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Abstract

Objectives We investigated in vivo light-induced photoreceptor damage in retinitis pigmentosa (RP) using spectral-domain
optical coherence tomography (SD-OCT) images.

Methods We retrospectively reviewed patients with genetic diagnosis of EYS-associated RP. The outer nuclear layer (ONL)
thickness under retinal vessels was measured on SD-OCT vertical scans. As a control, we measured adjacent ONL thickness
100 um superior and inferior from the vessel. Same measurements were performed in healthy subjects. We calculated the
ratio of ONL thickness under vessel divided by the average of adjacent ONL thickness and defined as ONL preservation
ratio. In patients with RP, the length of ellipsoid zone (EZ) from the fovea was also measured with SD-OCT vertical scans.
Results Thirty EYS-associated RP patients and 25 healthy subjects were included. In both groups, ONL thickness over-
shadowed by retinal vessels was not significantly different from that of adjacent area. However, ONL preservation ratio of
RP was larger than that of healthy control in both superior and inferior retina (1.03 vs 0.97; p <0.01, 1.15 vs 0.95; p <0.01,
respectively). In RP, ONL preservation ratio was significantly larger in the inferior retina than superior retina (p <0.01).
Furthermore, in RP patients, the EZ length from the fovea was always shorter in the inferior than superior retina and there
was a significant difference (p <0.01).

Conclusions Patients with EYS-associated RP exhibited inferior-dominant photoreceptor death and the relative ONL pre-
servation under retinal vessels. These results suggest that longitudinal environment light exposure may be correlated with the
photoreceptor death.

Introduction

Retinitis pigmentosa (RP) is characterised by degeneration
of photoreceptors leading to progressive and irreversible
vision loss [1]. While the progression of the disease is
primarily determined by causative mutations, effect of other
modifier genes [2] and environmental factors [3, 4] have
been discussed. Among the environmental factors, light
exposure can modify the course of RP [5, 6]. In fact, light
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deprivation slows retinal degeneration in more than ten
strains of animal models of RP such as the Royal College of
Surgeons rats and rd10 mice [7, 8]. Recently, it was
reported that mice with rhodopsin mutation demonstrate a
significant superior-inferior difference in photoreceptor
layer thickness, and this sector pattern of photoreceptor loss
is associated with light exposure [9].

In clinical settings, it is not easy to estimate the amount
of light exposure and the effect on the retina. There are a
few clinical reports describing the relationship between RP
and light damage. For example, Berson [10] covered one
eye of RP patients with an opaque scleral contact lens for 5
years, 6-8 h per day and compared the status of the retina
between the both eyes. In the end, both eyes showed
comparable progression as monitored by changes in visual
acuity, visual fields, fundus appearance and electro-
retinograms. Miyake et al. [11] illustrated a patient with RP
who underwent surgery for 30-year pupillary occlusion, but
both fundi showed similar appearance in the distribution of
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Distance from pupil to retina
20 mm

Retinal vessel

Fig. 1 Images of partial and constant retinal vessel shadow. A A
schematic image of the eye and retinal vessel shadow. B On the
assumption that pupil diameter is 3.5 mm, axial length is 24 mm,
anterior chamber depth is 4 mm and retinal thickness is 200 ym, a 50-
um diameter retinal vessel has 80.1-um partial shadow and 19.9-um
constant shadow.

bone spicule pigmentation, degree of retinal vessel
attenuation, colour of the optic disc and macular status.
However, these previous studies were conducted before the
recent development of retinal imaging technologies and
evaluated the retina only with funduscopy and
functional tests.

Remarkable advance of spectral-domain optical coher-
ence tomography (SD-OCT) images enables us to detect
more subtle changes objectively [12]. In the present study,
we hypothesised that the outer nuclear layer (ONL) over-
shadowed by retinal vessels is protected from light-induced
damage and shows relatively preserved thickness compared
to its adjacent light-exposed area. We included only patients
with eyes shut homologue (EYS) mutant RP in order to
minimise the variety of genetic factors and examined the
ONL condition using SD-OCT images.

Materials and methods

This study was conducted as a part of ongoing genotype-
phenotype study approved by the ethics committee at Kyoto
University Graduate School of Medicine (Kyoto, Japan).
All study participants gave written informed consent for the
analysis. All studies were conducted adhered to the tenets of
the Declaration of Helsinki.

Study subjects

We retrospectively reviewed patients with EYS-mutant RP.
Genetic testing was performed as previously reported [13].
We included those who were aged over 30 and underwent
SD-OCT (Spectralis2 OCT; Heidelberg Engineering, Hei-
delberg, Germany). Requirement of age older than 30 years
was to ensure a certain amount of total light exposure. Only
one eye with better image quality was studied per each
patient. Patients with poor OCT image quality were exclu-
ded from this study. Healthy control individuals were
selected from patients who underwent cataract or con-
tralateral epiretinal membrane surgery between February
and October in 2018 and did not have any abnormal find-
ings in OCT imaging.

Retinal vessel and its constant and partial shadow

Figure 1A shows the schematic image of the eye and retinal
vascular shadow. We postulated the axial length as 24 mm
and the distance from pupil to retina as 20 mm based on
Gullstrand-LeGrand Eye Model [14]. The area of partial
and constant retinal vascular shadow under photopic
environment (pupil diameter under photopic condition was
assumed to be 3.5 mm) was calculated in the same way
described in a previous report [15]. Namely, a 50-um dia-
meter retinal vessel has 80.1-um partial shadow and 19.9-
pm constant shadow, and a 100-um diameter vessel has
125.4-um partial and 74.6-um constant shadow, whereas
vessels whose diameter is less than 32 pum do not have
constant shadow (Fig. 1B).

Measurement of ONL thickness and ellipsoid zone
length

In SD-OCT, the vertical line scan imaging (each scan
spanned 30 degrees) through the fovea was examined
(Fig. 2A). The way how we performed ONL measurements
was shown in Fig. 2B. First, we measured the diameter of
retinal vessels in the image, and selected vessels whose
diameter was 50-100 pm. We employed this range because
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Inferior

Superior

1387 um

Fig. 2 Measurement of ONL thickness with SD-OCT imaging.
Measurement and analysis of outer nuclear layer (ONL) thickness with
the vertical line scan spectral-domain optical coherence tomography
(SD-OCT) imaging. A SD-OCT 30 degrees vertical line scan imaging
through the fovea was examined. B 50-100 pm retinal vessels were
selected. We manually measured ONL thickness under the vessel.
Note that unsmoothed images were used to determine the border of the

too small vessels do not have complete shadow, and too
large vessels have too wide partial shadow in the adjacent
area. We manually measured ONL thickness under the
vessel. Distance from the lower edge of outer plexiform
layer to the upper edge of external limiting membrane
(ELM) was defined as ONL thickness. As a control, we
measured ONL thickness in adjacent areas: 100 um superior
and inferior from the centre of the vessel. The photoreceptor
cells 100 um away from the vessel are theoretically out of
partial shadow and always exposed to light (see Fig. 1B).
When there is another vessel whose shadow overlaps the
measurement area, the vessels were not selected. We per-
formed the same measurement in eyes of healthy controls.
In this study, only one blood vessel was examined per each
hemisphere and eyes in which both measurements could not
be performed due to ELM disruption or absence of suitable
vessels were excluded. All measurements were done with
Heidelberg Eye Explorer. To discriminate the edge of each
layer and increase the measurement accuracy, we applied
unsmoothed pixels images zoomed in 800%. The mea-
surement was done by three retinal specialists to reduce the

SPRINGER NATURE

layer precisely. As a control, we measured ONL thickness in adjacent
areas: 100 pm superior and inferior from the centre of the vessel. C In
patients with EYS-associated retinitis pigmentosa (RP), superior and
inferior ellipsoid zone (EZ) length from the fovea was manually
measured with the spectral-domain optical coherence tomography
(SD-OCT) image.

measurement error and the average of these measurements
were analysed. Intraclass correlation coefficient (ICC) was
used to evaluate measurement reproducibility. We calcu-
lated the ratio of ONL thickness under the vessel divided by
the average of adjacent ONL thickness and defined this as
‘ONL preservation ratio’. In patients with RP, length of
ellipsoid zone (EZ) from the fovea was also manually
measured in the superior and inferior retina with SD-OCT
vertical scans (Fig. 2C). Patients in whom the EZ line was
extended beyond the scanned area were excluded from the
analysis.

Standard of care and examinations

All patients underwent a comprehensive ophthalmologic
examination, including autorefractometry, best-corrected
visual acuity using a Landolt chart, axial length, as well
as indirect ophthalmoscopy, slit-lamp biomicroscopy, col-
our fundus photography, fundus autofluorescence and
visual field exam using Humphrey field analyser. Electro-
retinogram was recorded unless the patient refused.
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Data analyses

Data are expressed as mean + standard deviation. 7-tests
and y? tests were used to compare values between groups.
All analyses were performed using statistical software
(SPSS Statistics 19; SPSS, Inc., Chicago, IL, USA) and
statistical significance was defined as p <0.05.

Results

Thirty patients with EYS-associated RP (10 men and 20
women) and 25 healthy individuals (11 men and 14 women)
were included in this study. Mean age was 49.5 + 13.2 years
and 54.6 + 15.0 years, respectively. Measurements with SD-
OCT imaging between healthy controls and RP patients
from the superior and inferior hemisphere are summarised
in Table 1. Comparing the measurements between healthy
controls and patients with RP, the mean retinal vessel dia-
meter of controls tended to be larger than patients with RP.
Measured vessels were located approximately 2 mm from
the fovea in both groups and were slightly closer to the
fovea in the RP group (p < 0.01). Not surprisingly, the mean
ONL thickness was larger in controls than RP, both under
vessels and in adjacent areas (p <0.01).

We compared ONL thickness under vessel to that in
adjacent area in each group, in order to evaluate the status of
overshadowed and light-exposed photoreceptor layer
(Fig. 3). ICC for the ONL thickness under vessel and in
adjacent areas showed good agreement among graders of
0.990 and 0.993, respectively. In healthy control, ONL
thickness under the vessels tended to be thinner than the
average of adjacent ONL, whereas the tendency was
opposite in patients with RP. However, in both groups,
ONL thickness under vessel was not significantly different
from adjacent areas in both superior and inferior hemi-
spheres (p = 0.49, 0.27 in control and p = 0.80, 0.49 in RP,
respectively). Representative images of RP and healthy
control are shown in Supplementary Fig. S1. In healthy
control, ONL thickness under vessel was smaller than the
average of adjacent areas, whereas it was opposite in a
patient with RP.

Subsequently, we compared the data on SD-OCT mea-
surements between the superior and inferior retina in each
group (Table 1). In controls, ONL thickness was always
larger in the superior retina than inferior retina both under
vessel and in adjacent areas (p < 0.01), despite no significant
difference in vessel diameter (p = 0.60). This tendency was
also observed in patients with RP: ONL was thicker in the
superior retina both under vessel and in adjacent areas (p =
0.02 and <0.01, respectively), even though the vessel dia-
meter was not different (p = 0.70), and the measured vessel
was significantly closer to the fovea in the inferior retina

Table 1 Clinical characteristics and OCT measurements of healthy controls and patients with retinitis pigmentosa.

p value

RP

Control

(Control vs RP)

30 (30)

25 (25)

Number of patients (eyes)

0.13
0.42

49.5+13.2

54.6+15.0

11/14

Age (year)

10/20
Superior

Gender (male/female)

Inferior
0.06

Superior
0.12
0.23

p value
0.70

Inferior

p value
0.60
0.25

Inferior

Superior

OCT measurements in each hemisphere

69.93 +12.13 um
1659 226 ym

68.67 £ 13.06 um
2030 + 426 um

76.36 £ 12.90 um

2020 + 479 um
44.36+7.34 um

74.40 + 13.42 um

2180 +489 um
52.19 £8.55 um
53.04 £9.76 um

0.97 £0.04

Vessel diameter

<0.01

<0.01

Vessel distance from the fovea

<0.01 <0.01

0.02

33.31+ 16.60 um
30.36 = 16.39 um

43.04+15.33 um
1.15+0.16

42.03 £15.28 um

<0.01

ONL thickness under vessels

<0.01 <0.01

<0.01

<0.01

46.57+7.69 ym
0.95 +0.04

Average of adjacent ONL thickness

<0.01 <0.01

<0.01

1.03 +0.06

0.12

ONL preservation ratio

OCT optical coherence tomography, RP retinitis pigmentosa, ONL outer nuclear layer.

SPRINGER NATURE



1046

Y. Otsuka et al.

-, S

[ode T8 S 2N
Adjacent area I

Superior Inferior
p=0.49 p=0.27
70 -
60 ]
g 1]
g a0 g
= =
< <
z z
5 209 (o]
10 {
0
3 8 3 8
? 5 9 @ B Q
3 o ® 3 o ®
> D 4= > D =
. L = L
[} (7]
2 ZE 2 ZE
e T
) 2 S 2
Superior Inferior
p=0.80 p=0.49
70 70
60 s 60
£ £
=2 =2
123 50 123
0 1%
Q Q
£ 4 <
© ©
ES S
30 4
8 8
20
10
0
3 8 3 8
2 5 g 2 59
o o © o o ©
< gz : gz
(5] (5]
e 28 3 28
i°) )
=) 2 =) 2

Fig. 3 Comparison of ONL thickness between under vessel and
average of its adjacent areas. ‘Under’ represents the outer nuclear
layer (ONL) thickness under the vessel and ‘Adjacent 1 or 2’ shows
the ONL in the adjacent light-exposed control areas. In each group,
ONL thickness under vessel and in adjacent areas was compared. In
both groups, ONL thickness under vessel was not significantly dif-
ferent from the average of control areas in both hemispheres (p =
0.27-0.80).

SPRINGER NATURE

(p<0.01). Notably, ONL preservation ratio of RP was
larger than that of healthy control in both superior and
inferior retina (1.03+0.06 vs 0.97+0.04; p<0.01 and
1.15+£0.16 vs 0.95 £0.04; p <0.01, respectively). Whereas
ONL preservation ratio did not show a significant difference
between the superior and inferior retina in healthy control
(0.97+0.04 vs 0.95+0.04; p=0.12), it was significantly
larger in the inferior retina than superior retina in RP group
(1.03+0.06 vs 1.15+0.16; p<0.01) (Fig. 4).

Furthermore, in patients with RP, the length of EZ from
the fovea was measured on SD-OCT vertical imaging.
Remarkably, in all patients, EZ length was always shorter in
the inferior retina than superior retina. The mean EZ length
from the fovea was 3199 + 1229 um in the superior retina
and 1917 + 860 um in the inferior retina (p <0.01).

Discussion

We investigated the effect of light-induced photoreceptor
damage with SD-OCT imaging by measuring ONL thick-
ness under retinal vessels compared to adjacent control
areas and the EZ length. We found that the ONL over-
shadowed by retinal vessels was normally thinner than
adjacent area, but it was even thicker than the adjacent
control area in RP. Furthermore, in RP group, ONL pre-
servation ratio was significantly larger and the EZ length
was shorter in the inferior retina where light stimulation is
more intense. These findings may indicate an effect from
light-induced damage in patients with RP.

In most mammals, retinal blood vessels circulate in the
surface of retina and perfuse the inner retina in contrast to
birds and some reptiles [16, 17]. Thus, they interfere with the
light path and disturb photoreceptor cells from light reaction.
This is described as the most famous flaw during vertebrate
eye evolution [18] and the visual field defect due to retinal
vessels is called angioscotomas [15]. Previous reports illu-
strated that angioscotoma is generated not only in photo-
receptor layer but also by anatomical rearrangement of
geniculocortical inputs [15, 19]. Light deprivation by vascular
shadows induces local remodelling of geniculate afferents, in
a cortical distribution that corresponds to the trajectory of
blood vessels within the retina. The process is regarded as
analogous phenomenon to form-deprivation amblyopia. The
evidence that vascular shadows affect the visual cortex indi-
cates that the total amount of light exposure under retinal
vessels is different enough to produce physiologic changes,
and the position of photoreceptor cells overshadowed by the
vessels is determined in the early stage of life.

To examine the effect of light-induced damage, we
defined the ONL preservation ratio. The ratio represents
relative preservation of ONL overshadowed by a retinal
vessel, compared to the light-exposed control area. In
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Fig. 4 ONL preservation ratio
in superior and inferior retina
in healthy controls and

p <0.01

patients with RP. Outer nuclear
layer (ONL) preservation ratio in
superior retina and inferior retina
was compared in each group.
The ONL preservation ratio of
retinitis pigmentosa (RP) was
larger than that of healthy
control in both superior and
inferior retina (each: p <0.01).
In addition, the ratio was larger
in the inferior retina than the
superior retina in RP group (p <

0.01).

vertical scan, ONL thickness becomes thinner in proportion
to the distance from the fovea, corresponding to the num-
bers and distribution of photoreceptor cells [20]. Based on
this study, it is assumed that ONL thinning towards per-
iphery can be approximated to linear curve in the area
where we performed the measurements. In this case, ONL
thickness under retinal vessel should be the same as the
average of adjacent areas unless it is affected by any factors.
Hence, we measured control ONL thickness at both sides of
the vessel and averaged them. The measurement was also
highly reproducible.

In the current study, normal subjects showed thinner ONL
under retinal vessel than the adjacent area (Table 1 and
Fig. 4). A mechanical factor such as displacement of photo-
receptors due to a large retinal vessel is probably associated
with the mechanism. If there is no other factor, the same
tendency should have been observed also in patients with RP.
However, the ONL preservation ratio was larger than 1.0 in
RP group: ONL overshadowed by retinal vessels was thicker
than control ONL. While retinal vessel attenuation in RP can
affect the measurement, it is unlikely that the vessel
attenuation led to the ONL thickening. Therefore, the even
thicker ONL under vessel in RP should be the result of some
other factors such as protection from light exposure.

We examined the differences between the superior and
inferior retina. ONL thickness was measured at points
located around 2 mm from the fovea. According to the study
about the relative dose distribution of UV or visible light
[21], the inferior retina (from 5° to 40°) receives the most
intensive dose, and the maximum dose is situated at 20° (4
mm) below the fovea. They estimated that the light intensity
relative to the maximum receive is 20% at 2 mm superior to
the fovea, whereas 80% at the same position in inferior

p <0.01

retina. Thus, 2 mm superior or inferior to the fovea looks
small difference, but the amount of light exposure differs by
four times. In RP group, ONL preservation ratio was sig-
nificantly larger in inferior retina than superior, indicating
that ONL overshadowed by vessel was especially preserved
compared to light-exposed areas because light stimulation
was more intense in the inferior retina. Furthermore, all
patients with RP showed longer EZ in the superior retina. In
fact, EZ in the superior retina was about twice as long as
that in the inferior retina. This remarkable inferior-dominant
photoreceptor death also supports the effect of light-induced
damage. According to a recent study, some retinal genes
including EYS cause sector RP, but inferior and nasal pre-
dilection is common across the different genotypes [22]. It
is speculated that there is a common or down-stream
mechanism related to light-induced damage.

Our study had some limitations. First, the sample size was
not large. Further studies with larger sample sizes will con-
tribute to a better understanding. Second, measurement errors
could occur and influence the consequences, because we
measured quite small distances. We analysed average of three
independent measurements to minimise the error. The result
of ICC test indicates that the measurement was at least
reproducible. Third, we used the ideal eye model and did not
adjust for individual eyes. However, even in an eye with 30
mm axial length, constant shadows under 50 and 100 um
vessels are calculated as 29.9 and 83.1 um, respectively. Thus,
the measurements would be appropriately done in over-
shadowed area and control area even in such extreme cases.
Finally, the presence or degree of light-induced damage may
depend on causative genes or mutations of each patient. RP is
clinically and genetically heterogeneous, and the genetic
diagnosis is still not easy [23]. For this reason, we included

SPRINGER NATURE
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only patients with EYS-mutant RP in order to minimise the
genetic factors. Nevertheless, the exact functions of EYS
protein and the pathogenic mechanisms underlying EYS-
associated RP remain poorly understood [24, 25]. The
mechanism of action mediated by light stimulation is still
unclear as well. Further studies with another genetically
identified case are required for a better understanding.

In conclusion, patients with EYS-mutant RP exhibited
obviously dominant photoreceptor death in the inferior
retina with SD-OCT imaging. They also showed the relative
ONL preservation under retinal vessels compared to the
adjacent control area, particularly in the inferior retina
where light exposure is more intense. These results suggest
that longitudinal environment light exposure may be asso-
ciated with the photoreceptor death in patients with RP,
although the effect is clinically minimal.

Summary
What was known before

e Light-induced photoreceptor damage was shown in
animal models. However, there was no clear evidence
that the phenomenon exists in human subjects.

What this study adds

o Using optical coherence tomography, this study showed
that outer nuclear layer thickness is relatively preserved
under retinal vessels in retinitis pigmentosa.
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