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Abstract
Purpose

Fabry disease (FD) is an X-linked inherited lysosomal storage disorder caused by deficiency of the
enzyme a-galactosidase A. This study describes the long-term evolution of retinal findings in genetically
confirmed FD patients, who have been receiving enzyme replacement therapy (ERT) or pharmacological
chaperone therapy (PCT).

Methods

This retrospective observational study included 42 eyes of 21 patients, who underwent comprehensive
ophthalmic examination including best-corrected visual acuity (BCVA) testing, tonometry, slit-lamp
biomicroscopy of the anterior eye segment, fundus examination and spectral-domain optical coherence
tomography (OCT) imaging. Longitudinal analysis focused on the central retinal thickness (CRT),
peripapillary retinal nerve fiber layer (RNFL) thickness, intraretinal hyperreflective foci (HRF), and retinal
vessel tortuosity.

Results

Over a median follow-up period of 6.5 years, BCVA remained stable in all patients. Serum lyso-
globotriaosylceramide (lyso-Gb3) levels demonstrated strong correlations with intraretinal HRF and
retinal vessel tortuosity but no significant change during the observation period was observed.
Longitudinal assessment showed no significant change of HREF, retinal vessel tortuosity or CRT over
time, whereas a significant reduction of RNFL thickness was observed, although these values remained
within the normal range.

Conclusion

Long-term treatment with ERT or PCT in FD is associated with a largely stable retinal phenotype. Retinal
imaging parameters remain structurally preserved over time, with only mild RNFL thinning observed,
suggesting limited progressive retinal neurodegeneration.

INTRODUCTION

Fabry disease (FD) is a rare X-linked lysosomal storage disorder caused by pathogenic variants in the
GLA gene, resulting in a deficiency of the soluble lysosomal enzyme a-galactosidase A.(1, 2) This
enzymatic deficiency results in tissue accumulation of globotriaosylceramide (Gb3), in the vascular
endothelium, kidneys, heart, and nervous system. Subsequently, this may cause severe and potentially
life-threatening complications, such as kidney failure, heart failure, and cerebrovascular events.(3-7) The
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phenotype is highly variable, ranging from late-onset oligosymptomatic patients to severe and
progressive multi-organ involvement.(1, 5, 7) The disease onset commonly occurs in childhood or
adolescence, with often misinterpreted symptoms as gastrointestinal symptoms, acroparesthesia and
angiokeratomas, leading to diagnostic delay. Women and girls can also be affected despite X-linked
inheritance, but their symptoms are often milder and appear later in life.

The ocular phenotype of FD includes cornea verticillata, conjunctival and retinal vascular tortuosity,
posterior spoke-like cataract, and intraretinal hyperreflective foci (HRF).(8—16) These features may
facilitate diagnosis but may also represent biomarkers of systemic involvement and disease
progression.(13, 17) Intraretinal HRF, observed within the inner retinal layers (ganglion cell layer, inner
plexiform layer, inner nuclear layer, outer plexiform layer), are thought to reflect intraretinal deposits and
capillary dysfunction and show a strong correlation with lyso-Gb3 levels, a key biomarker of disease
burden and progression.(11) It has been hypothesized that HRF represent local lyso-Gb3 accumulation,
lipid depositions or perivascular inflammatory activity/markers of microvascular remodeling.(15, 16, 18)
Retinal vessel tortuosity has been shown to correlate with systemic involvement and may be evaluated
and graded using Al-based image analyses.(19, 20)

Disease-specific therapies may modify disease progression and improve patient-reported as well as
organ-specific outcomes in FD.(21) Enzyme replacement therapies (ERT), replace deficient a-
galactosidase A and reduce lyso-Gb3 levels, resulting in stabilization of renal function and improvements
in cardiac manifestation and reduced pain, however, such therapies have limitations such as infusion
burden and immune-mediated reactions.(22-24) Pharmacological chaperone therapy (PCT) with
migalastat represents an alternative oral therapeutic approach for patients with amenable mutations,
stabilizing endogenous a-galactosidase A, enhancing enzyme activity, and offering a less invasive
treatment option.(25-28) For all therapeutic approaches, treatment selection is guided by the patient’s
genetic background, clinical phenotype, atreatment tolerance, and patient preferences.(21)

Even though ERT and PCT are central for the treatment of FD, their effects on the ocular phenotype
remain incompletely understood.(29) This study characterized the retinal phenotype under continuous
systemic treatment longitudinally, to better understand the ocular involvement and its potential role as a
non-invasive biomarker.

MATERIAL AND METHODS

This retrospective study was performed at the Department of Ophthalmology at the University Medical
Center Hamburg-Eppendorf, Germany and was in adherence to the Declaration of Helsinki. This study
was approved by the medical ethics committee of the Arztekammer Hamburg (PV5470), Germany.
Patients and/or parents’ consent was obtained.

Ocular Examination
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All subjects underwent a comprehensive ocular examination including best-corrected visual acuity
(BCVA) testing, tonometry, slit-lamp biomicroscopy assessing the anterior segment with a focus on
cornea verticillata, conjunctival vessel tortuosity, lens opacification, and fundoscopy.

Retinal imaging and image analysis

Retinal imaging included fundus photography and optical coherence tomography (OCT, Spectralis,
Heidelberg Engineering, Heidelberg, Germany). The central retinal thickness (CRT) was evaluated using a
20° x 20° macular OCT-scan grid and data were examined based on the subfields as defined by the Early
Treatment Diabetic Retinopathy Study. The thickness of the peripapillary retinal nerve fiber layer (RNFL)
was assessed based on OCT imaging and was performed around the optic nerve in a circular band
approximately 3.4 mm in diameter. Images were processed and analyzed using ImageJ software (U.S.
National Institutes of Health, Bethesda, Maryland, USA). Averaged CRT and RNFL measurements from
both eyes of each subject were calculated for statistical correlation analysis.

HRF

Quantification of HRF was performed as previously reported.(11) In short, the temporal and nasal
parafoveal regions (0—1,000 um) were outlined in a foveal cross-section using ImageJ. These regions
were quantified using the counting tool at 300% magnification, as shown in Fig. TA. HRF, identified by
their similar reflectivity to the retinal pigment epithelium were counted. All potential HRFs with shadows
were excluded to prevent misidentification between retinal arterioles and venules. A clinical grading of
HRF was performed, rating each case as absent (0), mild (1), moderate (2), or severe (3), based on the
visual assessment of the OCT images by two independent ophthalmologists (Fig. 1B and 1C).

Retinal vessel tortuosity

Retinal vessel tortuosity was analyzed based on confocal scanning laser ophthalmoscopy (cSLO)
images captured during the OCT imaging. Each image was reviewed to identify the three most tortuous
vessels. These vessels were used to calculate the vessel tortuosity score by measuring the length (a)
and the end-to-end length (b) of each vessel, with the ratio a/b providing a quantified score, as shown in
Fig. 2A. Images were graded by two ophthalmologists, the vessel tortuosity was graded as absent (0),
mild (1), moderate (2), or severe (3).

Systemic parameters

The serum biomarker lyso-Gb3, which correlates with the severity of FD,(30) was obtained from all
patients.
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Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics software (version 29.0.1.0 (171), IBM
Corporation, Armonk, New York). The significance level was set at p < 0.05 for all statistical tests. For the
comparison of retinal parameters between initial and follow-up examination, the Wilcoxon-Mann-Whitney
U-test was used for non-normally distributed data and the dependent T-test for normally distributed data.
Spearman rank order test was used for correlation analyses.

RESULTS

Baseline assessments were available for 56 eyes (28 patients) with a median age of 48 years (range:
10-65 years; standard deviation (SD): 14.2 years). Due to loss of follow-up (n = 4) or discontinuation of
systemic therapy (n = 3), 42 eyes (21 patients, 48% females) were available for longitudinal assessment.
Out of those patients, 71% had classic Fabry variants, 29% late-onset variants. Classic variants were
observed in 82% (9 of 11) of males and 60% of females (6 of 10). The median follow-up period was 6.5
years (range: 5-8 years). All patients were under continuous ERT or PCT during this period. The
demographic data is presented in Table 1.
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Table 1

Demographic and clinical characteristics of the study population.
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Median visual acuity of all 21 patients was 20/20 (range: 20/50 to 20/20 Snellen equivalent). No
changes of the visual acuity were observed during the longitudinal assessment (median BCVA at last
follow up: 20/20, p =0.9).

HRF

Measurement of quantitative and subjective HRF remained almost stable over the follow-up period.
Mean quantitative HRF values showed no significant change from baseline to last follow-up (78.9 vs.
77.7; p = 0.7); subjective HRF scores remained overall unchanged (1.9 vs 1.9; p = 1.0). Male patients
consistently exhibited more HRF than females, with a quantitative HRF value of 95.8 vs. 60.3 at baseline
and 93.2 vs. 60.7 at last follow-up. Similarly, subjective HRF scores were higher in males than females at
baseline (2.6 vs. 1.3) and last follow-up (2.5 vs. 1.4). No significant longitudinal changes were observed
within either sex subgroup for quantitative or subjective HRF measurements (males: quantitative p =
0.63, subjective p = 0.51; females: quantitative p = 0.83, subjective p = 0.75). These findings were
consistent irrespective of treatment modality, including ERT, PCT, or combination therapy (Table 2).
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Table 2
Baseline and last follow-up values of investigated key retinal parameters.

Central retinal
thickness
(CRT)

Retinal nerve
fiber layer
thickness
(RNFL)

BCVA / Visus

Objective
calculated
vessel
tortuosity score

Subjective
obtained vessel
tortuosity score

Quantitative
score of
hyperreflective
intraretinal
deposits

Subjective
obtained score
of
hyperreflective
intraretinal
deposits

initial examination

N

20

21
21

21

21

Min/Max

241.5/305.5

83/117

0.43/1
1.09/1.6

0/3

33/141

0.5/3

DIST.
(mean)

2772

96,5

0,9
1,2

1,4

78,9

1,9

follow up examination

N2

21

20

21
21

21

21

21

Min/Max2

231.5/326.5

76/112

0.43/1
1.09/1.6

0/3

36/116

0.5/3

DIST.
(mean)2

2784

93,5

0,9
1,2

1,4

77,7

Paired p-
N for value

p

20 0,40

20 0,01

21 0,96
21 1,00

21 1,00

21 0,68

21 1,00

Vascular tortuosity

The average objective and subjective tortuosity score at baseline visit were 1.2 and 1.4, respectively.
Both scores remained stable at last follow up visit. At baseline and at last follow-up scores were higher
in males (1.3 and 2.1) compared to the females (1.1 and 0.8). Longitudinal assessment of retinal
vascular tortuosity revealed overall no changes over the observation period (p = 1.0) (Table 2, Fig. 2B, C

and D).

CRT and RNFL

Longitudinal analysis of CRT (p = 0.4) demonstrated no significant changes during the follow-up period
without any differences between sexes. CRT was within the normal age-range for all individuals.
However, a reduction in RNFL thickness was observed over time (p = 0.01) although values remained
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within the normal age-range throughout (Fig. 3). The mean RNFL loss was 2.9 pm for males (SD: 2.3 ym)
and 2.8 pm for females (SD: 5.9 pm) (Table 2).

Lyso-Gb3 levels

A strong correlation was observed between lyso-Gb3 levels, an established biomarker for FD severity,
and vascular tortuosity (r = 0,89; p < 0,001) as well as HRF (r = 0,74; p < 0,001). Over the observation
period, lyso-Gb3 levels showed a mean decrease of 1.57 nmol/L (SD: 15.4 nmol/L; p = 0.25), which may
resemble variability in patients undergoing continuous therapy. Comparative analysis of ophthalmologic
and systemic parameters between initial visit and last follow-up is shown in Fig. 3.

Subgroup analysis

Subgroup analysis comparing male and female patients with the classic or late-onset phenotype yielded
consistent results, which demonstrated no significant differences over time across all subgroups in
quantitative and subjective scores of HRF, objective and subjective vessel tortuosity scores, visual acuity,
CRT and RNFL. Due to the low number of included patients (n = 2), males with the late-onset phenotype
were not analyzed separately.

DISCUSSION

This study describes the longitudinal course of retinal findings in patients with FD receiving continuous
ERT or PCT. Hyperreflective foci and retinal vessel tortuosity, which are characteristic retinal features of
FD, remained stable over time, together with other structural retinal parameters. These findings provide
longitudinal retinal imaging-based evidence of overall stable retinal morphology in treated FD patients
despite continuous therapy.

Systemic treatment of FD with ERT or PCT has been shown to reduce lyso-Gb3 levels and slow the
progression of renal and cardiac involvement, particularly when initiated before irreversible organ
damage has occurred.(19, 25, 28, 31-42) However, established cardiac fibrosis, hypertrophy, and
vascular remodeling are often only partially reversible despite sustained biochemical response.(20, 34,
35, 40—-42) Histology shows that ERT substantially clears Gb3 from many cells, but podocytes and
cardiomyocytes are difficult to fully clear, especially in advanced disease.(32-34) Our findings suggest
that retinal manifestations may follow a similar pattern, remaining structurally stable under long-term
therapy without evidence of regression.

Previous longitudinal data on ocular manifestations in FD are limited. A prospective observational study
analyzing mainly anterior segment findings over five years reported progression of corneal haze, cataract
formation, and microaneurysms despite systemic therapy in the majority of patients, whereas retinal
vessel tortuosity remained largely stable.(29) In agreement with our findings, the authors observed no
significant longitudinal progression in the severity of retinal vascular changes, supporting the concept
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that retinal manifestations in FD may represent chronic structural alterations rather than reversible
treatment-responsive findings.

In previous reports strong correlation between HRF and plasma lyso-Gb3 levels have been shown,
suggesting that HRF may reflect systemic glycosphingolipid accumulation and disease severity.(11, 43)
Also, higher HRF numbers were found in patients with greater retinal vessel tortuosity and worse renal
function (44), underlining that they might serve as a surrogate marker of systemic disease severity. It
has been hypothesized that HRF represent Gb3 accumulation in retinal vessel walls or associated cells
within the macular capillary plexuses.(11, 15, 18) Until now, no longitudinal FD data on the retinal
phenotype is available and it has not been understood whether HRF regress or progress under ERT or
PCT.

In the reported cohort, both quantitative and subjective HRF remained stable over time despite
continuous systemic therapy. This could indicate that HRF are structural alterations and rather not
dynamic treatment-responsive changes, although a delayed retinal “washout” under long-term therapy
cannot be excluded with the here reported data. The association with laso-Gb3 as an established
systemic biomarker suggests a potential role of HRF as ocular biomarkers of disease involvement.
However, larger longitudinal studies are required to determine their suitability as imaging-based outcome
parameters for disease monitoring and therapeutic response.(11, 15, 18, 37)

Retinal vessel tortuosity likewise remained stable throughout the reported follow-up. Previous studies
demonstrated correlations between retinal vessel tortuosity, lyso-Gb3 levels, Mainz Severity Score Index
values, and cerebral small vessel disease, supporting its role as a marker of systemic involvement.(9, 17,
20, 45) Consistent with prior observations, retinal vessel tortuosity showed neither significant
progression nor reduction over time.(29, 46) This may suggest that retinal vessel tortuosity rather
reflects chronic vascular remodeling secondary to glycosphingolipid storage than a dynamically
reversible process.(9, 17, 20, 45) Although the underlying pathophysiology remains incompletely
understood, retinal vessel tortuosity may represent a structural marker of cumulative disease burden.
Larger longitudinal studies are needed to determine its value as a monitoring parameter during systemic
therapy.

CRT remained unchanged throughout follow-up, consistent with our previous cross-sectional findings
showing no significant differences compared with healthy controls.(11) RNFL thickness demonstrated a
mild reduction over time within the range of age-related physiological variation.(47) The progression may
resemble the physiological reduction of the RNFL that occurs with ageing. Another hypothesis could be
that RNFL reduction is associated with the persistence of HRF, given that the foci are located in the inner
retinal layers. Visual acuity remained stable in nearly all patients, consistent with previous reports
indicating that ocular manifestations in FD rarely impair visual function.(11, 15, 19) Overall, these
findings suggest preserved retinal structure and visual function under continuous systemic therapy.

The potential value of non-invasive retinal imaging is that the ocular and non-ocular involvement can be
determined. OCT-derived parameters such as HRF and retinal vessel tortuosity may provide accessible
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biomarkers reflecting systemic involvement and cumulative disease burden. Given the multisystemic
nature of FD, retinal imaging may complement established systemic biomarkers and contribute to
longitudinal disease monitoring. Automated image analysis approaches may improve the reproducibility,
objectivity, and clinical applicability of these retinal parameters for longitudinal monitoring and
therapeutic assessment.(16, 17) Future studies may integrate retinal imaging findings with systemic
clinical outcomes and biochemical markers to further define their role in disease stratification and
treatment monitoring.

Limitations of this study include the limited cohort size and the small patient numbers available for
subgroup analyses, particularly among late-onset male patients. In addition, the absence of an untreated
control group limits conclusions regarding treatment-specific effects on retinal morphology. The
heterogeneous genetic and clinical characteristics of the cohort may also have influenced the observed
findings. Furthermore, the observational design and relatively limited sample size restrict the
generalizability of the results, emphasizing the need for larger multicenter longitudinal studies.

In conclusion, retinal manifestations in FD remained largely stable during long-term enzyme replacement
or PCT. Neither significant progression nor reversal of retinal alterations was observed over time. The
correlation of HRF and retinal vessel tortuosity with systemic disease markers support their potential
role as non-invasive biomarkers of disease involvement and progression in FD.
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Figures

Figure 1

OCT imaging of right and left eye of patient 4. (A) The parafoveal region, magnified at 300%, reveals

numerous HRFs (red arrows) within the inner retinal layers. Quantification was performed by measuring

1000 um from the center towards both the nasal and temporal sides, creating a total width of 2000 pm

around the fovea. (B) Hyperreflective changes at initial presentation and (C) six years later are displayed.
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Figure 2

cSLO images of the right eye of patient 9. (A) Objective score of retinal vessel tortuosity was analyzed by
measuring the true length (a) and the end-to-end length (b) of three retinal vessels and dividing a/b. (B)
Baseline fundus photograph of the right eye of patient 9. (C) Follow-up fundus photograph of the same
eye acquired five years later under continuous ERT. (D) Overlay of both images, revealing an almost
unchanged retinal vascular pattern over time.
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Figure 3

Comparative analysis of examination results at initial presentation and after 6.4 Years. Figure (a)
compares counts of hyperreflective foci (p=0.68); (b) compares hyperreflective foci using a subjective
scoring system (p=1.00); (c) compares vessel tortuosity with a subjective score (p=1.00); (d) compares
central retinal thickness (p=0.39); (e) compares retinal nerve fiber layer (RNFL) thickness (p=0.01); (f)
compares best corrected visual acuity (p=0.94); (g) compares Lyso-Gb3 levels (p=0.25).

Page 18/18



