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Purpose: To investigate the longitudinal changes of the macular curvature in eyes with
retinitis pigmentosa (RP) and to determine the factors associated with the changes.

Methods: We reviewed the medical charts of 107 RP patients, for whom the axial length
of their right eyes ranged from 21.5 to 26.0 mm and who had had been followed by
spectral-domain optical coherence tomography (OCT). The OCT images at the initial
and the most recent examinations were compared. The mean curvature of Bruch'’s
membrane within 6 mm of the central macula obtained from the OCT images was evalu-
ated as the mean macular curvature index (MMCI). Changes in the MMCI and their
relationships with other clinical factors, including the ellipsoid zone (EZ) width, were
assessed.

Results: The MMCI decreased significantly in the vertical OCT images, from -15.47 x
107> um~"t0-16.36 x 107> um~" (P=0.008) during the mean observation period of 3.4
=+ 1.4 years (mean =+ SD). This indicated that the macular shape became more concave.
The change to a steeper shape was more prominent in eyes with less photoreceptor
degeneration and for which the EZ width was preserved at >2000 um. In three eyes, the
MM(Clincreased markedly by >5 x 10~ um~', and this was accompanied by absorption
of the macular edema.

Conclusions: The macular curvature in RP eyes becomes more concave in eyes with
preserved EZ width.

Translational Relevance: Longitudinal changes of the macular curvature in RP should
be considered in future therapies, such as the implantation of the retinal prosthesis.

in eyes with RP.!"* Analyses have shown that retinal

Introduction

Retinitis pigmentosa (RP) is a heterogeneous group
of inherited retinal disorders with degeneration of the
rod and cone photoreceptors. The signs and symptoms
of RP are impaired night vision, slow progressive
peripheral-to-central visual field loss, and an eventual
decline of visual acuity. Recent advancements in optical
coherence tomography (OCT) have enabled clinicians
to assess the anatomical alterations in different retinal
disorders, and extensive studies have been performed
to evaluate photoreceptor microstructures, such as the
ellipsoid zone (EZ) and outer nuclear layer (ONL)
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degeneration can not only change the morphology of
the neurosensory retina but also alter the shape of the
posterior pole. In addition, there are some RP eyes in
which a posterior staphyloma can be detected in the
OCT images.” 7 A staphyloma is observed in the OCT
images as an excavation of the posterior pole often
involving the macular region.® This unusual morpho-
logical shape is usually found in highly myopic eyes and
is very rare in eyes that are not highly myopic.’

In our earlier study, we quantitatively analyzed
the macular curvature of 143 patients with RP and
reported a high incidence of steeper macular curva-
tures, including staphylomas, even in RP eyes that
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are not highly myopic.!” However, due to the cross-
sectional nature of the data collection, the longitudinal
changes of the macular curvature were not determined
during the course of the retinal degeneration.

Thus, the purpose of this study was to evaluate the
longitudinal alterations of the macular curvature of
individual eyes with RP and to determine the factors
affecting the changes in macular shape.

Materials and Methods

This was a retrospective longitudinal study of 107
RP patients. All of the procedures adhered to the tenets
of the Declaration of Helsinki, and the Institutional
Review Board/Ethics Committee of Nagoya Univer-
sity Hospital approved the procedures. The Institu-
tional Review Board also waived the need for a written
informed consent from the patients because the study
design was a retrospective chart review.

Subjects

The medical records of 303 RP patients who were
followed by one of the authors (S.U.) at Nagoya
University Hospital between March 2013 and Decem-
ber 2017 were reviewed. The diagnosis of RP was based
on the presence of night blindness, constriction of
the visual fields, attenuation of retinal vessels, bone-
spicule retinal pigmentation, and reduced (<100 uV)
or extinguished full-field scotopic flash electroretino-
grams (ERGs) elicited by 300 cd-s/m? (PE300; Tomey,
Nagoya, Japan). Of the 303 potential patients, we
analyzed the right eyes of 107 patients (63 women
and 44 men) who had had spectral-domain OCT (SD-
OCT; Heidelberg Engineering, Heidelberg, Germany)
images obtained at least twice and whose eyes had an
axial length (AL) that ranged from 21.5 to 26.0 mm
(IOLMaster; Carl Zeiss Meditec, Inc., Dublin, CA).
When the axial length was measured several times, the
most recent value was used for the statistical analy-
ses. Cross-sectional SD-OCT images of 9-mm horizon-
tal and vertical scans through the center of the fovea
were analyzed. The cross-sectional OCT scans were the
averages of 100 SD-OCT images that were recorded
using the eye-tracking system. The OCT images of two
time points—the baseline and a follow-up period that
was at least 1 year later—were compared, and when
the OCT images were taken more than twice the initial
(baseline) and the most recent (follow-up) images were
used for the statistical analyses.
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Measurement of Retinal Morphological
Parameters in SD-OCT Images

The methods to measure the macular curvature in
the SD-OCT images have been described in detail.!?
Briefly, each horizontal and vertical SD-OCT image
was corrected for the difference in the pixel resolu-
tion in the transverse and longitudinal directions. Then,
the reflective line corresponding to Bruch’s membrane
across the fovea (yellow line in Fig. 1A in Ref. 10)
was measured quantitatively using MATLAB software
(MathWorks, Natick, MA). Eleven to 12 points were
marked on the Bruch’s membrane line beginning from
the center of the fovea, and the marks were separated
by 200 pixels (approximately 760 um) in the SD-
OCT images (yellow triangles in Fig. 1A in Ref. 10).
The software calculated the approximate curvature of
the marked points using a cubic spline interpolation
program (yellow and red line in Fig. 1B in Ref. 10).
From the calculated curve, a curvature of approxi-
mately 6 mm including the central fovea (red line in
Fig. 1B in Ref. 10) was selected. The software calculated
the mean curvature +3 mm from the central fovea by
using all measured values for the local curvature in 1-
um steps—the mean macular curvature index (MMCI),
with units of pm'. A minus MMCI value indicated
a concave shape and a plus values indicated a convex
shape.

Ellipsoid Zone Width Measurement

The width of the EZ was measured between the
borders where the EZ band met the upper surface of
the retinal pigment epithelium by the built-in caliper.!!
If the EZ width exceeded the scanned images, the
border of the EZ was set at the edge of the scanned
image. All of the measurements were performed
using Heidelberg Eye Explorer software (Heidelberg
Engineering).

Best-Corrected Visual Acuity

The best-corrected visual acuity (BCVA) was deter-
mined on the same day as the recording of the
OCT images, and the decimal BCVA was converted
to logarithm of the minimum angle of resolution
(logMAR) units for statistical analyses. Counting
fingers, hand motion, light perception, and no light
perception were designated as 1.85, 2.30, 2.80, and 2.90
logMAR units, respectively.'?



translational vision science & technology

Changes of Macular Curvature in RP

TVST | September 2020 | Vol.9 | No. 10 | Article 11 | 3

Table. Clinical Data at Baseline and Follow-Up Period

Baseline Follow-Up P
BCVA (logMAR) 0.22 + 0.30 0.29 + 0.35 <0.001"
Vertical MMCI (x 107> um~") -15.47 4+ 9.52 -16.36 &+ 9.78 0.008"
Horizontal MMCI (x 107> um~") -14.38 + 9.09 -14.59 + 9.22 0.36
EZ width of vertical scan (um) 2158 £ 2136 1883 £ 2100 <0.0001"

“Statistical significance (P < 0.05).

Statistical Analyses

Paired #-tests were used to determine the signifi-
cance of the difference of the BCVA and EZ width
between the baseline and final examinations. One-
sample z-tests were used to determine the significance
of the differences in the MCCI between the baseline
and follow-up period, and whether the ratio of changes
in the MMCI was zero or not was analyzed. The
ratio of changes in the MMCI (um '/day) was calcu-
lated by dividing the difference in the MMCI (um ')
between the baseline and the follow-up period by the
time periods (days). Pearson’s product-moment corre-
lation tests were used to determine the significance of
the correlations between the EZ width and the ratio
of changes in the MMCI. P < 0.05 was considered to
be statistically significant. All statistical analyses were
performed using R 3.4.3 (R Foundation for Statistical
Computing, Vienna, Austria) and EZR 1.36 software
(Saitama Medical Center, Jichi Medical University,
Saitama, Japan).

For the RP patients, the mean age + SD was 45.9 +
16.2 years at the baseline, with a range of 11 to 85 years.
Changes in the OCT images during a mean interval of
3.4 4+ 1.4 years were analyzed. The BCVA, MMCI in
vertical and horizontal images, and EZ width in the
vertical images at the baseline and follow-up periods
are summarized in the Table. The mean axial length was
23.80 + 1.05 mm

Our results showed that the BCVA and the EZ width
decreased significantly during the observation period
(P < 0.001, paired z-tests). The MMCI also decreased
significantly from —15.47 x 10> pm~! to —16.36 x 107
pum-! in the vertical scan images (P = 0.008, one-sample
t-test). This indicated that the shape of the macular
became more concave in this plane. In contrast, the
MMCI in the horizontal scan did not change signifi-
cantly (P = 0.36, one-sample 7-test).
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Figure 1. Graphs showing changes in the MMCI (um~') in the

vertical scan images of all evaluated eyes during the observation
period (days). The data were divided into three groups according to
the baseline EZ width (>2000 pm, 0-2000 pm, or no EZ).

The changes in the MMCI in the vertical scans of
all eyes during the observation period are presented
in Figure 1. The MMCI became more concave in 69
eyes and less concave in 38 eyes during the follow-up
period. Six eyes had a reduction in the MMCI of more
than 5 x 107> um ™!, and the MMCI increased by more
than 5 x 107 um™! in four eyes.

Optical Coherence Tomographic Images of
Representative Eyes

Figure 2 shows representative OCT images of three
eyes for which the MMCI decreased by more than 5
x 107> pm ! (Figs. 2A-2C) and two eyes for which the
MMCI increased by more than 5 x 10~ pm™' (Figs.
2D, 2E). A plot of the changes of the MMCI in these
patients is shown at the bottom of Figure 2. The shape
of the macula of three eyes (Figs. 2A-2C) became
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Figure 2. Five representative cases showing large changes in the MMCI during the observation period. Fundus images (left) and vertical

OCT images at the baseline (middle) and at the follow-up period (right) of the right eyes of five RP patients are shown at the top. The shape
of three eyes (A-C) became more concave and the shape of two eyes (D, E) became flatter during the observation periods. Plots of changes
in the MMCI (um™") for these five representative eyes are shown at the bottom. Patient A was a 30-year-old woman with an AL at baseline of
23.54 mm. The MMCI decreased from -16.9 x 10™° um~' to -22.3 x 107> um™', and the width of the EZ was reduced from 4726 um to 3795
um in 828 days. Patient B was a 35-year-old woman with an AL at baseline of 24.99 mm. The MMClI decreased from -=15.4 x 10> um~" to -21.7
x 107 um~1, and the EZ width was reduced from 6706 um to 6662 pm in the 1219 days of follow-up period. Patient C was a 29-year-old man
with an AL at baseline of 24.31 mm. The MMCl decreased from -20.0 x 10~ um™' t0 -33.0 x 10~° um~" in 2285 days, and there was no visible
EZ at the baseline. Patient D was a 57-year-old woman with an AL at baseline of 22.39 mm. The MMCl increased from -36.8 x 10~ um™'
to -25.0 x 10> um~" in 1148 days, and there was no visible EZ at the baseline. The macular edema was absorbed during the observation
period. Patient E was a 28-year-old man with an AL at baseline of 24.35 mm. The MMCl increased from -28.1 x 10°° pm~' t0 -16.9 x 10~°
um-', and EZ width decreased from 956 um to zero in 2772 days.
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steeper despite the variety of changes in the neurosen-
sory retina, preserved middle EZ width (Fig. 2A), long
EZ width (Fig. 2B), non-detectable EZ, and thinning
of the ONL (Fig. 2C). On the other hand, the MMClIs
of two eyes (Figs. 2D, 2E) increased with the absorp-
tion of the macular edema. The macular shape became
flatter after a resolution of the severe macular edema
(Fig. 2D). Among the four eyes for which the MMCI
increased more than 5 x 10 um!, three of the eyes
showed a reduction of the macular edema.

Changes in Width of EZ and MMCI

The mean + SD of the width of the EZ in the verti-
cal OCT images was significantly reduced from 2158
4 2136 um at the baseline to 1883 4+ 2100 um (P <
0.0001) during the follow-up period (Table). The mean
change in the ratio of the MMCI was 8.43 + 30.7 x
10-° um™!/day. The ratio of changes in the MMCI and
the baseline width of the EZ were not significant in
all eyes (P = 0.056, Pearson’s product-moment corre-
lation tests) (Fig. 3). This was also true for eyes with
visible EZ (P = 0.125; n = 84). These results indicate
that the correlation between the integrity of the retina
in patients with RP and changes in the MMCI was
not significant. In an earlier study, we found a nonlin-
ear relationship between the EZ width and the MMCI;
the MMCI was lower in eyes with an EZ width of
around 2200 um, and the MMCI was higher in eyes
with shorter or longer EZ widths.!® Thus, we divided
the eyes into three groups according to the EZ width
at the baseline; >2000 um (mild, 42 eyes), between 0
and 2000 um (moderate, 42 eyes), and no EZ (severe,
23 eyes). Only the mild group had a significant change
in the MMCI during the experimental period (P =
0.011, one-sample z-test). No significant changes in the
MMCI were detected in the moderate cases (P = 0.474)
or severe cases (P = 0.148). We also calculated the
correlation between the ratio of changes in the MMCI
(um !/day) and the ratio of changes in the EZ width
(um/day). Our results showed that there was no signif-
icant correlation between the ratio of changes in the
MMCI and the ratio of changes in the EZ width (P =
0.70, Pearson’s product-moment correlation tests; data
not shown).

Discussion

Our results showed that the shape of the macular
in the vertical OCT image became significantly steeper
during a mean of 3.4 years of the experimental period.
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Figure 3. Relationship between the mean ratio of changes in the
MMCI (um~'/day) and the baseline EZ width in the horizontal OCT
image in all 107 right eyes with RP (top). The correlation between
the ratio of changes in the MMCI (um~"/day) and baseline EZ width (P
= 0.056, Pearson’s product-moment correlation tests, top) was not
significant. Changes in the MMCI (10~> um™") from baseline to the
follow-up period for the three groups are shown at the bottom. The
eyes were divided into three groups according to the length of the EZ
width at baseline: >2000 um (mild, 42 eyes), 0 to 2000 um (moderate,
42 eyes), or no EZ (severe, 23 eyes). Only the eyes in the mild group
had a significant reduction of the MMCI (P = 0.011, one-sample
t-test).

The eyes with preserved EZ width had a greater change
to a steeper macular shape;

however, statistical analysis showed no significant
linear correlation of the vertical macular curvature
change and the EZ width. This is similar to the findings
in our previous study, which found that the MMCI was
lowest in eyes with an EZ width of around 2200 pm,
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and the MMCI was higher in eyes with shorter or with
longer EZ widths.'”

Combining the results of these two studies, a shorter
EZ was associated with a steeper macular curvature
in eyes with an EZ width >2000 um, and the macular
curvature was the steepest in eyes with an EZ width of
around 2000 um. However, a further shortening of the
EZ did not change the macular curvature.

The shape of the posterior pole is related to the
presence of residual photoreceptors and the integrity
of the inner retina. Greater increases in the MMCI
were found in eyes after the macular edema was
absorbed. Macular edema is a common complication
associated with RP, and the prevalence of macular
edema in RP eyes has been reported to be between 10%
and 40%.3 15 Thus, the shape of the macula in eyes
with RP should be affected by the macular edema and
its resolution.

Although we found only two factors significantly
correlated with the shape of the macula, the degener-
ating retina does not consistently become steeper, and
36% of the eyes became flatter. These findings indicate
that there are probably other factors that are associated
with the shape of the macula in RP eyes.

One of these factors may be the structure of
the choroid. Thin choroids are usually associated
with staphylomas in highly myopic eyes, and reduced
choroidal thickness has been reported in RP eyes.!®
The thinning of the choroid might be the cause of the
steeper macular shape in eyes with RP. OCT performed
with enhanced depth imaging would be useful for
analyzing the relationship between choroidal thickness
and macular shape in future studies.

Another factor that could affect the shape of the
macula might be structural changes of the inner retina
caused by retinal remodeling.!”" " Although RP is
initially a disorder of the photoreceptors, the inner
retina has been reported to become progressively disor-
ganized with a reprogramming of the retinal bipolar
cells, alterations in protein signatures of the neurons,
and intense gliosis of the Miiller glial cells.”” It is diffi-
cult to analyze the retinal remodeling from the OCT
images; however, it is important to understand that the
effects of changes of the inner retina on macular shape
should be considered in RP eyes.

There were significant changes of the vertical
macular curvature but no significant changes in the
horizontal macular curvature. It is known that in highly
myopic eyes the speed of development of staphyloma
is different among the sites of the retina; the superior
and temporal retina are more easily affected.”’ Thus,
the ratio of the changes of the macular curvature
might differ between the horizontal and vertical axes.
Actually, the MMCI of the horizontal axis (-14.03 x
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10> pm ') was higher than that of vertical axis (—15.47
x 107 pm'). The horizontal axis may be less flexible
than the vertical axis because the optic disc is connected
to the eye; the optic disc is fixed to the optic nerve canal,
preventing stretching of the sclera and choroid. In our
previous study, the high incidence of steeper macular
curvatures in the horizontal axis in RP eyes compared
with that of normal control eyes (—6.63 x 10 pm™!)
was reported.!” Macular curvature in the horizontal
axis appears to change too slowly to have been detected
during the observation period of this study.

There are several limitations in this study. The
formation of a posterior staphyloma has been reported
to be associated with early-onset retinal dystro-
phy?-2>-25; however, we included only patients older
than 10 years of age, and progression of the steep
macular curvature in earlier onset RP cases, including
Leber congenital amaurosis, might differ. Second, we
did not analyze the genotype—phenotype correlations
because of the lack of patients who were identified
by causative gene variants. Analyses of the associated
genes and changes of the macular curvatures might
provide further information on the formation of the
steep macular curvature in RP eyes. Third, the axial
length is a key factor in the formation of a staphy-
loma; however, we did not follow the changes of the
axial length, so we could not evaluate the influence
of changes in axial length on the formation of steep
macular curvature in our cohort. Fourth, the observa-
tion period was too short to determine the factors influ-
encing changes in the MMCI. It would be necessary to
evaluate changes in the MMCI periodically for a long
time into the future.

In conclusion, we detected a progressive develop-
ment of a steeper macular curvature in RP eyes with
increasing time. In addition, the integrity of the EZ
and resolution of the macular edema were related
to changes of the macular shape. Progression of the
concave shape of the macula in RP should be consid-
ered with regard to implantation of retinal prosthe-
ses, because signal transduction from the electrodes to
retinal target cells appears to be inhibited by an exces-
sive electrode-retina distance.®

Further studies on the importance of the concave
shape of the macular in RP eyes should be conducted;
for example, does the steep curvature protect or accel-
erate retinal degeneration?
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