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Purpose: This study aims to evaluate potential causes of FDT visual field loss in a selected group of Fabry subjects.
Patients and Methods: This is a pilot observational study. Subjects were assessed during 2 visits. The following tests were
performed: visual acuity, tonometry, optical coherence tomography (OCT) optic nerve scan, frequency doubling time (FDT) and
threshold (SAP) VF, ERG, and Online Spectro-reflectometry Oxygenation Measurement in the Eye (OSOME). Results are compared
across visits and, when indicated, interpreted against those collected on non-Fabry population matched for age and sex.
Results: The study population was composed of 3 males (34.3 ± 8.9 y.o.) and 5 females (46.4 ± 6.5 y.o). For all subjects, BCVA
remained 6/6 OU throughout the study and OCT optic nerve scans were normal. FDT showed a defect in at least 1 quadrant for all
participants, in contrast with SAP. FDT PSD value was found different vs SAP. For ERG, the i-wave (52.1 + 2.7 ms) and B-waves
(31.6 ± 2.1 ms) peak times were significantly longer compared to a non-Fabry population (p < 0.05). Overall blood oxygenation varied
from 61.3% ± 4% to 68.1% ± 4% at the second visit, suggesting a loss of capillary perfusion. Blood volume varied based on location
(superior/inferior), eye tested (OD/OS) and time (visit 1/2). The range of values exceeds normal subjects findings (p < 0.05). Blood
volume was correlated to FDT PSD value for the superior area of the optic nerve.
Conclusion: The results suggest that Fabry subjects present FDT deficits and abnormal ERG patterns that may be explained by
a retinal dysfunction affecting retinal ganglion cells (RGCs), second to vascular alterations.
Keywords: Fabry disease, retinal ganglion cells, electroretinography, OSOME

Introduction
Fabry is an X-linked inherited condition, considered a rare disease,1 and characterized by the absence or deficient activity
of α-galactosidase A. This leads to the accumulation of globotriaosylceramide in a variety of cells (renal, endothelial,
cardiac, dorsal root ganglion).2 As the disorder evolves, cellular dysfunction triggers organ impairment and eventually
systemic damages, leading to substantial morbidity and reduced life expectancy.3 This is especially true for individuals
left untreated.4

Ocular manifestations are among the first observable signs of the disease,5 and are easily identified through a regular
slit lamp examination. Ocular features include cornea verticillata and haze5 (Figure 1), blood vessel tortuosity6 affecting
bulbar conjunctiva (Figure 2), external upper lid7 (Figure 3) and retina (Figure 4), lens opacities8 (Figure 5), and eye
dryness symptoms.9 A previous study showed that 50% of the subjects were presenting abnormal visual fields (VFs) as
assessed using frequency doubling technology (FDT).10 It is important to specify that such variability with FDT fields
was previously reported in patients suffering from brain injury.11 Such changes in sensitivity may generate complaints of
reduced vision at night, perception of glare, haloes or photophobia, as commonly reported by Fabry subjects.8

A review of the literature related to VF defects suggests a link with a possible subclinical optic neuropathy in Fabry
disease12 in absence of any other possible explanation. In that study, 32% of the study participants revealed abnormal
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visual fields exhibiting relative central scotomas in automated 30° static perimetry. This was confirmed by other
researchers, on a group of 32 hemizygous male subjects.8 At this time, 37% of the eyes tested by Goldman perimetry
showed an enlargement of the blind spot. Another explanation may relate to glycosphingolipid deposits, observed
ultrastructurally in the endothelial, perivascular and smooth-muscle cells of the ocular vessels of Fabry patients.13

Several authors have reported vessel occlusion leading to damage of the optic nerve, associated with severe loss of

Figure 1 Typical corneal verticillata showing pigments and haze.

Figure 2 Bulbar conjunctival vessels tortuosities and micro-aneurysms.

Figure 3 The same blood vessel tortuosities may be seen on the external upper lid.
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vision.14–16 Among these reports dating from 1978 to 1990, and consequently based on limited investigation technology,
one suggested that focal deposition in a vessel caused local dilation and instability of its vascular lumen, culminating in
vascular damage and frank occlusions.15 A second case description relates the findings surrounding an episode of
a complete visual field loss (light perception) caused by an occlusion of the central retinal artery, in a young Fabry
patient.16 The examination revealed stasis of blood in the temporal arcade and diffuse retinal and macular edema.
Another one suggested that damage to radial peri-papillary capillaries can affect RGC function.17 It is then possible that
glycosphingolipid deposits may represent a factor leading to field defects in Fabry patients.

The present study aims to identify possible causes of VF defects, first by evaluating blood oxygenation and blood
volume optical density at two different optic nerve head zones and second, by assessing electroretinogram response, and
consequently retinal ganglion cells, in a limited group of Fabry disease participants. Results can indicate that the main
pathology affecting Fabry patient’s response to FDT may lie elsewhere than at the optic nerve level.

Materials and Methods
This is a pilot observational study conducted in adherence to the tenets of the Declaration of Helsinki. It was approved by
the Université de Montréal Comité d’Éthique de la Recherche En Santé (Certificate 13–081-CERES-D(2)). Participants
provided written informed consent prior to their enrollment in the study. The study population was composed of Fabry
patients (Table 1), all recruited from a longitudinal study conducted at Université de Montreal10 and identified as showing
FDT visual field defects.

Figure 4 Arterioles and venules showing tortuosities.

Figure 5 Typical Fabry posterior sub-capsular cataract.
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Fabry subjects were assessed during 2 consecutive visits, made 1 year apart. At each visit the following tests were
performed: best corrected visual acuity at distance (using a Snellen chart, under photopic condition), anterior segment
evaluation under slit lamp, intraocular pressure (using Goldmann tonometer). In addition, the following specific testing
was conducted.

Scan of the Optic Nerve Head
To evaluate potential alterations of the optic nerve fiber layers, a scan of the optic nerve head was performed using Cirrus
HD-OCT (Zeiss Medical, Germany). An optic disc cube 200×200 protocol was applied, which implies to scan over
a 6 mm × 6 mm area, capturing 200 A-scans from 200 linear B-scans (40,000 points) in less than 2 seconds. Peripapillary
retinal nerve fiber layer (RNFL) thickness and optic nerve head (ONH) parameters were evaluated under the same
protocol. Only scans with strength signal over 6 were kept for analysis.

Visual Field Testing
Standard automated perimetry (SAP-threshold visual field) is considered the gold standard test to assess and manage potential
optic neuropathies.18 Three important values can be extracted from the testing: Visual field Index (VFI), Mean Deviation
(MD) and Pattern Standard Deviation (PSD).19 The visual field (VF) was assessed with an automated perimeter (Humphrey
HFA750i, Texas) using a threshold strategy (24/2 SITA FAST, version 5.1.2). In order to measure immediate variability of the
VF testing among Fabry subjects, this test was done at the beginning of the visit and repeated 1h00 later.

Frequency doubling technology (FDT) visual fields were also assessed. FDT is used as a screening method to detect early
glaucomatous as well as visual field defects caused by other diseases. FDT measures spatial contrast sensitivity. This
technology relates to the detection of a visual stimulus by the retinal ganglion cells with long axons, i.e. magno-cells (M
cells). This is a VF strategy based on a flicker illusion that shows high sensitivity and specificity to detect ganglion
cell's abnormalities. It differs from SAP threshold targeting nerve fiber layers and the exact threshold measured differs
slightly between FDT and SAP.20 In fact, FDT may be more sensitive for detecting early visual field loss compared to SAP
strategy.21 It has also a better reproducibility than SAP,22 most likely because FDT testing takes a shorter time to be completed.
Participants in this study were trained to FDT procedure, having performed the same testing, annually, in the last 5 years, as
part of their regular follow-up. FDT testing was considered valid if there was no fixation errors, no false positive, nor no false
negative errors. The test was also repeated 1h00 later to confirm any defect that had been identified.

The following testing were performed under pupil dilation (tropicamide 1%), after slit lamp and IOP assessments
confirming that individuals did not present any contra-indications to the procedures.

Table 1 Characteristics of the Study Population

Subjects Mutation ERT Age Genotype

1 p.Ala348Pro NO 41 HTZ

2 p.Val254del NO 55 HTZ

3 p.Val254del NO 47 HTZ

4 p.Ala348Pro Agalsidase β 39 HMZ

5 p.Ala348Pro Agalsidase α 40 HMZ

6 p.Ala348Pro Agalsidase β 24 HMZ

7 p.Ala348Pro NO 39 HTZ

8 p.Ala348Pro NO 50 HTZ

Abbreviations: ERT, enzyme replacement therapy (medication injected); HTZ, heterozygotes (females); HMZ, hemizygotes
(males).
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Electroretinography (ERG)
Clinically, ERG is a way to measure the electrical response of various cells of the retina.23 It is used to measure the
normal conduction of electric potential along the retinal nerves and helps to diagnose or identify inherited retinal
degenerations. Different strategies can be used to assess the retinal function. While the short-flash ERG assesses mostly
the function of the photoreceptors and bipolar/Muller cells complex, the photopic negative response (PhNR) and pattern
ERG (PERG), amongst other techniques, may be used to measure retinal ganglion cell function.24 More specifically, in
this study, two different electrophysiological tests were conducted: the full-field photopic short-flash and the photopic
negative response. Details of the clinical procedures can be found in Box 1.

For the waveform analysis of the full-field photopic electroretinogram, the amplitude of the a-wave, which mainly
reflects the function of cone photoreceptors, was measured from the baseline to the through of the a-wave. The amplitude
of the b-wave, which reflects the activity of the inner nuclear layer (bipolar/Muller cells), was measured from the trough
of the a-wave to the peak of the b-wave for all responses. The amplitude of the i-wave was measured from the trough
following the b-wave to the peak of the i-wave. Peak times were measured from flash onset to the peak or through of
each wave. The exact origin of the i-wave is still controversial, but it has been claimed to signal electrical activity taking
place at or near the retinal ganglion cells.25,26

Box 1 Description of the ERG System and Strategy Used

SYSTEM DESCRIPTION
System: UTAS (LKC technologies), Sunburst Ganzfeld, CRT Screen.
Software: EM data resource for Windows Version 8.1.2.

Active electrodes: DTL (Diagnosys) fibers.

Reference and ground electrodes:GoldCup electrodes filledwith conductive gel and scotched to the front and the temples of the subjectwithmedical tape.
Pupils are dilated (tropicamide 1%) for photopic ERG and its response to flash stimuli.

Test 1. ERG under flash – photopic:
Goal: To evaluate the cones response - central retina.

White Xenon Flash on a white background (Ganzfeld Sunburst) Flash intensity: 2 dB = 0.598 log cd.s.m−2= 3.96 cd.s.m−2

Background intensity: 30 cd.m−2

Broad Band: 1–300 Hz.

Flash duration: ≤ 5 ms Flash interval: 1.37 s.

Evaluation made of:
a-Wave: from baseline signal to the first negative low.

b-Wave: from a-Wave low to the higher positive peak.

i-Wave: from the low next to b-Wave to the next positive peak.
Average of 10 responses registered.

Amplitude and the peak time (latency) are reported for each wave.

Test 2. Photopic negative response ERG (phNR)
Goal: to evaluate ganglion cells activities.

Protocol used = from LKC on EM for Windows 8.1.2.
Red LED flash (630 nm) on a blue LED background (470 nm) (Ganzfeld Sunburst).

Flash intensity: −4 db = −0.002 log cd.s.m−2 = 0.995 cd.s.m−2; 0 dB= 2.5 cd.s.m−2= 0.398 log cd.s.m−2;

2.5 dB = 4.44 cd.s.m−2 = 0.648 log cd.s.m−2.
Background intensity: 10 cd.m−2.

Average of 10 answers registered.

Broad band: 0.3–500 Hz.
Flash duration: 5 ms.

Interval between stimulus: 0.25 sec.

Two ways to report PhNR values:

Peak time (PT) = distance between b-wave peak and PhNR low next to i- wave;

Baseline to through (BT): distance between the baseline and the PhNR low.
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OSOME Assessment
The blood flow and blood oxygenation represent important parameters to characterize the retinal metabolism. For the
present study, a non-invasive retinal oxymeter, with a multichannel spectroscopy technique had been used to measure the
optic nerve’s blood oxygenation and blood volume within the capillaries. This technology was developed at Université de
Montréal and known as “Online Spectro-reflectometry Oxygenation Measurement in the Eye” (OSOME). The OSOME
performs online and real time capillaries blood oxygenation measurements in the eye.27 The optic nerve configuration
from the majority of subjects, and the limitations of the machinery, allows to identify only two areas for the measure-
ments. We then selected the superior and inferior areas, because, in glaucoma, they are the first to be altered when
perfusion becomes deficient. An experimental session consisted of 20 consecutive measurements within an interval of 10
seconds, from specific zones of the optic nerve, representing a zone diameter of 0.5 mm.

The mathematical equation (Eq. 1) which derives the blood oxygenation from the spectral reflectometry measurement
has been expressed as a linear combination of several terms of Si (λ), representing the spectral signature functions of
haemoglobin and oxy-haemoglobin, as well as of several terms representing ocular media, and scattering.

A λð Þ ¼ m1 � SHb λð Þ þ m2 � SOHb λð Þ þ m4 � H2OðÞ þ m4 � λ � n þ m5 � k (1)

The blood oxygenation was computed with the following formula:

m2= m1þ m2ð Þ

where (m1+m2) represents the blood optical density in the optical pathway.
More details on the apparatus, the technique of measurement and its validity were previously presented in other studies.28,29

Statistical Analysis
Unless otherwise specified, results were compared from visit to visit and eye to eye. Statistic analysis was run with SPSS
version 24 software (IBM). Sphericity test (Mauchly) indicates that our data does not respect normal distribution.
Consequently, non-parametric ANOVA for repeated measures, controlling for the eye and for the visit, was conducted
(Friedman). Because of the nature of the study and the low number of subjects, statistical comparison between groups
(gender, treatment, phenotypes) was not run. VF results were compared for MD and PSD factors using t-test, and correlation
between OSOME and FDT results were evaluated using a bi-variate analysis (Pearson), for each eye at each visit.

Results
Study Population
The study population was composed of 3 hemizygotes (males), 34.3 ± 8.9 years old, and 5 heterozygotes (females), 46.4
± 6.5 y.o. (p = 0.026). After the first year, two heterozygote subjects (#2, #3 in Table 1) voluntarily withdrew from the
study. Consequently, analysis of the results concerns the remaining 6 subjects; 3 of them being under enzyme replace-
ment therapy. Fabry participants results will be put in perspective, whenever needed, with data from a group of non-
Fabry ones examined at the university clinic (historical control group), and matched for age and gender. All of these non-
Fabry subjects were free of any systemic disease and were not medicated at the time of their assessment.

Visual Acuity
The best corrected visual acuity was similar for all Fabry participants, at every visit: OD 6/6 OS 6/6 OU 6/6. Because of
the absence of any variation, no statistical testing was performed for this data.

Slit Lamp Examination and IOP Measurement
A slit lamp examination was made at the beginning of each visit, for every participant. There were no significant lens
opacities (Fabry’s cataract) reported, which may influence the clinical outcomes. For IOP, all measurements made on
Fabry participants indicated normal intra-ocular pressure (<20 mmHg).
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Optic Nerve Head OCT Imaging
In cases of abnormal visual fields, or when a perfusion issue is suspected at the optic nerve head level, the most important
data to extract are: average retinal nerve fiber thickness, by quadrant, and symmetry. These values are reported in Table 2.
There is no statistical difference between the left and right eyes (p > 0.05), the variations observed being minimal and
largely under the resolution of the image system (5 um). Results measured during visit 1 are not statistically different
from those evaluated at visit 2 (p > 0.05). All of the scans are considered normal in every quadrant. These results indicate
that any visual field defects cannot be related to a physiological alteration of the optic nerve.

Visual Threshold Field Testing (SITA-24/2)
Two test sessions were conducted at each visit to enhance the validity of the results (see Table 3).

VFI index is calculated as the percentage of normal visual field, after adjustment for age.30 The scores obtained in this
cohort, for each eye at every visit, is 98% or over, which confirms the normality of the result for the tested population.

The mean deviation or mean defect (MD) gives an overall value of the total amount of visual field loss, with normal
values typically within 0 dB to −2 dB. The MD value becomes more negative as the overall field worsens. The results
obtained indicate that Fabry participants got MD negative results at visit 1 which degraded at the second testing session.
This difference is not significant for the right eye (p > 0.05) but significant for the left eye (p < 0.05). However, results
are similar to those of a normal population (between 0 and −2 dB). It is not possible, therefore, to categorize the Fabry
cohort as different than a non-Fabry population.

Pattern deviation standard (PDS) is an indicator of the variability of the total deviation values, high PSD values being
associated with localized damages.30 For this value, there is no statistical difference (p > 0.05) between visit 1 and visit 2, for both
eyes. There is also no inter-ocular difference at visit 1 or at visit 2. All values are considered small (2 or lower). This means that
the visual field of Fabry subjects is not significantly different from the shape of a normal hill of vision in the general population.31

Frequency Doubling Technology- Visual Field
All participants enrolled in this study showed defects in FDT visual field in at least 1 eye in a previous study,10 which
was conducted to assess longitudinal ocular manifestations modifications in a larger group of Fabry patients. To confirm

Table 2 Results from the Optic Nerve Head Scanning

Visit 1 Visit 2

N= 12 Eyes RNFL Thickness (um) RNFL Symmetry (%) RNFL Thickness (um) RNFL Symmetry (%)

OD OS OD OS

Average 95.1 95.8 90.3 94.3 95.7 90.8

Standard dev 6.1 4.9 1.7 5.7 6.4 2.3

p value OD vs OS: p >0.05 V1 vs V2: p>0.05

Abbreviations: OD, right eye; OS, left eye; RNFL, retinal nerve fiber layer.

Table 3 Visual Field Testing (SAP) Results

Visit 1 Visit 2

Test 1 OD Test 2 OD Test 1 OS Test 2 OS Test 1 OD Test 2 OD Test 1 OS Test 2 OS

VFI 98.7 ± 1.1 98.5 ± 1.4 98.2 ± 1.7 98.3± 1.2 98.5± 1.1 98.7 ± 1.5 97.8 ± 2.6 98.7± 1.1

MD −0.74 ±0.96 −0.80± 0.85 −0.74 ± 0.93 −1.08 ±0.90 −1.41±1.27 −1.53 ±1.50 −1.79±0.90* −1.95±1.29*

PSD 1.64 ±0.52 2.00 ± 0.61 1.75 ± 0.40 1.83 ± 0.42 1.51 ±0.30 1.80 ± 0.79 1.83 ±0.81 1.94±0.92

Note: *statistically significant (p<0.05) comparing V2 vs V1 for the same test and eye.
Abbreviations: OD, right eye; OS, left eye; VFI, visual field index; MD, mean deviation; PSD, pattern standard deviation.
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the presence of the field defect, a new FDT field testing (N-30 threshold strategy) was performed. A defect was
considered present when a tested point (area) showed a threshold sensitivity (in decibels) reduced by 5% compared to
a normal database. Visual field defects were confirmed (2 tests showing the same defect, at the same visit) for all
participants in at least one eye.

There was a variation between visit 1 and 2, defect changing in location and sometimes in severity, for 4/6
participants. (see Figure 6A–D) PSD and MD values (averaged between 2 visits) were extracted from these results
and compared with SAP similar values (Table 4).

FDT vs SAP
All MD values are still negative for FDT testing. These results were found not significantly different vs SAP (OD 95%
CI[−2.64, 2.06]; p > 0.05; OS 95% CI [−2.74, 3.88], p > 0.05). To the contrary, PSD values were found significantly
higher on FDT vs SAP, for both eyes (OD 95% CI[−2.49, −0.95]; p < 0.05; OS 95% CI [−3.08, −1.10]; p < 0.05). This
may suggest the identification of more localized damage in the visual field.

Electroretinography (ERG)
Table 5 shows the results for the first test assessing responses to a flash, under photopic conditions. Three waves are
identified in amplitude and latency. The a-wave reflects the initial corneal-negative deflection, derived from the cones of

A B

C D

Figure 6 (A–D) Evolution of the visual field defects. (A) Patient A OD year 1- no defect; (B) patient A OD year 2- defect in 3 quadrants; (C) patient B OS year 1 - defect in
4 quadrants; (D) patient B OS year 2 – defect in 3/4 quadrants but more severe.
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the outer photoreceptor layers. The b-wave represents a corneal-positive deflection; derived from the inner retina,
predominantly Muller and ON-bipolar cells. The i-wave is thought to be related to the response from the ganglion
cells,25 at least from the inner retina. This wave is then of a particular interest.

To put Fabry cohort results in perspective, database results from a non-Fabry group of subjects, examined with the same
instrumentation at the University clinic, and matched for age and sex, were retrieved. The only statistically significant
difference is found for the i-wave peak time, longer for Fabry subjects vs non-Fabry. This implies a longer time of reaction to
a given stimulus, or more time needed to reach the peak of the signal, after stimulation. In both cases, this may represent early
stages of the inner retinal dysfunction (ganglion cells).32 Using Hedge’s g (Cohen’s d for small size),33 it is possible to qualify
the effect size as medium (0.52) and very large (1.24) for the amplitude and peak time respectively. This carries a good
diagnostic power and confirms that ERG testing may help to discriminate Fabry vs non-Fabry patients.

The same reality is found with PhNR-PT-4, PhNR-BT-4, PhNR-PT-0, PhNR-BT0 and PhNR-BT2 peak times, where
Fabry subjects are showing increased values to these stimuli (Table 6). This longer latency may be related to retinal
ganglion cells malfunction; at least, it may be considered an early dysfunction of the inner retinal layer.34 Again here we
can identify very large effect size (>1.2) for most of the peak time recorded (1.213 for PhNR-PT-4, 1.164 for PhNR-BT
-4, 1.226 for PhNR-PT-0, 1.152 for PhNR-BT0 and 1.331 for PhNR-BT2). Expressed in terms of area under receiver
operator characteristic plots (AUC) they range from 0.85 to 0.94.

OSOME Results
Blood Oxygenation
The OSOME methods indicate the oxygen saturation in percentage (O2SA%) at different locations of the optic nerve. For
Fabry participants, the results are as following: 60.8 + 5.4 /59.9 + 3.7 (OD/OS, inferior quadrant) and 61.9 + 6.4 /62.6 +

Table 4 FDT Results

V1- OD V1-OS V2- OD V2- OS Vs SAP (Table 4)

FDT (N=12)

MD −0.48 ± 2.60 −0.47± 3.64 −0.04 ± 2.81 −0.01±2.70 OD p>0.05

OS p>0.05

PSD 3.54 ±0.44 3.87 ± 0.92 3.06 ±0.5 2.66 ±0.50 OD p<0.05

OS p<0.05

Abbreviations: OD, right eye; OS, left eye; SAP, standard automated perimetry; FDT, freqeuncy doubling technology; VFI, visual field
index; MD, mean deviation; PSD, pattern standard deviation.

Table 5 Responses to a Flash, Under Photopic Conditions

FABRY (N=12 Eyes) A-Wave B-Wave I-Wave

Amp (uV) PT (ms) Amp (uV) PT (ms) Amp (uV) PT (ms)

OD V1 value+RMS 26.1 ± 1.9 13.4 ± 0.2 98.4 ± 15.3 33.9 ± 4.9 17.2 ± 4.5 51.8 ± 0.9

OD V2 value+RMS 27.8 ± 2.6 14.5 ± 0.1 95.6 ± 10.0 30.7 ± 0.2 17.5 ± 1.6 52.3 ± 1.4

OS V1 value +RMS 27.0 ± 3.7 13.7 ± 0.3 98.9 ± 12.7 31.2 ± 0.3 17.8 ± 4.6 52.3 ± 1.1

OS V2 value +RMS 27.6 ± 0.3 14.3 ± 1.1 96.6 ± 11.1 30.7 ± 0.1 17.9 ± 2.4 52.2 ± 0.7

Average value 27.1 13.9 97.4 31,6 17.6 52.1

Non-Fabry value +RMS 27.6 ± 4.5 14.0 ± 0.2 90.8 ± 9.1 30.3 ± 0.5 14.4 ± 0.7 48.8 ± 1.2 *

Note: *statistically significant difference Fabry vs non Fabry (p<0.05).
Abbreviations: OD, right eye; OS, left eye; Amp, amplitude; PT, peak time (latency); RMS, root mean square of the variance.
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5.5 (OD/OS superior quadrant) at visit one, and 67.1 + 6.7 /66.4 + 6.8 (OD/OS, inferior quadrant) and 70.0 + 6.9 /69.1 +
6.8 (OD/OS superior quadrant) at the second visit. Interestingly, one Fabry participant was showing a significant
difference between inferior and superior areas of the optic nerve, and, to a lesser extent, between the 2 eyes. These
results are also comparable to a normal population database, matched for age and sex, as established in another study:35

65.3 + 5.2 inferior quadrant and 67.8 + 4.8 superior quadrant.
If we compare these results obtained during the second session with those recorded during the first session, blood

oxygenation varied significantly over a year, in the superior quadrant, in Fabry participants (OD 95% CI[−13.66, −2.64];
p < 0.05; OS 95% CI [−11.73, −0.70]; p < 0.05). Any increase in these numbers is likely related to a loss of capillary
perfusion.36 This means that blood vessels deliver less oxygen to the surrounding tissue, which tries to compensate this
lack of perfusion with higher oxygen consumption. It is also interesting to note that, in the second session, more subjects
(4) are showing a significant difference, at least in one eye, between the inferior and the superior areas of the optic nerve.
Consequently, we cannot consider Fabry’s optic nerve as homogenous for blood oxygenation, a sign that seems to evolve
with time.

Blood Volume Optical Density
The results are 42.5 + 21.7 cm3/28.9 + 18.1 (OD inf/sup) and 46.7 + 7.8 cm3/34.7 + 28.7 (OS inf/sup) at visit 1, evolving
to 34.8 + 28.7 cm3/28.1 + 11.4 (OD inf/sup) and 39.2 + 14.2 cm3/38.2 + 8.4 (OS inf/sup) at the last visit. The range of
values exceeds what is found in a group of normal subjects.35 Comparing visit 1 and visit 2 does not bring any significant
difference either (p > 0.05), both displaying high inter and intra-subject variability, and large differences based on the
optic nerve zones analyzed.This means that some areas of the optic nerve of Fabry participants are populated with
capillaries containing a high volume of blood while, in another adjacent area, the volume is dramatically reduced. We can
make the hypothesis that restriction in one area may be compensated by dilation in another area, with respectively
reduced and increased blood volume.

Correlation Between FDT and OSOME
There is no significant correlation between PSD results and OSOME blood oxygen values (inferior and superior), for
each eye at every visit (see Figure 7). This is the same for MD values, considering all combinations possible (see
Figure 8). To the contrary, there is a significant correlation between PSD results and blood volume in the superior

Table 6 Amplitude of pnHR Vs Stimulus Intensity

pnHR-PT −4 db pnHR-BT −4 db pnHR-PT 0 db pnHR-BT 0 db pnHR-PT +2.5 db pnHR-BT +2.5 db

Amp

(uV)

PT

(ms)

Amp

(uV)

PT

(ms)

Amp

(uV)

PT

(ms)

Amp

(uV)

PT

(ms)

Amp

(uV)

PT

(ms)

Amp

(uV)

PT

(ms)

FABRY (N=12 eyes)

OD V1 Value +RMS 65.7± 3.2 73.6

±5.9

20.0± 4.3 73.6

±5.8

71.5± 2.9 70.9

±2.5

28.7±4.7 70.8

±2.4

76.4± 2.9 71.7±

3.3

31.8± 4.6 71.5±

3.5

OD V2 Value +RMS 74.7± 2.6 69.7

±1.8

29.6± 3.0 70.6

±1.0

72.7±6.3 68.8

±0.9

20.7±0.4 68.7

±1.3

67.0± 4.2 71.5

±3.7

36.3±3.8 71.5

±3.7

OS V1 Value +RMS 71.2± 3.4 70.6

±3.7

30.5± 5.1 70.0±

3.5

73.3± 9.2 69.3

±3.0

30.9± 6.8 69.7±

3.8

75.3±11.5 71.3±

3.6

33.8± 9.9 71.5±

3.5

OS V2 Value +RMS 73.4± 4.5 69.4

±0.6

26.0± 1.1 70.9±

1.2

79.7±

11.3

68.3

±0.3

30.7±10.1 68.0

±0.8

65.7± 3.9 63.0±

7.5

31.6±4.4 70.2±

4.6

Average 71,3 70,8 26,5 71,3 74,3 69,6 27,8 69,3 71,1 69,4 33,4 71,2

Non Fabry Value

+RMS

78.4± 0.9 62.1

±4.2

37.4±14.1 62.0

±4.2

81.8±3.1 63.8

±2.6

36.7±14.1 64.0

±2.5

77.2± 5.6 63.3±

3.6

38.4±

18.1

63.3±

3.3

Note: Intensity: (−4 db = −0.002 log cd.s.m−2; 0 dB = 0.398 log cd.s.m−2; 2.5 dB = 0.648 log cd.s.m−2).
Abbreviations: OD, right eye; OS, left eye; AMP, amplitude; PT, peak time; BT, baseline time; RMS, root mean square of the variance.
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Figure 7 Example of a typical graph showing the relationship between PSD and blood volume.

Figure 8 Example of a typical graph showing the relationship between MD and blood volume.
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quadrant for both eyes, at every visit. (OD V1 F = 10.152; p < 0.05; OS V1 F = 6.73; p < 0.05; OD V2 F = 6.456; p <
0.05; F = 3.478; p < 0.05). The same relationship was not confirmed for the inferior quadrant, nor when using MD as
a reference.

Figure 7 - PSD vs Blood volume (OD V1 as an example).
Figure 8- MD vs Blood Volume (OD V1 as an example).

Discussion
This study was designed as a pilot, observational study, including a limited number of Fabry participants in order to
explore causes which may explain FDT visual field deficits found previously in 50% of participants within a larger
cohort. Based on the nature of the FDT testing, hypothesis was made that this defect may translate a retinal early
dysfunction, most likely at the level of the retinal ganglion cells (RGCs).

A human eye counts between 1 to 4 million RGCs, their number varying tremendously among subjects.37 It is
possible to differentiate two types of RGCs: small ones (parvo), transmitting acuity and color data (Becker-Shaffer)38 and
larger ones (magno), responsible for conveying motion perception and scotopic information.

In this study, the number of RGCs was not determined. However, Fabry participants were diagnosed with normal
posterior segments structures, as revealed through the optic nerve OCT scans. It echoes also Riegel,39 who found that
ganglion cells in Fabry subjects do not accumulate substrate within their structure and can be considered similar in shape
if compared to those found in non-Fabry subjects.

Fabry participants showed abnormal threshold visual field as tested with frequency doubling technology, using
Quigley criteria.40 FDT is also showing PSD and MD values different from SAP visual field measurements. FDT type
of visual field testing is regarded as being more specific for the M cells. More precisely, it measures spatial contrast
sensitivity at different locations.

ERG identified RGC response to various light stimulation as abnormal. The i-wave may be considered related to the
inner retinal response, in particular the one coming from ganglion cells, which is also the case for the phNR. At the same
level of illumination, Fabry participants showed delayed phNR PT and BT peak times vs normal population. ERG
findings raise a logical question: why ganglion cells, in Fabry participants, do not react normally if their structure is
considered normal?

RGCs rely on retinal and choroidal vasculature to be nourished. However, RGCs of the central retina (those tested
with visual fields) receive their nutrition from the superficial retinal capillary bed and the deep retinal capillary bed. The
peripheral ganglion cells remain dependent for their nutrition on the choriocapillaris and the superficial capillary bed.41

A qualitative analysis made on Fabry patients showed a rarefication of both superficial and deep retinal capillary
plexuses, leading to a reduction of the blood flow in the central retina (macular area).42 This may generate ischemia
and consequently alter ganglion cells function. Moreover, recent findings coming from OCT-A analysis showed, in
a Fabry cohort, a lower vascular density of the superficial capillary plexus, around the macular area, which tends to be
partly compensated by an increased vessel density in the deep capillary plexus.43 Both modifications tend to confirm that
Fabry patients are affected by an early retinal microvascular network alteration. As a consequence, blood flow is
impaired. However the question remains about what comes first: the altered blood flow leading to vessels network
alteration, or vice versa. More work is needed in this area to confirm the exact mechanism.

If RGCs function may be altered by ischemia or capillary network alteration, another mechanism can also be in
play. The posterior ciliary artery via the peripapillary choroid and short posterior ciliary arteries or the circle of Zinn-
Haller are providing the natural blood supply to the optic nerve and consequently provide oxygen to the fibers by
perfusion. Blood supply may be altered or affected by several factors such as increased intra-ocular pressure, abnormal
blood pressure, local vasospasm, autoregulation defects, or changes in the physiological characteristics of the blood
vessels. Knowing that deposition of neutral glycosphingolipids happens in the endothelial, perithelial and smooth
muscle cells of the cardiovascular system44 of Fabry subjects, it is logical to consider that substrate accumulation leads
to impaired peripheral perfusion of affected tissues.45 Such a change alters physiological characteristic of the blood
vessels and consequently related oxygen perfusion. According to Osborne,46 alteration in the quality of the blood
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supply to the optic nerve head can lead to fiber damage and clinically translate as a visual field defect as seen in
Figure 6C and D.

This study result suggests that oxygen perfusion at the optic nerve head level is abnormal, and to a lesser extent, the
blood volume as well. In fact, OSOME findings reveal that the microvascular structure of the optic nerve is altered; more
specifically the diameter of the small vessels (capillaries) varies in diameter from one zone to another one, the superior
quadrant showing reduced blood volume (thinner capillaries) and increased volume in the inferior quadrant vessels
(dilated vessels). This study demonstrated this phenomenon by linking FDT PSD value and blood volume in the superior
quadrant while the same relationship was not significant in the inferior quadrant. When this occurs, capillaries tend to
enlarge to compensate. This is why optic nerve capillaries in Fabry participants are found relatively larger compared to
the normal subjects.28 Finally, vasoconstriction and vasodilation of the peripheral circulation may be altered by the
accumulation of substrate, through inhibition of the receptors involved in the activation of the endothelial nitric oxide
synthase enzyme.47

The results tends to suggest also that the reduction of the oxygen transfer at the level of the capillary structures
progresses quickly in some Fabry participants. The blood oxygenation values from the six subjects assessed in the two
experimental sessions demonstrated a significant reduction of oxygen transfer in the 12 month interval.

We then suggest the presence of altered vascular function (macular area), and remotely (optic nerve) weaken the
signal generated by ganglion cells and delay its transmission through the optic nerve. Combined with some preclinical
data in a rat model of Fabry disease suggesting that substrate accumulates in retinal vessels,48 and in the conjunctival
blood vessels,49 and taking into consideration the current technical limitations to report direct substrate accumulation at
the level of retinal capillary circulation in Fabry patients, we believe that this hypothesis surrounding the mechanism of
optic nerve oxygen saturation and blood volumes is a valid one.

The clinical consequences of our finding imply that FDT visual field and ERG testing may be considered as clinically
relevant tools to identify ocular functional alterations in Fabry patients, assuming the absence of any pathological causes,
such as lens opacities, which may impact on clinical results. Visual field remains the most accessible way to evaluate
ganglion cells clinically, ERG or oximetry being not easily performed or accessible in a conventional practice.

This study may be affected by a few biases. The first obvious limitation is to rely on a limited number of subjects.
Authors decided to conduct a pilot study which is defined as a way to examine the feasibility of an approach that is
intended to be used in a larger scale study.50 In this case, because there was no valid explanation to FDT visual field
defects in Fabry patients, in the literature, authors wanted to test a few hypothesis and clinical testing strategies before
including a larger number of participants, knowing that it would be challenging for them (25% drop-out rate) and would
request larger resources than those available.

Consequently, this analysis is limited to the overall cohort. Sub-analysis is limited due to the fact that all except two
Fabry participants have the same classic mutation (p.Ala348Pro), and predictably, all the males are on ERT. None of the
heterozygous subjects are on ERT. Results may vary considerably for disease-causing mutations in males vs females, and
in those on ERT vs those untreated, consequently results analysis must be made with caution and can probably not be
generalized to other Fabry’s cohorts. Future work will be needed to confirm our conclusions.

Testing was physically demanding for participants (especially ERG) and time consuming. Consequently 2/8 subjects
dropped out after one year, considering that they were coming from a longitudinal (5 years) previous study. None of these
2 subjects were on enzyme replacement therapy. Because we were not able to perform statistical analysis based on the
treatment, we do not know the impact of enzyme therapy on the outcomes presented here.

There was no standard ERG protocol established to test Fabry’s patients when the study was started, and we did not
expect to find an inner retinal abnormal response. Consequently, the original testing strategy was broad-spectrum instead
of oriented toward one particular component. In a recently published study,42 focal electroretinogram is considered
a valid approach in the identification of subclinical forms of Fabry disease presenting no other systemic symptoms.
Future work may be needed to define the optimal protocol to assess Fabry patients. An interesting approach would be to
use the steady state pattern electroretinogram, more specifically the Paradigm Optimized for Glaucoma Detection
(PERGLA), in a Fabry cohort. The PERGLA allows for detection of ganglion cells function loss years before structural
loss in glaucoma suspect subjects.51
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OSOME technology is reliable but it is quite impossible to confirm that the exact same location in the optic nerve was
tested 2 years in a row. Any deviation may influence the comparison of the results over two different visits. We cannot
exclude that differences found here may be due, in part, to different locations tested. Nonetheless, the fact that results
indicate a difference between superior and inferior quadrants cannot be attributed to mislocation of the target. We are
then quite confident about the conclusions related to OSOME analysis.

Finally, it would had been optimal to rely on Optical Coherence Tomography Angiography (OCTA) to provide
information on retinal and choroidal circulations, without the need for dye injections. This type of imaging system was
not available at the author’s institution at the moment of this study. However this technique will be included if any further
work in this area is carried out.

Conclusion
Retinal ganglion cells function may be altered from the oxygen perfusion deficiency at the optic nerve level, and from impaired
retinal supply, second to alteration of the capillary plexuses. Clinically, this is translated in abnormal visual field results, if tested
with a frequency doubling technology. Future work, on a larger group of subjects, is needed to evaluate if other factors like
enzyme replacement therapy, early vs late disease state, gender or classic vs late-onset forms can alter these findings.

Registration
This study was not registered considering the nature (pilot-observational) of the study.
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