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Abstract

Ocular signs in Fabry disease have generally been regarded to be primarily of diagnostic
value. We explored whether ocular findings, alone or in particular in combination with the a-
galactosidase A gene mutation, have predictive value for disease severity. Data from the
Fabry Outcome Survey (FOS), a large, global database sponsored by Shire, were selected
for adult patients who had undergone ophthalmological examination. Three ocular signs
were assessed: cornea verticillata, tortuous conjunctival and/or retinal vessels, and cata-
ract. Fabry disease severity was measured using FOS Mainz Severity Score Index and
modifications thereof. Ophthalmological data were available for 1203 (699 female, 504
male) adult patients with eye findings characteristic of Fabry disease in 55.1%. Cornea verti-
cillata had a similar distribution in women (51.1%) and men (50.8%), whereas tortuous ves-
sels and Fabry cataract were somewhat more frequent in men than in women. Patients with
cornea verticillata, selected as the principal ocular sign for this study, had more severe dis-
ease (median score, 20.0) versus those without ocular signs (11.0; P<0.001). This finding
could be confirmed by applying age adjusted severity scores. Moreover, the prevalence of
cornea verticillata was significantly higher in patients with null (male, 76.9%; female, 64.5%)
and missense (male, 79.2%; female, 67.4%) mutations versus mild missense (male,

17.1%; female, 23.1%) and the p.N215S (male, 15.0%; female, 15.6%) mutations
(P<0.01). Our analyses show a correlation between the prevalence of ocular changes in
Fabry disease and disease severity. Consequently, information on ocular findings and a-ga-
lactosidase A gene mutation may help assess the risk for more severe Fabry disease.
These observed findings are of notable clinical importance, as Fabry disease is character-
ized by high clinical course variability and only weak genotype-phenotype correlation at the
individual patient level. Further confirmatory studies are needed.
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Introduction

Fabry disease is an X-chromosomal lysosomal storage disorder resulting from deficient activity
of the enzyme a-galactosidase A. The progressive deposition of sphingolipids within lysosomes
affects virtually every tissue. Progressive cardiomyopathy, nephropathy, and cerebrovascular
events are the most important organ complications, contributing to significant morbidity and
mortality. Men with untreated Fabry disease die from these organ complications, on average,
in the fifth decade of life and women in the seventh decade, reflecting approximately 20- and
15-years loss of life, respectively, compared with normal life expectancies [1,2]. In addition to
symptomatic therapy, enzyme replacement therapy (ERT) has been available since 2001 in Eu-
rope and 2003 in the United States, and has proven to offer substantial clinical benefits [3,4].

Ocular involvement in Fabry disease is characterized by corneal and lens opacities as well as
vascular abnormalities [5-8]. Cornea verticillata manifests as almost pathognomonic corneal
deposits. These whorl-like, linear opacities in the inferior part of the cornea have been shown
histologically to be located in the epithelium and adjacent anterior stroma [8]. Cornea verticil-
lata does not affect vision, but is the most common ocular sign in Fabry disease; the reported
prevalence varies between 44% and 94% among various subpopulations [5,9,10]. Other, but
less specific and/or less common findings are diffuse corneal opacity (“corneal haze”), aneu-
rysms of conjunctival vessels, increased tortuosity of conjunctival and/or retinal vessels, and
anterior and/or posterior subcapsular lens opacities. Ocular signs have been reported to occur
as early as the first decade of life [5]; cornea verticillata has even been described in a 22-week
foetus [11].

The Fabry Outcome Survey (FOS), sponsored by Shire, is an international database of pa-
tients with Fabry disease; the majority of enrollees are receiving ERT with agalsidase alfa
(Replagal "; Shire, Lexington, Massachusetts, USA). Data from FOS provide the opportunity to
study large numbers of individuals affected by this rare disorder. A previous analysis of FOS
data by Sodi et al [12] suggested the possibility that ocular signs might have predictive value for
disease severity. Analysis of a subpopulation of the FOS cohort showed a correlation between
increased ocular vessel tortuosity, higher values in the disease-specific FOS severity index (FOS
Mainz Severity Score Index [FOS-MSSI]), and greater impairment of renal and cardiac func-
tion [12].

Ophthalmic findings in Fabry disease have been reported to be more common in pediatric
patients with loss-of-function mutations of the o.-galactosidase A gene (GLA) versus those with
genotypes associated with residual enzyme activity [13].

The current analysis was conducted to explore whether correlations between ocular involve-
ment and disease severity could be confirmed in a larger cohort of patients, and whether this
correlation is associated with the nature of the gene mutation.

Materials and Methods
Patients and study design

At the time of the current analysis, detailed ophthalmological data in the FOS database were
available for 1203 adult patients from 83 centers. GLA mutation information was available for
836 of these patients (500 women and 336 men). This study was approved by the institutional
review board at each center, all patients in this analysis provided written informed consent to
participate. Depersonalized data were collected from the FOS database. The prevalence of eye
lesions was analyzed by gender and age. Amongst other data, the presence or absence of the fol-
lowing 3 signs were specifically investigated for the present analysis: cornea verticillata, tortu-
ous conjunctival and/or retinal vessels, and cataract.
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Fig 1. Representative ocular changes seen in patients with Fabry disease. Representative ocular changes include (A) cornea verticillata, (B) increased
tortuosity of conjunctival vessels, and (C) increased tortuosity of retinal vessels.

doi:10.1371/journal.pone.0120814.g001

Cornea verticillata (Fig. 1A) and tortuosity or aneurysms of the conjunctival vessels
(Fig. 1B) were assessed by slit-lamp examination, and tortuosity of the retinal vessels (Fig. 1C)
was assessed by fundoscopy. Fabry cataract was diagnosed during ophthalmic examination
(usually with pharmacological mydriasis) by the presence of whitish, spoke-like linear deposits
on or near the posterior capsule of the lens, with or without wedge-shaped, radial, cream-col-
ored, granular deposits towards the periphery of the anterior lens capsule. Use of medical my-
driasis to facilitate fundoscopic/lens examination was used in the majority of the patients at the
discretion of the investigating ophthalmologist.

Data analyses

Descriptive summary statistics were calculated. For continuous parameters, median and range
were recorded; for categorical parameters, numbers and percentages of patients affected were
recorded. The Wilcoxon non-parametric statistic was computed for comparing 2 groups in
continuous parameters. The Cochran-Mantel-Haenszel statistic with ordinal alternative was
computed for detecting trends in proportions of patients split by mutation groups. The
parametric linear testing with equal space contrasts was computed for detecting trend in con-
tinuous parameters. Statistical analysis was performed using SAS version 9.2 (SAS Institute
Inc, Cary, NC). Data collection and analysis were supported by Shire Outcomes Research
(Eysins, Switzerland).
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The correlation between eye abnormalities and the severity of systemic involvement was in-
vestigated. Fabry disease severity was measured using the Mainz Severity Score Index, adapted
for use in FOS (FOS-MSSI) [14]. The total FOS-MSSI score has 4 domains: general, neurologic,
cardiovascular, and renal, each weighted according to its contribution to the morbidity of the
disease. This tool is helpful in scoring each individual’s disease burden in this clinically highly
variable disorder [14,15]. Moreover, it allows comparison of disease severity and has been used
to study efficacy of treatment [16-18]. The general and renal components have a maximum
score of 18 and the neurologic and cardiovascular components have a maximum score of 20
(S1 Table); these individual components are summed into the total MSSI score, which is then
classified into mild (<20), moderate (20-40), and severe (>40) clinical categories [14]. The
cornea verticillata subscore was removed before calculating the FOS-MSSI and other
derived scores.

Fabry disease is a progressive disorder, and the FOS-MSSI score depends on age as well as
gender. Therefore, the age-adjusted modified FOS-MSSI (aaFOS-MSSI) has been recom-
mended for the use with the data in FOS [19] to allow comparison of disease severity among
subgroups without age or gender as confounding factors; however, this score does not allow
comparison between genders. In order to compare data between males and females, we devel-
oped a second model of adjustment to calculate an age-related individual FOS-MSSI (ari-
FOS-MSSI) value [20]. Briefly, a normalised ariFOS-MSSI value (taking into account the age of
the patient) was defined by a regression line calculated to obtain the mean FOS-MSSI score for
each age group. The difference between a patient’s actual and expected scores provides an ari-
FOS-MSSI score, with positive scores representing a more severe phenotype than expected and
negative scores reflecting a milder one. The ariFOS-MSSI was developed using data from 486
male patients aged >6 to 60 years from before or <3 months after initiating ERT and for
whom mutation type and FOS-MSSI were available at baseline (and excluding those with the p.
N215S mutation); ariFOS-MSSI scores have previously been shown to significantly correlate
with GLA mutation type classified as described below [20]. For the purpose of our analysis, this
model was applied to both male and female cohorts, assuming similar correlation between
FOS-MSSI score and age in both gender groups.

The information regarding genetic mutations was collected at each of the FOS sites as part
of the diagnostic and clinical evaluation of patients and then entered into the FOS database.
Genetic mutations were classified into 4 groups by the authors. Null alleles were defined as a
GLA mutation associated with an absent or non-functional enzyme protein. These included
among others out-of-frame rearrangements, in-frame re-arrangements larger than 3 nucleo-
tides, premature termination codons, mutations affecting splice consensus sequences, missense
mutations affecting the evolutionarily conserved residues of the active site of the enzyme, and
the cysteines involved in proper folding of the protein by establishment of disulfide bridges.
Missense mutations were those resulting in polypeptides with an amino acid replacement
probably not leading to a null allele. “Mild” missense mutations and the glycosylation mutation
p-N215S defined a mutant enzyme with measurable residual activity and were reported in the
literature to be associated with an attenuated phenotype.

Results

Clinical characteristics are shown in Table 1 and S2 Table. As of October 2013, ophthalmologi-
cal data were available in the FOS for 1203 (699 female and 504 male) adult (>18 years of age)
patients. Of these 1203 patients, 750 were from Europe, 219 were from North America, 81 were
from South America, 68 were from Asia, and 85 were from Australia. The median age at diag-
nosis of Fabry disease was 35 years; the median delay between first symptoms and the diagnosis
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Table 1. Ophthalmological characteristics and treatment status.

Patients, n (%)

Variable Female Male Overall
Adult FOS patients (age >18y)
Adults with ophthalmic examination 699 504 1203
(58.1) (41.9) (100.0)
Any eye finding 385 278 663 (55.1)
(55.1) (55.2)
Cornea verticillata 357 256 613 (51.0)
(51.1) (50.8)
Tortuous vessels 112 124 236 (19.6)
(16.0) (24.6)
Fabry cataract 40 (5.7) 40 (7.9) 80 (6.7)
Adults with ophthalmic examination and mutation information 500 336 836 (100.0)
available (59.8) (40.2)
Any eye finding 297 231 528 (63.2)
(59.4) (68.8)

Cornea verticillata 280 216 496 (59.3)
(56.0) (64.3)

Tortuous vessels 86 (17.2) 106 192 (23.0)
(31.5)

Fabry cataract 33 (6.6) 32 (9.5) 65 (7.8)
Adult FOS patients with ophthalmologic examination and treated at any time with agalsidase alfa
No 337 95 (18.8) 432 (35.9)

(48.2)
Yes 362 409 771 (64.1)
(51.8) (81.2)

FOS = Fabry Outcome Survey.

doi:10.1371/journal.pone.0120814.1001

was 10.5 years. Further, 771 (64.1%) patients were receiving ERT with agalsidase alfa (0.2 mg/kg
every other week; median treatment duration, 3.3 years).

Treated and untreated patients were analyzed together, as differences in FOS-MSSI scores
of patients with and without eye findings were similar irrespective of treatment status (S3
Table), suggesting that treatment had no effect on expression of ocular signs. Statistical com-
parisons of treated and untreated patient populations were deemed inappropriate because of
the substantial mismatch between the 2 cohorts in terms of demographics, event reporting,
and disease severity. Ophthalmological data with 5 years of follow-up were available for 181
treated patients; data consisted of a pre-treatment examination and at least 1 yearly investiga-
tion. Overall, the eye findings in these patients remained stable during follow-up (S4 Table).

Prevalence of eye findings

The prevalence of the various eye findings is shown in Table 1. The prevalence of eye findings
was higher in the subgroup of patients with available mutation information.

Correlation of eye findings with Fabry disease severity

In the overall patient population, we consistently saw higher FOS-MSSI values in patients with
ocular signs of Fabry disease than in patients without these ocular features (S5 Table; Fig. 2A).
These scores showed an increase from patients with cornea verticillata to those with tortuous
vessels to those with Fabry cataract. It should be noted that FOS-MSSI score increases with age
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Fig 2. FOS-MSSI and ariFOS-MSSI score, and eye changes. Median (A) FOS-MSSI and (B) ariFOS-MSSI
scores in male and female adult patients with and without eye findings. ariFOS-MSSI = age-related individual
Fabry Outcome Survey Mainz severity score index; FOS-MSSI = Fabry Outcome Survey Mainz severity
score index. The median FOS-MSSI and ariFOS-MSSI scores represent the medians after removing cornea
verticillata from the calculation of the FOS-MSSI score.

doi:10.1371/journal.pone.0120814.g002

and therefore the age composition of the cohorts may have a considerable effect on the median
score values. Therefore, the aaFOS-MSSI was applied and showed a strong positive correlation
between the presence of the eye findings under investigation and the FOS-MSSI scores as a
measure of overall disease severity (all P<0.001; S5 Table). The aaFOS-MSSI is already cor-
rected for gender (as well as age), and thus did not allow for comparison between women and
men. Therefore, we applied a second model of age adjustment, the ariFOS-MSSI. The ari-
FOS-MSSI scores showed a significant correlation of disease severity and the presence of ocular
signs, both in women and men (S5 Table, Fig. 2B). The largest median difference in severity
scores (12.8 in females and 16.7 in males) was seen between the groups of patients with a Fabry
cataract and those without any ocular signs.

The correlation between presence of eye signs and disease severity could also be seen among
paediatric patients in the FOS database (n = 145; 65 girls, 80 boys), as shown by the trend lines
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doi:10.1371/journal.pone.0120814.9003

in a scatter plot (Fig. 3). As seen in adults, disease severity increased with age in children both
with and without eye findings, and the differences between the groups remained quite constant
over time.

Correlation between eye changes and the type of mutation

Patients with null or missense mutations had a higher prevalence of eye findings compared
with patients with mild missense or p.N215S mutations. Among the 836 adult patients with oc-
ular examination and mutation information available, cornea verticillata in particular was no-
tably more frequent in men and women with null (76.9% and 64.5%, respectively) or missense
mutations (79.2% and 67.4%, respectively) compared with those with mild missense mutations
(17.1% and 23.1%, respectively) or the p.N215S mutation (15.0% and 15.6%, respectively;

Fig. 4A and B; S6 Table). Similarly, tortuous vessels were more frequent in men with null
(34.2%) or missense (35.4%) mutations versus men with mild missense mutations (20.0%) or
the p.N215S mutation (20.0%; Fig. 4A; S6 Table).
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doi:10.1371/journal.pone.0120814.g004

Correlation of eye changes, the type of mutation, and disease severity)

According to our classification, null mutations and missense mutations result in enzyme pro-
tein with no or negligible activity, whereas alpha-galactosidase A produced by a mild missense
allele or the p.N215S mutation has a low but still consequential residual activity. Under the as-
sumption that the higher the residual enzyme activity, the less severe the phenotype, we would
expect a gradual decrease of the ariFOS-MSSI scores from null mutations towards p.N2158.
Such a pattern was indeed found (S7 Table), indicating a positive correlation between the type
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of mutation and overall disease severity in patients presenting with eye findings versus those
with no eye findings. In men and women with null or missense mutations, ariFOS-MSSI scores
were significantly higher (P<0.001 to P = 0.017) among patients with ocular signs (ie, cornea
verticillata; S7 Table). Moreover, in male patients with cornea verticillata who had null, mis-
sense, or mild missense mutations, ariFOS-MSSI scores were also higher than the correspond-
ing average severity score predicted for age (the zero line in Fig. 5).

Discussion

Our analysis suggests that the course of Fabry disease among patients exhibiting eye signs is
significantly more severe than among those without ocular findings. In consequence, ocular
changes (in particular, cornea verticillata) can be of far more value than merely a sign helping
to establish the clinical diagnosis. This conclusion is of important clinical relevance, as the as-
sessment of individual patient disease course is significantly hampered by the high clinical vari-
ability of Fabry disease.

As the FOS-MSSI in its original description is not corrected for patient age, methods incor-
porating adjustment for age are mandatory for correct interpretation of pooled data as in a da-
tabase like the FOS. The use of the gender-independent aaFOS-MSSI permitted disease severity
to be compared among various subgroups without confounding by age [19]. We additionally
chose to use the ariFOS-MSSI method of age-adjustment [20] to allow comparison between
genders. Both scoring systems (aaFOS-MSSI and ariFOS-MSSI) applied in the current study
unanimously resulted in significantly higher severity scores for patients with eye changes.

PLOS ONE | DOI:10.1371/journal.pone.0120814 March 17,2015 9/183
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Disease severity and ocular involvement also showed a correlation with different types of
mutations: patients from any mutation group presenting with ocular signs had higher disease
severity scores compared with patients of the same mutation type but without ocular signs.

According to our data, patients with different mutations showed considerably different
prevalences of ocular signs and thus a different “ocular phenotype.” About two-thirds of pa-
tients with null and missense mutations showed eye signs compared with only about one-fifth
of patients with mild missense or p.N215S mutations. These results confirm previous studies
describing a rather high percentage of ophthalmological abnormalities in patients with classical
course (usually null alleles or missense mutations) [21,22] and a lower percentage in the so-
called late-onset variant of the disease [23]. Of note, this “ocular phenotype” is mostly charac-
terized by the presence of cornea verticillata, the ophthalmological hallmark of Fabry disease.
The most frequent eye finding in Fabry disease, cornea verticillata can be easily detected by
slit-Jamp biomicroscopy and seems to be the sign least influenced by inter- and intra-rater vari-
ability [7]. Development of this sign occurs in the early stages of metabolic imbalance, possibly
explaining the high prevalence. Cornea verticillata is almost disease-specific (a drug-induced
cornea verticillata may be easily ruled out by the patient’s medication history regarding amphi-
philic drugs such as amiodarone or chloroquine) with no reported influence of aging or envi-
ronmental factors, indicating potential usefulness as a biomarker for Fabry disease. Fabry
cataract is usually regarded to be pathognomonic; however, the lens opacity described in man-
nosidosis is strikingly similar [24]. Likewise, increased ocular vessel tortuosity has been re-
ported in healthy individuals as well as in fucosidosis [6], Niemann Pick B disease [25],
Gaucher disease [26], and some vascular disorders.

The present investigation supports the conclusion of a previous analysis of FOS data point-
ing to a correlation of ocular involvement with disease severity. Sodi and co-workers [12] re-
ported a higher FOS-MSSI score, greater progressive deterioration of renal function, and more
rapid increase in cardiac size with age in patients featuring tortuous conjunctival and/or retinal
vessels. In our opinion, the fact that the present study found a correlation between disease se-
verity and all three ocular signs under investigation is most likely explained by the differing
sample sizes. The present analysis was conducted with 1203 adult patients who underwent an
ophthalmologic examination to identify specific ocular lesions, whereas the former study by
Sodi et al [12] was based on a much smaller sample of 173 patients, with a substantial propor-
tion (33%) <20 years of age. Our data show that this correlation also exists in adult Fabry pa-
tients. Another study suggesting a possible relationship between Fabry disease severity and
ocular involvement in a pediatric population was conducted by Allen et al [13]. The authors
concluded that ophthalmic manifestations in children appear to correlate with loss-of-function
mutations. The relationship between higher FOS-MSSI-scores and eye signs is also reported in
the pediatric FOS population. Although the FOS-MSSI was not developed to measure disease
severity in children with Fabry disease, all data taken together suggest that the “general” and
“neurological” parts of the MSSI do apply as well in adults as in children, as these include typi-
cal pediatric manifestations of Fabry disease, such as acute and chronic neuropathic pain,
hypohidrosis, angiokeratoma, and gastrointestinal symptoms.

Compared with the data reported by Sher et al [6], who found the characteristic whorl-like
opacity in 95% of male and 88% of female patients, the 51.0% overall prevalence of cornea ver-
ticillata was lower in the current FOS analysis. In contrast, Orssaud and co-workers [10] de-
scribed less than half of a male patient cohort with this almost pathognomonic corneal opacity.
Similar results were obtained for the other ophthalmologic signs of Fabry disease, although the
prevalence of Fabry cataract may be slightly underestimated because not all patients underwent
the pharmacological mydriasis needed for reliable detection of cataract.

PLOS ONE | DOI:10.1371/journal.pone.0120814 March 17,2015 10/13
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A number of factors may explain these differences. The older literature likely included only
cases of Fabry disease with classical clinical and unequivocal laboratory findings, when genetic
testing might have been unavailable. Further, females, who have long been regarded as symp-
tom-free “carriers” rather than patients, are and continue to be underreported. In a survey of
the literature on the ocular features of Fabry disease, Samiy compiled data from 209 female and
377 male patients, with female patients comprising only about one-third of the total patient
population [5]. In FOS, about half of patients are female with ophthalmic data for almost 60%.
These differences may explain the variable prevalence of ocular changes in the different studies.
Moreover, FOS is an international database and consequently involves a multitude of ophthal-
mologists. Thus, data collection in such a database likely encompasses a range of different as-
sessment strategies. In our opinion, the large number of patients in the FOS database
outweighs this issue. Further, we believe that the composition of the present multicenter pa-
tient cohort is less biased than that of the samples investigated in smaller analyses, and there-
fore we are confident that the prevalences reported here are representative.

Based on the results of this largest group of Fabry patients examined to date with respect to
ocular involvement, we conclude that o-galactosidase A mutations combined with eye signs in
Fabry disease might be a marker of disease severity. This relationship may facilitate identifica-
tion of patients who are at risk for more severe disease, as well as earlier initiation of therapy
before severe organ damage has occurred. Future prospective studies may further define this
relationship and refine the predictive capability of ophthalmic lesions in patients with
Fabry disease.
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