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Abstract: Fabry disease (FD) is a rare X-linked glycosphingolipidosis resulting from deficient 

α-galactosidase A (AGAL) activity, caused by pathogenic mutations in the GLA gene. In males, 

the multisystemic involvement and the severity of tissue injury are critically dependent on the 

level of AGAL residual enzyme activity (REA) and on the metabolic load of the disease, but 

organ susceptibility to damage varies widely, with heart appearing as the most vulnerable to 

storage pathology, even with relatively high REA. The expression of FD can be conceived as 

a multidomain phenotype, where each of the component domains is the laboratory or clinical 

expression of the causative GLA mutation along a complex pathophysiologic cascade pathway. 

The AGAL enzyme activity is the most clinically useful marker of the protein phenotype. 

The metabolic phenotype and the pathologic phenotype are diverse expressions of the stor-

age pathology, respectively, assessed by biochemical and histological/ultrastructural methods. 

The storage phenotypes are the direct consequences of enzyme deficiency and hence, together 

with the enzymatic phenotype, constitute the more specific diagnostic markers of FD. In the 

pathophysiology cascade, the clinical phenotypes are most distantly linked to the underlying 

genetic causation, being critically influenced by the patients’ gender and age, and modulated 

by the effects of variation in other genetic loci, of polygenic inheritance and of environmental 

risk factors. A major challenge in the clinical phenotyping of patients with FD is the differential 

diagnosis between its nonspecific, later-onset complications, particularly the cerebrovascular, 

cardiac and renal, and similar chronic illnesses that are common in the general population. Com-

prehensive phenotyping, whenever possible performed in hemizygous males, is therefore crucial 

for grading the severity of pathogenic GLA variants, to clarify the phenotypic correlations of 

hypomorphic alleles, to define benign polymorphisms, as well as to establish the pathogenicity 

of variants of uncertain significance.

Keywords: Fabry disease phenotypic variants, α-galactosidase, GLA gene, biomarkers, patho-

physiology cascade, phenocopies

Introduction
Fabry disease (FD, OMIM#301500) is a rare X-linked glycosphingolipidosis resulting 

from deficient α-galactosidase A (AGAL; EC 3.2.1.22) activity, caused by inherited 

or de novo pathogenic mutations in its gene (GLA; OMIM*300644).1–3 AGAL is a 

lysosomal hydrolase that catalyzes the removal of terminal nonreducing α-d-galactose 

residues in polysaccharides, glycolipids, and glycopeptides.4 In humans, impairment 

of AGAL activity leads to widespread intralysosomal accumulation of globotriaosyl-

ceramide (Gb3: Galα1→4Galβ1→4Glcβ1→Cer), starting early in life, as well as of 

other minor compounds, including galabiosylceramide (Ga2: Galα1→4Galβ1→Cer), 
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which has a more restricted organ distribution,2 namely to the 

kidneys. The major physiological source of Gb3 is globoside, 

an abundant glycolipid of cell membranes in different tissues 

and in erythrocytes.5

The storage pathology of FD can be morphologically 

demonstrated by electron microscopy (EM) examination of 

affected tissues, and specific in situ immunodetection of Gb3 

is possible with anti-Gb3 monoclonal antibodies.2,6 Although 

Gb3 accumulation is regarded as the primary pathogenic 

event in FD, the secondary pathophysiological derangements 

arising therefrom, at cell, tissue, and organ levels, which 

ultimately give rise to the clinical manifestations, are still 

unclear.7–13 Progressive organ damage is thought to be criti-

cally linked to the involvement of vascular endothelial and 

smooth muscle cells, particularly in the microcirculation, 

as well as of pericytes; of cardiomyocytes, including those 

forming the cardiac conduction system; of different epithelial 

cells in the kidney, including podocytes, the parietal layer of 

the glomerular capsule, and the tubular epithelium; and of 

a variety of neuronal cell types in the central and peripheral 

nervous systems, particularly peripheral neurons in the auto-

nomic and posterior root ganglia, and cells of the perineurium 

along the entire length of the peripheral nerve fibers.1,2,6 How-

ever, the extension of organ involvement and the severity of 

tissue injury observed in individual FD patients are critically 

dependent on the level of residual enzyme activity (REA) and 

the metabolic load of the disease, here defined as an estima-

tor of the relative amount of AGAL substrates accumulated 

in individual FD patients. Furthermore, despite the systemic 

nature of the AGAL deficiency, susceptibility to clinically 

apparent dysfunction brought about by the abnormal glyco-

sphingolipid catabolism varies extensively among organs,6 

from fully resistant (eg, the liver) to highly susceptible (eg, 

the heart). Globotriaosylsphingosine (lysoGb3), a deacylated, 

amphiphilic Gb3 metabolite that accumulates in the plasma14 

and is excreted in the urine15 of FD patients to much greater 

relative degrees than its parent compound, has recently been 

identified as a possible contributor to the metabolic load of 

the disease, likely playing a major pathogenic role in the 

cardiovascular, kidney, and neuronal injury.14,16,17

Overall, FD can be conceived as a multidomain disease 

phenotype, where each of the component domains is the 

laboratory or clinical expression of the causative GLA muta-

tion along a complex pathophysiologic cascade pathway 

(Figure 1).18 The phenotypic domains that more closely mir-

ror the genotypic effect are the enzymatic and the storage 

phenotypes, while the clinical phenotype is most influenced 

by additional genetic systems and environmental modulators 

and is critically dependent on age and gender.1–3 Because of 

the modulating effect of X-chromosome inactivation in the 

expression of X-linked diseases in females,19 the clinical 

phenotype and the natural history of FD should be defined 

in affected males, who have homogeneous tissue expres-

sion of the AGAL deficiency. For all the stated reasons, 

the establishment of genotype–phenotype correlations in 

FD requires robust evidence of altered AGAL-dependent 

glycosphingolipid homeostasis, particularly in patients with 

atypical clinical phenotypes or carrying a GLA variant of 

unknown significance (VUS).20

Enzymatic phenotype and the other 
ancillary protein phenotypes
The AGAL enzymatic phenotype is most directly correlated 

to the genotype in the pathophysiologic pathway of FD and 

the most accurate predictor of the clinical severity of FD.21 

Still, the minimum level of in vivo AGAL enzyme activity 

required for maintaining normal lysosomal homeostasis and 

to keep substrate turnover within physiological ranges is 

not known and seems to differ between different cell types 

and tissues.20 Experimental data obtained in cultured skin 

fibroblasts suggest that lysosomal hydrolases involved in 

glycosphingolipid metabolism have a significant functional 

reserve and that substrate storage occurs only when the 

REA decreases below the critical threshold of 10%–15% of 

normal.22 For clinical purposes, AGAL activity is routinely 

measured in the protein extract of isolated peripheral blood 

leukocytes, which represents the gold standard method, as 

well as in whole blood, whole blood spots dried on filter 

paper (DBS), or in plasma,1,2,23,24 but can also be assayed in 

cultured skin fibroblasts,2,23 in intact leukocytes or leukocyte 

subpopulations,25 as well as in other biologic fluids, like 

urine and tears.2 Standard laboratory protocols for assaying 

AGAL activity in vitro are based upon the rate of cleavage 

of the synthetic fluorigenic substrate 4-methylumbelliferyl-

α-d-galactopyranoside, usually in the presence of α-N-

acetylgalactosamine, which is added to the reaction mixture 

to inhibit cross-reactivity with α-N-acetylgalactosaminidase 

(NAGAL; also known as α-galactosidase B). NAGAL activ-

ity accounts for a minor fraction of the total AGAL activity 

measured in healthy individuals (reportedly ranging from 

none up to ≈8% on leukocytes and to ≈20% on plasma),26,27 

but for >40% of the total AGAL activity measured on leu-

kocytes of FD patients with some residual AGAL activity,27 

and for all the AGAL activity measured on fibroblasts of 

FD patients without residual AGAL activity.26 For quality 

control, it is recommended that another lysosomal enzyme 
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(eg, β-galactosidase) be assayed on the same sample.23 

Normal reference ranges for AGAL activity differ widely 

depending on the biological material used as the enzyme 

source as well as on the biochemical conditions of the assay, 

including the substrate concentration and whether an inhibi-

tor of NAGAL is employed.28 When the enzyme assay is not 

available onsite, attention should be paid to proper sample 

processing, storage, shipping, and handling conditions.15,23,29 

Furthermore, the AGAL activity measured on DBS is signifi-

cantly influenced also by the blood collection technique.30 All 

these factors are potential confounders of the characterization 

of the AGAL enzymatic phenotype in individual subjects, 

including FD patients, and preclude direct comparisons of 

AGAL activity assayed in different biological samples or 

carried out in different laboratories. Relative AGAL activ-

ity – ie, the ratio between the enzyme activity measured in 

a study subject to the mean normal level, expressed as a 

percentage – is commonly used to stratify the severity of 

Figure 1 The pathophysiology cascade of FD and its relevance for understanding the genotype–phenotype correlations. 
Notes: The pathophysiologic pathways linking a GLA gene mutation to a clinical phenotype of FD are represented at the top of the figure. Selected examples of related 
molecular and biochemical mechanisms; cellular, tissue, and organ pathology; modifier genes; and early and late clinical outcomes are presented below each stage in 
the pathophysiology cascade. The critical issue regarding the causality of FD is whether a specific GLA mutation causes a severe enough AGAL deficiency to drive the 
pathophysiologic cascade all the way down to the development of either a full-blown or an incomplete clinical phenotype of FD. Such GLA mutations have a major gene 
effect and, by themselves, are enough to cause FD in hemizygous males. The secondary pathophysiologic processes at the cell level are not immediately related to the 
AGAL deficiency but rather to the deleterious consequences of the lysosomal storage pathology upon the homeostasis of other subcellular compartments and the chemical 
composition of cell membranes. The secondary pathophysiologic processes at tissue level are derangements of general mechanisms of disease, brought about by the AGAL 
deficiency. Mediators of injury are genetic loci other than GLA that contribute to modulate the severity of the clinical phenotype of AGAL deficiency. Genetic loci that have 
minor alleles associated with increased risk of pathology in patients with FD are classified as “constitutional.” For example, IL6:c.-174G>C, NOS3:c.894G>T, FV:c.1691G>A 
(factor v Leiden), and PROZ:c.-13A>G polymorphisms have all been reported to be significantly associated with the presence of cerebral WMLs, whereas NOS3:c.894G>T 
polymorphism has additionally been positively associated with LvH.7 “Homeostatically responsive loci” are genetic loci that show dynamic adaption to the AGAL deficiency 
status. The selected examples of such loci are of genes that exhibit an opposite regulation trend in ERT-naïve FD patients (overexpression) compared to FD patients on ERT 
(under-expression), using a systems biology approach;18 the color gradient on the gene labels illustrate the homeostatic up- (red) and down-regulation (green). Biological 
processes in which those genes are involved include platelet degranulation (FGA, PSAP, TF); cellular response to reactive oxygen species (PSAP); acute inflammatory response 
(ORM1, ORM2); acute phase response (ORM1, ORM2); prostaglandin synthesis and regulation (PTGDS); metabolism of fat-soluble vitamins (GC); chemotaxis (RNASE2); 
and immunoglobulin receptor binding (IGHV1-46). Other major biological processes that are activated in ERT-naïve FD patients are wound healing, extracellular matrix 
remodeling, and peptidase activity. The AGAL protein phenotype is the closest to the genetic defect and can be described by the enzyme activity measured in a variety of 
assays; by the amount of protein produced; and by the molecular structure of the mutated protein. The enzyme activity is the most commonly used, clinically useful marker 
of the protein phenotype. The metabolic storage phenotype and the pathologic storage phenotype are different expressions of the underlying storage pathology of FD, 
respectively assessed by biochemical and histological/ultrastructural methods. The storage phenotypes are direct consequences of the enzyme deficiency and, together with 
the enzymatic phenotype, constitute the more specific diagnostic evidence of FD. In the FD pathophysiology cascade, the clinical phenotype is the most distantly linked to the 
genetic cause of the disease and critically influenced by gender and age. The clinical expression of FD depends not only on the major gene effect of a pathogenic GLA mutation 
but also on the constitutional modifier alleles present in each patient and on the intrinsic responsiveness of his/her homeostatically responsive loci; it is additionally modulated 
by the the subject’s multifactorial susceptibility background, resulting from polygenic additive minor gene effects and the complex interactions of this constitutional genetic 
susceptibility with both modifiable (eg, tobacco smoking) and nonmodifiable (eg, age, gender) environmental risk factors. (* indicates conditions that have multifactorial 
susceptibility in the general population). The early-onset neuropathic, dermatological, and ophthalmological manifestations of FD are the most diagnostically specific but are 
not observed in patients with significant residual AGAL activity. The late cerebrovascular, cardiac, and renal complications of FD are not FD-specific and their expression in 
different patients is modulated by the individual’s multifactorial susceptibility background. The clinical phenotype associated with a GLA hypomorphic allele may appear more 
severe than expected in such a patient. In the limit, a patient carrying a benign GLA variant may present with stroke, LVH, myocardial infarction, or CKD, exclusively due to 
his/her multifactorial background, and be erroneously diagnosed with FD, which is a major pitfall in establishing genotype-phenotype correlations in FD. 
Abbreviations: AGAL, α-galactosidase; CKD, chronic kidney disease; eNOS, endothelial nitric oxide synthase; ERT, enzyme replacement therapy; FD, Fabry disease; Gb3, 
globotriaosylceramide; LvH, left ventricular hypertrophy; lysoGb3, globotriaosylsphingosine; wMLs, white matter lesions. 
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the enzyme deficiency in patients with FD, but cannot be 

accurately calculated when the enzyme testing laboratory 

only reports the upper and lower limits of the normal refer-

ence interval. By extrapolating data from in vitro clinical 

assays, the relative AGAL activity cutoff for diagnosing FD 

has been estimated as low as 10%31 or 15%,32 and as high 

as 20%1 or 30%–35%,20 whereas severe AGAL deficiency 

has been variably defined as <1%–2%1,31 to <5%23 of the 

mean normal level. Yet, these cutoffs should be interpreted 

with caution since it is uncertain whether the AGAL activity 

measured in vitro using a synthetic substrate truly reflects 

the in vivo activity in the affected tissues.

Since males with FD are hemizygous for a pathogenic 

GLA variant, with all their nucleated cells expressing the 

mutated protein, they can be reliably diagnosed by any of the 

standard AGAL enzyme assays,1,2 when the REA is unequivo-

cally low. However, in affected females, who most typically 

carry a pathogenic GLA variant in heterozygosity, the AGAL 

enzyme phenotype ascertained in mixed or non-clonal cell 

populations, in tissues, or in biologic fluids, reflects the 

genetic mosaicism that results from X-chromosome inactiva-

tion;1,2,33 for this reason, the standard AGAL activity assays 

have a low diagnostic sensitivity for FD in females, with many 

patients exhibiting normal AGAL activities in leukocytes, 

DBS, or plasma,1,2,28,34,35 and the diagnosis of FD requires the 

identification of a pathogenic GLA variant.1,2 Nevertheless, 

the heterozygous status for pathogenic GLA variants can also 

be unequivocally diagnosed in affected females by demon-

stration of both normal and AGAL-deficient populations in 

clonal cell cultures (eg, skin fibroblasts).2

Besides by assaying the AGAL catalytic activity, the 

AGAL protein phenotype can be further characterized in 

terms of the amount of enzyme produced by a given GLA 

variant and by the molecular structure of the variant protein.

The immunocaptured AGAL protein concentration and 

enzyme activity were shown to be highly correlated in DBS 

and plasma samples from healthy newborns and adults, as 

well as in a relatively small cohort of males with FD.29 When 

overexpressed in vitro, no correlation between AGAL protein 

level and catalytic activity was observed for GLA mutations 

natively showing <6% REA, while for mutations associated 

with REA >6% the amount of protein was highly correlated 

with the enzyme activity.21 These data suggest that GLA 

mutations possessing <6% REA most likely interfere with 

the catalytic core of the enzyme, whereas GLA mutations 

possessing >6% REA most likely affect protein trafficking. 

Because many of the GLA mutations retaining significant 

REA are responsive in vitro to pharmacologic chaperones, 

like 1-deoxygalactonojirimycin (DGJ),21,36 their pharmaco-

genetic characterization has important therapeutic implica-

tions.36 Some GLA mutations that completely abolish AGAL 

enzyme activity despite being associated with significant 

AGAL protein levels are amenable to the stabilizing effect 

of DGJ only in terms of the amount of AGAL protein pro-

duced, without any recognizable increase of the enzyme 

activity.21 The rate of GLA gene transcription is modulated 

at the 5’UTR and two common single-nucleotide polymor-

phisms (SNPs) in that location, respectively, c.-30G>A and 

c.-10C>T, have been associated with increased plasma37,38 

or decreased leukocyte AGAL enzyme activity.39–41 Coin-

heritance of these GLA 5’UTR SNPs with AGAL variants 

possessing residual catalytic activity may alter the expected 

enzymatic phenotype assayed in the plasma or in leuko-

cytes.42,43 The pathogenicity of GLA mutations involving 

canonical and noncanonical splice sites is also critically 

dependent on the relative amount of aberrantly spliced 

AGAL mRNA in affected cells.44–46

Molecular modeling of GLA missense mutations has 

shown that variants compromising the active site of the 

enzyme; leading to broken disulfide bonds; or disrupting the 

hydrophobic core of the protein are associated with absent or 

severely deficient AGAL activity.4 With the major exception 

of active site residues, the amino acid residues affected in 

AGAL variants associated with significant REA tend to be 

more solvent-accessible than those associated with severe 

enzyme deficiency,4,21 and the mean number of main- and 

side-chain atoms influenced by any GLA missense mutation 

is also significantly higher in the latter variants.47 Knowledge 

of these AGAL molecular structural correlations allow clini-

cians to make general predictions on the severity of a given 

GLA mutation4 and may be particularly helpful for estimat-

ing the pathogenicity of variants of uncertain significance.

Pathology storage phenotype
Accumulation of undegraded AGAL substrates in primarily 

affected organs constitute the major evidence of FD. The 

abnormal intracellular storage of Gb3 can be either con-

firmed or suspected from histological, immunohistological, 

or ultrastructural examination of relevant tissue samples, with 

kidney,32,48 skin,49 and heart50 biopsies having been the most 

frequently used in the clinics. Whatever the tissue sample, the 

presence of extensive Gb3 deposits in vascular endothelial 

cells is considered a marker of severe AGAL deficiency.2,9,49

Since lysosomal Gb3 deposits are almost entirely 

extracted by tissue processing for paraffin embedding, the 

characteristic appearance of affected cells in tissues exam-
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ined by light microscopy (LM), using standard histological 

preparations, is cytoplasmic vacuolization, which may be 

missed on routine histologic examination.48,51 However, 

some residual Gb3 remains in the vacuoles, which can be 

specifically identified by immunohistochemical staining with 

anti-Gb3 antibodies,6,52 even in archival paraffin-embedded 

tissue specimens.53 When using immunohistological meth-

ods to make the diagnosis of FD, physiological expression 

of Gb3 should not be mistaken as evidence of pathologi-

cal Gb3 storage. This is most relevant for the diagnosis of 

FD nephropathy,53 because the human kidney has one of 

the highest contents of Gb3 in the body, with particularly 

high physiological expressions at the cell membranes of 

podocytes, cortical tubular epithelial cells, and vascular 

endothelial cells.54 Immunocytochemical detection of Gb3 

inclusions in peripheral blood mononuclear cells,55 or in 

desquamated kidney tubular epithelial cells in the urinary 

sediment,56 as well as the morphologic identification of the 

tubular epithelial storage cells on examination of the urinary 

sediment under phase-contrast microscopy using a polarized 

light filter,56 has also been proposed as useful cytopathology 

diagnostic tests for FD.

Because the lysosomal glycosphingolipid deposits are 

preserved by tissue embedding for EM study, LM examina-

tion of methylene blue- or toluidine blue-stained semi-thin 

EM scout sections enables direct visualization of Gb3 inclu-

sions within the affected cells of FD patients. On ultrastruc-

tural examination by transmission EM, the most distinctive 

pathologic feature in the affected organs of FD patients is the 

presence of intralysosomal osmiophilic inclusions consisting 

of alternating dark- and light-staining bands of variable peri-

odicity, which are described either as “myelin figures,” when 

the laminated material shows a concentric appearance, or as 

“zebra bodies,” when they exhibit a parallel arrangement.6 

Although these inclusions are not pathognomonic of FD,20 

their observation in relevant tissue specimens obtained in 

appropriate clinical contexts confirms the clinical diagnosis 

of FD and has been recommended as the gold standard for 

the differential diagnosis of FD in adult subjects presenting 

with left ventricular hypertrophy (LVH) or chronic kidney 

disease (CKD) and a VUS in the GLA gene.57,58 Stored Gb3 

in affected cells can also be specifically detected by immuno-

EM methods,59 but these are not commonly available.

Metabolic storage phenotype
Biochemical evidence of increased levels of AGAL substrates 

in affected organs, as well as (arguably)20 in the plasma, urine, 

and other body fluids, can also be used as a diagnostic crite-

rion of FD.2,14,15,20,21,23,60–65 To this end, a number of validated 

methods, based on different analytical techniques, including 

ELISA, chromatography (eg, HPLC), mass spectrometry, 

as well as combinations of the latter two (eg, HPLC–tan-

dem mass spectrometry), are available for measuring Gb3, 

lysoGb3, and Ga2 in tissues and body fluids. Unfortunately, 

differences in the sensitivity of distinct assays, in the internal 

standards used for mass spectrometry-based quantification, 

in the units employed for reporting laboratory results, and 

in the collection method and sample processing for urine 

testing, hinder direct comparisons of the results provided by 

different laboratories.

Although Gb3 concentration in the primarily affected 

organs exceeds the normal level from ten to several hundred 

times,5 tissue biopsies are rarely obtained for Gb3 quantifica-

tion. Accordingly, the plasma level and the urinary excretion 

of Gb3 and lysoGb3 have been the most commonly assayed 

FD storage products in the clinical practice. Plasma Gb3 

concentration is elevated three- to fourfold within the micro-

molar range in most males with severe AGAL deficiency, 

but persists within normal levels in a substantial proportion 

of affected males with REA, and in the majority of females, 

particularly those carrying pathogenic GLA variants associ-

ated with REA.23,58,60,61,66 Urinary Gb3 excretion is consis-

tently high in the hemizygous males and in nearly all of the 

heterozygous females for severe GLA mutations, but remains 

within normal range in variable proportions of males and in 

most females carrying less severe GLA mutations.60 Although 

the plasma and urinary Gb3 levels are poorly predictive of 

FD manifestations in individual patients,23,60 the urinary Gb3/

creatinine ratio has been shown to correlate with the GLA 

genotype in both children and adults.67

In contrast to Gb3, lysoGb3 is detectable only at trace 

levels in the plasma of healthy individuals and is not at all 

detectable in normal urine samples, even when employing 

ultrasensitive mass spectroscopy analytical techniques.68 For 

this reason, lysoGb3 is better than Gb3 at discriminating 

between FD patients and healthy individuals. Plasma lysoGb3 

is consistently elevated to high nanomolar concentrations in 

affected males with severe AGAL deficiency,58,62,65,66,69 and in 

all58,65 or most69 of the heterozygote females for severe GLA 

mutations; however, females carrying GLA variants associ-

ated with REA, particularly if asymptomatic, may exhibit 

plasma lysoGb3 concentrations within the normal range.58,66 

No58 or only minimal65,69 overlapping was observed in plasma 

lysoGb3 values between men and women carrying severe 

GLA mutations, and only a small overlap exists between the 

values measured in males with severe AGAL deficiency and 
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those who have REA.58,62,65,66,69,70 An empirically determined 

plasma lysoGb3 cutoff level has proved useful to discriminate 

between GLA mutations causing severe FD phenotypes, with 

multiple major organ involvement, from mutations associated 

with attenuated, later-onset clinical phenotypes, often with 

single-organ involvement, irrespective of patient gender and 

current clinical condition.62

Although the urinary excretion of Gb3 and lysoGb3 varies 

in parallel among FD patients,15 males with REA may have 

detectable lysoGb3 in the urine with Gb3 remaining within 

normal range.71 Since urinary Gb3 is derived primarily from 

desquamated tubular epithelial cells, it could be a more 

specific biomarker of the kidney involvement in FD, while 

urinary lysoGb3, which is likely filtered from the plasma by 

the kidneys,68 more closely reflects the systemic metabolic 

load of the disease.

Only two clinical studies published so far32,72 have 

reported data permitting to correlate the various phenotypic 

domains that are pertinent to either confirm the diagnosis or 

make the differential diagnosis of FD, including tissue Gb3 

concentration in affected organs.

On the baseline characterization of male patients with FD 

who were enrolled in a trial of enzyme therapy, evidence of 

Gb3 storage was observed in toluidine blue-stained semi-thin 

plastic sections of the kidney biopsy of a 43-year-old pro-

teinuric male carrying a mild GLA mutation, while his Gb3 

levels in plasma, urine, and kidney tissues remained within 

normal range.32 This observation suggests that, at least in the 

kidneys, the histopathological phenotype might be the most 

sensitive to demonstrate the abnormal Gb3 storage in FD.

In two related males aged 41 and 47 years, and one 

unrelated female aged 60 years, with history of unexplained 

LVH, arrhythmias, and progressive heart failure (HF), which 

had initially manifested in early adulthood, myocardial 

Gb3 concentration in tissue samples obtained at the time 

of heart transplantation was >100-fold increased, as com-

pared with healthy individuals and patients with obstructive 

hypertrophic cardiomyopathy (HCM).72 Massive vacuoliza-

tion of cardiomyocytes was observed on LM examination 

of endomyocardial biopsies, while the EM study showed 

intralysosomal lamellar deposits resembling myelin bodies 

in cardiomyocytes, as well as vacuoles containing granular 

material in interstitial cells. On EM examination of diagnostic 

kidney biopsies obtained in one patient from each family, 

despite the normal renal function and absence of proteinuria, 

vacuoles containing lamellar and/or granular inclusions were 

present in parietal epithelial, tubular, and interstitial cells, 

but not in the podocytes. The granular material observed 

within vacuoles of heart and kidney cells and the absence of 

podocyte involvement are not features of the pathology stor-

age phenotype of FD. Notably, all three patients had normal 

AGAL activity in leukocytes, as well as normal Gb3 levels 

in plasma and urine sediment, and the GLA gene sequencing 

did not reveal any pathogenic variant, which excluded the 

diagnosis of FD. These data suggest that the ultrastructural 

heart and kidney pathology storage phenotypes, together 

with the plasma and urine Gb3 levels, are more specific than 

the Gb3 tissue concentration for the differential diagnosis of 

FD and this rare familial Gb3-associated HCM, at least in 

patients with advanced HF.

Finally, the pharmacodynamic response of plasma and 

urinary Gb3 and lysoGb3 levels to enzyme replacement 

therapy,73–77 as well as to oral pharmacological chaperone 

therapy,78,79 is useful for assessing efficacy and monitoring 

treatment responses, and their reduction to (near-)normal 

concentrations has been proposed as a therapeutic goal for 

FD.80

Clinical phenotypes and their 
pathology correlates
Males diagnosed with FD may exhibit a wide spectrum of 

partial overlapping phenotypes, with several patterns of organ 

involvement ranging from multisystemic to heart-limited.1–3 

In general, the lower the intrinsic enzyme activity of the 

causative AGAL mutation, the more severe is the overall 

clinical phenotype, the earlier is the onset of clinical mani-

festations, and the more extensive is the organ involvement.69 

However, the wide phenotypic variability observed among 

patients with the same GLA mutation, even when they are 

related males, illustrates the complexity of the genotype-

to-phenotype correlations in FD and the need to consider 

additional genetic and environmental modulating factors for 

their proper understanding.7,18

The most evocative, presenting classic features of FD, 

summarized in Table 1,1,2 are neuropathic pain, manifesting 

as either chronic intermittent acroparesthesias or episodic 

crises of extreme severity; multiple skin angiokeratomas; 

and cornea verticillata, a characteristic whorled corneal 

opacity that does not affect vision. These signs and symptoms 

typically become apparent in childhood or adolescence, but 

the corneal dystrophy may be initially overlooked since its 

diagnosis requires a high index of suspicion. Nonspecific 

gastrointestinal symptoms, more often abdominal pain and 

diarrhea, as well as impaired sweating, heat and/or cold 

sensitivity, exercise intolerance and easy fatigability, are 

additional commonly reported early-onset manifestations 
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of classic FD. Albuminuria, usually first detected during late 

childhood or adolescence, is the earliest standard laboratory 

marker of the kidney involvement; however, protocol kidney 

biopsies have demonstrated the presence of Gb3 inclusions 

in all glomerular cell types (podocytes and endothelial and 

mesangial cells), as well as progressive podocyte foot process 

effacement, even in normoalbuminuric children.81,82 While 

the neuropathic pain symptoms tend to wane in adulthood, 

all the other early-onset signs and symptoms of classic FD 

persist in the long term. The natural course of classic FD is 

complicated by progressive CKD, ultimately leading to end-

stage renal disease (ESRD), as well as by cardiac (eg, LVH, 

arrhythmias, ischemic heart disease) and cerebrovascular 

disease (eg, transient ischemic attacks, stroke), which are 

currently the major causes of premature morbidity and mor-

tality.83 White matter lesions (WMLs) – ie, localized hyperin-

tensities on brain magnetic resonance imaging T2-weighted 

and fluid-attenuated inversion-recovery sequences, which 

are considered a surrogate marker of cerebral small vessel 

disease84 – are present in almost half of the patients with FD, 

Table 1 Cardinal presenting features of classic Fabry disease (FD) in children and adolescents

Symptom/sign Characteristics/diagnosis Natural history/differential diagnoses/diagnostic 
pitfalls

Peripheral nervous system – neuropathic pain
episodic dysesthesias 
(“acroparesthesias”)

intermittent episodes of nagging, tingling, burning pain in 
the feet, legs and hands

Begin in early childhood and persist through early adulthood, 
tending to improve or disappear thereafter
Can occur spontaneously but are often precipitated by febrile 
illnesses, exercise, fatigue, emotional stress, or exposure to 
heat and weather changes
Small fiber peripheral neuropathy/(preserved muscle strength, 
normal electromyography)
Hand pain and dysesthesias of carpal tunnel syndrome (which 
is more prevalent among FD patients than in the adult 
general population) should not to be attributed to FD-related 
neuropathy

Pain crises
(“Fabry crises”)

Extremely severe attacks of excruciating, stabbing, or 
agonizing pain, lasting from a few minutes to several 
weeks, starting in the extremities and radiating proximally, 
typically accompanied by fatigue and low-grade fever, often 
with elevated erythrocyte sedimentation rate

Skin
Angiokeratomas Multiple nonblanching, red to blue-black papular, often 

keratotic lesions from 1 to 5 mm in diameter, usually 
distributed on the buttocks, groin, umbilicus, and upper 
thighs (“bathing suit” distribution)

Appear in late childhood to early adult life and may become 
larger and more numerous with age
Differential diagnosis with isolated angiokeratomas and cherry 
angiomas, which are rather frequent in the general population

Decreased sweating Hypohidrosis and anhidrosis, causing dry skin, heat 
sensitivity, and exercise intolerance

Presents in childhood or adolescence

Eyes
Vortex keratopathy
(“cornea verticillata”)

Begins as a diffuse haziness and progresses to a 
characteristic “whorled” or “spoke-like” pattern but 
typically do not impair vision; requires slit-lamp eye 
examination for diagnosis

Develop from infancy to adolescence
Differential diagnosis with drug-induced phenocopies: 
amiodarone, chloroquine, hydrochloroquine, indomethacin, 
phenothiazines, etc

Conjunctival and 
retinal vasculopathy

Mild to marked tortuosity and dilatation of the conjunctival 
and retinal vessels; visualized by slit-lamp biomicroscopy

Presents in childhood or adolescence

Posterior cataract
(“Fabry cataract”)

whitish, granular spoke-like deposits on the posterior 
lens, pathognomonic of FD; visualized by retroillumination

Presents in childhood or adolescence

and their prevalence increases with age,69,85 with classically 

affected men exhibiting the highest risk.69 Since asymp-

tomatic WMLs have been identified in school-age children 

and adolescents with classic FD,86 the natural history of 

FD-related brain microvascular disease may start early in 

life and follow a protracted, asymptomatic course for many 

years. The AGAL activity measured in classically affected 

males is typically null or severely reduced, but patients with 

REA <1% have considerably faster CKD progression rates 

than patients with higher REA levels.32

With an estimated prevalence of 1:40,000–1:60,000 

among newborn males,2 classic FD qualifies as an “ultra-

rare” disorder. However, it has been more recently realized 

that clinically milder, later-onset phenotypic variants of FD 

due to GLA mutations associated with substantial REA have 

about ≈5–10 times higher prevalence in the general popula-

tion than the classic phenotype.1,83 Such affected males usu-

ally lack the manifestations of early neuropathic, cutaneous, 

and ocular involvement that characterize classic FD, but 

over time develop cardiac complications, which becomes 
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 clinically noticeable only in the fifth to eighth decades of 

life, when patients with classic FD would be severely affected 

or would have died. Some of these patients have coexisting 

evidence of kidney involvement, usually mild-to-moderate 

proteinuria which, in some cases, is associated with slowly 

deteriorating renal function; the observation of significantly 

increased levels of urinary biomarkers of glomerular (espe-

cially type IV collagen) and tubular (especially N-acetyl-beta-

glucosaminidase) dysfunction in adult patients with normal 

renal function and normoalbuminuria suggests that they 

may be biochemical flags of an incipient stage in the natural 

history of the kidney involvement in FD.87 Tissue biopsies 

or autopsy studies of patients presenting with this primar-

ily cardiac phenotype (“cardiac variant”) showed extensive 

Gb3 storage in cardiomyocytes and, in the subset of patients 

with kidney involvement, also in podocytes, but with no or 

only minimal Gb3 accumulation in other kidney cell types; 

notably, the vascular endothelium was spared in both organs.2 

The leukocyte AGAL activity measured in males with FD 

cardiac variants is most often in the range of ≈3%–10% of the 

normal mean. Still other patients, who had not experienced 

any of the early-onset symptoms and signs of classic FD, 

develop a predominantly renal phenotype (“renal variant”), 

with progressive CKD in early adulthood, culminating in 

ESRD in the fourth to sixth decades of life.1,2 Since the severe 

renal complications precede clinically overt cardiac disease 

in these patients, the observation of mild-to-moderate LVH 

in young adults presenting with CKD of uncertain etiology 

may be a diagnostic clue to FD. The leukocyte AGAL activity 

measured in males with FD renal variants is usually in the 

range of ≈1%–5% of the normal mean, and their glomerular 

kidney pathology is similar to that described in classic FD 

nephropathy,88 with Gb3 accumulation in all types of glo-

merular cells, including in the capillary endothelium.51 Yet, 

the dichotomous classification of the phenotypic spectrum 

of FD into “classic” and “atypical” or “nonclassic” forms 

has also been advocated.62,69

Taken together, these data suggest that different cells 

have different cutoffs of AGAL activity sufficiency, with 

cardiomyocytes and podocytes becoming AGAL-insufficient 

at relatively higher REA levels than the vascular endothelial 

cells. It is also possible that higher cell turnover rates are a 

protective factor against the build-up of Gb3 in susceptible 

cells, contributing to the lower susceptibility of vascular 

endothelia compared to that of terminally differentiated cells, 

like cardiomyocytes, podocytes, and neurons.

Although many heterozygous females may remain 

asymptomatic throughout their lives, a significant  percentage 

 develops vital organ complications, with only a minority 

exhibiting multisystemic clinical phenotypes as severe as 

those observed in classically affected males.1–3 Affected 

females from families with classic FD tend to have more 

organ-limited disease, with later clinical onset than their male 

counterparts, but >70% develop cornea verticillata,2,80 regard-

less of whether they have additional FD manifestations. Over-

all, women with classic FD have a higher risk of developing 

complications compared with women with nonclassic FD.69 

The prevalence of WMLs in females with FD is comparable to 

that in males.85 In a large FD registry study, about 25% of the 

participant females have had a severe cerebrovascular, cardiac, 

or renal event before the seventh decade of life.89 Although the 

affected females experienced first stroke or significant cardiac 

complications in the early fifth to mid-sixth decades of life 

(ie, about 5–10 years later than males), ESRD was reached 

at the median age of 38 years in both genders. Overall, the 

life-expectancy of untreated males and females with FD is 

respectively reduced to ~50 and 70 years.1

Other common later-onset, 
nondiagnostic manifestations of FD
Besides the cardiac, cerebrovascular, and renal complica-

tions that constitute the major prognostic determinants of 

life expectancy in patients with FD, other nonspecific symp-

toms are commonly observed in affected adults which are 

not life-threatening but may significantly contribute to their 

considerably lower health-related quality of life, as compared 

to the general population.90

Aside from the small fiber neuropathy and cerebrovas-

cular disease, FD is associated with neuropsychological 

handicap in several domains, including executive function-

ing, information processing speed, and attention; with mild 

impairment of motor performance, which gets worse with 

increasing age; with affective disorders, including depression; 

with daytime sleepiness; and with decreased health-related 

quality of life.91,92 Prevalence rates of clinically significant 

depression in adults with FD have ranged from 15% to 

62%, with males reporting severe depression more often 

than females (36% vs 22%).93 Depressive symptoms within 

the clinical range have also been reported by teenagers with 

FD.94 Currently available data suggest that depression in 

FD patients, rather than organic in nature, is a reflection of 

the degree to which clinical symptoms interfere with daily 

life: in keeping with this concept, the most common factor 

associated with depression is neuropathic pain.91

Hearing loss, tinnitus, and vertigo are more preva-

lent in patients with FD than in the age-matched general 
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 population,1,2,95 but the underlying etiology remains unclear in 

many patients.96 The age onset of FD-related neuro-otologic 

symptoms is earlier, and their clinical severity is higher in 

hemizygous males than in heterozygous females. In a large 

registry-based study, clinical evidence of cochlear or vestibu-

lar dysfunction was present in more than half of the males 

since 40 years of age, and in more than half of the females 

after the sixth decade of life.95 Tinnitus and hearing loss may 

be early symptoms in children with classic FD1,2 and are also 

more prevalent among patients with later-onset FD variants 

than in the age-matched general population.97 In most cases, 

hearing loss is sensorineural and slowly progressive, but the 

risk of sudden hearing loss is also increased in FD patients.

The overall prevalence of gastrointestinal symptoms 

in patients with FD, including abdominal pain, bloating, 

nausea, constipation and diarrhea, is higher in children than 

in adults,98 and abdominal pain and/or diarrhea may be the 

initial manifestation of classic FD in children (reported by 

23.2% of the boys and 11.4% of the girls in a registry-based 

study).99 However, up to 28% of adult participants in a FD 

registry complained of significant abdominal pain, and up 

to 19.2% complained of diarrhea.98 Major pathophysiologi-

cal mechanisms thought to contribute to the gastrointestinal 

symptoms of FD are the dysfunction of the autonomic ner-

vous system responsible for gut motility; the vasculopathy 

affecting the gastrointestinal circulation; and secondary 

tissue inflammation.100,101 Glycosphingolipid storage in 

enteric neurons controlling gut motility and in ganglion 

cells of the submucosal and the myenteric plexuses, as well 

as in endothelial and smooth muscle cells of the mesenteric 

microvasculature, including vessels supplying the enteric 

nervous system, ultimately leading to ischemic damage, are 

the relevant pathology correlates.100,101

A major clinical dilemma posed by the nonspecific 

manifestations of FD is whether they are indeed causally 

related to FD or, instead, are comorbid conditions arising 

by chance in FD patients. When the underlying diagnosis 

is not suspected, true FD-related complications are likely 

to be overlooked as diagnostic clues, while the erroneous 

interpretation of concurrent common complex disorders as 

FD-related is more likely to occur in patients with either a 

confirmed or suspected diagnosis of FD.

Genetic pathology of FD and clinical 
approach to establishing genotype–
phenotype correlations
The Human Gene Mutation Database (http://www.hgmd.

cf.ac.uk/ac/gene.php?gene=GLA) currently reports more 

than 900 GLA gene variants, of which ≈75% are point 

mutations, most of them classified as pathogenic. Nonsense 

point mutations (comprising ≈14% of the known GLA point 

mutations) and point mutations affecting the GLA mRNA 

splicing (comprising ≈6% of all known GLA point muta-

tions), as well as all the non-point mutations – ie, small 

and gross insertions, deletions, and duplications, as well as 

complex rearrangements – are invariably pathogenic and 

should not pose major problems in the characterization of 

their phenotypic correlations. The consequences of GLA 

missense mutations are very much dependent on their loca-

tion and impact on the tridimensional structure of the AGAL 

protein,4 with those affecting the enzyme active site causing 

particularly severe AGAL deficiency. Although most of the 

known GLA missense mutations are classified as pathogenic, 

some behave as hypomorphic alleles (perhaps contributing 

additively to the multifactorial risk of cerebrovascular disease 

as metabolic modulators),42,43 and others are entirely benign 

polymorphisms.20

Comprehensive phenotyping is, therefore, crucial for 

grading the severity of pathogenic GLA variants, to clarify 

the phenotypic correlations of hypomorphic alleles, to define 

benign polymorphism, as well as to establish the pathoge-

nicity of allelic VUS. Whenever possible, this phenotypic 

characterization should be carried out in hemizygous males, 

if necessary identified prospectively on cascade family 

screening. Diffuse angiokeratomas102 and typical cornea 

verticillata80,103 in adults are highly predictive clinical signs 

for the diagnosis of classic FD, but have also been observed 

in patients with later-onset FD variants103 or carrying hypo-

morphic GLA variants.43 Contrastingly, quantitative sensory 

testing and intraepidermal nerve fiber density cannot reli-

ably distinguish patients with FD from those without FD.104 

Isolated or localized angiokeratomas and cherry haeman-

giomas,102 as well as carpal tunnel syndrome-related hand 

pain and dysesthesias,80 which are common conditions in 

the general adult population, should not be misdiagnosed 

as clinical evidence of FD: this can be minimized by taking 

into account the childhood- or adolescent-onset of the der-

matological and neuropathic manifestations of classic FD. 

Same caution should be applied to the differential diagnosis 

of drug-induced phenocopies of cornea verticillata,105 which 

can be ruled out by a thorough medication history. In some 

cases, definitive diagnosis of FD will require biochemical20 

or histopathological evidence57,58 of abnormal Gb3 accumula-

tion in an affected organ.

A major pitfall in the clinical phenotyping of patients 

with FD is the differential diagnosis between its major but 
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nonspecific later-onset cerebrovascular, cardiac, and renal 

disease complications and similar chronic illnesses that are 

common in the general population and may be superimposed 

on FD (see Table 2 for epidemiologic data on common com-

plex disorders that are potential confounder phenocopies of 

FD manifestatons).106–114 In contrast to FD, atherosclerotic and 

hypertensive cerebrovascular106 and cardiac diseases,115,116 as 

well as CKD,108 which are highly prevalent conditions among 

adults and seniors, have multifactorial causation determined 

by polygenic inheritance,117–120 together with the complex 

interactions of the constitutional genetic susceptibility with 

both modifiable and nonmodifiable environmental risk fac-

tors. The same holds true for depression;121 hearing loss;122 

functional gastrointestinal disorders,123 especially irritable 

bowel syndrome,124 which have many overlapping symptoms 

with FD-related gastrointestinal manifestations; and for 

WMLs,125 whose prevalence increases with aging, particu-

larly in individuals with cardiovascular risk factors, predict-

ing a higher risk of stroke, vascular cognitive impairment, 

dementia, and death.84 In younger patients, the differential 

diagnosis between the early clinical stages of multiple scle-

rosis and FD may be clinically challenging because of the 

similarities of the respective neuroradiological features.126,127

In males, inheritance of a pathogenic GLA variant is a 

sufficient condition for the development of a clinical pheno-

type of FD, including of one or more of its later-onset major 

complications. However, the individual polygenic heritage 

may have a major role in modulating the severity of the late 

clinical expression of FD among patients carrying the same 

pathogenic GLA variant. In addition, the patient’s inherited 

polygenic background and his interacting environmental 

risks may be the critical factor for the pathogenic expression 

of some hypomorphic GLA gene alleles, whose deleteri-

ous effects upon the AGAL-dependent glycosphingolipid 

catabolism are not severe enough to cause FD, unless in 

the additive context of a predisposing multifactorial risk.42 

Furthermore, the cerebrovascular, cardiac, or renal disease 

coexisting in patients carrying a GLA gene variant may be 

entirely dependent on the subject’s multifactorial risk, and 

eventually be misdiagnosed as evidence of FD.

Besides LVH secondary to hypertensive heart disease and 

to other abnormal cardiac loading conditions, familial HCM 

is also a much more frequent cause of LVH than FD.128 Famil-

ial HCM has an estimated prevalence of at least 1:500 in the 

adult population, and in up to 60% of the cases the disease is 

an autosomal dominant trait caused by mutations in cardiac 

sarcomere protein genes. Hence, in patients presenting with 

isolated LVH, evidence for autosomal dominant inheritance 

in extended family history (particularly, male-to-male 

transmission) will exclude FD as the underlying diagnosis. 

Cardiac amyloidosis and mitochondrial cytopathies are rarer 

causes of LVH that, in appropriate clinical contexts, should 

be considered in the differential diagnosis of cardiac FD.129

The abovementioned epidemiologic data should be taken 

into due account in clinical practice and when interpreting 

pooled data from large observational FD registries, such as 

the “Fabry Outcome Survey” (https://clinicaltrials.gov/ct2/

show/NCT03289065) and the “Fabry Registry” (https://

clinicaltrials.gov/ct2/show/NCT00196742), but they are 

most relevant when assigning a pathogenic role to novel GLA 

variants or VUS, especially those identified in the context 

of case-finding studies among high-risk patient groups,83,130 

as well as in newborn screening programs.83,131 Since test-

ing for FD in high-risk patient populations is intrinsically 

biased with regard to the clinical manifestations, neglecting 

comprehensive phenotyping workup of probands and their 

affected relatives may lead to falsely attributing causality to 

hypomorphic alleles or benign GLA polymorphisms.42,43,71,132

Conclusion
Knowledge of the phenotypic correlations of the whole 

range of known GLA gene variants and elucidation of the 

pathophysiologic mechanisms linking the genetic mutations 

to their clinical manifestations are of paramount importance 

for all the stakeholders involved in the delivery of health care 

to FD patients and their families. These include the molecular 

genetics laboratories – that should incorporate on their clini-

cal reports updated information on the genotype-phenotype 

correlations of any GLA gene variant they identify – as well 

as the pharmaceutical industry.

The flowcharts in Figure 2 summarize the key decision-

making processes in FD diagnosis, according to the circum-

stances of patient ascertainment and the selected laboratory 

testing. Genotype-phenotype correlations provide clinicians 

with essential data on which to base major therapeutic 

decisions, the prognostic information to be discussed with 

patients and their at-risk relatives, and the preconceptional 

counseling. By ensuring the comprehensive characterization 

of their FD patients, keeping in mind the multiple phenotypic 

domains of the disease and the full spectrum of its clinical 

 manifestations and their differential diagnoses, medical 

practitioners are uniquely qualified to contribute the neces-

sary data to establish well-grounded genotype–phenotype 

correlations.
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Table 2 Epidemiologic data on the common complex diseases that can present as phenocopies of nonspecific Fabry disease complications

Disease/condition Prevalence Incidence rate (/year)

Cerebrovascular disease105

Stroke Adults (USA): 3% Children: 1–2.5/100,000
35–44 years: 30–120/100,000
65–74 years: 670–970/100,000

Transient ischemic attacka Adults (USA): 1%–6% worldwide, crude: 18–68/100,000
7–84 years (Rochester, USA): 584/100,000

Asymptomatic cerebral ischemia
(on brain imaging)

55–64 years: 11%; 65–69 years: 22%;
70–74 years: 28%; 75–79 years: 32%;
80–85 years: 40%; ≥85 years: 43%

 

white matter lesions 64 years: 11%–21%; 82 years: 92%  
Ischemic heart disease106

Angina worldwide, age-standardized
Males: ≈20/100,000
Females: ≈16/100,000

 

Acute myocardial infarction  worldwide, age-standardized
Males: ≈195/100,000
Females: 115/100,000

CKD107

(by stage)b worldwide
CKD1: 35%; CKD2: 39%; CKD3: 7.6%;
CKD4: 0.4%; CKD5: 0.1%

 

Stages 3–5b

(by decade of life)
worldwide
30–39 years: 8.9%; 40–49 years: 8.7%;
50–59 years: 12.2%; 60–69 years: 11.3%;
70–79 years: 27.9%

 

Major depressive disorder108 Point: 12.9%
(females: 14.4%; self-reported: 17.3%)
Lifetime: 10.8%

 

Hearing loss109,110 USAc

21–34 years: 2.9%; 35–44 years: 6.4%;
45–54 years: 10.9%; 55–64 years: 25.1%;
65–84 years: 42.7%
worldwide, age-standardizedd

5–14 years: 1.4%
>15 years, males: 12.2%
>15 years, females: 9.8%

 

Functional gastrointestinal disorders111,112

Dyspepsia worldwide: 5.3%–20.4%  
irritable bowel syndrome worldwide: 1.1%–29.2%  
Any gastric symptoms
(subacute and chronic)e

Switzerland, general population:
Male: 15.2%; female: 26.4%

 

Any intestinal symptoms
(subacute and chronic)e

Switzerland, general population:
Male: 14.6%; female: 27.6%

 

Multiple sclerosis113 USA: 140/100,000
europe: 108/100,000
east Asia: 2.2/100,000
Africa, sub-Saharan: 2.1/100,000

 

Notes: aTIA classically defined as “a temporary abrupt-onset neurological deficit due to brain or retinal ischemia lasting less than 24 hours in duration;” applying the revised 
tissue-based definition of “transient episode of neurological dysfunction caused by focal brain, spinal cord, or retinal ischemia, without acute infarction,” the TIA decreased 
by 33%, increasing the rates of stroke by this amount. bCKD stages were defined on the basis of eGFR (expressed in mL/min/1.73m2) and UACR (expressed as mg albumin/g 
creatinine) as follows: stage 1, eGFR >90 + UACR >30; stage 2, eGFR 60–89 + UACR >30; stage 3, eGFR 30–59; stage 4, eGFR 29–15; and stage 5, eGFR <15. Hearing level 
was calculated as the better ear hearing threshold in decibels averaged over frequencies 0.5, 1.0, 2.0, and 4.0 kHz; cHearing impairment defined as a pure-tone average hearing 
level >25 dB in the worse ear; dHearing impairment defined as a pure-tone average hearing level ≥35 dB in the better ear. eDuration of gastrointestinal symptoms defined as 
subacute, when persisting for ≥1 week, and chronic, when persisting for ≥3 months.
Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; TIA, transient ischemic attack; UACR, urinary albumin/creatinine ratio.
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Figure 2 Clinical decision-making processes in diagnosis of Fabry disease (FD) accounting for patient ascertainment and selected laboratory testing. 
Notes: Flowchart 1 – Standard algorithm for confirmation of the diagnosis of FD in patients with suggestive clinical or histological phenotypes (solid lines). The clinical or 
histological diagnosis of FD in males can be confirmed either by α-galactosidase (AGAL) activity assay or by GLA genotyping. Contrastingly, the identification of a pathogenic 
GLA variant is critical to confirm the diagnosis of FD in females, since the diagnostic sensitivity of routine AGAL assays is negatively influenced by the effect of random 
X-chromosome inactivation. Flowchart 2 – Standard algorithm for the diagnosis FD in clinically unbiased screenings (solid lines). If the predefined action cutoff value of the 
marker used for population screening (eg, AGAL activity assay or a stored glycosphingolipid) is not reached, no further assessment is required; however, positive results must 
always be confirmed by GLA genotyping. Flowchart 3 – Standard algorithm for the diagnosis of FD in clinically biased screenings (solid lines). Most of these studies have used 
AGAL activity assays as screening tool and only a few have used GLA genotyping as first-tier (dotted line); the latter approach is especially suitable for females. Availability of 
either archival or prospectively obtained tissue specimens for histopathological examination can be of great help to confirm or exclude the diagnosis of FD (dashed lines). 
Flowchart 4 – Standard algorithm for interpretation of AGAL enzyme activity results (solid lines). Normal AGAL enzyme activity excludes the diagnosis of FD in males but 
not in females, since heterozygotes for pathogenic GLA variants frequently exhibit normal AGAL activity. Residual AGAL activity less than about 10% of the normal mean 
confirms FD diagnosis in both genders, while subnormal results above that level call for GLA genotyping and detailed phenotypic profiling, particularly in women and individuals 
carrying GLA gene variants that modulate the enzymatic phenotype (eg, the GLA c.-10C>T single-nucleotide polymorphism in the 5’UTR). For establishing comprehensive 
genotype–phenotype correlations, GLA genotyping is recommended even in patients diagnosed by the enzyme assay (dashed line). Flowchart 5 – Standard algorithm for 
interpretation of GLA genotyping results (solid lines). GLA genotyping can be carried out in genomic DNA (gDNA) and/or in mRNA samples, which are represented in the 
flowchart by solid and dashed lozenges, respectively. Although rarely used as first-tier, the latter approach (dashed lines) is particularly helpful as a second-tier GLA genotyping 
method, when the patient’s phenotype is highly suggestive of FD but gDNA-based genotyping was nondiagnostic. in such cases, comprehensive gDNA-based genotyping 
should include the use of laboratory techniques (eg, multiplex ligation-dependent probe amplification – MLPA) enabling the detection of small and gross insertions, deletions, 
duplications, or other complex GLA variants, which are not identifiable by routine DNA sequencing methods. Detection of a pathogenic GLA variant, either in gDNA or 
mRNA assays, establishes the diagnosis of FD, irrespective of the patient’s gender. In patients without additional compelling evidence of FD (eg, significantly reduced AGAL 
activity; histopathological evidence of globotriaosylceramide storage), a normal GLA genotyping result at gDNA level excludes the diagnosis; this assumption also applies to a 
normal genotyping result at mRNA level in males. in females, however, a normal genotyping result at mRNA level may be misleading, due to the possibility of totally skewed 
X-chromosome inactivation in the source cells (eg, peripheral blood leukocytes), concealing the expression of the pathogenic GLA variant, and caution should be applied 
when using these data to exclude the diagnosis of FD. In such cases, GLA genotyping at gDNA level will be required. Detection of variants of uncertain significance requires 
a comprehensive multidomain phenotyping to ascertain their pathogenicity.
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