 - 101 - - -

9 F 61 P60L 38.9 nd 0.5 + 15 + + -

Clinical events were defined as: stroke, transient ischemic attack, symptomatic cardiac arrhythmias, pacemaker, 
Implantable Cardiac Defibrillator, myocardial infarction, percutaneous transluminal coronary angioplasty or coronary 
artery bypass graft, admission to hospital due to heart failure, dialysis, or kidney transplant. Abbreviations: M: male, 
F: female, GLA: α-galactosidase A gene, αGalA: α-galactosidase A activity in leukocytes, eGFR: estimated glomerular 
filtration rate, lysoGb3: plasma globotriaosylsphingosine; DM: diabetes mellitus. a GFR was assessed > 1 year prior 
to study participation, range 16-25 months; b Lipid profile and glucose were assessed > 1 year prior to study partici-
pation, range 13-41 months. c Normal value plasma lysoGb3 ≤ 0.6 nmol/L.
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All patients with a normal IENFD had a normal QST profile. Patients who had one or more 

abnormal QST modalities, also had an abnormal IENFD. Ten patients in the non-classical group 

(55%, 5 males), had a normal QST profile and an abnormal IENFD. Two patients (1 male) in the no 

FD group and 1 male in the uncertain group had a normal QST profile with an abnormal IENFD. 

Table 2. Quantitative sensory testing (QST) and intraepidermal nerve fibre density.

Patient Gender age
Foot
CDT wDT TSL

hand
CDT wDT TSL IENFD

IENFD  
fibres/mm

Non-classical

1 M 69 -0.94 0.64 0.24 -0.58 0.26 0.43 abnormal 0.3

2.1 M 60 -0.49 0.73 -0.22 -0.66 -1.23 -1.07 abnormal 0

2.2 M 70 -0.52 -0.76 -0.37 -1.17 0.16 -1.67 normal 4.8

2.3 M 66 -0.16 -1.10 -0.77 0.19 0.72 1.09 normal 4.8

2.4 M 34 0.24 -0.86 -0.1 -1.95 -1.44 -1.03 abnormal 0.2

2.5 F 70 0.51 -1.54 -0.83 -0.41 -0.37 0.92 normal 2.9

2.6 F 46 0.79 1.17 0.59 1.08 1.25 2.22 abnormal 2.2

2.7 F 64 -1.80 -1.07 -2.01 -1.16 -1.21 -0.77 abnormal 0.6

2.8 F 34 0.55 -1.16 -0.52 0.24 -0.64 0.13 abnormal 2.3

2.9 F 38 2.02 0.35 0.76 0.67 -0.11 0.66 abnormal 0.8

2.10 F 37 -1.94 -0.48 -0.86 -1.67 -1.87 -1.88 abnormal 1.9

3.1 M 66 -2.99 -1.32 -2.16 -2.9 -1.86 -2.69 abnormal 0.4

3.2 M 49 -0.12 0.87 0.06 -1.78 -1.23 -1.65 abnormal 2.0

3.3 M 46 0.89 0.97 0.55 -1.55 0.07 -0.26 abnormal 2.7

3.4 F 77 1.90 -2.19 nd -0.31 0.35 -3.95 abnormal 0.7

3.5 F 37 0.02 -0.90 -0.40 0.06 -1.41 -0.89 abnormal 1.4

4.1 M 62 1.25 -0.48 0.75 -0.90 -0.26 -3.80 abnormal 0

4.2 F 24 -1.55 -1.91 -1.78 -2.85 -1.53 -1.56 abnormal 0.5

No FD

5.1 M 27 -0.98 -1.55 -0.77 0.60 0.66 0.66 abnormal 5.6

5.2 M 22 0.71 -0.62 -0.10 0.38 0.83 1.21 normal 9.1

6 M 69 -1.14 -1.55 -0.70 0.50 1.16 0.99 nd nd

7.1 F 50 -1.23 -0.63 -0.68 -2.67 -1.80 -1.31 abnormal 1.0

7.2 F 44 -0.38 -0.63 0.22 -1.30 -0.53 -0.20 abnormal 1.1

Uncertain

8.1 M 69 -0.58 -0.6 -1.62 -0.66 -0.54 -0.49 abnormal 0.3

8.2 F 48 -2.72 -2.36 -1.67 -0.41 -1.84 -0.97 abnormal 0.2

9 F 61 -1.63 0.3 -0.64 -0.7 -0.53 -0.42 normal 8.0

For QST data, values represent Z-scores, abnormal values (loss of function) are presented in bold font. Age in years, 
M: male, F: female. nd: no data, CDT: cold detection threshold, WDT: warm detection threshold, TSL: thermal sensory 
limen.
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Diagnostic accuracy
For ≥1 abnormal QST modality and an abnormal IENFD, sensitivity was 28% and specificity was 

80%, see table 3.

Table 3. Two by two table for sensitivity and specificity calculations. 

QST and IENFD Positive Negative

Non-classical 5 13

No FD 1 4

QST: Quantitative sensory testing, IENFD: intraepidermal nerve fibre density.

DISCuSSION aND CONCLuSION
We assessed the diagnostic value of QST and IENFD for patients with a GLA variant, who have 

an uncertain diagnosis of FD. These individuals may have a non-classical FD phenotype, or no FD 

at all. In this study on 18 patients with non-classical FD and 5 patients without FD, as defined by 

strict biochemical and clinical criteria, an optimal separation between the groups could not be 

achieved with small nerve fibre assessment using QST and IENFD. 

The finding that abnormalities were also found in the patients without FD (specificity 80%) led 

to the conclusion that small nerve fibre assessment is an unsuitable tool for establishing the 

diagnosis of FD in patients who present with an uncertain diagnosis. In previous studies it has 

been shown that all male and most female patients with (mostly classical) FD have small nerve 

fibre pathology, as assessed with QST alone or in combination with a IENFD assessment 7-12. 

With this study we confirmed our hypothesis that in patients with the non-classical phenotype 

QST and/or IENFD may be abnormal, even in the absence of pain. However, the abnormalities 

are not as extensive as in patients with classical disease 7,8 and predominantly concern small 

nerve fibre structure as represented by the IENFD. Similarly, in patients with diabetes mellitus 

(DM) an abnormal IENFD in the distal leg and impaired cold sensation have been found, even 

without neuropathic symptoms 24-26. For both DM and non-classical FD it may be hypothesized 

that a reduced IENFD and abnormal QST modalities reflect a pre-symptomatic state. However, 

longitudinal studies to confirm the development of clinical apparent neuropathy in these 

patients are lacking. In our experience, however, patients with non-classical FD do not have the 

characteristic neuropathic pain as seen in classical FD, probably due to the slow progressive 

nature of FD. 

The reason for the abnormal results of the patients without FD remains unclear. It may be 

speculated that the presence of the GLA variant in the patients without FD may be a risk factor 

for the loss of small nerve fibres. Another possibility could be the presence of undetected co-

morbidities in these patients, we did not perform a complete workup of other causes of small 

fibre neuropathy that may possibly explain the abnormalities in the patients without FD. It is 

important to realize that the group of patients without FD is small, impeding the interpretation 

of the specificity.
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Although small nerve fibre assessment may not aid in establishing the diagnosis of FD in patients 

who present with an uncertain diagnosis, it can still be helpful in the context of neuropathic pain 

characteristic of FD. In a patient with a GLA variant who presents with chronic, burning pain in 

hands and feet starting at young age or increasing with heat, fever or exercise, and who has a 

small fibre neuropathy as confirmed by abnormal QST and IENFD results, there is no doubt about 

the diagnosis of FD. This patient will generally have a classical FD phenotype. 

In conclusion, there is a need for accurate diagnostic tools for patients with a GLA variant 

and an uncertain diagnosis of FD. In our cohort, small nerve fibre assessment using QST and 

IENFD could not reliably distinguish patients with non-classical FD from those without FD. In 

those patients with an uncertain diagnosis of FD evaluation and follow up at an expert centre is 

recommended and other diagnostic approaches should be applied 5,6,27-29.
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abSTRaCT  
background

Fabry disease (FD), a lysosomal storage disorder caused by alpha-galactosidase A (GLA) gene 

variants, has a heterogeneous phenotype. GLA variants can lead to classical FD, an attenuated 

non-classical phenotype, or no disease at all. This study investigates the value of plasma 

globotriaosylsphingosine (lysoGb3) to distinguish between these groups. This is of particular 

importance for the diagnosis of individuals with a GLA variant and an uncertain diagnosis of FD, 

lacking characteristic features of classical FD.

Methods

Subjects with GLA variants were grouped as classical, non-classical, uncertain or no FD, using 

strict phenotypical, biochemical and histological criteria. Plasma lysoGb3 was assessed by LC/

MS/MS (normal ≤ 0.6 nmol/L). 

Results

Hundred-and-fifty-four subjects were grouped into classical (38 males (M), 66 females (F)), non-

classical (13M, 14F), uncertain (5M, 9F) or no FD (6M, 3F). All subjects with a classical phenotype 

had elevated lysoGb3 values (M: range 45-150, F: 1.5-41.5). LysoGb3 values in patients with a 

non-classical phenotype (M: 1.3-35.7, F: 0.5-2.0) were different from healthy controls (M: p<0.01, 

F: p<0.05), but females overlapped with controls. In the no FD group, lysoGb3 was normal.

Conclusions

LysoGb3 is a reliable diagnostic tool to discern classical FD from subjects without FD. This study 

suggests that the same applies to patients with a non-classical phenotype. LysoGb3 values of 

females overlap with controls. Consequently, in uncertain cases, increased lysoGb3 values are 

very suggestive for FD, but normal values cannot exclude FD. Confirmation in larger cohorts and 

data on the specificity of small lysoGb3 increases are necessary.
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INTRODuCTION
Fabry disease (OMIM 301500; FD) is an X-linked lysosomal storage disorder caused by variants/

mutations in the alpha-galactosidase A (GLA) gene. To date, more than 700 variants have 

been reported 1. The classical FD phenotype is characterized by a markedly reduced or absent 

activity of the lysosomal hydrolase alpha-galactosidase A (αGalA, E.C. 3.2.1.22). Subsequently, 

globotriaosylceramide (Gb3), globotriaosylsphingosine (lysoGb3) and other glycosphingolipids 

with a terminal α-1,4-galactose accumulate in lysosomes. Characteristic features include 

neuropathic pain with childhood onset, clustered angiokeratoma, cornea verticillata and 

complications of the heart, kidney and brain. Since enzyme replacement therapy (ERT) became 

commercially available, screening for FD in newborns 2-6 and high risk groups (patients with 

chronic kidney disease (CKD), stroke or left ventricular hypertrophy (LVH) 7-13) as well as individual 

case finding 14 has resulted in the identification of individuals with variants in the GLA gene 

of unknown clinical significance (genetic variant of unknown significance, GVUS)15. It appears 

that approximately 17% of these individuals identified by screening presents with a classical 

FD phenotype, while the majority has an uncertain diagnosis of FD 15. In these uncertain cases 

characteristic clinical and biochemical features of FD are lacking and the presenting symptoms, 

such as CKD or LVH, are not specific for FD, but might have a more common cause. These 

individuals may have GLA variants leading to an attenuated FD phenotype (also known as non-

classical FD or late onset variants), but may also have neutral, non-disease causing GLA variants. 

Therefore, misdiagnoses are a potential risk of screening and may cause considerable distress 

for patients and family members, and inappropriate initiation of costly ERT. 

To improve the diagnostic process of patients with an uncertain (genetic) diagnosis of FD, the 

‘Hamlet study’ was initiated 16. In this study, international FD experts agreed that noninvasive 

procedures (such as imaging characteristics) are often insufficient to confirm or exclude FD 

in individuals with an uncertain diagnosis of FD 17-20. In these uncertain cases a biopsy of an 

affected organ (i.e. kidney or heart) showing characteristic lamellar inclusion bodies on electron 

microscopy (EM) assessment, could confirm the diagnosis 18,19. However, biopsies are invasive, 

and not feasible in all cases, for example in individuals presenting with isolated stroke. We 

therefore investigated whether plasma lysoGb3 could aid in the diagnostic process, potentially 

avoiding the need for biopsies. 

LysoGb3, a deacylated form of Gb3 has been identified as a storage product in FD 21. Interestingly, 

in addition to lysoGb3, at least six other lysoGb3 analogues with varying base composition have 

been identified in plasma and urine 22,23. While the concentration in urine of these lysoGb3 

analogues is often higher than that of lysoGb3, in plasma, lysoGb3 is the major isoform present 
22. Plasma lysoGb3 is a sensitive marker for FD 24,25, and its concentration in plasma is much 

higher than in urine. Despite its high water solubility, lysoGb3 is hardly cleared by the kidney 
26. Although male FD patients with a classical phenotype can easily be identified by very high 

plasma lysoGb3 values 21,24,26 the diagnostic value of smaller increases of plasma lysoGb3 values 

in the presence of a GVUS in the GLA gene is not yet clear. This is partly caused by the lack of 

sensitivity of the High-performance liquid chromatography (HPLC) methods originally used to 

quantify lysoGb3. With more sensitive tandem mass spectrometric (LC/MS/MS) assays, lysoGb3 
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can now be quantified at very low levels, as observed in females, non-classical FD patients and 

healthy controls 26-28. Niemann et al reported a cutoff value for plasma lysoGb3 to detect clinically 

relevant, often classical FD 29, although confirmation by histology was not used to discern FD 

from no FD. Other studies report on small increases of plasma lysoGb3 in combination with 

characteristic storage on EM in heart and/or kidney biopsies 14,29-36 supporting the hypothesis that 

an increased lysoGb3 may indicate FD. In contrast, normal values of lysoGb3 were considered to 

indicate a neutral, non-pathogenic variant in the GLA gene 14,37-39. 

The aim of the current study was to investigate if plasma lysoGb3 is able to distinguish individuals 

with a non-classical FD phenotype from those without FD. Therefore, we measured plasma 

lysoGb3 in the Dutch FD cohort comprising of individuals with a classical and non-classical FD 

phenotype, as well as subjects with a GVUS in whom FD was excluded. 

METhODS
Subjects

This is a retrospective cohort study including all subjects referred to the Academic Medical Center 

in Amsterdam for FD or a possible diagnosis of FD. Data were retrieved as part of regular clinical 

care. At the AMC informed consent for collecting clinical data and blood samples for research 

purposes has been obtained for all subjects with FD. Ethics approval of the study protocol was 

not required because of the observational nature of the study. 

We included all adult subjects (age ≥ 16 years) with any variant in the GLA gene, defined as all 

alterations in the GLA gene, being either pathogenic, a neutral variant or a GVUS. Subjects were 

classified into 4 groups: classical FD, non-classical FD, uncertain or no FD. We excluded subjects 

with insufficient data to classify their phenotype, and those with unavailable plasma lysoGb3 

values. 

Groups were defined according to previously described diagnostic criteria 15,19, chapter 3, table2. 

Subjects were grouped as classical FD, when fulfilling the following criteria: αGalA enzyme 

activity in leukocytes < 5% of the mean reference value (males) and a GLA variant and either one 

or both of the following criteria: ≥ 1 of the described characteristic features of FD (neuropathic 

pain, cornea verticillata, clustered angiokeratoma) or a family member with a definite diagnosis 

of classical FD. Plasma lysoGb3 > 50 nmol/L and/or Gb3 > 2.9 nmol/mL are part of the original 

diagnostic criteria, but for the purpose of this study plasma lysoGb3 and Gb3 values were not 

used to group subjects. Non-classical FD was defined as subjects presenting with an FD like 

sign or symptom that is not specific for FD, such as LVH, who did not fulfill the diagnostic 

criteria (see above), but had a biopsy taken of an affected organ, demonstrating storage pattern 

characteristic for FD on EM in the absence of drugs inducing an FD like storage pattern. Such 

a biopsy outcome could also have been in a family member who was carrying the same GLA 

variant. When biopsies were not available, subjects were grouped as uncertain. Subjects in 

whom a biopsy was performed that did not demonstrate a characteristic storage pattern, as well 
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as subjects with the p.D313Y variant (generally considered as a neutral GLA variant 40,41), were 

grouped as no FD. 

Clinical assessments consisted of the medical history, physical examination, cardiac ultrasound, 

cardiac MRI, brain MRI, electrocardiogram and plasma creatinine. LVH was defined as an 

interventricular septum thickness > 12 mm in diastole on cardiac ultrasound. Glomerular filtration 

rate was estimated with the CKD-EPI formula 42. 

biochemical assessments

αGalA activity was measured in leukocytes 43, in a minority without inhibition of α-N-acetyl-

galactosaminidase 44. For comparison of αGalA activity between laboratories, values were 

presented as the percentage of the mean of the reference value. If no mean value was available, 

the middle of the reference range was used. 

LysoGb3 was assessed in plasma by LC/MS/MS as previously described by Gold et al 26. Normal 

reference values (≤ 0.6 nmol/L) were established from plasma samples obtained from 20 healthy 

volunteers (21-60 years of age, 10 males and 10 females)) [24]. No differences were found 

between lysoGb3 concentrations in healthy males and females and the lysoGb3 values were 

always ≤ 0.6 nmol/L. The analytical characteristics of this method such as intra and inter assay 

variation, limit of detection and limit of quantification have been described in detail by Gold et al 
26. Plasma Gb3 (N < 2.46 nmol/mL, n = 16 healthy subjects) was assessed by HPLC as described 

earlier by Groener et al 45. Over time some modifications of the original plasma Gb3 HPLC 

method were made. To compare values between methods mixed models regression analysis 

was applied (with an adequate fit, R square 0.95) and older Gb3 values could be converted 

using the formula y = -0.0317+0.665334*(older plasma Gb3 value). The most recent value was 

selected for which corresponding clinical data were available. In case patients were eligible for 

treatment with ERT, the last lysoGb3 and Gb3 value before initiation of treatment was used. To 

assess whether lysoGb3 remains stable over time data from subjects with a classical and non-

classical phenotype with at least 2 baseline samples were analyzed.

Statistics

Statistical analyses were performed using SPSS version 20 (IBM, Chicago). Continuous data 

are expressed as median (range). Data are stratified by gender and disease groups as described 

above. For differences between groups non-parametric tests were used (Mann Whitney U). Two 

tailed p-values < 0.05 were considered significant.

RESuLTS
Subjects

Records from 185 adults with a GLA variant were available. For 7 subjects, data were 

insufficient to classify them into the predefined groups, another 24 subjects were excluded 

due to unavailable lysoGb3 data. In total 154 subjects were included and grouped into classical, 
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non-classical, uncertain or no FD according to the aforementioned criteria (see also chapter 3, 

table2). Baseline characteristics are presented in table 1 (for details of individual subjects see 

supplementary table 1 and 2). All males in the classical FD group had an αGalA activity below 

5% and ≥ 1 characteristic sign or symptom (apart from 1 male subject for whom enzyme activity 

was missing, who had a classical phenotype and multiple family members with a classical FD 

phenotype, confirmed with the above criteria). Eighty percent of the females in the classical 

group had ≥ 1 characteristic sign or symptom, while 20% was grouped as such because of a 

family member with a classical FD phenotype. 

A few exceptions were made to the classification criteria. Four subjects (see supplementary 

Table 2. subject 5,11 (male), 5,12 (male), 5,15 (female) and 6 (male)) in the non-classical group 

had atypical non-diffuse corneal abnormalities, very different from the diffuse cornea verticillata 

observed in subjects with a classical phenotype. Because other FD characteristic signs or 

symptoms such as neuropathic pain and angiokeratoma were absent, these 4 subjects were 

grouped as non-classical. 

Seven families were included in the non-classical group. These families were referred to the 

AMC because at least 1 family member had a hypertrophic cardiomyopathy (HCM) (4 families), 

kidney failure (2 families) or axonal polyneuropathy (1 family 14). Eight patients were classified as 

non-classical on the basis of histological confirmation of the diagnosis in other patients with the 

same GLA variants (R112H n = 3 14, I319T n = 5).

Subjects in the uncertain group consisted of 6 families who were referred to our center because 

at least 1 family member experienced kidney failure (1 family), HCM (3 families), dilated 

cardiomyopathy (1 family), or small fiber neuropathy (1 family). 

Finally, the subjects in whom FD was excluded consisted of 5 families who were referred 

because of HCM (3 families), small fiber neuropathy (1 family) or stroke (1 family) (for baseline 

characteristics of individual subjects see supplementary table 2). Table 1 summarizes baseline 

characteristics of all included subjects.

Plasma Globotriaosylsphingosine

Figure 1a and table 1 demonstrate that plasma lysoGb3 values differ between FD subjects 

(both male and female subjects with the classical and non-classical phenotype) and controls (p < 

0.01 for all separate groups vs. controls). There was no overlap in lysoGb3 values between males 

and females with a classical phenotype, nor was there overlap between males with a classical 

and a non-classical phenotype. All males and females with a classical phenotype and males with 

a non-classical phenotype had higher plasma lysoGb3 values than controls (i.e. there was no 

overlap). LysoGb3 values of non-classical female subjects showed some overlap with control 

values: 3 out of 14 females with a non-classical phenotype had normal lysoGb3 values although 

they were close to the upper limit of the normal range. Interestingly, lysoGb3 values seem to 

cluster per GLA variant. Some variants only caused marginally increased lysoGb3 values (figure 

1b and 1C). 
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Table 1. Baseline characteristics. 

Classical Non-classical uncertain No FD

M F M F M F M F

N 38 66 13 14 5 9 6 3

Age median (range) 38 (17-58) 43 (16-72) 59 (34-70) 41 (27-74) 44 (41-70) 31 (17-65) 33 (20-69) 50 (45-52)

Treated with ERT % (n) 82 (31) 56 (37) 62 (8) 14 (2) 0 11 (1) 0 0

αGalA % of normal median 
(range)

0.3 
(0-3.5)

36.6 
(3.9-119.0)

3.3 
(1.8-6.7)

55.6  
(12.7-80.0)

7.3 
(5.6-29.8)

50.7 
(31.3-170.0)

44 
(21.8-108.0)

142 
(57.8-156.0)

Angiokeratoma % (n) 81 (30/37) 18 (11/61) 0 0 (0/13) 0 0 0 0

Cornea verticillata % (n) 93 (28/30) 81 (48/59) 27 (3/11) 8 (1/12) 0 0 (0/6) 0 (0/5) 0 (0/2)

Neuropathic pain % (n) 90 (34/38) 39 (26/66) 0 0 0 0 0 0

≥ 1 characteristic sign/
symptom % (n)

100 
(38/38)

85 
(53/62)

Anhidrosis % (n) 57 (20/35) 21 (12/58) 0 (0/12) 0 0 11 (1/9) 0 (0/5) 0

≥ 1 clinical event % (n) 34 (13) 15 (10) 62 (8) 0 40 (2) 33 (3) 33 (2) 33 (1)

Stroke % (n) 11 (4) 8 (5) 8 (1) 0 0 0 0 33 (1)

TIA % (n) 5 (2) 3 (2) 8 (1) 0 0 0 0 0

≥ 1 cardiac event % (n) 16 (6) 8 (5) 54 (7) 0 40 (2) 22 (2) 33 (2) 0

Symptomatic cardiac 
arrhythmias % (n)

13 (5) 8 (5) 23 (3) 0 20 (1) 11 (1) 33 (2) 0

PM/ICD % (n) 3 (1) 3 (2) 39 (5) 0 20 (1) 11 (1) 17 (1) 0

Myocardial infarction % (n) 3 (1) 2 (1) 8 (1) 0 0 11 (1) 0 0

PTCA/ CABG % (n) 3 (1) 2 (1) 0 0 0 11 (1) 17 (1) 0

Heart failure ospitalization 
% (n)

3 (1) 3 (2) 0 0 0 0 0 0

LVH % (n) 43 (13/30) 27 (17/62) 55 (6/11) 20  (2/10) 20 (1/5) 22 (2/9) 67 (4/6) 33 (1/3)

Dialysis/ kidney transplant 
% (n)

8 (3) 3 (2) 15 (2) 0 0 11 (1) 0 0

eGFR median (range) 106 
(23-151)

96 
(5-151)

80 
(18-106)

96 
(28-120)

103 
(92-114)

116 
(25-135)

107 
(72-132)

95 
(92-95)

LysoGb3* median (range) 100 
(45-150)

7.5 
(1.5-41.5)

7.4 
(1.3-35.7)

0.9 
(0.5-2.0)

0.8 
(0.5-1.6)

0.5 
(0.2-0.8)

0.4 
(0.3-0.6)

0.3
(0.3-0.3)

Gb3** median (range) 4.3 
(1.9-7.2)

1.3 
(0.5-4.1)

1.4 
(1.1-1.7)

1.1 
(0.7-1.7)

0.7 
(0.7-1.1)

1.1
(0.5-2.0)

0.9 
(0.4-1.4)

0.9 
(0.7-1.3)

Clinical events were defined as: a stroke, transient ischemic attack (TIA), cardiac event, dialysis or kidney transplant. A cardiac 
event was defined as: symptomatic cardiac arrhythmias, pacemaker (PM), Implantable Cardiac Defibrillator (ICD), myocardial 
infarction, percutaneous-transluminal coronary angioplasty (PTCA) or coronary artery bypass graft (CABG) or admission 
to hospital due to heart failure. *Normal values lysoGb3 ≤ 0.6 nmol/L, **normal values for plasma Gb3 < 2.46 nmol/mL.  
Abbreviations: M: male, F: female, αGalA: alpha-galactosidase A activity, eGFR: estimated glomerular filtration rate, 
lysoGb3: plasma globotriaosylsphingosine and Gb3: plasma globotriaosylceramide.
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In the uncertain group, minor increases of lysoGb3 values were found in some subjects with the 

p.P60L and the p.L106F GLA variant. A normal value was found for patients with the p.A143T and 

p.T385A variant. Subjects in the no FD group, with an available biopsy excluding FD or those with 

a p.D313Y GLA variant, had normal lysoGb3 values. 

In 51 subjects (38 classical FD (5 males) and 13 non-classical FD (6 males)) more than 1 pre-

treatment lysoGb3 value was available (median number of samples 2, range 2-6). Over a median 

follow up of 1.4 year (range 0.1- 12.8) we did not observe an increase of lysoGb3 in untreated 

adults with a classical or non-classical FD phenotype (data not shown).

Figure 1. a. Plasma lysoGb3 levels grouped by phenotype and gender on a logarithmic scale. In all graphs dotted 
lines refer to the upper limit of normal defined as two standard deviations above the mean in healthy controls (N ≤ 
0.6 nmol/L, mean 0.4 nmol/L, SD 0.1, n=20). Males (M) are depicted as black dots, females (F) are depicted in white 
squares, horizontal line per group represent the median group value, *** p<0.01. Of note, plasma lysoGb3 in classi-
cal M and F subjects differed significantly from healthy controls (p<0.01). b. Clustering of plasma lysoGb3 level per 
GLA variant in males with a non-classical FD phenotype, and C. in females with a non-classical FD phenotype. This 
effect was not observed in classical male and female subjects (data not shown).
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Plasma Globotriaosylceramide

Plasma Gb3, depicted in figure 2, was elevated in 92% (34/37) of males with a classical phenotype 

and in 4.5% (3/66) of classically affected females. All other groups had normal plasma Gb3 levels.

DISCuSSION
With an ultra-sensitive LC/MS/MS assay in a well-characterized cohort of subjects with a 

GLA variant we demonstrated that lysoGb3 is a reliable diagnostic tool to discern classical 

FD patients, both males and females, from patients without FD. Plasma Gb3 can only reliably 

identify males with a classical FD phenotype. With these data we confirm previous studies, 

consistently demonstrating elevations of lysoGb3 in classical FD using an HPLC method 21,24 

and subsequent studies using a LC/MS/MS method 24,29,34. In the current study, a lysoGb3 value 

above 45 nmol/L predicts a classical FD phenotype in males. In females such a cutoff value 

could not be generated, because values of females with a classical and non-classical phenotype 

demonstrated an overlap. Additionally, we found that lysoGb3 values in adults did not increase 

over time, which seems to indicate that differences in lysoGb3 between groups are primarily 

related to phenotype, and not to age. 

In our study, specific attention was given to lysoGb3 values in those patients with a GLA variant of 

unknown significance who were classified as non-classical, uncertain or as having no FD, based 

on strict criteria. We found that plasma Gb3 values could not discern these groups. However, 

Figure 2. Plasma globotriaosylceramide levels divided by phenotype and gender (males (M) and females (F)), hori-
zontal line per group represent the median group value. The dotted line refers to the upper limit of normal defined as 
the upper limit of the healthy control range, 2.46 nmol/mL. 
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moderately increased values of lysoGb3 could discern males with a non-classical phenotype 

from healthy controls. Although non-classical female subjects had significantly higher lysoGb3 

values than healthy controls, some overlap was present.

A distinction between these groups is of importance, since subjects with an uncertain diagnosis 

of FD are increasingly identified. They often lack characteristic features of classical FD, but 

demonstrate FD-like findings such as LVH or CKD, and have a GLA variant of unknown significance. 

A non-invasive diagnostic tool, such as lysoGb3 measurement, to discern neutral GLA variants 

from variants that are associated with a non-classical FD phenotype, is therefore warranted. 

Several other reports support our finding that lysoGb3 is increased in biopsy confirmed non-

classical FD 29-34,46. Vice versa, all subjects in whom a diagnosis of FD was excluded had normal 

lysoGb3 values. This confirms previous data that lysoGb3 is normal in individuals with a neutral 

GLA variant, such as p.A143T, p.E66Q, p.S126G and p.R118C variants 14,29,34,38,39,47. Negative 

biopsies in individuals with two of these variants (p.A143T and p.E66Q) support these findings 
14,38,47.

The lysoGb3 values in our group of patients with an uncertain diagnosis are difficult to interpret. 

In this group, the elevated value in the range of non-classical males in patient 9 with the p.L106F 

mutation combined with the clinical signs, indicates a non-classical FD phenotype, but no 

confirmation with a biopsy was available. Normal values as found in patient 8 with the p.A143T 

mutation are probably associated with a neutral GLA variant, but again, histological confirmation 

(excluding FD) was not available. Patients 10.1, 10.2 and 10.3 with the p.P60L mutation had 

lysoGb3 values slightly above normal, but below those observed in the non-classical patients. 

These patients had no signs of FD as described in detail elsewhere 14. 

Two earlier studies investigated whether the phenotype of certain GLA variants can be predicted 

by the level of lysoGb3. Niemann et al studied lysoGb3 in subjects with a classical phenotype 

and subjects with ‘atypical’ GLA variants 29. They categorized subjects on clinical grounds and 

found lysoGb3 to be much higher in subjects with ‘clinically relevant’ FD. They proposed a single 

cutoff value for lysoGb3 of ≥ 2.7 nmol/L to separate the group of male and female patients with 

a ‘clinically relevant’ FD phenotype, from the ‘atypical’ group 29. This atypical group contains 

subjects with several phenotypes, and these subjects would have been classified as non-

classical FD or uncertain FD with the strict criteria as applied in our study. In the second study 

by Lukas et al a very high lysoGb3 in males with GLA variants was associated with a classical 

phenotype. Most females with classical FD had increased lysoGb3 values, while values were 

normal in individuals with GLA variants described as causing a ‘minor catalytic defect of αGalA’ 

(e.g. p.S126G, p.A143T and p.D313Y) 34. Both studies did not use histological confirmation for 

the diagnosis of FD, and the diagnostic accuracy of lysoGb3 to discern those with a non-classical 

but confirmed FD phenotype from those with a neutral GLA variant remains, therefore, unclear. 

The present study uses a strict classification of subjects with a GLA variant, which enables us to 

assess the diagnostic value of lysoGb3 with better accuracy.

Thus, lysoGb3 emerges as a very promising diagnostic tool in individuals with a GLA variant 

presenting with a non-specific FD sign (such as LVH or CKD) but without characteristic phenotypical 
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or biochemical features of classical FD. Ideally, we would have been able to generate a cutoff 

value to distinguish patients with non-classical FD from those without FD. Based on our data, a 

lysoGb3 value within the normal range cannot exclude FD, because values in females with a non-

classical FD phenotype demonstrated some overlap with healthy controls. For males, the data is 

suggestive that FD could be excluded when a normal lysoGb3 is found. A value in the range of 

the non-classical male group (> 1.3 nmol/L) suggests FD in both males and females. The higher 

the lysoGb3 value, the more likely a diagnosis of FD appears to be.

However, there are some important considerations to make. Firstly, and most importantly, 

slight increases of lysoGb3 may indicate glycolipid storage, but do not prove that the signs or 

symptoms of a patient are a consequence of this storage and related to FD. This indicates that in 

those patients without characteristic features of FD and only a slight increase of lysoGb3, other 

causes need to be considered, which may require additional testing including histology. This will 

have to be considered on an individual basis. 

Second, the number of subjects in the non-classical and no FD group was small and contained 

a limited number of different GLA variants. Therefore, larger studies should confirm that (male) 

subjects with a non-classical FD phenotype invariably have an increased lysoGb3 value compared 

to healthy controls, and that neutral GLA variants (no FD group) will not lead to an increase in 

lysoGb3. Confirmation by data from larger cohorts is necessary before a definite cut-off value to 

confirm or exclude FD in uncertain cases can be established with confidence. Until then, we feel 

that in individuals with a GLA variant and an uncertain diagnosis of FD, histological confirmation 

is still needed to confirm a diagnosis and to assess the extent of the disease.

The specificity of small lysoGb3 increases is currently unknown, but is expected to be very high. 

One potential problem could be the use of drugs known to cause a drug induced lipidosis, of 

which amiodarone is frequently used in patients with LVH. These drugs could possibly cause 

elevated levels of lysoGb3. This should be carefully investigated before lysoGb3 may be used in 

in subjects who used these drugs at any time during the medical history.

It is of importance to note that different mass spectrometry assays are currently in use to 

quantify lysoGb3 that employ different internal standards, some of which show little chemical 

resemblance to lysoGb3 29,34. The analytical accuracy of these different methods is often 

unknown. As a consequence, data cannot be directly compared between centers that employ 

different methods 29,34. Also, although lysoGb3 is the major of 7 isoforms identified in plasma, 

it would be of interest to investigate the relationship between the other isoforms and clinical 

phenotypes of FD as we did for lysoGb3.

In conclusion, our study demonstrates that lysoGb3 is a reliable diagnostic tool to discern 

classical FD from no FD. In individuals with a GLA GVUS presenting with a non-specific FD sign 

(such as LVH or CKD) but without characteristic phenotypic or biochemical features of classical 

FD, increased lysoGb3 values > 1.3 nmol/L are suggestive for a diagnosis of FD. Normal lysoGb3 

cannot exclude FD in females but makes a diagnosis of FD in males highly unlikely. 
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SuPPLEMENT
Supplementary Table 1. Plasma globotriaosylsphingosine (lysoGb3) values in classically affected subjects.

subject number age GLa variant
αGala (% of normal) in 
leukocytes

Plasma lysoGb3 
(nmol/L)

Males

1 47 c.640-2A>G (IVS4-2A>G) 0,0 107

2 21 D136Y 0,0 123,9

3 18 D136Y 0,0 67.0

4 18 D136Y 0,0 94,4

5 17 D136Y 0,0 126,8

6 19 D136Y 0,0 106,2

7 33 F18S 3,1 61.0

8 31 F18S 0,8 45,1

9 19 G183D 1,6 72,4

10 26 L268S 0,0 90,9

11 40 M72R 0,2 52,7

12 25 p.I319Lfs*10 0,0 69,1

13 55 p.G375Efs* 0,2 96,3

14 27 p.I319Lfs*10 0,3 100.0

15 48 p.Q321_N322delinsHN 0,5 96,1

16 25 p.Q321_N322delinsHN 0,2 120,8

17 47 c.1000-2A>T (IVS6-2A>T) 0,0 100.0

18 46 Q386* 2,2 115,1

19 58 Q386* 0,3 88,4

20 35 Q4168* 1,7 118,7

21 51 R112C 0,1 82,3

22 54 R220* 0,0 102,3

23 52 R220* 1,1 119,4

24 47 R220* 0,0 124,4

25 44 R220* 0,0 115,3

26 40 R220* 2,8 115,6

27 45 R227Q 0,2 96,2

28 19 R301* 1,8 75,6

29 18 R301* 1,1 64,5

30 40 R342Q 2,2 144.0

31 30 R342Q 2,2 124,3

32 48 R342Q missing 126,4

33 25 R342Q 1,6 69,8

34 43 R342Q 0,8 111,6

35 42 R342Q 2,7 105,5

36 54 R342Q 1,3 150,3

37 18 W226* 1,3 99.0

38 32 W226* 3,5 92,6

Females

39 46 C90Y 44,7 13,8

40 42 D136Y 17,0 11

41 16 D136Y 19,4 8,6

42 45 D136Y 8,5 23,5

43 48 F18S 21,4 2,7

44 46 F18S 16,1 6,6

45 46 F18S 36,6 3,8

46 47 F18S 34,0 4,4

47 30 F18S 44,4 3,4

48 59 F18S 66,6 6,9

49 56 F18S 107,8 7.0

50 51 F18S 92,0 3,3
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subject number age GLa variant
αGala (% of normal) in 
leukocytes

Plasma lysoGb3 
(nmol/L)

51 40 F18S 24,2 3,5

52 28 F18S 29,8 4,8

53 19 F18S 29,6 2,6

54 49 G183D 33,6 3,7

55 31 G183D 36,4 8,2

56 32 G183D 37,6 8,5

57 34 G260E 6,0 1,5

58 50 L21P 91,8 4,4

59 20 L21P 53,3 3,5

60 54 L21P 9,7 8,2

61 43 L243* 46,7 12,3

62 41 L243* 16,7 17,3

63 35 L243* 31,1 9,1

64 20 L243* missing 7,8

65 43 L268S 70,2 5,8

66 56 L300F 36,0 7,3

67 41 C202W 51,1 4,6

68 16 E358Dfs*16 43,6 3,2

69 20 E358Dfs*16 45,6 6,3

70 53 E358Dfs*16 83,1 11,2

71 41 L347Ffs*28 40,0 10,7

72 44 L347Ffs*28 119,3 6,2

73 43 N53Lfs*57 34,0 9,8

74 17 c.1000-2A>T (IVS6-2A>T) 22,0 10,5

75 19 c.1000-2A>T (IVS6-2A>T) missing 3,5

76 22 Y134Mfs*31 72,8 4,1

77 50 Y134Mfs*31 44,7 12,6

78 53 I319Lfs*10 46,2 7,6

79 35 Q386* 16,4 11,1

80 41 Q416* 43,3 5,5

81 70 R220* 7,2 10,6

82 54 R220* missing 41,5

83 56 R220* 93,3 4,1

84 33 R220* 31,4 10,2

85 52 R227Q 27,8 11,5

86 59 R227* 30,8 11.0

87 43 R227* 81,4 8,8

88 21 R301* 34,9 7,8

89 46 R301* 37,8 10,2

90 67 R342Q 78,0 7,6

91 63 R342Q 33,3 14,9

92 62 R342Q 52,0 5,7

93 31 R342Q 46,9 3,5

94 46 R342Q 54,6 5,6

95 50 R342Q 7,5 10.0

96 16 R342Q 3,9 22,6

97 27 R342Q 35,3 4,8

98 40 R342Q 34,4 13,9

99 71 R342Q 103,1 4,2

100 25 R342Q 57,8 11,1

101 41 R342Q 42,2 5,9

102 57 W226* 38,9 5,1

103 31 W226* 35,3 5,2

104 60 W226* 20,6 10.0
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Supplementary Table 2. Individual baseline characteristics of non-classical, uncertain and no Fabry disease (FD) subjects. 

Pat. 
no

age GLa 
variant

aGala 
%

Organ biopsy 
with EM

LysoGb3 
nmol/L

CV ak NP ≥1 clinical 
event

CVa TIa ≥1 cardiac 
event

LVh Dialysis/ 
Tx

eGFR ml/
min./1.73m2

Non-classical cases

1 M 65 I319T 2.2 + 19.7 - - - + - - + + - 82

2 M 64 I319T 6.7 nd 14 nd - - + - - + + - 46

2,1 F 42 I319T nd nd 2 - - - - - - - - - 105

2,2 F 73 I319T 73.3 nd 1.6 nd nd - - - - - - - 80

3 M 70 I319T 1.8 nd 35.7 - - - + - - + + - 74

4 M 37 N298S 4.4 + 11.1 nd - - + - - - - + 28

5 M 57 P389A 6.7 + 5 - - - + - - + + - 80

5,1 M 67 P389A 6.7 nd 7.6 - - - + + - + + - 85

5,11 M 63 P389A 3.3 nd 7.5 + - - + - - + + - 56

5,12 M 33 P389A 6.7 nd 7.4 + - - - - - - nd - 103

5,13 F 70 P389A 73.3 nd 1.1 - - - - - - - - - 79

5,14 F 45 P389A 46.7 nd 1.3 - - - - - - - nd - 91

5,15 F 62 P389A 76.7 nd 1.5 + - - - - - - + - 70

5,16 F 43 P389A 60.0 nd 0.9 nd - - - - - - - - 100

5,17 F 30 P389A 76.7 nd 0.7 - - - - - - - - - 118

5,18 F 33 P389A 36.4 nd 1 - - - - - - - nd - 117

5,19 F 37 P389A 30 nd 0.6 - - - - - - - nd - 89

5,2 F 36 P389A 80 nd 1.2 - - - - - - - nd - 105

6 M 62 R112H 2.7 + 2 + - - + - + + nd + 18

6,1 M 53 R112H 4.5 + 1.8 - - - - - - - - - 77

6,2 M 51 R112H 2.7 nd 1.3 - - - - - - - - - 82

6,3 F 74 R112H 12.7 nd 0.7 - - - - - - - + - 28

6,4 F 39 R112H 55.6 nd 0.6 - - - - - - - - - 83

6,5 F 31 R112H 50.5 nd 0.7 - - - - - - - - - 112

7 M 50 R112H 2.0 nd 1.6 - - - - - - - - - 106

7,1 M 59 R112H 2.4 - 1.6 - - - - - - - - - 82

7,2 F 27 R112H 34.7 nd 0.5 - - - - - - - - - 120

Uncertain cases

8 M 44 A143T 29.8 nd 0.5 - - - + - - + - - 92

9 M 70 L106F 5.6 nd 1.6 - - - + - - + + - 93

9,1 F 49 L106F 60.7 nd 0.4 - - - - - - - - - 101

10 F 59 P60L 38.9 nd 0.5 - - - + - - - - + 25

10,1 M 44 P60L 13.3 nd 0.9 - - - - - - - - - 103

10,2 M 41 P60L 7.3 nd 0.8 - - - - - - - - - 114

10,3 M 47 P60L 7.1 nd 0.7 - - - - - - - - - 107

10,4 F 65 P60L 50.7 nd 0.5 - - - + - - + - - 72

10,5 F 24 P60L 31.3 nd 0.5 nd - - - - - - - - 135

10,6 F 20 P60L 38.7 nd 0.6 nd - - - - - - - - 130

10,7 F 17 P60L 44.7 nd 0.8 nd - nd - - - - - - 133

11 F 31 R118C 117.8 nd 0.2 - - - - - - - - - 127

12 F 30 T385A 170 nd 0.3 - - - + - - + + - 116

13 F 64 T385A 88.9 nd 0.3 - - - - - - - + - 97

No FD

14 F 52 A143T 57.8 - 0.3 nd - - - - - - + - 95

14,1 M 25 A143T 29.8 nd 0.4 - - - - - - - + - 118

14,2 M 20 A143T 35.8 nd 0.6 - - - - - - - + - 122

14,3 M 23 A143T 21.8 nd 0.4 nd - - - - - - - - 132

15 M 68 D313Y 53.1 nd 0.4 - - - + - - + + - 72

16 M 69 D313Y 108.4 nd 0.3 - - - + - - + + - 72

17 M 41 D313Y 68.7 nd 0.4 - - - - - - - - - 96

18 F 50 D313Y 142.2 nd 0.3 - - - + + - - - - 98

18,1 F 45 D313Y 156.0 nd 0.3 - - - - - - - - - 102
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Integers are used for index patients. nd: no data, - absent, + present. M: Male, F: female Histological data: organ 
biopsy demonstrating a characteristic storage pattern on EM in the absence of drugs known to induce FD like 
storage. Biochemical data: plasma lysoGb3 measured by MS, alpha-galactosidase A activity (aGalA)measured in leu-
cocytes are displayed as a percentage of the middle of the reference range. Characteristic FD features: cornea ver-
ticillata (CV), clustered angiokeratoma (AK), neuropathic pain (NP). Clinical events are defined as a stroke, transient 
ischemic attack (TIA), cardiac event, dialysis or kidney transplant. A cardiac event was defined as: a symptomatic 
cardiac arrhythmias, pacemaker,Implantable Cardiac Defibrillator, myocardial infarction, percutaneous transluminal 
coronary angioplasty or coronary artery bypass graft or admission to hospital due to heart failure. LVH is defined as 
an IVSd > 12 mm. Glomerular filtration rate ( mL/min/1.73m2) is measured by CKD-epi formula. 
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SuMMaRY
The aim of this thesis was to improve the diagnosis of Fabry disease (FD), in order to support the 

diagnostic process in individuals with a genetic variant of unknown significance (GVUS) in the 

α-Galactosidase A (GLA) gene. 

The prevalence of FD has long been reported to be around 1:40.000 males 1. However, it is 

increasingly suggested that the prevalence of FD may be underestimated, especially as a result 

of screening studies that assess the prevalence of FD in different subgroups. In chapter 2 we 

have reviewed the literature on screening for FD. We found that while two screening studies 

were performed by 2001, following approval of enzyme replacement therapy (ERT) for FD by the 

European Medicines Agency (Europe) and the Food and Drug Administration (USA), subsequently 

49 screening studies were performed in 2002 - 2012. Furthermore, 45% of these studies were 

funded by at least one of the companies that market ERT, suggesting that besides increased 

awareness, due to the availability of ERT, the involved pharmaceutical companies may have had 

an active role in promoting such studies. Screening in newborns suggested an overall prevalence 

of 1:2500 (0.04%), much higher than based on clinical ascertainment. In high-risk screening 

cohorts, that is in subgroups with a single non-specific symptom such as left ventricular 

hypertrophy (LVH), chronic kidney disease (CKD) or stroke, an even higher prevalence of 1:161 

(0.62%) was found. However, we noted significant differences between studies.

Subsequently, we applied strict clinical and biochemical criteria to the individuals detected with a 

GLA gene variant in the high risk screening cohorts. As such, we aimed to identify those with a 

definite diagnosis and a classical FD phenotype. When applying these criteria, only 0.12% (rather 

than 0.62%) had a definite diagnosis of FD. It is important to note that in a significant number 

of individuals, too little information was given for classification. Despite this limitation, it can still 

be concluded that screening for FD will identify a substantial number of individuals with a GLA 

variant, who do not demonstrate characteristic features of classical FD. In these individuals, the 

GLA variant is considered a GVUS. These individuals may either have a non-classical phenotype, 

or the GLA variant may be neutral. In the latter cases there might be another underlying cause for 

the symptoms  that led to the inclusion of to explain the initial reason to screen that individual in 

the screening study (e.g. a sarcomeric mutation or severe hypertension that causes LVH). 

In order to improve the diagnosis of FD, we first had to establish the criteria that define this 

disease. We collaborated with seven experts in a Delphi consensus procedure (chapter 3) to 

develop criteria to select those individuals in whom there is no doubt about the diagnosis. These 

criteria were made with an emphasis on avoiding false positives. The criteria (chapter 3, table 

2) comprised of the presence of a GLA variant and a very low α-Galactosidase A (αGalA) enzyme 

activity for males; combined with a minimum of one of the characteristic features of classical FD: 

FD neuropathic pain, angiokeratoma, cornea verticillata or a globotriaosylsphingosine (lysoGb3) 

or globotriaosylceramide (Gb3) in the range of classical male FD patients; or a family member 

with a definite diagnosis of FD carrying the same GLA variant. Individuals, who do not fulfil 

these criteria, have an uncertain diagnosis of FD. Furthermore, the panel endorsed that strict 

definitions apply to angiokeratoma, FD neuropathic pain and cornea verticillata (CV). Therefore, 
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the committee emphasized that assessment of angiokeratoma, Fabry neuropathic pain and 

CV should be performed by a physician with expertise on FD, in order to avoid an incorrect 

classification (e.g., atypical pain in hand or feet unjustly labeled as FD pain). 

The panel furthermore discussed that in case of an uncertain diagnosis, histological evidence for 

lipid storage in an affected organ should be pursued. The panel agreed that the demonstration of 

storage characteristic of FD 2 in an affected organ (e.g. heart, kidney, aside from skin) by electron 

microscopy analysis, serves as the gold standard for FD. Concentric multi lamellated myelin 

bodies with a zebra like pattern (zebra bodies) and with a periodicity of approximately 5 nm are 

characteristic of FD 2, but it remains important that the biopsy is assessed by an experienced 

pathology team. Lysosomal storage similar to that seen in FD may also be found in other lysosomal 

storage disorders 3-5, however, the storage is considered specific in the context of clinical signs or 

symptoms compatible with FD. Furthermore, certain medications may cause similar storage 6,7, 

therefore a careful medical history for the use of these medications is indispensable to interpret 

biopsy results. The criteria for a definite diagnosis and the gold standard were subsequently 

endorsed and adopted by the experts who participated in the studies presented in chapters 4, 

5 and 6.

In chapter 3, 4 and 5, we reviewed the literature to identify clinical and laboratory criteria that 

may be applied to confirm (entry criterion) or exclude (exit criterion) FD in individuals with LVH, 

CKD or cerebrovascular disease (transient ischemic attack (TIA), stroke or white matter lesions 

(WMLs)). The literature search revealed several features that were found to be abnormal in FD 

patients. However, in order to serve as an entry criterion, a high specificity is warranted. Most 

often, a relevant control group was not assessed, and specificity remained unclear. This may have 

influenced the results substantially, and several criteria that were identified may still be valid, 

despite insufficient data on specificity and sensitivity. In order to overcome this limitation, the 

experts in the Delphi procedures collaborated on additional analyses in FD cohorts and control 

groups relevant to assess specificity and to add to the currently available data. Subsequently, 

criteria were assessed in a modified Delphi consensus procedure and a diagnostic algorithm was 

constructed for each affected organ system. 

For individuals with LVH (chapter 3), the panel agreed that, based on the additional analyses, 

LVH of >15mm in an individual aged <20 years and microvoltages on electrocardiography can 

both exclude FD. Although data on specificity were limited, the panel considered the presence 

of a PQ interval < 120 ms, sinus bradycardia, hypertrophied papillary muscle, myocardial late 

enhancement in the infero-postero-lateral region as ‘red flags’. This indicates that the diagnosis 

is likely, but further investigations are needed to establish a definite diagnosis. For individuals 

with CKD (chapter 4), there were few studies in which specificity was assessed and no criteria 

to confirm or exclude FD nephropathy could be determined. However high urine Gb3 and the 

maltese cross sign in urine serve as a ‘red flags’. For both individuals with LVH and CKD, and 

an uncertain diagnosis of FD, the panels fully agreed that a heart or kidney biopsy, respectively, 

should be performed to confirm or exclude FD. In chapter 5 we described the results for 

individuals who present with TIA, stroke or WMLs. Additional analyses showed that a pattern of 
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WMLs, characteristic for cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL or the recessive variant CARASIL) is not seen in FD patients and 

can thus exclude FD. The pulvinar sign on T1 weighted magnetic resonance imaging (MRI) and 

increased basilar artery diameter (BAD), assessed with MRI were promising. Additional analyses 

showed that an increased BAD may possibly identify FD patients, when compared to patients 

with non-Fabry stroke. The panel agreed that the pulvinar sign and BAD > 4.2 mm can each serve 

as a ‘red flag’. 

In chapter 6 we described the results of a consensus study with the aim to improve the diagnosis 

of individuals with pain or a small fiber neuropathy (SFN), angiokeratoma or CV, in whom a GLA 

variant was identified, and in whom there is no heart, brain or kidney involvement. The experts 

agreed that if the clinical feature meets strict criteria, there is no alternative diagnosis.

Especially in individuals who present with TIA, stroke or WMLs, a definite conclusion cannot 

always be drawn with the developed algorithm. Also, for individuals with LVH or CKD, a biopsy 

may not always be feasible. The diagnostic options should be considered on an individual basis 

and follow-up in a center with expertise on FD is advised for those individuals in whom the 

diagnosis remains unclear. 

As a characteristic feature of classical FD, CV assessment was hypothesized to be an accurate 

diagnostic tool for FD. In chapter 7, we systematically studied the literature on the prevalence 

of CV in FD, and found an overall prevalence of 69% (range 36-96), much lower than expected 

based on clinical experience. The lower prevalence may be accounted for by the inclusion of 

individuals with a non-classical phenotype or even without FD in the studied cohorts. Only in 

a subset of studies, data were sufficient to identify patients with a non-classical phenotype 

or uncertain diagnosis. In order to generate a more accurate estimate of the prevalence, we 

studied the Dutch FD cohort. Strict criteria (see chapter 3) were applied to identify those with a 

classical phenotype. The results of organ biopsies were used to identify individuals with a non-

classical phenotype and those with a non-pathogenic GLA variant. These data revealed a much 

higher prevalence in the group of patients with classical FD: 82% (95% confidence interval 

(95% CI) 71-89) for females, and 94% (95% CI 80-99) for males. In the individuals with a non-

classical phenotype, only 16% (95% CI 6-35) had CV, and there were no false positives. The 

results indicate that the presence of CV could confirm FD. However, with a low prevalence in 

the non-classical group, being patients who originally presented with an uncertain diagnosis, CV 

assessment is helpful in only a minority of individuals. 

Like CV, FD neuropathic pain is a characteristic feature of FD. The characteristic pain in FD is 

related to a small fiber neuropathy. In order to assess the diagnostic applicability of quantitative 

sensory testing (QST) and intraepidermal nerve fiber density (IENFD), we assessed individuals 

with a non-classical phenotype and individuals with a non-pathogenic variant as described above 

(chapter 8). In the group of patients with non-classical FD (n=18, 9 males), 29% had one or 

more abnormal QST modality, while only 2 individuals exhibited an abnormal cold detection 

threshold (CDT). Most individuals (83%) had an abnormal IENFD. Interestingly, also individuals 



Summary and general discussion

199

10

with a non-pathogenic variant (n=5, 3 males), showed QST (20%) or IENFD (75%, 1 missing 

data) abnormalities. For all except 1 individual with a non-classical phenotype, the abnormalities 

were limited and not sufficient to conclude that a SFN was present. The sensitivity of a combined 

abnormal QST and IENFD was 28%, with a specificity of 80%. These results indicate that 

accidental findings of abnormal QST or IENFD may occur in individuals without FD. The cause for 

the abnormalities in this group remains unclear. We concluded that, in our study, QST and IENFD 

assessments cannot confirm or exclude FD in individuals with an uncertain diagnosis.

LysoGb3, as a hallmark of FD, may possibly differentiate individuals with a non-classical FD 

phenotype, from those with a neutral GLA variant. Therefore, we studied lysoGb3 in the Dutch 

FD cohort, comprising of patients with a classical and non-classical phenotype and individuals 

with a non-pathogenic GLA variant, again by using the previously described criteria (chapter 

9). The data confirmed that males and females with a classical phenotype invariably have 

elevated plasma lysoGb3 levels (males, n = 38, ≥ 45 nmol/L, females, n = 66, ≥ 1.5 nmol/L, 

normal reference ≤ 0.6). Also, males with a non-classical phenotype had increased levels, yet 

considerably lower than patients with classical FD (n = 13, ≥ 1.3 nmol/L). In females with a 

non-classical phenotype (n = 14), plasma lysoGb3 levels overlapped with healthy controls. In 

individuals with a non-pathogenic variant (n = 9, 6 males), levels were within the normal range. 

Furthermore, we assessed lysoGb3 levels in individuals with a persistent uncertain diagnosis, 

revealing slight elevations up to 1.6 nmol/L. We extensively discussed if a lysoGb3 value ≥ 1.3 

nmol/L may be used to confirm FD. This decision was complicated by the small patient numbers 

and the elevated levels in the “uncertain” group. With these limitations in mind, we concluded 

that an increased plasma lysoGb3 level supports a diagnosis of FD, but further assessments 

should be performed to confirm or exclude FD in uncertain cases. 

GENERaL DISCuSSION
what have we learnt from screening studies?

Historically, Fabry disease (FD) was reported to have a birth prevalence of approximately 1:40.000  

males1. Estimations of prevalence, however, differ significantly between studies. For example, 

calculation of the birth prevalence of FD in the Netherlands was, corrected for the number of 

births, 1:238,000 males, and 1:476,000 for males and females combined 8, while Meikle et al 

reported a birth prevalence of 1:117,000 for Australia in approximately the same study period 

(males and females combined) 9. These calculations were based on enzymatic diagnoses in, 

reflecting (mostly) male diagnoses. Before 1999, identification of FD was based on individual 

case finding. As a consequence, the number of identified cases depended heavily on recognition 

of the, usually, classical phenotype and family studies. At that time, screening of larger groups 

had only been performed once by Nakao et al in a cohort of individuals with left ventricular 

hypertrophy (LVH) 10. 

This changed tremendously after enzyme replacement therapy (ERT) was approved by the 

European Medicines Agency and the Food and Drug Administration in 2001. Nearly 50 studies 
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were performed in the 10 years that followed, almost half of these funded or supported by the 

companies that market ERT. These studies suggested that the prevalence of FD may be much 

higher than previously thought. Indeed, screening in newborns, by determination of low levels 

of αGalA  enzyme activity, showed an overall prevalence of 1:2500 (0.04%). In adult populations, 

screening was performed in so-called “high-risk” groups, e.g., individuals with a single non-

specific symptom such as LVH, chronic kidney disease (CKD) or stroke. It was suggested that 

individuals in these subgroups could have unrecognized FD, missing a window of opportunity of 

adequate treatment. In line with the expectations, the prevalence in these high-risk groups was 

even higher (combined prevalence of 1:161, 0.62%). There are some major limitations to these 

studies. Firstly, these studies mainly identified males, as enzymatic analysis was most often 

used to screen for FD, potentially missing approximately 40% of females 11. But, secondly, and 

much more important, it would be incorrect to conclude that this is the true prevalence of FD 

for each group. For both newborns and the high-risk individuals, these results merely reflect the 

prevalence of α-Galactosidase A (GLA) gene variants in the different groups. Harboring a GLA 

variant does not necessarily imply that this individual has or will develop clinical FD. In several 

studies, individuals with any GLA variant were deemed FD patients and sometimes even treated 

with ERT. Often, a thorough phenotypic evaluation of these individuals was not performed to 

confirm the diagnosis with characteristic clinical, biochemical or histological features. Others 

recognized that these individuals stand out as compared to the clinical pattern of FD seen in 

classically affected (male) patients. Frequently, these individuals were reported as ‘late onset’, 

‘atypical’ patients, or in the presence of solely LVH or CKD as having a cardiac or renal variant 

of FD. As described in chapter 2, structural categorization of the individuals found by screening, 

revealed that only 1 out of 6 individuals with a GLA variant had characteristic features of FD and 

a definite diagnosis according to predefined criteria. 

The results of the literature review illustrate that careful considerations should follow before a 

definite diagnosis can be made when a GLA gene variant is identified. The diagnosis of those who 

were found to have a GLA variant is often unclear, with a number of individuals not suffering from 

FD. These individuals have an uncertain diagnosis with a genetic variant of unknown significance 

(GVUS) in the GLA gene. Over the last decade, several of these patients have been misdiagnosed 

and have received inappropriate counselling and treatment. This creates an obligation to our 

patients to critically evaluate all modalities that can aid in making a proper diagnosis. When we 

address this problem, the first question is how Fabry disease is actually defined. 

what defines Fabry disease?

Since the first descriptions of FD patients, several clinical features have been associated with 

what is now referred to as classical FD. The skin lesions, angiokeratoma, were the basis for the 

initial recognition of FD in the seminal papers of Fabry and Anderson 12,13. Angiokeratoma in FD 

are predominantly present in a clustered form, and are located predominantly in the umbilical, 

perioral and bathing trunk area, but may also cover larger areas such as the trunk and limbs. In 

addition, patients often report burning pains in the limbs that are exacerbated by heat, fever or 

exercise. Cornea verticillata (CV) is frequently present and furthermore, patients can have an- or 

hypohidrosis. 
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Pathogenic variants in the GLA gene lead to absent or near absent α-Galactosidase A (αGalA) 

enzyme activity in males with classical FD, while in females, enzyme activity may be normal 

or slightly reduced 11. As a result, globotriaosylceramide (Gb3) accumulates in lysosomes of 

several tissues and is elevated when measured in plasma or urine in males and some females 
14. Furthermore, Gb3 accumulation can be demonstrated with histology, and is best assessed 

with electron microscopy (EM), where concentric multi lamellated myelin bodies with a zebra 

like pattern (zebra bodies) and with a periodicity of approximately 5 nm are characteristic of FD 2. 

More recently, globotriaosylsphingosine (lysoGb3) has been identified as an important hallmark 

of FD 15, and can be measured in plasma and urine 16-18. The combination of these characteristic 

clinical and biochemical features reflects patients with an unmistakable classical FD phenotype.

However, problems arise when we are confronted with patients who do not present the clinical 

and biochemical phenotype that is associated with classical FD. Historically it was already known 

that there are individuals with GLA variants with a less well defined phenotype. For example, 

individuals with the IVS4+919G>A, p.M296I, p.N215S or p.R112H variant generally do not exert 

characteristic features of classical FD 10,19-22. However, in those cases, FD was confirmed with 

histological evaluation of organ biopsies that demonstrated storage characteristic of FD on 

electron microscopy (EM) 10,19-21,23,24. In contrast, in two reports that contain detailed pathological 

examination by electron microscopy (EM) of some individuals with the p.A143T variant, no 

characteristic lysosomal inclusions could demonstrated 21,25. Hence, individuals with the p.A143T 

variant are currently thought not to have FD. 

Information on the GLA gene provides important information when FD is suspected. Variants 

leading to absence of the gene product and no residual αGalA enzyme activity in males, generally 

true for deletions or insertions leading to frame shifts and early truncating (nonsense) variants, 

are invariably associated with a classical FD phenotype in males. However, the majority are 

missense variants, some of which are related to classical FD, while others may cause a more 

attenuated phenotype or no FD at all. Furthermore, many intronic and splice sites variants have 

been associated with different phenotypes. The prediction of pathogenicity, solely based on 

the genetic variant can be difficult, and due to the number of different GLA variants and other 

influences, a clear phenotype-genotype correlation has not been established. 

Several methods are available to further assess the pathogenicity of genetic variants. Prediction 

models study the structure or function of the gene product and the evolutionary conservation of 

the affected amino acid. So far, these prediction models only achieve an accuracy of approximately 

80%. Recently, Riera et al developed a prediction model specifically for the GLA gene, reaching 

an accuracy of approximately 90% 26. An important limitation is that data from online databased 

were used to define the pathogenicity of the variants used for validation. These databases do not 

provide a systematic and robust strategy to designate the pathogenicity of the variants, which 

is essential for a reliable classification (see section on generalizability of individual findings). In 

order to define pathogenicity, data from the literature are used, in which a strict definitions to 

objectify FD, are often lacking. Thus, when strictly defined phenotyping has not been performed, 

these association studies are not useful. Our current understanding of FD phenotypes should be 
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implemented into these models to avoid mistakes. An example is the p.D313Y variant: initially, 

it was believed that this variant was associated with FD 27,28, as the variant was identified in 

a patient with a classical FD 29. However, additional studies revealed that this variant did not 

influence the protein structure significantly and that the FD phenotype could be attributed to a 

second GLA variant 27,28. Furthermore, the enzyme activity was related to the pH, resulting in a 

lower activity at neutral pH as compared to a higher activity when measured at acidic lysosomal 

pH 28. The studies on the p.D313Y variant have clearly shown the limitations of enzyme activity 

measurement: in vitro measurements do not always reflect the in vivo situation, and a deficient 

enzyme activity in vitro may even be an ‘pseudodeficiency’ 27,28.  It is also important to realize, 

that a decreased αGalA enzyme activity in vivo, but with a certain amount of residual activity, 

may be sufficient to prevent clinical disease. While the clinical consequences of residual enzyme 

activity are often unclear, an absent or nearly absent enzyme activity in males is generally related 

to a classical FD phenotype. 

Further laboratory studies may elucidate the impact of a certain variant. For example, expression 

studies, often performed in COS cell models, are frequently used to assess the effects of 

a certain genetic variant on the gene product. Expression of the GLA gene in such a model 

provides an opportunity to reliably assess residual αGalA enzyme activity, which is not affected 

by differences between individual patients. However, the benefit for the diagnostic process is 

limited: while the residual activity is reliably assessed, this does not necessarily predict the 

clinical outcome. It could be of interest to correlate the clinical phenotype (using predefined 

criteria to confirm or exclude FD) to the extent of residual enzyme activity in expression studies 

for different GLA variants. If a correlation is demonstrated, it may be possible to generate a cutoff 

value for enzyme activity to predict pathogenicity. Besides the enzyme activity, cell models also 

provide an opportunity to localize the protein, e.g. to study if the protein is correctly localized to 

the lysosome. However, we should always keep in mind that individual differences occur as a 

result of genetic, epigenetic and environmental factors. Thus, expression studies may add to the 

diagnostic process, but cannot be used to predict the phenotype.

Besides information on the GLA gene and αGalA enzyme activity, the in vivo biochemical 

consequences of a variant are of importance, since storage of Gb3 is the main culprit leading to 

disease. Substantially increased biomarkers in plasma or urine (e.g. Gb3, lysoGb3) are associated 

with a classical phenotype as mentioned previously. Because of the importance of biochemical 

“read-out” of a variant in relation to disease phenotypes, this is further discussed below. 

As much relies on thorough phenotyping of individuals, it is of importance to critically evaluate 

the presence of highly specific imaging, or other characteristics, that can be of help to define 

FD.  Many detailed studies on the affected organs in FD (i.e. heart, kidney, brain) have been 

performed. For example, a short PQ interval on electrocardiography (EKG) may be seen in FD, 

possibly caused by involvement of the conductive system of the heart 30-32. WMLs may have 

a distinct pattern 33,34, and magnetic resonance imaging (MRI) can reveal increased diameters 

of the large cerebral arteries 35-37. These abnormalities may also be helpful for the differential 

diagnosis. For a systematic approach to evaluate outcomes of these studies against phenotypes 
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of FD, the first step that should be taken is to define a definite diagnosis of FD and at the 

same time delineate criteria for an uncertain diagnosis. For this purpose, a group of international  

experts discussed the features associated with FD (chapter 3, table 2). The criteria combine the 

presence of a GLA variant with characteristic clinical and biochemical features to confirm FD. In 

order to avoid false positives, the definitions were made quite strict, and will most likely identify 

individuals with a classical FD phenotype only. Individuals who do not fit these criteria, have an 

uncertain diagnosis of FD. In addition to the establishment of these criteria, the panel agreed that 

the gold standard for FD is histology, assessed with electron microscopy as describe above. The 

use of these criteria in the selection of individuals for future research projects will lead to more 

homogeneous groups and allows for comparison of data between studies.

These criteria have provided much needed clarity and uniformity. It could be discussed, however, 

if individuals fulfilling these criteria should always be regarded as diseased in the clinical sense. 

For instance, an individual with a GLA variant, nearly absent αGalA enzyme activity and a very 

high lysoGb3, will fulfill the criteria for a definite diagnosis, disregarding absence of clinical signs 

or symptoms such as pain, CKD or LVH. With this profile, it is most likely that a male patient will 

develop clinical apparent FD in the future. But, similar difficulties also arise for asymptomatic 

individuals and in particular females, with an affected family member. It is difficult to predict if 

and when asymptomatic family members will develop signs and symptoms of their own and 

several factors may be involved. This is an important consideration to take into account when 

counselling a family. 

We recommend to apply these criteria to confirm the diagnosis in individuals with (suspected) 

FD, while for (yet) asymptomatic family members, caution should be taken before an individual 

is designated as having FD. In other words, these criteria do not predict the clinical course for 

each individual patient. In some cases it may not be feasible to confirm or exclude FD in the 

index patient. Evaluations of (male) family members may be helpful, but it should be discussed 

that there is no guarantee that this will solve the diagnostic problem, and may add another 

family member with a GVUS and thus an uncertain diagnosis of FD. Counseling of the family is 

important to avoid misunderstanding and regrets of decisions made.

uncertain diagnosis of FD: diagnostic approach

Diagnostic algorithms were developed for individuals who do not have a characteristic phenotype, 

but in whom a GLA variant is identified (uncertain diagnosis). The algorithms in chapter 3, 4, 5 

and 6 were generated using expert panels. Although expert opinion is generally considered low 

level of evidence 38, this is not the case for the algorithms developed here. The literature was 

systematically reviewed in order to obtain a complete overview of the available data. The expert 

decisions were thus based on the currently best available evidence, and not solely on their clinical 

experience. Furthermore, before a certain criterion was accepted, a high level of agreement was 

required (≥75% agreement, no one disagreed). With this approach and with the collaboration 

of a total of 32 international experts, we believe that these algorithms can be used in clinical 

practice. However, an open mind to developments that may reveal new insights is an absolute 

requirement. Along with the discussions, we have identified several caveats that need further 
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assessment and will help in improving these algorithms further in the future. For example, the 

literature reviews and diagnostic algorithms clearly demonstrate that the currently available data 

are not sufficient to confirm or exclude FD in all individuals with an uncertain diagnosis. Several 

criteria were selected that could exclude FD, i.e. the specific sign or symptom is not found 

in FD patients. But, the currently best available option to confirm FD is EM assessment of a 

biopsy specimen from an affected organ. For instance, in individuals who present with transient 

ischemic attacks (TIA), stroke or white matter lesions (WMLs), a biopsy of the affected organ is 

not an option, and there were no other criteria to confirm FD. And even for individuals with LVH 

or CKD, a biopsy may not always be feasible. 

To improve the diagnostic approach, we have studied several possible diagnostic criteria in detail. 

Cornea verticillata (CV) has a high prevalence in classically affected patients 1,39,40, and importantly, 

presence of CV is specific for FD (in the absence of the use of medications that may cause 

CV), i.e. there is no alternative diagnosis 6. With a low prevalence in the non-classical group, 

being patients who originally presented with an uncertain diagnosis, CV assessment will only 

be helpful in a minority of individuals with an uncertain diagnosis. Nevertheless, CV assessment 

is essential in the initial evaluation of each individual with a GLA variant, because if found, and 

especially in combination with other characteristic features of FD, this information is extremely 

useful. Another feature that is believed to be characteristic of FD is neuropathic pain. Several 

studies have shown that there is a relation with affected small nerve fibers 41-48. Data from a 

predominantly classical FD cohort studied by Biegstraaten et al 41,42 predict that 100% of males 

and 75% of females can be detected by assessment of temperature perception and IENFD. We 

found that abnormal QST and IENFD findings were also present in a small cohort of patients with 

non-classical FD, but the abnormalities were not  overwhelming, and false positives were also 

found (sensitivity 27%, specificity 83%, control group: individuals with a neutral GLA variant). We 

concluded that small nerve fiber assessment cannot reliably confirm or exclude FD in uncertain 

cases. However, in the presence of pain with childhood onset, exacerbated with heat of fever 

and with abnormal QST and IENFD assessments, there is no doubt about the diagnosis of FD.

As mentioned previously, the biochemical characteristics need further discussion as tools to 

help define FD. The biochemical marker lysoGb3 was identified as a hallmark of FD by Aerts et 

al in 2008 15. Subsequent studies have shown that plasma lysoGb3 can reliably detect patients 

with a classical FD phenotype, in contrast to the primary storage product in FD (Gb3) 16,18,49-51. 

Furthermore, clinical studies showed a (limited) correlation of plasma lysoGb3 levels with certain 

clinical features, disease severity 49 and a response to treatment with ERT was observed 52. These 

data suggest that plasma lysoGb3 may also be of use for the diagnosis of FD for individuals 

with an uncertain diagnosis. Our study on plasma lysoGb3 in patients with non-classical FD 

and in individuals with a non-pathogenic GLA variant, showed that all males with a non-classical 

phenotype had an elevated lysoGb3 level (≥1.3 nmol/L, normal reference ≤ 0.6), while the values 

in females overlapped with healthy controls. We extensively discussed if a lysoGb3 value ≥1.3 

nmol/L may be used to confirm FD. The small subject numbers, and an elevated level of 1.6 

nmol/L in an individual with LVH and with an uncertain diagnosis in whom an organ biopsy was 

not an option, complicated this decision. A decision to implement lysoGb3 as a confirmative 
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criterion would also imply that other assessments, such as a biopsy of the affected organ for 

the purpose of diagnosis, may no longer be indicated in an individual with an increased lysoGb3 

in plasma. With these limitations in mind, we concluded that a plasma lysoGb3 ≥1.3 nmol/L is 

very suggestive of FD, but further assessments should be performed to confirm or exclude 

FD in uncertain cases. Before we can use lysoGb3 in clinical practice to confirm or exclude 

FD, additional studies should first confirm our data in larger groups, and should furthermore 

focus on the specificity of lysoGb3, explicitly regarding the use of medication that may induce a 

lipidosis. Additionally, the assessment of lysoGb3 is not yet available for all centers and different 

mass spectrometry assays are in use to quantify plasma lysoGb3, that employ different internal 

standards 18,51,53. In contrast to the assay used for the studies described in this thesis, some 

standards show little chemical resemblance to lysoGb3. These differences make it difficult to 

predict if all assays can reliably quantify slight elevations. Efforts should therefore be made to 

improve the availability of reliable lysoGb3 measurements before plasma lysoGb3 can replace 

Gb3 in the diagnostic approach and treatment follow-up. 

Besides lysoGb3 itself, several isoforms of lysoGb3 have been identified by the group of C. 

Auray-Blais. These isoforms have different sphingosine base moieties, and are found in plasma 

and urine of FD patients. Interestingly, while lysoGb3 is present in urine only in very small 

amounts 17, some isoforms are present more abundantly 54-57.  The profile of lysoGb3 isoforms in 

individuals with a non-classical FD phenotype is yet unknown. Information on lysoGb3 isoforms 

may improve our understanding of the different clinical findings in the classical and non-classical 

patients (e.g. classical versus non-classical or cardiac versus renal involvement). In order to study 

this, the lysoGb3 isoforms should be measured in treatment naïve patients with a non-classical 

FD phenotype and compared to a group of age and gender matched patients with a classical FD 

phenotype, applying the strict definitions to categorize individuals that we applied earlier. 

However, measurements in plasma and urine will not demonstrate the origin of lysoGb3 and its 

isoforms. It would be ideal to assess the different tissues in FD patients with a classical and non-

classical phenotype, however, acquiring (sufficient) tissue is not always feasible. Alternatively, 

tissue could be acquired with obduction. A major limitation is the small number of individuals 

with a well-defined non-classical phenotype, and the availability of post mortem tissue samples 

in only a subset of these individuals. To study the lipid profile in different organs, an animal 

model would be of interest. A knockout mouse model of FD is available and lysoGb3 levels in 

several tissues of this mouse model have been measured 15, which gives some indication about 

possible sources of plasma lysoGb3. However, this model does not demonstrate clear clinical 

features of FD (i.e. LVH, CKD or stroke) 58, although in a single study, mild LVH was found 59. 

Taguchi et al recognized this problem and developed an improved mouse model by combining 

a GLA knockout with induction of the Gb3 synthase gene 60. This mouse model showed a level 

of microabuminuria, and some systolic and diastolic dysfunctions, but there was no significant 

increase of cardiac mass. LysoGb3 tissue levels were not reported. In order to study the lipid 

profiles in affected organs, further efforts should be made to improve an animal model, also 

considering other animals who may express a classical phenotype with the introduction of a GLA 

knockout. This would give an opportunity to also study the phenotype of animals with different 
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GLA variants, to mimic non-classical FD. Additionally, induced pluripotent stem cells, to generate 

organ specific cell lines such as cardiomyocytes from either human or animal origin could provide 

interesting possibilities to study lipid accumulation in relation to cell types 61,62. 

With the currently available data, lysoGb3 isoforms in plasma or urine are subject of important 

research questions, but have no place (yet) in the clinical setting of diagnosis and follow-up.

Diagnostic accuracy

In order to validate the diagnostic accuracy of the algorithms and criteria presented in this thesis, 

a prospective study would be needed, using uniform in- and exclusion criteria and a standardized 

approach 63. For this purpose, a group of individuals presenting with LVH, CKD, TIA, stroke or 

WMLs, or CV, SFN or angiokeratoma and a GVUS in the GLA gene should be assessed for the 

discussed criteria, as well as the gold standard, a biopsy of an affected organ. However, for 

individuals presenting with TIA, stroke or WMLs, and with CV, SFN/pain or angiokeratoma only, 

such a study is hampered by impossibility to obtain histological confirmation as a biopsy of the 

affected organ is not possible. 

A biopsy of an affected organ has been designated by the experts as the gold standard for FD. There 

are, however, several limitations. Firstly, the clinical context is important to consider as similar 

storage has been described in other lysosomal storage disorders 3-5. However, these diseases 

have no phenotypical overlap, and in the clinical context of signs and symptoms possibly related 

to FD, there is no discussion about the specificity. Furthermore, it is important to ask patients 

for the use of lipidosis inducing medication, which can cause storage indistinguishable from FD. 

Secondly, lamellated structures can be found in various other situations, such as in autophagy/

degenerative diseases and rheumatoid arthritis. When there is uncertainty with respect to the 

clinical phenotype, the characteristic periodicity of the zebra bodies on EM assessment, and in 

particular the periodicity of the lamellated bodies, can discriminate between FD zebra bodies and 

other myelin-like bodies. Since these differences can be subtle, this implies that experienced 

pathology teams need to perform these analyses and that they should be well informed about 

the clinical context. As an illustration, recently two families (5 patients) have been described by 

Apelland et al 64. Patients presented with early onset severe HCM, including an abnormal fat 

distribution in 3 patients. Cardiac and kidney biopsies showed lysosomal inclusions on EM with 

the Fabry related lamellated pattern. However, in the kidney biopsy, podocytes were not affected, 

which is very unusual for FD. Gb3 was slightly increased in the plasma of 1 patient, while Gb3 

in tissue from the affected heart was high in all patients. αGalA leukocyte enzyme activity was 

slightly reduced in 1 female, but molecular analysis of the GLA gene revealed no variants. It was 

concluded that the patients have a novel familial Gb3-associated cardiomyopathy, although it is 

uncertain whether there was accumulation of other lipids. No detailed information about the 

periodicity of the inclusions was provided. It is quite possible that small elevations of Gb3 are 

not specific for Fabry disease and can be found in other disorders. This was also illustrated by 

Schiffmann et al, who demonstrated small increases of urine and tissue Gb3 in patients with 

non-Fabry heart diseases 65. These cases demonstrate that in some cases atypical storage of 
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Gb3 can occur, which is not necessarily associated with FD. These and upcoming studies also 

illustrate the need for further refinement of the diagnostic algorithms in the future.

We have now repeatedly argued that a diagnostic accuracy study should abide to a strict protocol 

to generate homogeneous, comparable, results in all included cases. This protocol should include 

a structured categorization of individuals, for which the criteria presented in this thesis are 

very suitable. Because FD is rare, such a study can only succeed with cooperation between 

(international) expert centers for FD to achieve sufficient power. It would also be an opportunity 

to study the criteria that were deemed promising, but not yet sufficiently studied (‘red flags’) 

in patients with a non-classical FD phenotype, and a control group with a non-pathogenic GLA 

variant. This could subsequently result in important information on specificity. At first, the practical 

implications of this proposed study seem immense. However, most criteria may be obtained 

with the standard assessments that are already performed, such as cardiac ultrasound, MRI, and 

blood and urine laboratory measurements, albeit in a uniform setting for all participating centers. 

Equally important, separate studies should focus on specificity of criteria that may confirm FD, by 

studying these in relevant control groups. LysoGb3 should therefore be assessed in cohorts using 

certain medications that may induce lipidosis (most importantly amiodarone and chloroquine). 

Cardiac related criteria on EKG, ultrasound or MRI should be assessed in populations with other 

causes of LVH/HCM. Correspondingly, criteria related to CKD or TIA, stroke or WMLs should be 

assessed in groups with the same clinical sign or symptoms. From a methodological point of 

view, it would be preferred to exclude FD in the patients who are included in the control group, 

to avoid false positives. However, this is will inevitably lead to unwanted diagnostic dilemmas if 

GLA GVUS are identified. Therefore, screening for FD should not necessarily be done in all study 

patients, but may be confined to those in whom the studied criterion is identified. 

Generalizability of individual findings 

Several authors have reported on the characteristics of individuals with a non-classical FD 

phenotype or with a non-pathogenic variant. To date, reports are consistent in their findings for 

certain GLA variants with respect to histology. For example, the p.R112H variant is associated 

with a non-classical phenotype, and biopsy results from different families confirm the presence 

of characteristic storage on EM 20,21, while there are, to our knowledge, no studies that report 

histology of individuals without Gb3 accumulation. Conversely, for the p.A143T variant, the 

absence of storage on histology was reported for different families 21,25. However, having a 

certain GLA variant does not always predict disease severity and disease course. Several factors 

may influence the pathogenicity of a GLA variant. First, cardiovascular risk factors may influence 

the development of heart, kidney or cerebrovascular disease. And second, differences in genetic 

background or epigenetics may play a role in the development of a clinical phenotype. To date, 

the influence of epigenetics and gene interactions on the penetration of monogenetic disorders 

is largely unknown, hampering an adequate assessment of genetic variants.

It would be practical to have a list of GLA variants at hand, in which the pathogenicity of each 

variant is clearly stated. Several initiatives of databases with FD variants already exist 66-69, but 
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different criteria are used to designate if mutations are pathogenic, a GVUS, or non-pathogenic. 

With the limitations of generalizability in mind, it would be useful to generate a database in 

which variants are systematically assessed and scored to add to the diagnostic approach. 

Several attempts to elucidate the pathogenicity of certain variants have already been made. 

For example, the p.R118C variant is frequently found in screening studies 70-73, and Ferreira et 

al recently studied the variant in multiple families in Portugal and concluded that the variant 

does not segregate with the FD phenotypes in a Mendelian fashion, but that it might be a risk 

factor of cerebrovascular disease 74. This example also illustrates that a definite conclusion is not 

always straightforward. However, again, with international collaboration, it ought to be possible 

to identify variants that will invariably cause clinical apparent FD or no FD at all. Such a project 

requires active participation of multiple centers, and this database should be updated regularly. 

Treatment 

The Hamlet study focused on the establishment of a correct diagnosis. It is of great importance 

to identify those with FD to provide counseling and treatment options, while wrongful labeling of 

individuals with this chronic, progressive disease should be avoided. A correct diagnosis is also 

the first, indispensable, step towards the optimal management for a patient. While this seems 

obvious, this is not always easy in clinical practice. As we described in chapter 2, individuals 

with a GLA variant are frequently considered to be FD patients without further investigations. As 

a result, these individuals are sometimes treated with ERT. The p.A143T variant was previously 

discussed: Smid et al and Terryn et al demonstrated that individuals with this variant do not 

demonstrate characteristic storage in biopsies of the heart and kidney 21,25. Terryn et al also 

searched one of the main international FD registries (Fabry Outcome Survey, FOS, Shire HGT), 

and identified 20 individuals (8 males) with this variant. Interestingly, the majority was treated 

with ERT (n = 15, 7 males), but data on histology was not presented 25. The current evidence 

is very convincing that this variant does not lead to clinical apparent FD, and as a result, ERT 

is not indicated. To put the results of the FOS registry in perspective: 5 individuals have been 

identified with the p.A143T variant in the Netherlands and treatment with ERT would cost an 

estimated €200,000 per individual per year, or €1,000,000 per year 75. This is a significant amount 

for a country with a population of 16 million inhabitants, and only reflects 1 GLA variant, thus 

underestimating the costs of potential unnecessary treatment significantly. We strongly advocate 

that treatment with ERT is only considered for those with a definite diagnosis of FD, because 

initiation of ERT has profound consequences for the individual (invasive treatment, expectations 

about the future), and society (high costs of ERT) 75-77. 

While treatment should obviously be avoided for individuals who do not have FD, there is 

considerable doubt about the effectiveness of ERT for patients with a non-classical phenotype. 

These patients, assuming a definite diagnosis of FD is made, do exhibit accumulation of Gb3 in 

the affected organ 19-21,78. Therefore, it could be argued, that ERT, with the rationale of reduction 

of Gb3 accumulation, is indicated in these patients. A recent meta-analysis emphasized that ERT 

may result in (limited) stabilization in subgroups, but complications may still arise despite ERT 79. 

These studies, like most research projects on FD, were conducted in cohorts of predominantly 

classically affected patients. It may be that the limited efficacy is partially caused by severe 
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disease at initiation of ERT. Furthermore, antibody formation against the infused enzyme often 

occurs in males with classical FD, who have absent or near absent αGalA enzyme activity 80,81.  

Antibodies reduce the effects of ERT on urine and plasma (lyso)Gb3 81, and are likely to reduce the 

clinical benefit as well. Following this line of argument, a non-classical patient, with attenuated 

disease and residual αGalA enzyme activity, may be hypothesized to be the ideal candidate for 

ERT. Conversely, individuals with a non-classical phenotype will often present later in life. It is 

questionable if ERT will improve the disease progression substantially in order to benefit from 

the treatment in terms of life span and quality of life.

Evidence for effectiveness of ERT in non-classical patients is scarce, and the best evidence 

probably comes from females, who often present with solitary involvement of the heart. In 

females, the cardiac mass decreased or remained stable with ERT 79. Besides studies on females, 

only one study reports on the efficacy of ERT in patients with a non-classical phenotype 82. This 

study focusses on one particular GLA variant (IVS4+919G>A / c.936+919G>A) resulting in a 

cardiac phenotype 22,24,83-85 and reported improvement or stabilization of cardiac status and renal 

function, improved micro-albuminuria, and a reduction of lysoGb3 82. However, a later report by 

the same group reveals an increase of lysoGb3 after the initial decrease 86. These data suggest a 

possible beneficial effect for patients with attenuated FD.

The considerations regarding the application of ERT for non-classical FD patients are even more 

complex for asymptomatic family members with the same GLA variant. There may be a window 

of opportunity to initiate treatment before extensive organ damage occurs. In the literature, 

several studies endorse early treatment 87-91, with the assumption that a better outcome can be 

established. A recent study published the results of 6.5 year follow-up of children treated with ERT 

(agalsidase alfa), reporting a stabilizing effect 92. Another open label study is currently performed 

in children with a 5 year follow-up (agalsidase beta) 93. Both studies included patients without 

severe symptoms. Unfortunately, an untreated control group was not included and moreover, FD 

has a slow disease progression rate. Interpretation of the results of these studies is therefore 

challenging. The only way to overcome this issue, is to perform a randomized controlled trial with 

a long follow-up, for both early treatment of classical FD patients and treatment of patients with 

non-classical FD patients (symptomatic and asymptomatic). 

Although evidence is lacking, there is considerable support for treatment of individuals with 

non-classical FD. A clinical trial with an untreated arm, may not be supported by all FD experts. 

Alternatively, criteria may be drafted to allow for a change of study arm when disease progression 

occurs in the untreated group after a minimal study duration (e.g. 6 months). For example, 

individual with LVH, only remain untreated with a stable left ventricular mass or septal wall 

thickness. When progression of, for example, 2 mm occurs, the individual may change to the 

treated arm. 

Besides treatment with ERT, supportive care has become a cornerstone in the management 

of patients with FD. Treatment with angiotensin converting enzyme inhibitors and Angiotensin 

II Receptor Blockers of patients with CKD and proteinuria is most likely to reduce progression 

of CKD 94. Furthermore, primary and secondary prevention with antiplatelet coagulation therapy 
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may reduce cardiovascular events. Besides studies on the efficacy of ERT, a third study arm 

would be needed to assess the effects of maximal supportive care only. It is not inconceivable, 

that supportive care will achieve similar or even better results when compared to ERT alone. 

The latter is, however, difficult to study prospectively, as it would be unethical to deny optimal 

supportive care. But it is feasible to study the efficacy of ERT in a controlled manner: ERT and 

optimal supportive care versus optimal supportive care only. 

For the long-term follow-up, studies are performed with data from the international registries 

(FOS, Shire HGT and Fabry registry, Genzyme, a Sanofi company). However, those studies 

are limited by the observational nature and missing data, as well as the different protocols for 

follow-up at different centers 95. These registries cannot serve as a substitute of prospective 

clinical trials. Clinical trials for FD are complicated by the low patient numbers and need for long-

term follow-up. This is true for ERT, but also for supportive care and new therapeutic options. 

Such studies are costly, and with the limited benefit for pharmaceutical companies, it will be 

challenging to find financial support. However, despite the limitations, in the current climate 

of critical appraisal of budgets for healthcare, proper controlled studies in large groups should 

be performed to assess efficacy of orphan drugs. It is essential that expert centers collaborate 

(internationally) to achieve this common goal. 

To improve the evidence of efficacy of ERT, supportive care and future treatment options, we also 

need to invest in the understanding of the natural history of non-classical FD.  To study the natural 

history of symptomatic individuals in a prospective manner is probably not feasible, as a long-

term follow-up is needed, and this would imply that treatment (with ERT) is denied. However, 

asymptomatic family members are an interesting group to study prospectively, allowing for 

identification of the onset of LVH, CKD or WMLs in the regular assessments. A retrospective 

study is hampered by limited available data. However, the first identification and progression of 

cardiac, kidney or cerebrovascular disease can probably be retrieved. A combined retrospective 

approach for symptomatic, and a prospective approach for asymptomatic individuals will 

likely retrieve valuable data. The use of cross-sectional data is less attractive, because of the 

phenotypical heterogeneity. Importantly, the use of strict criteria to identify individuals with a 

non-classical phenotype essential, and as mentioned before, a sufficient dataset can only be 

achieved with international collaboration.

who to test for FD?

Population screening for FD is extensively performed in research settings, and recently, newborn 

screening for FD was implemented in the state of Missouri, USA 96. Furthermore, technical 

developments have made it possible to apply screening of several genes at once to individual 

patients. And with the emerging possibilities to perform whole exome and whole genome 

sequencing (WES and WGS, respectively) for individual patients, it is expected that GVUS in the 

GLA gene will increasingly be identified 97. 
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Symptomatic individuals 
It is interesting, that as a result of these developments, the diagnostic approach of an individual 

with a certain sign or symptom has changed. While earlier individuals were extensively 

‘phenotyped’, it has become possible to test for several genetic causes at once, without first 

fully elucidating the signs and symptoms present in an individual. 

A ‘conservative’ approach may be advocated in order to avoid the identification of GVUS, and 

the difficulties that are subsequently faced. An individual would be fully assessed, and if FD was 

suspected, an expert on FD is consulted. If characteristic features of classical FD are present, or 

if the family history is suggestive of FD, diagnostic tests for FD can subsequently be performed. 

However, with this approach, patients with a non-classical FD phenotype may easily be missed. 

It is more realistic to assume that screening for FD in high-risk groups will continue and 

even increase. We should therefore strive to achieve protocols for genetic testing, to identify 

those who may benefit from genetic testing. In the Netherlands, screening of individuals 

with cardiomyopathy is performed using a cardio chip, testing over 40 genes at once. It was 

decided on a national level, that only individuals with HCM, in contrast to those with dilated 

cardiomyopathy (DCM), are tested for the GLA gene. The  rationale behind this decision was 

that primary DCM is not seen in FD patients, unless with the coexistence of a second genetic 

cause for cardiomyopathy. In fact, one individual with DCM was identified to have the p.A143T 

GLA variant, prior to the implementation  of this guideline. This has caused tremendous distress 

for this individual, and a cardiac biopsy was not feasible in this case due to his anxiety for the 

procedure. The distress could have been easily avoided, with the initial identification of individuals 

who are actually ‘at risk’ for FD, i.e. those with HCM only, and not those with DCM. As genetic 

testing for FD of individuals with HCM has also revealed patients with true FD (non-classical and 

classical phenotypes) in the Netherlands, it is acceptable that this is continued in clinical practice, 

but it is important to keep in mind that the yield is low, and we should accept that a cardiac biopsy 

is warranted for several individuals to confirm/exclude a diagnosis of FD. For individuals with 

CKD, it is yet unclear if screening will identify patients with true FD. In a research setting, a large 

screening cohort should first assess this, and such a study should include kidney biopsies for all 

individuals with a GLA variant. For individuals with TIA, stroke, WMLs or small fiber neuropathy, 

screening for FD is not indicated, as there are no tools to reliably confirm FD if a GLA variant is 

found. The best approach in these individuals is to consider the likelihood of FD on an individual 

basis. Of course, in individuals with CV, in the absence of medication that may cause CV, FD 

should always be considered. Angiokeratoma are more difficult to interpret, and testing for FD 

should be considered by an expert. Again, advantages and disadvantages apply and should 

always be considered carefully when testing for FD is considered. At least, it is important to 

inform all individuals that accidental findings may occur with genetic testing, and that further 

assessment in an expert center may be needed, before a definite diagnosis can be established. 

Importantly, they should also be informed that the significance of a genetic alteration may remain 

unclear. This statement relates to FD, but also applies, of course, to genetic testing in general.
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Newborns 
While a sign or symptom is the reason to test for FD in high-risk groups, this is not the case in 

newborn screening. Clinical features of FD are not yet present in the first years of life, complicating 

the assessment of pathogenicity of a GLA variant even more. Sometimes, family screening may 

be helpful, but this is often complicated by the coexistence of comorbidities (e.g. hypertension, 

diabetes mellitus). Furthermore, the disease has a heterogeneous phenotype, and even in the 

presence of a pathogenic variant, the disease course cannot be predicted, especially in females: 

individuals may remain asymptomatic for decades. Moreover, if the pathogenicity of a variant is 

established, there is insufficient evidence that early initiation of treatment is beneficial (see the 

section on treatment). Altogether, newborn screening will often result in significant distress for 

parents and their families and ultimately for the child himself, while a substantial number of GLA 

variants will not (or only very late) cause clinical manifestations of FD. We strongly discourage 

to implement FD in newborn screening programs, as the disease does not fit the criteria for 

population screening as defined by Wilson and Jungner 98 and the benefits are, at best, very 

limited.
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SaMENVaTTING
Het eerste hoofdstuk van dit proefschrift beschrijft de achtergrond en aanleiding van het 

onderzoek dat in dit proefschrift wordt beschreven. Daarnaast geeft dit hoofdstuk informatie 

over de oorzaak, symptomen, verschillende presentaties en behandeling van de   ziekte van 

Fabry. De ziekte van Fabry wordt veroorzaakt door een deficiëntie van de lysosomale hydrolase 

(enzym) α-Galactosidase A, resulterend in stapeling van voornamelijk globotriaosylceramide 

(Gb3) en globotriasylsphingosine (lysoGb3) in de lysosomen van verschillende celtypes. Deze 

deficiëntie ontstaat door variaties in het α-Galactosidase A (GLA) gen, gelegen op de lange 

arm van het X-chromosoom. Het klassieke beloop van de ziekte van Fabry wordt gekenmerkt 

door neuropatische pijn, angiokeratomen, cornea verticillata (CV), an- of hypohidrose vanaf de 

kinderleeftijd, gevolgd door progressieve chronische nierziekte (CKD), linker ventrikel hypertrofie 

(LVH) en witte stofafwijkingen en herseninfarcten. De laatste jaren is duidelijk geworden dat 

sommige personen met een variatie in het GLA gen pas op latere leeftijd symptomen krijgen, 

terwijl anderen helemaal nooit symptomen ontwikkelen die gerelateerd zijn aan de ziekte van 

Fabry. Tegelijkertijd is de kennis over de prevalentie van de ziekte van Fabry toegenomen. Terwijl 

de prevalentie lang werd geschat op 1 per 40.000 mannen/jongens, laten steeds meer studies 

zien dat een veel hogere prevalentie wordt gevonden als pasgeborenen of volwassen patiënten 

met bijvoorbeeld CKD of LVH (‘hoog risico’ groepen) worden gescreend. Ook in de individuele 

patiëntenzorg wordt toenemend getest op de ziekte van Fabry door de beschikbaarheid van 

nieuwe technieken die DNA diagnostiek makkelijker, sneller en goedkoper hebben gemaakt. 

Zowel screening van groepen als toegenomen individuele diagnostiek hebben ertoe geleid dat 

steeds vaker personen met een GLA gen variant van onduidelijke betekenis worden gevonden: 

bij deze personen is het onduidelijk of zij de ziekte van Fabry hebben, of een niet pathogene 

GLA variant. Dit proefschrift heeft als doel de diagnostiek te verbeteren voor personen bij wie 

onzekerheid is over de diagnose ‘ziekte van Fabry’.

In hoofdstuk 2 wordt een systematisch literatuur onderzoek beschreven van studies waarin 

pasgeborenen en ‘hoog risico’ patiënten worden gescreend op de aanwezigheid van de ziekte van 

Fabry. Wij vonden dat na de goedkeuring van enzym therapie (ERT) door de European Medicines 

Agency (Europa) en de Food and Drug Administration (VS) in  2001 het aantal zogenaamde 

screening studies enorm is toegenomen: in 2001 waren slechts twee studies uitgevoerd, terwijl 

in de periode 2002-2012 49 screening studies zijn verricht. Het is tevens opvallend dat 45% van 

de studies bekostigd zijn door de farmaceutische bedrijven die ERT op de markt aanbieden. 

Tezamen tonen de screening studies bij pasgeborenen een prevalentie van 1:2500 (0.04%), 

veel hoger dan verwacht. In de ‘hoog risico’ groepen, was de prevalentie 1:161 (0.62%). Na 

toepassing van strikte criteria om patiënten met een zekere diagnose te selecteren, bleek echter 

dat slechts 0.12% een zekere diagnose heeft (i.p.v. 0.62%). Hoewel bij een belangrijk deel van de 

gescreende patiënten onvoldoende gegevens beschikbaar waren om te classificeren, geeft deze 

studie duidelijk aan dat screenen naar de ziekte van Fabry resulteert in een groot aantal personen 

met een onzekere diagnose van de ziekte van Fabry, in aanwezigheid van een GLA gen variant.

Om de diagnostiek te verbeteren, is het noodzakelijk de ziekte van Fabry eerst goed te 

definiëren. In samenwerking met zeven internationale experts zijn derhalve criteria opgesteld 
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om patiënten te identificeren bij wie er geen enkele twijfel bestaat over de diagnose. De criteria 

(hoofdstuk 3, tabel 2) bestaan uit de aanwezigheid van een variant in het GLA gen, zeer lage 

α-Galactosidase A enzym activiteit; gecombineerd met minimaal 1 karakteristieke afwijking voor 

de ziekte van Fabry: Fabry neuropathische pijn, angiokeratomen, cornea verticillata (CV) of een 

(lyso)Gb3 waarde zoals gezien wordt bij klassieke mannelijke patiënten. Een GLA variant, lage 

enzymactiviteit én een familielid met een zekere diagnose en dezelfde GLA gen variant, is ook 

voldoende om de diagnose met zekerheid te kunnen stellen. Personen met een GLA variant 

die niet aan deze criteria voldoen, hebben een onzekere diagnose. Tevens zijn strikte definities 

afgesproken ten aanzien van Fabry neuropatische pijn, angiokeratomen en CV. De beoordeling 

van deze kenmerken dient altijd door een arts met expertise op het gebied van de ziekte van 

Fabry plaats te vinden. De betrokken experts vinden tevens dat bij een onzekere diagnose 

histologische bevestiging dient te worden nagestreefd. Hierbij geldt dat een voor de ziekte van 

Fabry karakteristiek stapelingspatroon in een aangedaan orgaan (bijv. hart, nieren), beoordeeld 

met elektronen microscopie door een ervaren patholoog, op dit moment het best beschikbare 

bewijs levert voor de diagnose ‘ziekte van Fabry’. Hoewel deze stapeling ook kan worden gezien 

in enkele andere lysosomale stapelingsziekten, is deze specifiek voor de ziekte van Fabry in de 

context van een klinisch beeld dat past bij de ziekte van Fabry. Het is van belang dat gebruik van 

medicatie die een lipidose kan induceren is uitgesloten. Deze criteria werden gesteund door 

experts die deelnamen aan andere studies uit dit proefschrift, hoofdstuk 4, 5 en 6.

In de studies beschreven in hoofdstuk 3, 4 en 5 is de literatuur bestudeerd om klinische, 

radiologische en biochemische criteria te identificeren die potentieel de diagnose ‘ziekte van 

Fabry’ kunnen bevestigen of uitsluiten in personen die zich aanvankelijk presenteerden met LVH, 

CKD of met een herseninfarct, transient ischemic attack (TIA) of witte stof afwijkingen. Uit de 

literatuur zijn verschillende kenmerken geselecteerd die afwijkend kunnen zijn bij patiënten met 

de ziekte van Fabry. Om de ziekte van Fabry te kunnen bevestigen, moet het kenmerk een 

hoge specificiteit hebben. In de meeste gevallen was een relevante controle groep echter niet 

onderzocht en bleef de specificiteit derhalve onzeker. Dit gegeven kan de resultaten hebben 

beïnvloed: verscheidene criteria kunnen mogelijk nog steeds waardevol zijn als diagnosticum. 

Om meer inzicht te verkrijgen in de diagnostische waarde van deze criteria hebben de experts 

gezamenlijk aanvullend onderzoek verricht bij patiënten met de ziekte van Fabry en relevante 

controlegroepen. Potentiële diagnostische criteria zijn beoordeeld met behulp van een aangepaste 

Delphi consensus procedure. Vervolgens is voor elk aangedaan orgaan (hart, nieren, hersenen) 

een diagnostisch algoritme opgesteld.

De experts waren het eens dat in personen met LVH (hoofdstuk 3), het hebben van een 

wanddikte >15 mm bij personen jonger dan 20 jaar en/of microvoltages op een elctrocardiografie 

de ziekte van Fabry uitsluit. Hoewel wetenschappelijk bewijs beperkt is, werden een PQ interval 

<120 ms, sinus bradycardie, hypertrofe papillair spieren en myocardiale aankleuring van het 

infero-posterolaterale gebied als zogenaamde ‘red flags’ geaccepteerd. De aanwezigheid van 

één of meer van deze ‘red flags’ maakt de diagnose ziekte van Fabry waarschijnlijk, maar levert 

onvoldoende bewijs om de diagnose definitief te kunnen bevestigen.
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Voor personen die zich presenteren met CKD (hoofdstuk 4) werden slechts enkele studies 

geïdentificeerd waarin patiënten met de ziekte van Fabry met een relevante controle groep 

werden vergeleken. Voor geen van de potentiële criteria was voldoende wetenschappelijke 

onderbouwing om de ziekte van Fabry te kunnen bevestigen of uitsluiten. Echter, urine Gb3 en 

het ‘Maltese cross sign’ in de urine werden geselecteerd als ‘red flags’. Voor personen met LVH 

of CKD en een onzekere diagnose, vonden de experts dat een hart- of nierbiopt de diagnose 

‘ziekte van Fabry’ kan bevestigen of uitsluiten. 

In hoofdstuk 5 beschrijven we het algoritme voor personen die zich met een TIA, herseninfarct 

of witte stof afwijkingen presenteren. Aanvullende analyses toonden aan dat een patroon van 

witte stof afwijkingen, kenmerkend voor cerebrale autosomaal dominante arteriopathie met 

subcorticale infarcten en leuko-encefalopathie (CADASIL) niet wordt gezien in patiënten met 

de ziekte van Fabry en derhalve de ziekte van Fabry uitsluit. Een ‘pulvinar sign’ op T1 gewogen 

magnetic resonance imaging (MRI) en een verwijding van de arteria basilaris (BAD), gemeten 

met MRI, waren veelbelovend. Aanvullende analyses, waarin de BAD werd vergeleken tussen 

patiënten met de ziekte van Fabry en patiënten met een herseninfarct, suggereerden dat een 

verwijde BAD kan wijzen op de ziekte van Fabry. Het expert panel accepteerde zowel het ‘pulvinar 

sign’ als een BAD >4,2 mm als ‘red flag’ in het diagnostisch algoritme.

In hoofdstuk 6 beschrijven wij de resultaten van een consensus studie die als doel had de 

diagnostiek te verbeteren bij personen met een GLA variant en uitsluitend pijn of een dunne 

vezel neuropathie (SFN), angiokeratomen of CV. De experts vonden dat als de symptomen 

voldoen aan strikte criteria, er geen alternatieve diagnose is, en de diagnose ‘ziekte van Fabry’ 

dus bevestigd is.

Vooral bij personen die zich met een TIA, herseninfarct of witte stof afwijkingen presenteren kan 

een definitieve conclusie niet altijd worden getrokken met behulp van het ontwikkelde algoritme. 

Ook bij personen met LVH of CKD kan een definitieve diagnose niet altijd worden gesteld, omdat 

een biopt niet in alle gevallen mogelijk is. Bij de toepassing van de algoritmes is het van belang 

beslissingen te nemen op individuele basis. Follow-up in een centrum met expertise op het 

gebied van de ziekte van Fabry wordt geadviseerd voor personen bij wie de diagnose onduidelijk 

blijft.

We hebben gezocht naar aanvullende testen die in het geval van een blijvende onzekere diagnose 

zouden kunnen helpen bij het stellen van de diagnose. Eén daarvan is onderzoek van de cornea 

waarbij gekeken wordt of er zogenaamde cornea verticillata aanwezig is. Cornea verticillata wordt 

beschouwd als een klassiek kenmerk van de ziekte van Fabry, en kan mogelijk een belangrijke 

rol spelen bij het stellen van de diagnose. In hoofdstuk 7 hebben wij een systematisch literatuur 

onderzoek verricht naar de prevalentie van CV bij de ziekte van Fabry. Wij vonden een gezamenlijke 

prevalentie van 69% (range 36-96), veel lager dan verwacht op basis van klinische ervaring. De 

lagere prevalentie kan mogelijk worden verklaard door de inclusie van personen met een niet-

klassieke fenotype of zelfs zonder de ziekte van Fabry in de onderzochte cohorten. In slechts 

een deel van de studies waren de gegevens voldoende gedetailleerd om patiënten te kunnen 
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identificeren met een niet-klassieke fenotype of een onzekere diagnose. Om een nauwkeurigere 

schatting van de prevalentie te verkrijgen, hebben we het Nederlandse cohort van personen met 

(verdenking op) de ziekte van Fabry onderzocht op de aanwezigheid van CV. Strikte criteria (zie 

hoofdstuk 3) werden toegepast om personen met een klassiek fenotype te identificeren. De 

resultaten van hart- en nierbiopten werden gebruikt om personen te identificeren met een niet-

klassieke fenotype of met een niet-pathogene GLA variant. Hieruit bleek een hogere prevalentie 

bij personen met een klassiek fenotype: 82% (95% betrouwbaarheidsinterval (95% CI) 71-89) 

voor vrouwen, en 94% (95% CI 80-99) voor mannen. Bij de patiënten met een niet-klassieke 

fenotype was de prevalentie van CV slechts 16% (95% CI 6-35), en in de groep individuen 

met een niet-pathogene GLA-variant had niemand CV, met andere woorden, er waren geen 

valse positieven. De resultaten geven aan dat de aanwezigheid van CV de ziekte van Fabry kan 

bevestigen. Echter, met een lage prevalentie in de niet-klassieke groep, is de bruikbaarheid in de 

klinische praktijk mogelijk beperkt.

Net als CV, wordt Fabry neuropathische pijn als een karakteristiek kenmerk van de ziekte van 

Fabry beschouwd. De kenmerkende pijn is gerelateerd aan een dunne vezel neuropathie. Om de 

diagnostische waarde van een temperatuur drempelwaarde onderzoek (QST) en intraepidermale 

zenuwdichtheid (IENFD) te bepalen, onderzochten wij personen met een niet-klassiek fenotype 

en personen met een niet-pathogene GLA variant, gebruik makend van de criteria zoals hierboven 

beschreven (hoofdstuk 8). In de groep met een niet-klassiek fenotype (n = 18, 9 mannen), 

had 29% één of meer abnormale QST bevindingen, terwijl slechts 2 personen een abnormale 

koude detectiegrens (CDT) hadden. De meerderheid (83%) had een afwijkende IENFD. Het is 

opvallend dat ook personen met een niet-pathogene GLA variant (n = 5, 3 mannen) een afwijkend 

QST onderzoek (20%) of IENFD (75%, 1 ontbreekt) hadden. Met uitzondering van 1 persoon, 

hadden de deelnemende personen met een niet-klassiek fenotype onvoldoende afwijkingen om 

de aanwezigheid van een dunne vezel neuropathie te kunnen bevestigen. De sensitiviteit van 

een abnormaal QST onderzoek gecombineerd met een afwijkende IENFD bedroeg 28%, met 

een specificiteit van 80%. Deze resultaten laten zien dat afwijkingen aanwezig kunnen zijn bij 

personen met een niet pathogene variant in het GLA gen, de oorzaak van de afwijkingen in 

deze groep blijft echter onduidelijk. We concludeerden dat, in deze studie, een QST en IENFD 

onderzoek de ziekte van Fabry niet kan bevestigen of uitsluiten bij personen met een onzekere 

diagnose.

De concentratie van lysoGb3 in het plasma is sterk verhoogd in patiënten met de klassieke 

vorm van de ziekte van Fabry, en kan tevens potentieel differentiëren tussen personen met 

een niet-klassieke FD fenotype personen met een neutrale GLA variant. Derhalve bestudeerden 

wij lysoGb3 in het Nederlands Fabry cohort, bestaande uit patiënten met een klassiek en een 

niet-klassieke fenotype, alsmede uit personen met een niet-pathogene GLA variant, wederom 

op basis van de eerder beschreven criteria (hoofdstuk 9). Met deze studie bevestigden wij de 

eerdere bevinding dat mannen en vrouwen met een klassieke fenotype consequent een verhoogd 

plasma lysoGb3 hebben (mannen, n = 38, ≥ 45 nmol / L, vrouwen, n = 66, ≥ 1,5 nmol/L, normaal 

waarde ≤ 0,6). Ook mannen met een niet-klassieke fenotype hadden een verhoogd lysoGb3 in 

plasma, maar aanzienlijk lager dan patiënten met een klassiek fenotype (n = 13, ≥ 1,3 nmol/l). 
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In vrouwen met een niet-klassieke fenotype (n = 14) overlapte lysoGb3 concentraties met die 

in gezonde controles. In personen met een niet-pathogene variant (n = 9, 6 mannen) waren de 

lysoGb3 concentraties niet afwijkend. Verder onderzochten wij lysoGb3 waarden in personen 

met een onzekere diagnose, waarbij in enkele personen een afwijkend lysoGb3 werd gevonden 

tot 1,6 nmol/l. Wij hebben de resultaten uitvoerig bestudeerd en overwogen of een lysoGb3 ≥ 

1,3 nmol/L kan worden gebruikt om de ziekte van Fabry te bevestigen. Deze overweging werd 

bemoeilijkt door de afwijkingen bij personen in de “onzekere” groep. Wij hebben geconcludeerd 

dat een verhoogd plasma lysoGb3 de diagnose ‘ziekte van Fabry’ ondersteunt, maar dat verdere 

diagnostiek noodzakelijk is om een definitieve diagnose te kunnen stellen bij personen met een 

onzekere diagnose.

In hoofdstuk 10 wordt het proefschrift samengevat, gevolgd door een algemene discussie 

over de bevindingen in dit proefschrift. De prevalentie van de ziekte van Fabry is een belangrijk 

discussiepunt. In de meeste (screening) studies wordt geen structurele classificering gehanteerd, 

en dit bemoeilijkt de interpretatie van de resultaten van deze studies. Met de studies in dit 

proefschrift hebben wij heldere, toepasbare criteria geformuleerd, en het belang van strikte 

definities aangestipt. In het bijzonder hebben wij laten zien dat de aanwezigheid van een GLA 

variant onvoldoende bewijs levert voor de diagnose ‘ziekte van Fabry’: er kan sprake zijn van een 

niet pathogene GLA variant. Om onderscheid te maken tussen patiënten met de ziekte van Fabry 

en personen met een niet pathogene variant zijn klinische en/of biochemische kenmerken die 

specifiek zijn voor de ziekte van Fabry nodig. Om klinisch toepasbare algoritmes te genereren, 

zijn gegevens uit de literatuur, en aanvullend onderzoek gebruikt. Een nadeel hiervan is dat 

deze studies in de meeste gevallen zijn verricht bij patiënten met een klassiek fenotype, en 

dat daarmee de bruikbaarheid in de praktijk bij personen met een onzekere diagnose mogelijk 

klein is. Ook zijn niet alle kenmerken in de algoritmes geïncludeerd, vaak als gevolg van gebrek 

aan informatie ten aanzien van de specificiteit. De huidige algoritmes weerspiegelen het beste 

bewijs op dit moment, maar zullen moeten worden herzien zodra nieuwe kennis beschikbaar 

komt. 

Om de daadwerkelijke diagnostische waarde aan te tonen zijn prospectieve klinische studies 

nodig. Hierbij is het van belang dat strikte criteria worden toegepast om personen te classificeren, 

om onjuiste uitkomsten te voorkomen. Om meer inzicht te verkrijgen in de specificiteit, zullen 

potentiële diagnostische kenmerken ook in relevante controle groepen moeten worden 

bestudeerd. Klinische studies worden bemoeilijk door de lage prevalentie van de ziekte Fabry, 

en in het bijzonder de lage prevalentie van personen met een bevestigd niet-klassiek fenotype. 

Ondanks dat prospectieve studies (nog) niet zijn verricht, leveren de resultaten van de studies in 

dit proefschrift al een belangrijke bijdrage aan de klinische praktijk. 

Ook behandeling van de ziekte van Fabry, voornamelijk met ERT, staat ter discussie. Wij 

hebben gesteld dat personen uitsluitend met ERT behandeld dienen te worden als de diagnose 

bevestigd is. In de literatuur steunen meerdere experts de behandeling met ERT van personen 

met een niet-klassiek fenotype. Het is echter onduidelijk of deze patiënten daadwerkelijk baat 

hebben bij deze invasieve en kostbare behandeling. Onterechte behandeling met ERT heeft 
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verregaande consequenties voor de betreffende patiënt, en door de hoge kosten speelt het 

maatschappelijk belang ook een grote rol. Ook hier zijn systematisch opgezette prospectieve, 

bij voorkeur gerandomiseerde, studies van belang om de effectiviteit van ERT bij personen met 

een klassiek of niet-klassiek fenotype aan te tonen. Hoewel er ethische, financiële en andere 

praktische belemmeringen zijn, is het van groot belang dat deze studies worden gedaan. 

Naast dilemma’s ten aanzien van behandeling, is er ook discussie over wie op de ziekte van Fabry 

moet worden getest. Neonatale screening, in de vorm van de ‘hielprik’ wordt gecompliceerd 

doordat naar verwachting veel pasgeborenen met een GLA variant met een onduidelijk betekenis 

zullen worden geïdentificeerd. Deze individuen blijven mogelijk tientallen jaren klachtenvrij, 

en het is vaak niet mogelijk om te voorspellen of zij de ziekte van Fabry zullen ontwikkelen. 

Derhalve ontraden wij om neonatale screening naar de ziekte van Fabry toe te passen. Ondanks 

de beperkingen wordt neonatale screening elders (o.a. in enkele staten in de VS) echter reeds 

toegepast. Bij ‘hoog risico’ groepen bestaan meer diagnostische mogelijkheden, hoewel het in 

veel gevallen toch nog steeds moeilijk blijkt om de diagnose definitief te stellen in aanwezigheid 

van een GLA variant. Tevens is er onduidelijkheid of behandeling met ERT meerwaarde heeft 

voor met name patiënten met een niet-klassiek fenotype. Het is aan te raden om de voor- en 

nadelen van diagnostiek naar de ziekte van Fabry per individu zorgvuldig af te wegen. 
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DaNkwOORD
Dit proefschrift had nooit geschreven kunnen worden zonder de steun van velen.

Ik heb het als een voorrecht ervaren om te werken in de Fabry onderzoeksgroep. Ik heb 

kennisgemaakt met een bijzondere groep patiënten, en hen wil ik ontzettend bedanken voor hun 

betrokkenheid, openheid, en deelname aan de onderzoeken in dit proefschrift. 

Prof. Dr. C.E.M. Hollak, beste Carla, ik ben er trots op dat ik mijn promotie onderzoek onder jouw 

leiding heb mogen uitvoeren. Ik heb veel van je geleerd, zeker niet alleen op wetenschappelijk 

gebied, en daarvoor wil ik je ontzettend bedanken. Je hebt echt  iets bijzonders bereikt met 

de onderzoeksgroep, en je hebt een belangrijke positie in het veld van de orphan diseases 

ingenomen, daar heb ik veel respect voor. 

Dr. G.E. Linthorst, Beste Gabor, waar moet ik beginnen?? Ik heb veel van je geleerd, je hebt me 

echt wegwijs gemaakt in de wereld van Fabry. Het kwam nogal eens voor dat ik bij je aanklopte 

voor raad, of gewoon een luisterend oor, en nooit was dat een probleem. Bedankt daarvoor, en 

niet te vergeten: ook voor de gezelligheid op congressen, promotiefeestjes, etc. 

Dr. M. Biegstraaten, Beste Marieke, ik vind het ontzettend bijzonder dat ik je eerste promovendus 

ben! Ik kijk terug op een periode met diepgaand gesprekken, leuke discussies, en we hebben 

vooral ook veel gelachen. Ik waardeer je streven naar kwaliteit en oog voor detail, en ik vond 

de samenwerking ongelofelijk fijn. Ik weet zeker dat nog velen van jouw bijzondere kwaliteiten 

zullen profiteren. 

Prof.dr. I.N. van Schaik, Prof.dr. M.J. van de Vijver, en Dr. R.H. Lekanne Deprez wil ik bedanken 

voor het zitting nemen in de commisie. Dear Prof. A. Mehta and Prof. dr. Wanner, it is a great 

honour that you are willing to participate in my thesis commitee.

Prof. Dr. F.A. Wijburg, beste Frits, ik wil ook jou natuurlijk bedanken dat je in mijn commissie 

plaats wilt nemen. Maar het daarbij laten zou jou bijdrage te kort doen. Ik ben je dankbaar dat ik 

bij jou onderzoek mocht komen doen, eerst als co-assistent, en later als arts-onderzoeker. Ik heb 

bewondering voor je betrokkenheid bij je patiënten en je passie voor het vak. Dank je wel voor 

de mooie, inspirerende tijd.

Dr. A.B.P. van Kuilenburg, beste André, als begeleider van mijn wetenschappelijk stage stond je 

aan de basis van mijn wetenschappelijk ontwikkeling. Het is alweer 7 jaar geleden dat ik met veel 

plezier op het lab GMZ aan mijn onderzoek werkte, maar ik herinner me nog goed dat ik het na 

de stage zeker wist: ik wilde promotie onderzoek doen, liefst op metabool gebied. Ik vind het dan 

ook erg bijzonder dat je nu in mijn commissie plaats neemt. 

Dr. B.J.H.M. Poorthuis, Beste Ben, Je was altijd bereid om jou visie of de biochemische 

achtergronden toe te lichten. Dank je wel voor je betrokkenheid en belangrijke bijdrage aan dit 

proefschrift.
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An important part of this thesis is the result of intensive (inter)national collaboratrion. I am 

very appreciative of all the efforts made, and would like to thank all who have participated, or 

supported our work.

Lieve Els, ik heb het erg fijn gevonden om samen met jou op de poli voor de patiënten te zorgen. 

Je bent ontzettend belangrijk geweest voor de patiënten, maar ook voor mij! Dank je wel voor 

al je inzet, hulp en gezelligheid. Maaike en Lydia, ik heb ontzettend veel waardering voor jullie 

inzet voor de patiënten. Maar bovenal vind ik jullie hele fijne collega’s, en kijk ik met een heel 

warm gevoel terug op de fijne, gezellige en ook diepe gesprekken. Shirley, we hebben maar kort 

samengewerkt, maar het was meteen duidelijk, je bent een aanwinst. Lieve Birgit, dank je wel 

dat je altijd klaar staat voor ons allemaal.

Lieve Thessa, Klaske en Evelien, steun en toeverlaat! Zoveel leuke herinneringen, fijne 

gesprekken, en steun als het nodig was. Ik wil jullie bedanken voor alles!

Lieve Eveline, Serwet, Machtelt, Lindsey, Veronica, Jessica, Amber, Marlies, ik zou het liefst voor 

iedereen een eigen pagina dankwoord schrijven, maar dat wordt het zo’n dik boek. Dank jullie wel 

voor de fijne, gezellige tijd! Ik wens jullie alle geluk. Lieve Quirine, bij jou en Frits is het metabole 

onderzoek begonnen voor mij, dank je wel.

Live Minke, dank je voor de fijne tijd! Beste Annet, ik heb veel bewondering voor je rustige en 

gestructureerde werkwijze, daar heb ik veel van geleerd. Hidde, je was een fijne aanwinst voor 

de metabole groep. Ik wens je heel veel succes in Rotterdam!

Lieve F-5-ers, Dirk-Jan, Annegreet, Karin, Murat, Barbara, Marieke, Eelkje, Ruth, Pim, Sam, 

Casper, Maarten, Yvonne, Martine, Charlotte, heel erg bedankt voor de gezelligheid bij zoveel 

lunches en (promotie)feestjes, maar ook voor jullie steun als het nodig was. 

Lieve Bouwien, ik vind onze band erg bijzonder, we hebben zoveel gedeeld. Je bent niet alleen 

een collega, maar een vooral ook een lieve vriendin bij wie ik altijd terecht kan. Ik kijk terug naar 

een fijne tijd, met veel bijzondere momenten, in het bijzonder de komst van je lieve Zoë. Dank 

je wel!

Lieve Paul en Jolanda, bedankt voor de leuke, fijne avondjes. Ik wens jullie een prachtige 

toekomst met jullie mooie dochter.

De Magic four, lieve Charlotte, Dieuwke en Agnes, wat hebben wij het ontzettend gezellig! Het 

hardlopen samen heeft voor de nodige ontspanning gezorgd tijdens drukke perioden, en ook de 

etentjes en drankjes had ik voor geen goud willen missen. 

Lieve Laura en Suzanne, Lieve Suus, al vanaf de eerste dag als student in Amsterdam kennen 

we elkaar. Het is me ontzettend dierbaar dat we in de jaren daarna een bijzondere band hebben 

opgebouwd. Je bent er altijd voor me geweest, een dank je wel is eigenlijk niet goed genoeg.  En 

lieve Laura, vriendinnen én collega’s, ik ben trots op onze vriendschap, en het was extra bijzonder 

dat je in het AMC ook mijn collega was. We hebben een mooie, fijne vriendschap, en ben daar 

ontzettend blij mee.  



230

Dankwoord 

Lieve Eveline en Tabitha, ik ben zo blij dat jullie mijn paranimfen zijn. Jullie vriendschap is me 

erg dierbaar. Eveline, het is best bijzonder dat wij elkaar via het werk hebben ontmoet, en dat 

je nu mijn paranimf bent. Dank je wel voor de fijne gesprekken en vooral ook de gezelligheid, Ik 

hoop dat we nog veel ‘theetjes’ zullen drinken! Tabitha, het is al weer bijna 6 jaar na onze reis in 

Zuid-Afrika. Ik denk er nog regelmatig aan terug, en vind het erg fijn dat we het nog steeds zo 

gezellig hebben! 

Carla en Gerrit, lieve tante Carla en ome Gerrit, bedankt dat jullie er voor me zijn.

Mam, dank je wel dat je me altijd gesteund hebt.

Anke en Johnny, jullie zijn ontzettend lief en betrokken, al zo lang. Bedankt voor alles.

Lieve Johan, dank je wel dat je er altijd voor me bent, onvoorwaardelijk. Ik hou van je!

Lieve Richard, ik denk aan je.
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leiding van prof. dr. C.E.M. Hollak. In januari 2014 is zij begonnen als ANIOS Kindergeneeskunde 

in het VU medisch centrum, opleider Prof.  dr.  R.J.B.J Gemke. Zij woont in Amsterdam.
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