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Abstract

Keyword : retinitis pigmentosa; optical coherence tomography;
retina; choroid; longitudinal studies

Student Number : 2014—-30637

Purpose: To investigate the degeneration process in the retinal and
choroidal microstructure of the macula in patients with retinitis

pigmentosa (RP).

Methods: Spectral domain optical coherence tomography (SD—
OCT) was analyzed in 177 RP patients and 177 healthy controls for
cross sectional observation. The severity of RP was classified into
three stages according to the integrity of the inner segment
ellipsoid zone. Retinal nerve fiber layer (RNFL) and ganglion cell
inner plexiform layer were manually segmented. These layer
thickness was compared among moderate RP, advanced RP and
control group. Pearson’ s correlation analyses were used to
examine correlations between GCIPL thickness, RNFL thickness,
visual acuity, and visual field extent in patients and controls. For
longitudinal study, 69 patients with RP and same number of controls

who underwent optical coherence tomography (OCT) over a 4-—



year follow—up period were included. The retinal and choroidal
layers were segmented manually from OCT images. The areas of
retinal pigment epithelium (RPE) atrophy and choroidal vascular
index (CVI) were also analyzed. Longitudinal changes of the OCT

parameters were compared among the groups.

Results: GCIPL was significantly thicker in moderate than in control
eyes (P < 0.001), but significantly thinner in advanced than in
moderate eyes (P < 0.001) in both horizontal and vertical OCT
scans. RNFL was significantly thicker in eyes with moderate and
advanced than in controls in both horizontal and vertical meridians
(all P < 0.001). GCIPL thickness showed a weak positive correlation
with worse vision. RNFL thickness presented a weak positive
correlation with worse vision and worse visual field extent.
Longitudinal observation revealed that significant decreases (mean
* standard deviation in gm/year) in the thickness of the ganglion
cell inner plexiform layer (GCIPL; —1.38%+1.49), outer nuclear
layer (ONL; —1.05%1.39), and inner segment ellipsoid (ISE; —
0.93£0.71) at the moderate stage and retinal nerve fiber layer
(RNFL; —1.46*1.11) and GCIPL (-=0.94%*1.54) at the advanced
stage were observed. (all P < 0.01) Choroidal thickness decreased
significantly from —7.62 to —9.40 um/year at all stages. RPE
atrophy and CVI reduction were observed at the advanced stage.

There was no change in the control.

Conclusion: Based on the cross—sectional analysis results, the inner
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retina, including the GCIPL and RNFL, maintains its gross integrity
longer than the photoreceptor layer in RP. Also, thickening of the
inner retina may have some functional correlation in RP patients. In
longitudinal observation, ONL and GCIPL thicknesses decreased at
the moderate and advanced stages of RP, RNFL thickness
decreased only at the advanced stage, and choroidal thickness
decreased continuously. Additionally, RPE atrophy and CVI

reduction were prominent at the advanced stage.
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Chapter 1. Introduction

1.1. Study Background

Retinitis pigmentosa (RP) is the most common and devastating
inherited retinal disorder that eventually progresses to blindness.
RP is caused by mutations in genes that play crucial roles in the
photoreceptors and retinal pigment epithelium (RPE). [1]A
pronounced early pathologic finding of RP is photoreceptor cell
count reduction. [2] As human retinal specimens are difficult to
obtain, histological studies are extremely limited. [3]Alternatively,
rapid advances in imaging modalities, such as optical coherence
tomography (OCT), have expanded insights into retinal
microstructures in vivo. Indeed, understanding and interpreting the
changes in macular microstructure 1s becoming more important to
assess the remaining retinal structure and function in patients with
RP. [4-7] The approach to restoration of vision should be tailored
according to the level of structural damage. For example, the use of
an artificial retina is feasible only if retinal ganglion cells are
preserved at least. [8] Likewise, other treatment options that are
currently under development require the integrity of certain
macular structures, including the inner retina, RPE, and choroid, to
be intact.

It is well known that the photoreceptor layer gradually thins and
constricts as RP progresses and previous studies have shown that

photoreceptor layer integrity, as evaluated by OCT, reflects
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functional status in eyes with RP. [9-13] Postmortem morphometric
studies have revealed that RP patients have lower photoreceptor
and RGC counts, compared to normal controls. [3, 14] However,
recent optical coherence tomography (OCT) studies indicated that
the ganglion cell—inner plexiform layer (GCIPL) complex is
preserved longer than the outer retinal (photoreceptor) layer. [5,
6] The macular RNFL changes are also unclear in RP patients.
Some studies have shown RNFL thickening in RP patients, while
others have shown RNFL thinning. [5, 6, 15] Additionally, the
difference in choroidal thickness between patients with RP and
healthy controls has been debated in several studies. [4, 7]

Currently most of studies about retinal structure are limited to
cross—sectional observational study. However, the actual change of
these structures in patients with RP could not be revealed robustly
in the above—mentioned cross—sectional studies. Cross—sectional
studies can be confounded by innate inter—individual variances
rather than the pathologic process. A considerable variation in
choroid thickness has been reported even among healthy subjects.
[16] Therefore, longitudinal observation is required to assess
degeneration of the retina and choroid in patients with RP. OCT is
very useful to observe slowly progressing RP because OCT

measurement is reliable and reproducible. [17]

1.2. Purpose of Research

The purpose of this study is to evaluate retinal and choroidal

change in RP. First, inner retinal thickness of GCIPL and RNFL
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within the macula in RP patients was evaluated using spectral
domain OCT (SD—OCT) imaging through cross—sectional study.
These data were compared among moderate, advanced and control
group to figure out the difference as to disease severity. Also, the
functional correlation with structural changes of the macular inner
layers was analyzed including visual acuity and visual field defects.
In order to find out the actual macular degeneration in patients with
RP, longitudinal observation was performed. The thickness and
structural changes in each layer of the retina and choroid were

analyzed.



Chapter 2. Body

2.1. Methods

2.1.1. Participants

Patients diagnosed with RP at the hereditary retinal disease clinic of
Seoul National University Hospital between 2009 and 2019 were
enrolled in the present study. Only patients who were followed up
for more than 42 months were included. Patients with a history of
vitreoretinal surgery, glaucoma, and macular diseases such as

epiretinal membrane and cystoid macular edema were excluded.

Cataract was not excluded unless OCT signal strength is less than 6.

History of cataract surgery before or after study enrollment was
also not excluded. Epiretinal membrane was excluded if foveal pit
was absent. We included the patients if retina was not stretched
that foveal dimple is evident. [18] Cystoid macular edema was
defined if more than five intraretinal cysts of any size exist with or
without definite retinal thickening. Because central retinal thickness
generally decreased in RP that macular edema can be
underestimated. [19] We also excluded the case if CME developed
during follow—up periods. Additionally, data of the same number of

age—and sex—matched healthy controls were also collected.



Patients were divided into early, moderate, and advanced RP groups
based on initial OCT findings. Constriction of remained ISE width is
widely used to monitor progression of RP or evaluate the efficacy of
treatment that severity grading based on ISE status can offer
proper classification. The advanced and moderate groups were
distinguished based on the visibility of the inner segment ellipsoid
zone (ISE) on OCT images; the ISE was visible in the moderate
group, but not in the advanced group. Advanced RP without any
identifiable ISE but still having better vision than light perception
alone. Patients with a significant peripheral visual field outside the
central 20 degrees were excluded from the advanced group,
because the OCT scan includes only the central visual field. The
early group showed preserved ISE more than 2500 um from the
fovea, whereas the moderate group showed constricted ISE within

2500 um from the fovea in OCT scans (Figure 1A).



A

a. Vitreous/RNFL
% b. RNFL/GCL

c. IPL/INL

f. RPE ljpper margin

g. Choroid/éclera

Figure 1. Representative examples of OCT analysis. (A) Manual
segmentation of retinal layers. A case of early—stage RP. The ISE
was preserved along the whole scan area. The blue line indicates
the segmented border of the following: (a) the vitreous/RNFL, (b)
the RNFL/GCL, (c) the IPL/INL, (d) the INL/OPL, (e) the upper
margin of the ISE, (f) the upper margin of the RPE, and (g) the
choroid/sclera. Each layer analysed is defined as following: RNFL:
between (a) and (b); GCIPL: between (b) and (c); INL: between
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(¢c) and (d); ONL: between (d) and (e); ISE: between (e) and (f);
Choroid: between (f) and (g). (B) The choroid layer was binarized
using the auto local threshold method using the same image as in
(A) to calculate choroidal vascular index. The yellow pixel indicates
the stromal region, and the dark pixel indicates the luminal region.
(C) A case of moderate—stage RP. The ISE was preserved but was
shorter than 6 mm of the whole scan width. The preserved ISE is
marked with a blue line. (D) A case of advanced—stage RP. The ISE
was not visible, and the OPL was also indiscernible. (E) Advanced
RPE analysis shows the area of RPE atrophy, which is delineated
with a black line. Blue asterisk indicates one of RPE atrophy area.

OCT, optical coherence tomography; RNFL, retinal nerve fiber
layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL,
inner nuclear layer; OPL, outer plexiform layer; ISE, inner segment

ellipsoid zone; RP, retinitis pigmentosa



2.1.2. OCT acquisition and segmentation

Horizontal and vertical cross—sectional high—definition macular
OCT scans were obtained using spectral—domain OCT (Cirrus 4000
HD OCT, Carl Zeiss Meditec, Inc., Dublin, CA, USA). Both
horizontal and vertical image were used for cross—sectional
analysis, and only vertical image was analyzed for longitudinal
analysis. The right eye was selected for the analysis; however, if
the right eye had severe media opacity or other diseases, the left
eye was selected. The retinal and choroidal layers were segmented
manually because the integrated segmentation algorithm of the OCT
device is prone to errors in pathologic conditions. [20, 21] (Figure
1) The borders of the a) vitreous/RNFL, b) RNFL/ganglion cell
layer (GCL), c¢) inner plexiform layer (IPL)/inner nuclear layer
(INL), d) INL/outer plexiform layer (OPL), e) upper margin of the
ISE, ) upper margin of the RPE, and g) choroid/sclera were
manually delineated. The choroidal layer was subdivided into the
inner and outer choroid, which contained mainly small/medium—
sized and large choroidal vessels, respectively. [22, 23]
Segmentation was performed by two masked graders. (Figure 2).

After manual segmentation, custom program developed in Python
(Python Language Reference, version 3.6; The Python Software
Foundation, Wilmington, DE, USA) measures the thickness of each

allocated point as the distance from the fovea. The fovea was



marked manually at the most depressed point during manual
segmentation. The average thickness of each layer within 2500 ym
from the fovea was calculated. This is the same region where
severity of RP was graded. RNFL is between a) and b), GCIPL is
between b) and c¢), INL is between ¢) and d), ONL is between d)
and e), ISE is between e) and f), choroid is between f) and g).
Thickness is calculated as dividing the area by horizontal length.

For cross sectional analysis, RNFL and GCIPL thickness were used.
And for longitudinal analysis, all the layers of initial and follow—up
OCT scan were analyzed. The OCT image at the last follow—up visit
was superimposed on the initial OCT image based on the RPE
contour and fovea location using Photoshop CC (Adobe, San Jose,
CA, USA). Thereafter, layer segmentation and thickness
measurements were performed in the same manner as for the initial
image. Segmentation data constructed by one grader were used for
the analysis, after reliability of manual segmentation was confirmed

by intraclass correlation coefficient (ICC)



Figure 2. Errors in ganglion cell—inner plexiform layer (GCIPL)

measurement rendered by the spectral domain optical coherence

tomography (SD-0CT) built—in segmentation algorithm.
10 H



Segmentation errors are shown for two patients (A-C and D-F,
respectively). Deviation maps (A and F) generated by the Cirrus
OCT Ganglion Cell OU algorithm show comparisons of measured
GCIPL thickness to normative data. Red and yellow areas indicate
where the GCIPL is thinner than in 1% and 5% of normal eyes,
respectively. The purple circle in the deviation map is the area
where the Ganglion Cell OU algorithm could not be applied.
Examples of GCIPL segmentation along the horizontal (C and D) and
vertical (B and E) meridians are shown. The purple and yellow
segmentation lines were automatically generated by Ganglion Cell
OU segmentation algorithms. In comparison, the orange lines were
manually generated and overlaid on the high—resolution scan. The
preserved ISE length (distance between orange arrowheads) is
longer in the first patient (A-C) than in the second patient (D-F).
The segmentation errors (white arrows) were made largely
because the embedded OCT algorithm mistook the retinal nerve
fiber layer (RNFL) for the GCIPL. Further, the OCT algorithm made
segmentation errors mostly where photoreceptor inner segments
(ISE) were no longer visible (peripheral from the orange

arrowheads) (B and C). As a result, these areas were labeled as

abnormally thin in deviation maps (yellow and red areas of A and F).

Green lines were made for comparing the location of ISE endpoint
and the abnormally thinned area in the deviation map (A-C).
Incorrect segmentation spanned nearly the entire scan of the
second patient (D, E, and F), which was reflected in abnormal

thinning over nearly the entire area of the deviation map (F).
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2.1.3. Visual acuity and visual field

Goldmann kinetic perimetry was performed using a 1114 target and
the visual field was quantified, as previously described. [24] Using
spherical coordinates, the surface area was computed and the
subtended solid angle was calculated. This solid angle was
represented as a percentage of the known mean visual field angle of
normal controls (expressed in normalized solid angle units [nsu]).
[24] For the statistical analyses, the visual acuity and visual field
units were converted to logarithmic units. because they have
geometric values, while arithmetic scales are required for the

statistical analyses as correlation study.
2.1.4. RPE atrophy and Choroidal vascular index

The atrophic area of the RPE was measured using the Cirrus OCT
software. The advanced RPE analysis program provides a sub—RPE
illumination area where the light transmitted through the RPE is
increased. RPE atrophy area was assessed through the sub—RPE
illumination area in a 5—mm circle. [25] Niblack’ s auto local
thresholding was used to calculate choroidal vascular index (CVI).
[26] The segmented choroidal layer was converted into an 8—bit
grayscale format and binarized using the auto local threshold. The
Scikit—image library of the Python language was used to perform

this binarization. White pixels and dark pixels were considered the
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stromal and luminal areas, respectively. CVI was defined as the

proportion of the luminal area to the total choroidal area.

2.1.5. Statistics

For cross sectional analysis, comparisons between study groups of
mean data were performed using unpaired t—tests, Pearson’s chi—
squared tests, the Mann—Whitney U test, and Fisher’s exact test. A
statistical package (SPSS Statistics 21.0 software, SPSS, Inc.,
Chicago, IL) was used to perform all statistical analyses and
statistical significance was defined as P < 0.05. Data are expressed
as mean * standard deviation (SD).

For longitudinal observational study, comparisons of retinal
thickness and visual acuity between the initial and last follow—up
visits were performed using the Wilcoxon signed—rank test.
Kruskal Wallis one—way ANOVA was performed to compare the
baseline RPE and CVI difference among the three RP stages and
Dunn post test was followed for multiple comparisons. Preserved
ISE width is defined as horizontal length where ISE thickness is
measurable. Pearson correlation analysis was done between ISE

width and retinal layer thickness. Statistical analyses were

performed using SPSS (version 25.0; IBM Corp, Armonk, NY, USA).

This study adhered to the tenets of the Declaration of Helsinki, and
the study protocol was approved by the institutional review board of

Seoul National University Hospital (Approval no.: 1404—136—-574).
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2.2. Results

2.2.1. Cross sectional study

For cross sectional analysis, 476 retinitis pigmentosa patients
received spectral domain OCT (SD—OCT) initially. Of these, 53 had
an OCT signal strength of < 6. Sixty—four patients were unable to
detect hand movement. The kinetic visual field was absent in 47
patients. The peripheral visual field was present in 56 patients.
Vitreomacular traction and epiretinal membrane were detected In
143 patients. Cystoid macular edema was observed in 51 patients.
Finally, 177 RP patients were included. The control groups were
composed of healthy patients matched to the patients by age and
gender. Gender was exactly matched, and age was matched within +
3 years. Of 177 control patients, 90 were matched to the moderate
group and 87 to the advanced group.

The advanced RP patients were significantly older than the
moderate RP patients by 5 years Visual acuity and visual field were
significantly better in the moderate patients than in the advanced
patients (Snellen visual acuity: 20/29 in moderate and 20/1600 in
advanced, P < 0.001; Visual field [normalized solid—angle units;
nsul: 3.94% in moderate and 1.73% in advanced, P = 0.003).
Gender ratio and refractive error were not significantly different

between any of the groups. This demographic data is shown in

14 M 21l



Table 1.

Undetectable electroretinography (ERG) recordings were found in
56 out of 90 moderate patients (62.2%) and 58 out of 87 advanced
patients (66.7%) for rod response; in 24 moderate patients (26.7%)
and 41 advanced patients (47.1%) for maximal combined response;
in 19 moderate patients (21.1%) and 42 advanced patients (48.3%)
for cone response; and in 24 moderate patients (26.7%) and 35
advanced patients (40.2%) for 30 Hz flicker response. Undetectable
maximal combined response and cone response were more frequent
in advanced patients (P = 0.008 and < 0.001, respectively, chi—
square test). The amplitude of all components was larger in

moderate than advanced patients, but not significantly so (Table 1).
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Moderate Advanced Moderate Advanced P—val
control control RP RP vatue
Number of patients 90 87 90 87
+
Age (years) 38.5 £ 12.9 4?’537 40 £ 14.8 45.1 £ 157 0.004 "
Male: Female 54:36 50:37 54:36 50:37 0.845 T
. . —-2.43 * —-3.59 = -2.19 = -1.94 = «
Spherical equivalent 194 355 999 3.07 0.855
. . 0.157 £ 1.903 £ «
Visual acuity (logMAR) 119 0.924 <0.001
. . 0.596 £ 0.240 £ «
Log Visual field (nsu) 0.625 0.800 0.003
Electroretinogram
1.92 £ +
Rod response a wave 347 0.99 £ 1.95 0.112
15.97 £ 8.39 £ +
Rod response b wave 3999 97 41 0.234
. . 26.73 £ 2043 £ +
Maximal combined a wave 38 04 37 02 0.274
. . 50.21 £ 35.02 £ +
Maximal combined b wave 89 95 6165 0.436
+
Cone response a wave 111'8(;17 6.28 £ 9.12 0.204 T
22.14 £ 11.92 £ +
Cone response b wave 9475 19.95 0.245
_ . 15.92 £ 10.98 £ +
30—Hz flicker response 19.13 17.95 0.666
Inheritance pattern 0.011 3
Autosomal dominant 9 (10.0%) 12 (13.8%)
Autosomal recessive 3 (3.3%) 9 (10.3%)
Simplex 52 (567.8%) 29 (33.3%)
X —linked 1 1.1%) 1 1.1%)
Unknown 25 (27.8%) 36 (41.4%)

Table 1 Demographics and ocular characteristics

retinitis pigmentosa (RP) patients.

Data are expressed as mean = standard deviation.

of control and

* t—test between moderate and advanced group, T Pearson’ s Chi

16
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square test between IISE and NISE, ¥ Mann—Whitney U test, and
§ Fisher’ s exact test.

Moderate control and Advanced control mean control group of
moderate RP and advanced RP, respectively

Nsu: normalized solid angle units
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2.2.1.1. Ganglion Cell Inner Plexiform Layer Thickness

Changes within the macula

There was good agreement between the two observers regarding
GCIPL thickness evaluations. The mean ICC (ICC (95% confidence
interval, P value)) was 0.951 (0.939 - 0.965, P < 0.001), 0.940
(0.915 - 0.953, P < 0.001) and 0.896 (0.887 — 0.908, P < 0.001) in
each of the control, moderate RP, and advanced RP groups. The
average GCIPL thickness along the horizontal meridian (70.9 £ 5.8
p#m, 84.0 £ 100 gm, 71.2 £ 57 pgm, and 78.1 £ 11.7 p¢m in
the moderate control, moderate RP, advanced control, and advanced
RP groups, respectively) was significantly higher in moderate and
advanced RP groups compared to controls (both P < 0.001). The
average GCIPL thickness along the vertical meridian (63.5 = 5.2
gm, 71.7 £ 9.0 ¢gm, 64.0 = 51 gm, and 64.1 = 10.0 gm in
the moderate control, moderate RP, advanced control, and advanced
RP groups, respectively) was significantly higher in moderate RP
eyes than in control eyes (P < 0.001) but similar between advanced
RP and control groups. Interestingly, the GCIPL thickness was
lower in advanced RP eyes compared to moderate RP eyes in both
the horizontal and vertical meridians (both P < 0.001) (Figure 3 A
and B). The average GCIPL profiles are shown in Figure 4 A and B.
For GCIPL thickness along horizontal meridian, difference was more

apparent in temporal side than nasal side.

3 o ;
1 8 "':l"'\-_s 'ILI- -] !



A g v . B g
£ 1 3 }
s o -~ | £ S
? 8- | ‘ 2 84
o 2 s
] o o
X X e s
2 —_— _— Q : :
€3 ! s 8 :
i : : A N -
Ol — == z N e
2 : : — o — ‘ —— |
9 g - ; ; [&] g i ;
2 © T‘g ¢ : H
S Mod. control  Mod. Adv. control Adv. = I
N T o :
N )
5 9 > 9 Mod. control Mod. Adv. control Adv.
x
C s D s =
2 2 —
— . 1 1
E € :
5 2 o :
<« <
@ ?
F @ —
@ & :
5] c
X o X
O o . 1 QO R
E & % —— “©
R Jrmm— Jrmmm— £
ol — :
% ; T :
3 H H
¥ 2 - i Z g s
7 - . - = ¢
hond i N
E : :{ ; : Qo
<] — : — ; =
N & ; : ; R g & 4 Mod.contol  Mod. Adv. controf Adv.
©
x Mod. conirol Mod. Adv. control Adv.

Figure 3. Box plots of average ganglion cell—inner plexiform layer
(GCIPL) and retinal nerve fiber layer (RNFL) thickness in the
moderate control, moderate, advanced control, and advanced along
the horizontal (A, C) and vertical (B, D) meridians. The upper and
lower margins of the box indicate the third and first quartiles,
respectively, and the bold line (in the box) indicates the median.
The upper horizontal bar indicates the value of third quartile plus
1.5 times the interquartile range [IQR] and the lower horizontal bar
indicates the value of the first quartile minus 1.5 times the IQR. The
Asterisks (#*) indicate a

open circles indicate data outliers.

statistically significant difference between groups. The GCIPL

thickness in moderate eyes was larger in moderate control along
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either the horizontal or vertical meridians. However, the GCIPL
thickness in advanced eyes was larger only along the horizontal
meridian. The GCIPL was thinner in advanced than moderate eyes.
Regarding RNFL thickness, it was larger in the moderate and
advanced groups, compared to the respective control groups. The
RNFL thickness was larger in advanced than moderate eyes. GCIPL
and RNFL thickness were not significantly different between
moderate and advanced controls. Note that advanced patients have
more advanced retinitis pigmentosa compared to moderate patients.

Mod. : moderate; Adv: advanced
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Figure 4. Horizontal and vertical ganglion cell—inner plexiform layer
(GCIPL) and retinal nerve fiber layer (RNFL) thickness profiles.
Mean data (Dark blue line, red line, dark green line) and =1 SE
(standard error) (light blue line, orange line, light green line) are
shown. The GCIPL thickness is shown in the horizontal (A) and
vertical (B) meridians. Profiles from advanced control patients are
shown for comparison. moderate controls are not shown because
they are similar to advanced controls, and the GCIPL thickness in
moderate patients was much greater than that in advanced patients.
In eyes with moderate RP, the GCIPL thickness was greater than

that in the controls in all regions. In advanced RP eyes, the temporal
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GCIPL was significantly thicker than in controls, but the nasal
GCIPL was only slightly thicker. In the advanced group, the GCIPL
thickness along the vertical meridian was similar to that of the
advanced controls. The RNFL thickness profiles along the horizontal
(C) and vertical (D) meridians are shown. The RNFL thickness of

moderate and advanced eyes was larger than that in the controls in

all regions, and larger in moderate than advanced eyes in all regions.

advanced controls are not shown because they are similar to
moderate controls, and the RNFL thickness in the advanced group
was much larger than that in the moderate group. Note that
advanced patients have more advanced retinitis pigmentosa than
moderate patients.

Mod. : moderate; Adv: advanced
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2.2.1.2. Retinal Nerve Fiber Layer Thickness Changes within

the macula

Retinal Nerve Fiber Layer Thickness Changes within the macula

The high inter—observer agreement for RNFL thickness
measurements were observed between the two observers. The ICC
(ICC (95% confidence interval, P value)) was 0.942 (0.928 — 0.951,
P < 0.001), 0.935 (0.915 - 0.942, P < 0.001) and 0.890 (0.878 -
0.912, P € 0.001) in each of the control, moderate RP, and advanced
RP groups. The average RNFL thickness along the horizontal
meridian (24.0 = 3.3 gm, 28.9 * 4.7 gm, 23.9 * 3.2 gm, and
34.1 £ 6.6 ¢m in the moderate control, moderate RP, advanced
control, and advanced RP groups, respectively) and the vertical
meridian (38.8 * 4.8 ¢m, 53.1 * 8.2 gm, 38.9 * 5.3 gm, and
61.0 £ 11.5 gm in the moderate—control, moderate RP,
advanced—control, and advanced RP groups, respectively) was
significantly higher in the moderate and advanced RP eyes than in
the control eyes (all P < 0.001). Additionally, eyes with advanced
RP had a significantly thicker RNFL than eyes with moderate RP
along the horizontal and vertical meridians (both P < 0.001, Figure 3
C and D). The average RNFL profiles are shown in Figure 4 C and
D. The RNFL thickness in moderate RP eyes was higher than in
control eyes in all retinal quadrants examined (temporal, nasal,

superior, and inferior). The RNFL in each of four quadrants was
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also thicker in eyes with advanced RP than in eyes with moderate

RP.

2.2.1.3. Relationship between the Ganglion Cell-Inner
Plexiform Layer, the Retinal Nerve Fiber Layer, and Visual

Function

Both logMAR visual acuity and the log—converted visual field extent
were examined in the RP patients, but not in control groups. The
GCIPL thickness was positively correlated with logMAR visual
acuity in both the horizontal (R2 = 0.067, P = 0.012) and vertical
(R2 = 0.065, P = 0.014) meridians. However, the GCIPL thickness
was not associated with visual field extent in either the horizontal
(R2 = 0.010, P = 0.210) or vertical (R2 = 0.010, P = 0.211)
meridians.

In addition, a positive correlation was noted between the average
RNFL thickness and logMAR visual acuity in both the horizontal (R2
= 0.098, P < 0.001) and vertical (R2 = 0.056, P = 0.002) meridians
indicating positive correlation between thicker RNFL and worse
vision. Moreover, the visual field extent was negatively correlated
with average RNFL thickness in both the horizontal (R2 = 0.057, P
= 0.003) and vertical (R2 = 0.030, P = 0.033) meridians. When we
performed subgroup analysis (moderate and advanced), the
significant correlation was observed only in the moderate group

(Table 2).
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Both Moderate and Moderate Advanced

Advanced

R? P R? P R? p
Hor. GCIPL vs VA 0.095 0.000%* 0.068 0.012« 0.030 0.117
Ver. GCIPL vs VA 0.141 0.000%* 0.066 0.014% 0.018 0.222
Hor. GCIPL vs VF 0.011 0.210 0.015 0.252 0.000  0.948
Ver. GCIPL vs VF  0.011 0.211 0.008 0.385 0.002 0.758
Hor. RNFL vs VA 0.099 0.000%* 0.013 0.279 0.005 0.534
Ver. RNFL vs VA 0.056 0.002* 0.002 0.661 0.019 0.209
Hor. RNFL vs VF  0.057 0.003=* 0.050 0.032% 0.009  0.499
Ver. RNFL vs VF  0.031 0.033* 0.019 0.194 0.002 0.773

Table 2. Relationship between the Ganglion Cell-Inner Plexiform

Layer, the Retinal Nerve Fiber Layer, and Visual function

Hor.

thickness;

Ver.

GCIPL: horizontal

Ganglion Cell-Inner Plexiform Layer

GCIPL: vertical Ganglion Cell-Inner Plexiform

Layer thickness; Hor. RNFL: horizontal Retinal Nerve Fiber Layer
thickness; Ver. RNFL: vertical Retinal Nerve Fiber Layer thickness;
VA: visual acuity (logMar); VF: logarithm of Visual field
represented as a percentage of the known mean visual field angle of
normal controls (expressed in normalized solid angle units [nsul)

«  Statistically significant P value (P < 0.05)

2.2.2. Longitudinal study
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For longitudinal study, sixty —nine patients diagnosed with RP were
finally included in the study. One case from moderate and 2 cases
from advanced group was excluded because follow up OCT is not
aligned well to the initial exam. The early, moderate, and advanced
groups comprised 13, 17, and 39 patients, respectively.

Visual acuity decreased significantly during the follow—up period
only in the advanced group. Age, sex and follow—up duration were
not significantly different between the groups (Table 3). ICC
analysis between independent graders was performed on retinal
layer thickness measurement from 15 samples. Five cases were
randomly selected from mild, moderate and advanced groups,
respectively. All six retinal layers thickness of each sample were
used. ICC (ICC (95% confidence interval, P value)) for RNFL,
GCIPL, INL, ONL, ISE and choroid were 0.922 (0.900 — 0.933, P <
0.001), 0.931 (0.919 - 0.945, P < 0.001), 0.920 (0.911 - 0.929, P <
0.001), 0.919 (0.901 - 0.035, P < 0.001), 0.928 (0.911 - 0.940, P <
0.001) and 0.910 (0.899 - 0.922, P < 0.001). ICC for all retinal

layers was excellent.
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Follow up

Group Male:Female Age (year) (yr) Initial VA Follow—up VA P-valuesT
Early 4:9 40.38 (14.08) 4.21 (1.12) 0.696 (0.476) 0.766 (0.551) 1
Moderate  9:8 35.76 (10.28) 4.29 (1.43) 0.608 (0.611)  0.533 (0.566)  0.555
Advanced  21:18 44.82 (14.79) 4.65 (1.41) 0.017 (0.150)  0.004 (0.121)  0.005%
Control 33.36 41.38 (14.03) 4.03 (1.28) 0.914 (0.745) 0.930 (0.694)  0.468

P valuet  0.372 0.189 0.405 < 0.001= < 0.001=

Table 3. Characteristics of patients at each stage of retinitis pigmentosa

Values are expressed as average (standard deviation)

VA: best—corrected visual acuity

T: the Wilcoxon signed—rank test between the initial and final visual acuity values, ¥: one—way ANOVA, *: P value

less than 0.05
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2.2.2.1. Retinal layer change

In the early and control groups, the retinal layer thickness did not
change significantly between the initial and final examinations. In
the moderate group, GCIPL, ONL, and ISE thickness (median
l[interquartile range]) decreased significantly over the follow—up
period (78.6 * 9.5 to 73.6 £ 8.7 uxm, 83.4 £ 16.5 to 79.3 =
19.0 #m, and 18.4 = 9.9 to 14.7 £ 8.9 pm, respectively; p =
0.001, p = 0.005, and p <0.001, respectively; Wilcoxon’ s signed—
rank test). In the advanced group, RNFL and GCIPL thickness
decreased significantly over the follow—up period (563.0 = 8.8 to
464 * 7.7 pgm and 69.0 * 11.2 to 65.0 * 10.3 pgm,
respectively; P <0.001 and P <0.001, respectively; Wilcoxon’ s
signed—rank test). The thicknesses between the IPL and RPE in the
advanced group remained unchanged. The changes in retinal layer

thicknesses are summarized in Table 4 and Figure 5.
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Group RNFL GCIPL INL ONL ISE IPL_RPE
Bl Chanme ~0.33 0.21 ~0.08 ~0.48 0.79
Y & [—0.45 / 0.07] [-0.52/1.06] [-0.73/0.701 [-0.72/0.05]  [-0.26/0.98]
P—value 0.168 0.542 0.946 0.14 0.146
Voderate  Chan 0.29 ~1.04 011 —1.44 ~0.74
oderate ange  1-0.76/0.65] [-2.41/-0.17] [-0.19/0.63] [-1.86/-0.28] [-1.33/-0.49]
P—value 0.782 0.001% 0.378 0.005% <0.001+
~1.49 ~0.58 ~0.27
Advanced  Change oo/ 06a]  [-1.79/0.06] [—1.65 / 2.33]
P—value <0.001+ <0.001+ 0.874
Control  Chanme 0.12 ~0.16 ~0.28 0.36 ~0.14 0.20
& [—0.86 / 0.88] [-1.41/077] [-0.78/1.31]1 [-1.47/1.201 [-1.94/1.271 [-2.09/2.05]
P—value 0.834 0.309 0.91 0.693 0.938 0.542

Table 4. Changes in the thickness of each retinal layer

Values are expressed as median [interquartile range]

Unit is um/year
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RNFL, retinal nerve fiber layer; GCIPL, ganglion cell inner plexiform layer; INL, inner nuclear layer; ONL: outer
nuclear layer, ISE, inner segment ellipsoid zone; IPL_RPE: layer between inner plexiform layer and retinal pigment
epithelium layer

x*: P—value less than 0.05 (the Wilcoxon signed—rank test was performed between the initial and final thicknesses of

each layer)
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Figure 5. Change of retinal layer thickness in retinitis pigmentosa.
The thickness of each layer at the initial and final visits is
presented with an average value and error bar. (A) Healthy control
group, (B) early group, (C) moderate group, and (D) advanced
group. In the control and early groups, the retinal layer thickness
did not change. In the moderate group, GCIPL, ONL, and ISE
thicknesses decreased significantly over the follow—up period. In
the advanced group, the RNFL and GCIPL thicknesses decreased
significantly over the follow—up period.

RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; ISE, inner segment
ellipsoid zone

* indicates P < 0.05, Wilcoxon’ s signed—rank test between the

initial and final values
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2.2.2.2. RPE and choroidal layer change

An increase of RPE atrophy area (average = SD) was observed
only in the moderate group (0.231 * 0.607 to 1.390 * 2.450 mm?,
P = 0.045, Wilcoxon’ s signed—rank test). Baseline RPE atrophy
was significantly different between the groups (early, moderate,
advanced, and control groups: 0.017 * 0.058 mm?, 0.231 * 0.607
mm?, 3.630 * 3.280 mm?, and 0.025 * 0.074 mm?, respectively; p
<0.001, Kruskal Wallis test). A Dunn post test revealed that the
baseline RPE atrophy area was significantly larger at the advanced
stage than at the early, moderate, and control stages (P < 0.001 in
all adjusted comparisons). There were no significant differences
between the other groups. This result indicates that RPE atrophy
was evident only at the advanced stage. Choroidal thickness
decreased at all stages of RP (early, moderate, and advanced
stages: 268.8 £ 524 to 2405 *£ 476 pum, 312.2 £ 48.0 to
286.3 © 63.6 pxm, and 266.0 = 90.6 to 229.7 = 88.6 pum,
respectively) Both the inner and outer choroidal thicknesses
simultaneously decreased. This change was significant, except for
the inner choroid in the moderate group. The CVI did not change in
any of the groups. However, the initial CVI was significantly lower
at the advanced stage (67.31 £ 2.30, 67.07 £ 2.12, 59.17 =
6.40, and 67.22 * 2.73 in the early, moderate, advanced, and

control groups, respectively; Kruskal Wallis test, P—value < 0.001;
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Dunn posttest in  control/advanced, early/advanced, and
moderate/advanced, adjusted P—value < 0.01). The changes in
choroidal—layer thicknesses, RPE atrophy area, and CVI are
summarized in Table 5 and Figure 6. The retinal/choroidal layer
thicknesses, RPE atrophy area, and CVI did not change significantly
in healthy controls.

ISE width constriction is not correlated with retinal and choroidal
thickness change. Initial ISE width showed positive relation to ONL
thickness change, that means ONL thickness decreased faster as

much as initial ISE width is small. (Table 6)
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Group RPE Choroid Cho_in Cho_out CVI
Early Change 0 [0/0.02] —4.55 [-7.18 / —2.43] —-2.71 [-3.61/-0.156] —2.28 [-3.94/ —1.46] 0.14 [-0.15/0.68]
P-value 0.181 <0.001* 0.04 8% 0.021% 0.308
-6.12 [-11.47/ -
Moderate Change 0.05 [0/ 0.401] —-11.75[—14.30/1.93] -2.08 [-3.56/0.13] 0.59] 0.03 [-0.12/0.72]
P-value 0.045% 0.01= 0.174 0.011% 0.193
-5.19 [-10.48 / —
Advanced Change 0 [-0.42/0.41] -7.95([-16.09/-3.92] -2.86 [-5.09/—0.94] 1.60] 0.21 [-0.35/0.47]
P—value 0.791 <0.001* <0.001* <0.001* 0.452
Control Change 0 [0/0] -2.13 [-6.72 / 5.06] 0.58 [—-1.87 / 3.24] —-2.73 [-5.84 /1.97] -0.15 [-0.55/ 0.35]
P-value 0.361 0.225 0.45 0.074 0.361

Table 5. Changes in the thickness of each choroidal layer, RPE atrophic area, and CVI

Unit is mf for RPE atrophic area and um/year for choroidal layer

RPE: retinal pigment epithelium; Cho_in: inner choroid; Cho_out: outer choroid; CVI: choroidal vascular index

*: P—value less than 0.05 (the Wilcoxon signed—rank test was performed between the initial and final values)
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Figure 6. Changes of retinal pigment epithelium (RPE) atrophy area,
choroidal layer thickness, and choroidal vascular index (CVI) in
retinitis pigmentosa. Values at the initial and final visits are
presented with an error bar. (A) RPE atrophy area (mm?) was
assessed through the sub—RPE illumination area in a 5—mm circle.
An increase of RPE atrophy area was observed only in the
moderate group. Baseline RPE atrophy area was significantly
different between the groups. (P < 0.001, Kruskal Wallis test). A
Dunn post test revealed that the baseline RPE atrophy area was
significantly larger at the advanced stage than at the early,
moderate, and control stages (P < 0.001 in all adjusted comparisons
of Dunn posttest). (B) Choroidal layer thickness decreased at all
stages of RP but not in the control group. Initial choroidal layer
thickness was not different among groups. Final choroidal layer
thickness was different. Dunn post test revealed that only choroidal
layer thickness of advanced stage was significantly smaller than
that of control in multiple comparison. (Kruskal Wallis test, P <
0.001, Dunn posttest in advanced/control P < 0.001) (C) The CVI
did not change in any of the groups. However, the initial CVI was
significantly lower at the advanced stage. (P < 0.001 in Kruskal
Wallis test, P < 0.001 in all adjusted comparisons of Dunn posttest)

* indicates P < 0.05, Wilcoxon’ s signed—rank test between the
initial and final values

T indicates Dunn posttest adjusted P < 0.001
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RNFL GCIPL  INL ONL  Choroid Cho_in Cho_out RPE CVI

Correlation

ISE width change 4 -0.06 036 -0.34 -0.18 015 -0.01 0.19 0.04 -0.16
coefficient

P value 0.819 0.152 0.179 0.497 0570  0.960  0.465 0.885 0.544

Initial ISE width Correlation 047 005 -001 072 -04 —024 -039 -0.36 0.38
coefficient

P value 0.054 0.855 0974 0.001* 0.111  0.350  0.127 0.230 0.147

Table 6. Correlation analysis between ISE width and retina/choroid layer thickness

RNFL, retinal nerve fiber layer; GCIPL, ganglion cell inner plexiform layer; INL, inner nuclear layer; ONL: outer
nuclear layer, ISE, inner segment ellipsoid zone; Cho_in: inner choroid; Cho_out: outer choroid; RPE: retinal pigment
epithelium atrophy area; CVI: choroidal vascular index

*: P—value less than 0.05 (Pearson correlation analysis)
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2.3. Discussion

2.3.1. Cross-sectional study

This study demonstrates that the GCIPL and RNFL are preserved in
both moderate and advanced RP patients. GCIPL was significantly
thicker in eyes with moderate RP than in healthy eyes and advanced
eyes. Also, eyes with moderate and advanced RP had a thicker
macular RNFL than healthy eyes. To the best of our knowledge, this
was the first description of GCIPL thickening within the macula in
RP. This study included the larger number of RP subjects than
previous similar OCT imaging studies. [5, 6, 27, 28]

Postmortem morphometric studies have revealed that retinal
ganglion cells are relatively preserved compared to outer nuclear
cells in eyes with RP. In previous studies which showed a
significant reduction in the number of ganglion cells, the reduction
was less profound than outer nuclear cell loss. [3, 14, 29] Studies
in animal models of RP also support inner retinal preservation.
Findings from an RP mouse model showed that retinal ganglion cells
were resistant to degeneration, and that they retained their fine
structures well after photoreceptor death. [30] Another study
revealed inner nuclear layer (INL) and inner plexiform layer (IPL)
thickening in a mouse model of Leber’ s congenital amaurosis
(LCA). [31]

While pathologic study of RP patients is relatively lacking due, to its
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rarity, OCT images can provide detailed sectional images of the
retina in situ. Several previous studies using OCT have shown that
a generalized macular thickening develops in RP patients. Aleman et
al. [27, 28] found inner retina thickening, along with outer nuclear
layer loss, in eyes with RP caused by Rho (Rhodopsin) and RPGR
(Retinitis pigmentosa GTPase regulator) mutations. Early—stage
retinal thickening has also been reported in eyes with
choroideremia. [32] However, these studies did not measure GCIPL
thickness.

Several human studies suggested inner retinal thickening in RP
patients. Thickening of the inner retinal layers, including the RNFL
and the GCIPL, was detected on OCT images obtained from LCA
patients. [31] In that study, time—domain OCT was used, so it was
not possible to identify which layer had become thickened. However,
the authors did show IPL thickening and Miller glial cell
hypertrophy in a mouse model having the same mutation as human
LCA patients. The authors suggested that Miiller glial cell activation
in neuronal injury may be responsible for IPL thickening. [33] Inner
retinal thickening was also observed in less advanced RP patients,
like those in our moderate group. [34] A detailed evaluation of the
retinal layer was not performed in that study. Moreover, inner
retinal layer thickening, especially of the inner nuclear layer, was
observed in regions with outer nuclear layer thinning in RP patients
having certain Rho mutations. [28]

Detailed retinal layer segmentation analyses using OCT images

revealed controversial results on the GCIPL thickness in RP
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patients. Hood et al. [5] observed that the average GCIPL thickness
was similar between normal and RP eyes. Although the GCIPL on
the temporal side was slightly thicker in RP eyes than in the
controls in that study, the overall thickness was not significantly
different, similar to our results of advanced RP. Vamos et al. [6]
reported that GCIPL thickness was slightly larger when RP was less
severe and a foveal mfERG signal was present, but no difference
was statistically significant.

The pathogenesis of GCIPL thickening in eyes with RP is not clear.
Neural remodeling may occur as the retina degenerates and may
cause this thickening. [35, 36] It is known that vigorous retinal
remodeling occurs after photoreceptor loss. Novel synapse
formation from neural sprouting, microaneuroma formation, Miiller
cell hypertrophy, and amacrine and bipolar cell inversion are
observed during remodeling phase 2 and 3. [35] All of these
phenomena may contribute to GCIPL hypertrophy. The moderate
RP patients in the current study might have had vigorous
remodeling before GCIPL thickening. It was still difficult to separate
the IPL from the GCIPL on the high—resolution SD—OCT images
used in the current study. Therefore, our data on GCIPL thickening
might have been influenced by IPL thickening caused by neural
and/or glial remodeling. In addition to retinal remodeling, macular
edema is likely to affect GCIPL thickness measurements. Although
we excluded eyes with cystoid macular edema (CME) and definite
cystoid spaces, subclinical non—cystoid macular edema may have

contributed to GCIPL thickening. Fluorescein angiography can
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reveal subtle macula edema and/or blood—retina barrier
abnormalities. In support of this, previous studies have suggested
that angiographic grading is correlated with OCT findings of CME in
eyes with RP. [37, 38] Further study is needed to elucidate the
pathogenesis of GCIPL thickening in eyes with RP.

Interestingly, we found that GCIPL thickness in the advanced RP
group was less than that in the moderate RP group and nearly the
same as in the normal control group. Looking at the normative data
in our SD—OCT machine, macular GCIPL thickness decreased as
age increased. Because our advanced group was older than the
moderate group by an average of about 5 years, we created an
age—matched normal control group to compare with the advanced
group. Horizontal GCIPL and RNFL thickness were also greater in
the advanced than in the controls. Because this was a cross—
sectional study, inferences about GCIPL and RNFL thickness
changes must be drawn cautiously. GCIPL thickness might increase
at certain early stages of RP and decrease thereafter. We postulate
that the GCIPL thickness reduction occurred because of neuronal
atrophy that begins during neural remodeling. Postmortem
investigations have shown that all types of retinal neurons decrease
in advanced RP. Moreover, if GCIPL thickening results from edema,
an inner retinal thinning would occur with edema resolution.
However, in patients with more advanced RP than advanced patients,
it is impossible to segment the neural retina using OCT scans. This
may be because, in humans with advanced RP, the normal laminar

organization of the neural retina is severely disrupted, with all of
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the layers becoming intermingled. [39] Therefore, further
observation of the GCIPL in eyes with more advanced RP is not
possible with OCT.

We found that macular RNFL thickness was also increased in eyes
with RP compared to normal controls. Unlike the GCIPL, the RNFL
became thicker as RP advanced. This is in agreement with some
previous studies examining RNFL thickness, [5, 6] but not all.
Several groups have reported a relative thickening of the
peripapillary RNFL, [5, 40] However, others have reported both
thinning and thickening of the peripapillary RNFL. [15, 41-43] Glial
tissue proliferation on the retinal surface has been suggested to
cause this RNFL thickening. Altered metabolism of Muller cell from
photoreceptor cell loss is known to morphologic transformation.
Muller cell hypertrophy from during this transformation process can
also render RNFL thickening. [44] Because we excluded patients
who had an epiretinal membrane, this explanation does not apply to
our observations. [6, 42] Although we excluded cases with
epiretinal membrane, there may be substantial glial proliferation not
obviously detected by OCT, [6, 43] Furthermore, glial cell
proliferation within the RNFL or neuronal remodeling and migration
into the RNFL can contribute to RNFL thickening. [5] Determining
the actual mechanism of RNFL thickening in eyes with RP is beyond
the scope of this study and further research is needed.

Both GCIPL and RNFL thickness profiles were created to examine if
GCIPL and RNFL thicknesses change differently in each retinal

location (Figure 4). We only observed topographical differences in
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the GCIPL in the eyes of advanced patients. The temporal GCIPL
maintained its thickness longer than the nasal, inferior, and superior
retina (Figure 4). This relative GCIPL thickening pattern has also
been observed previously. [5] In that study, mechanical expansion
of the GCIPL to fill the empty space left by the degenerative
photoreceptor layer was proposed. However, both GCIPL and RNFL
thickness increased in moderate patients, in whom the
photoreceptor layer was still relatively intact. Therefore, this
mechanical stretch hypothesis cannot explain our results. However,
it may be that neural remodeling or cone (or other neuron) density
changes caused by RP have regional differences, resulting in
varying thickness changes across the retina.

We generated a scatter plot comparing the retinal thickness and
visual function to evaluate the trend of RNFL and GCIPL changes
according to visual function deterioration. In the analysis of the
entire RP group, GCIPL thickness was correlated with visual acuity,
but not with the visual field. The GCIPL was thicker in patients
whose visual acuity was relatively good. RNFL thickness was
negatively correlated with visual acuity and visual field. These
results are concordant with the GCIPL and RNFL thickness
differences between subgroups. Horizontal GCIPL was thicker in
the moderate eyes, and horizontal and vertical RNFL thickness
were greater in the advanced eyes.

advanced and moderate categorization was based on an analysis of
the inner segment ellipsoid zone shown in OCT. Visual acuity and

visual field were worse in advanced eyes (Table 1). The ERG data,

3 y 1 |
44 .-':I'\-\._E -‘T"‘II!; !



undetectable rod response, and maximal combined response were
more abundant in advanced eyes. These other examination results
support the accuracy of the OCT—based grading system. These
relationships were statistically significant because of the large
number of subjects, even though the correlation coefficient was
small. This might explain why only a few correlations were found in
the subgroup analysis (Table 2).

Retinitis pigmentosa is an inherited disorder in which the
progression and pattern are largely influenced by causal genetic
variants. One limitation of this study was the lack of genotyping in
the total study population. A difference in genotypes between our
study groups might be a confounding factor. It is known that X—
linked RP, having the RP2 and RPGR mutations, is usually
associated with aggressive form of RP. Further studies including
genotyping of the entire study population and long—term follow—up
are required to elucidate how genetics might influence the

morphologic changes associated with RP.

2.3.2. Longitudinal study

This study investigated the detailed changes in the retinal and
choroidal structures within the macula over a 4—year—interval
using a single OCT device. It can take several decades to progress
from the early to advanced stages of RP. We included patients with

RP of variable severities and defined their progression status based
¥
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on OCT features. This classification of severity and longitudinal
observation can collaboratively extend our investigation to a much
longer period than 4 years to the overview of the degeneration
process in RP. ISE, ONL, and GCIPL thicknesses decreased at the
moderate stage; GCIPL and RNFL thickness decreased at the
advanced stage; and choroidal thickness decreased at all stages. In
addition, baseline RPE atrophy was obvious at the advanced stage,
while the RPE atrophy area increased significantly at the moderate
stage. A decrease in CVI was observed only at the advanced stage.
We summarized current finding and proposed the neurodegeneration
process of the macula in Figure 7. Currently, this is based on
limited number of patients and observation. Thus, this would be

reliable if supported by further investigations.
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Figure 7. Proposed retinal neurodegeneration process in retinitis
pigmentosa. The ISE was degenerated earlier, followed by the ONL
and GCL, and then the RNFL. Choroidal thickness decreased
continuously from the early to the advanced stages, while RPE
atrophy was observed after the moderate stage. CVI also decreased
between the moderate and advanced stages.

ISE, inner segment ellipsoid zone; RNFL, retinal nerve fiber layer;
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer; RPE: retinal pigment epithelium; CVI: choroidal

vascular index
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The thinning of the retinal layer reflects retinal degeneration. ONL
and GCIPL degeneration was observed at the moderate stage, and
RNFL degeneration was present at the advanced stage. Notably,
ISE degeneration appears to precede the moderate stage because
the moderate group already had a constricted ISE. Most genetic
alterations are associated with photoreceptor loss, and the earliest
histologic change is photoreceptor cell count reduction. [1, 2] In the
current study, ISE degeneration was also demonstrated as the
earliest change. Trans—neuronal anterograde degeneration can
explain the retinal degeneration process. [45] A decreased
neuronal input from the photoreceptors can cause ganglion cell
layer degeneration, and thereafter their axons start to degenerate,
leading to RNFL thinning in the macula. In addition, OCT
angiography has revealed attenuation of the inner retinal
vasculature from the early stage of RP. [46] Vascular insufficiency
may exacerbate or reflect inner retinal degeneration. This finding
can support the concurrent thinning of the GCIPL and ONL observed
in the current study. Correlation analysis in moderate stage
revealed that initial ISE width is related to speed of ONL thickness
decrease. It is supposed that ONL degeneration does not coincide
with but follows after ISE degeneration.

The decrease of retinal layer thickness observed in the current
study is consistent with the findings of the cross—sectional study.
However, this study result could not find the increase of the RNFL
and GCIPL thickness which observed in cross—sectional study.

RNFL and GCIPL thickness increase observed in RP has also been
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previously reported. [5, 6] This has been also observed in other
disease. [47] Marc et al. suggested that neuronal remodeling
contributes inner retinal thickening. [35] One possible hypothesis
for this discrepancy is that the study duration of 4 years may not be
sufficient to show GCIPL and RNFL thickness increase if the rate is
much slower than the threshold of retinal thickness change can be
detected in the current study design. Another explanation for GCIPL
increase may develop before our early stage. Grading system used
in current study is unable to differentiate the severity if preserved
ISE margin is located outside OCT scan. Mid peripheral visual field
defect or hypofluorescence in fundus autofluorescence photo were
found in most of our early stage patients. Thus, GCIPL thickness
increase cannot be found in current study if it occurs extremely
earlier periode of RP.

Significant RPE atrophy was observed only at the baseline of the
advanced stage, and the baseline RPE atrophy area was larger at
the moderate stage than at the early stage, although the difference
was not significant. Notably, a significant increase in RPE atrophy
area was only found in the moderate group. These findings suggest
that RPE atrophy of the macula commences at the moderate stage
and 1s prominent at the advanced stage. This finding suggests that
RPE atrophy occurs when photoreceptors are degenerated. This is
supported by the findings of previous studies. A multimodal imaging
study revealed that RPE cells migrate into the inner retina in

response to photoreceptor cell degeneration. [48] RPE cells
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detached from Bruch’ s membrane and migrated via the blood
vessels into the inner retina in a human histopathologic study. [49]

Regarding choroidal thickness, conflicting results exist in the
literature. The majority of studies showed a decrease in choroidal
thickness in patients with RP. [22, 50, 51] However, Tan et al.
reported that the choroid was thicker in the RP group than in the
control group. [7] In addition, the association between choroidal
thickness and RP progression has not been well studied. One study
showed that choroidal thickness did not differ according to RP
severity and was inversely correlated with central foveal thickness.
[51] Moreover, regarding the subdivided choroidal layer, one study
showed that the outer choroid layer, which comprises relatively
larger vessels, was smaller in patients with RP than in controls. [4]
The current longitudinal study clarified that choroidal thickness
continuously decreased at any stage of RP. Baseline average
choroidal thickness of moderate group is greater than even that of
control group in current study. This seems to be inconsistent with
continuous decrease of choroidal thickness in RP. However, the
difference is not statistically significant. (Kruskal Wallis test, P =
0.398) And choroidal thickness is reported to vary greatly even
among healthy adults. [16, 52] Refractive error or age are reported
to be associated with choroidal thickness in those studies. Current
study did not control these factors. Therefore, longitudinal change
investigation can be more reliable and should be emphasized than
cross sectional comparison in evaluating choroidal thickness. This

study also showed a simultaneous reduction of inner and outer

b " _17
5 1 .-':I'\-\._E -‘T’I'.I I| !



choroidal layer thicknesses. Choroidal vascularity analysis results
in RP, assessed using the CVI, have been debated. CVI was
reported to decline in patients with RP in several studies. [4, 53]
However, Murakami et al. showed that CVI did not differ regardless
of the presence or severity of RP. [51] In the current study, CVI
was stable in both RP and control groups, but the baseline CVI was
significantly lower in the advanced RP group. This finding, along
with a decrease in choroidal thickness, suggests that the luminal
and stromal areas decreased by the same proportion until the

moderate stage. Subsequently, the luminal area 1is likely to

degenerate faster than the stromal area at the advanced stage of RP.

Kawano et al. showed that the luminal area decreased relatively
more than the stromal area, where retinal degeneration was evident.
[53] This finding is consistent with our finding that CVI reduction
occurred between the moderate and advanced stages. Moreover,
CVI has been shown to be correlated with choroidal blood flow and
a decrease in choroidal blood flow has been reported in patients
with RP. [51, 54] The current CVI data suggest that choroidal blood
flow might remain stable until the moderate stage and reduce
between the moderate and advanced stages.

Several hypotheses regarding choroidal thickness changes in RP
have been suggested. A decrease in choroidal thickness can occur
secondary to retinal degeneration and a decreased demand for
oxygen and nutrients. [55] Additionally, RPE cell loss can lead to
choroidal vessel atrophy. [566, 57] A decrease in trophic factors due

to RPE degeneration could lead to choroidal thinning. [58] For
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example, vascular endothelial growth factor (VEGF) A, which
maintains the choriocapillaris, is proposed as a principal mediator
that decreases and renders choroidal thinning. [4] Intraocular VEGF
level was reported to be lower in patients with RP. [59] Notably,
the current study revealed that choroidal thickness decreased even
at the early stage when the overlying retina and RPE were intact.
Thus, choroidal thickness reduction seems to be affected by
definite degeneration of the remote peripheral retina or generalized
degeneration of the photoreceptor, although it is not observed on
OCT. This differs from pattern of retinal degeneration, which is
closely related to the adjacent retinal layer integrity. The choroid is
not bound by the neuronal circuit to the retina but is supposed to
crosstalk with the retina via other factors, such as cytokines or
trophic factors. At the early stage, an obvious outer retinal loss was
observed outside the macula, especially at the mid—periphery.
However, photoreceptors lose their function in the whole retina,
which is evidenced by the decrease or extinction of ERG activity
even at the early stage. Metabolic demand from the photoreceptors
is likely to maintain the stroma and vascular tone through unknown
trophic factors or signals. Thus, overall photoreceptor degeneration
of whole retina at an early stage is likely to result in choroid
thickness reduction.

The degeneration process of the retina and choroid proposed in this
study may suggest an effective treatment window for RP. Cell
therapy, gene augmentation therapy, gene editing therapy,

optogenetic therapy, and artificial retinal prostheses require
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functioning retinal structures other than photoreceptor cells. The
current study suggests that RP treatment can be effective, at least
at the moderate stage, when the inner retina, RPE, and choroidal
circulation are not substantially impaired. This study can also help

select optimal excitatory targets for artificial retina or optogenetic

treatments according to the patients’ stage of retinal degeneration.

The present study had several limitations. First, eye tracking was
not implemented in the OCT follow—up. Alternatively, we aligned
the follow—up images manually using the OCT fundus image marked
with the scan location and excluded cases with unmatched follow—
up OCT images. Subsequently, by superimposing the follow—up
OCT image on the initial image, tilting and fovea centering were
finely tuned for matching. Second, the choroidal structure was
analyzed using structural OCT rather than OCT angiography. The
choroidal vasculature change is expected to be more accurately
elucidated using OCT angiography, and analysis using OCT
angiography should be performed in a future study. Third, genetic
diagnosis was performed in limited cases. Sequencing was done In
17 cases and possible causal variant was identified in 9 cases.
(Table 7) Our cohort comprised unrelated individuals enrolled from
a single center. We analyzed the genetic diagnosis of RP and found
that the prevalence of causal genes was consistent with that
reported by other groups. Therefore, the results of the present
study are unlikely to be biased by a specific genetic background.

Further longitudinal observations of genetically confirmed patients
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are needed to reveal genotype—phenotype relation on macular

structure change.
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Identifier Inheritance Gene name Zygosity Nucleotide Amino acid Zygosity Nucleotide Amino acid
RPL_1 AR USHZA het c.14287G>A p.Gly4d763Arg het c.1190T>A p.lle397Lys
RPL_11 AR NMNATI het c.A701G p.Q234R het c.C709T p.R237C
RPL_12 Sporadic C20RF71 het c.2008dupC p.Leub70fs het c.878T>C p.Leu293Pro
c.421—
RPL_14 AD PRPF31 het 1G>A
RPL_15 AD RPI1 het c.2184delG  E728fs
RPL_3 Sporadic EYS het c.8868C>A  p.Tyr2956%* het c.525_527delGGA
c.8559—
RPL_8 AR USHZA het 2A>G het c.A6485T p.Q2162L

Table 7 Possible disease causing variant revealed in this study participants

AR: autosomal recessive; AD: autosomal dominant; het: heterozygote
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Chapter 3. Conclusion

GCIPL and RNFL were preserved based on SD—OCT in this study
with a large patient cohort. The GCIPL was thicker in eyes with
moderate RP, but decreased to near—normal values in advanced RP,
which indicates that the ganglion cell layer maintains its volume in
advanced patients who have less than 5/200 vision or less than a
5" visual field. Therefore, we might anticipate that implanted cells
and microchip devices have the potential to provide vision in
advanced RP patients with loss of photoreceptor layer.

Moreover, longitudinal study determined that the retina degenerated
in the order of ISE, ONL/GCIPL, and RNFL in eyes with RP using
OCT. Also, we found that reduced CVI and RPE atrophy were
observed only at the advanced stage. This finding supports the
concept that the primary site of degeneration in RP is the outer
segment of the photoreceptor, followed by photoreceptor cell
bodies and ganglion cells. Prominent and continuous thinning of the
choroid from the early stage is an interesting finding, but the exact
pathological mechanism underlying the choroidal thinning needs to
be further elucidated in future studies. Our findings on retinal and
choroidal degeneration could guide future regenerative treatments

in terms of precision medicine.
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