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Purpose: We previously reported that the retinal deformation due to myopia was
represented by the peripapillary retinal arteries angle (PRAA). In this study, we
investigated the relationship between the PRAA and biomechanical properties
measured with Corvis ST (CST) tonometry.

Methods: Thirty-four normative eyes of 34 subjects who underwent CST measure-
ment were enrolled. The PRAA was calculated from a fundus photograph. Variables
related to the PRAA were identified from age, axial length, spherical equivalent
refractive error, and 10 CST parameters using model selection with the second-order
bias-corrected Akaike information criterion index.

Results: The PRAA was best described with axial length (coefficient ¼ �5.66, P ,
0.0001), maximum deflection amplitude (mm; coefficient ¼ 130.5, P ¼ 0.0004), and
deflection amplitude ratio (DA ratio) 2 mm (coefficient ¼ �25.8, P ¼ 0.0032), where
mm was the amount of the maximum corneal apex movement and DA ratio 2 mm
was the ratio between the deformation amplitudes at the apex and 2 mm away from
the apex. The optimal model was significantly better than the model only with axial
length (P ¼ 0.0014, analysis of variance).

Conclusions: The PRAA was significantly better described with the CST parameters
compared to the axial length model only; eyes with small PRAA (larger myopic retinal
deformation) showed narrow and shallow maximum corneal deflection.

Translational Relevance: The Corvis ST parameters, which represents corneal
biomechanical characteristics, were associated with myopic retinal deformation.

Introduction

Recently, myopia has been considered a major
health issue,1 because the global prevalence of myopia
has increased rapidly in the past 50 years, especially in
east and southeast Asia.1–4 The Tajimi study has
revealed that the incidence of myopia in the Japanese
population was the highest in the world, with an
incidence of 41.8% for myopia ,�0.5 diopters (D)

and 5.5% for myopia ,�6.0 D in individuals 40 years
old.5 Myopia also is considered to be related to
various ophthalmologic diseases, such as cataract,6

glaucoma,7 choroidal neovascularization,8 and retinal
detachment.9

Myopia causes manifold ocular structural changes.
For instance, a previous study indicated that the
severity of myopia represented by longer axial length
(AL) and more negative spherical equivalent refrac-

1 TVST j 2019 j Vol. 8 j No. 4 j Article 26

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

https://creativecommons.org/licenses/by-nc-nd/4.0/


tive error (SERE) was related to the severity of
myopic maculopathy.10 In particular, previous studies
showed that the retina was mechanically stretched
around the papillomacular bundle in myopic eyes,
and this retinal deformation was represented by the
circumpapillary retinal nerve fiber layer (cpRNFL)
peak angles and also peripapillary retinal arteries
angle (PRAA).11–13 Of note, the correlation between
AL and the cpRNFL peak angle or PRAA was
merely moderate (r ¼ �0.49 or �0.38, respectively),
which implies there is a wide variety in the magnitudes
of retinal deformation even in eyes with an identical
AL value.11,14 However, the cpRNFL thickness can
be affected by various ocular conditions, such as age15

and glaucoma.11 PRAA and cpRNFL peaks angle
were very closely associated with the correlation
coefficient value of 0.92 in young healthy subjects,11

and PRAA is not affected by the aforementioned
issues. Moreover, PRAA can be identified very easily
in a fundus photograph. Hence, PRAA may be
superior to cpRNFL peaks angle in the universal
usefulness in estimating the retinal deformation due
to myopia.

Recent development of Corvis ST (CST) tonom-
etry has enabled us to evaluate the corneal biome-
chanical properties in detail, by capturing the
sequential images of corneal movement following
application of an air jet. We previously reported the
association between myopic retinal deformation and
corneal biomechanical properties measured with CST
using the software version 1.00r30.16 However, CST
currently uses a newer software (version 1.13b1361),
which yields a much larger number of raw parameters
(previously 12 and currently 29 parameters). More-
over, the current CST software displays six summary
parameters calculated from the 29 raw parameters,
which enables us to analyze corneal elasticity and
stiffness. This is very important clinically, because raw
CST parameters merely show the shape of the cornea
at each timing, in contrast to the newly available
summary parameters.

We investigated the relationship between biome-
chanical properties and the myopic retinal deforma-
tion measured with PRAA using the newly introduced
CST parameters.

Methods

Subjects

The study protocol was approved by the institu-
tional review board of University of Tokyo Hospital,

University of Hiroshima Hospital, and Tsukazaki
Hospital, and adhered to the tenets of the Declaration
of Helsinki. Informed consent was obtained from
each subject.

Eyes undergoing CST measurements at the Uni-
versity of Tokyo Hospital, University of Hiroshima
Hospital, or Tsukazaki Hospital between January
2016 and December 2017 were reviewed retrospec-
tively, and 34 eyes of 34 subjects with no known eye
diseases as determined by examining their medical
histories were enrolled. Eligible criteria were: no
pathologic findings as determined by slit-lamp mi-
croscopy, ophthalmoscopy, and/or optical coherence
tomography (OCT); best-corrected visual acuity �0.1
logMAR units; SERE ��6 D; and intraocular
pressure �21 mm Hg as measured using Goldmann
applanation tonometry. Criteria for exclusion were
known ocular diseases, such as glaucoma, staphylo-
ma, and optic disc anomalies; systemic diseases, such
as hypertension and diabetes; the presence of visual
field (VF) defects; and/or a history of refractive or
any intraocular surgery.

Measurements of AL and Refractive Error

AL was measured using the optical biometer (OA-
2000; Tomey, Nagoya, Japan) three times and an
average value was calculated. Refractive error was
measured with the Topcon KR8800 autorefractom-
eter/keratometer (Topcon, Tokyo, Japan), and the
SERE was calculated.

Peripapillary Retinal Arteries Angle (PRAA)

The identification of PRAA has been reported
previously.14 In short, optic disc color fundus
photographs were obtained using either OCT (OCT-
2000; Topcon) or a retinal camera (TRC-50DX;
Topcon). ImageJ software (available in the public
domain at https://imagej.nih.gov/ij/; National Insti-
tutes of Health, Bethesda, MD) was used to draw a
3.4-mm diameter peripapillary scan circle on the
obtained fundus photographs. Then, PRAA was
calculated from the points where the 3.4 mm-diameter
peripapillary scan circle and the superotemporal/
infratemporal major retinal arteries intersected (Fig.
1). Magnification effects of the camera were corrected
using the Littmann’s formula.17

CST Tonometry

As detailed previously,18 CST monitors the corneal
response to an air puff pulse during the inward and
outward movements with a high-speed Scheimpflug
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camera, capturing 4330 frames per second. This
imaging system allows us to investigate the dynamic
inspection of the actual deformation process in vivo.19

From the total of 36 corneal biomechanical properties
measurable with the new version of CST, following
our previous report, we used 10 summary CST
parameters:20

� Ambrosio Relational Thickness horizontal
(ARTh): The quotient and change of the corneal
thickness.21

� Integrated Radius: The integrated area under the
radius of the inversed curvature during the
concave phase.21

� Stiffness parameter (SP-A1): The resulting pres-
sure on the cornea divided by the deflection
amplitude at the first applanation.22

� Corneal biomechanical index (CBI): The combi-
nation of the summary parameters indicating the
likelihood of subclinical keratoconus and corneal
ectasia.21

� Deflection amplitude ratio (DA ratio) 1 mm: The
ratio of deflection amplitude (the corneal move-
ment compensating the eye movement) at apex
and at 1 or 2 mm.

� DA ratio 2 mm: The ratio of deflection amplitude
(the corneal movement compensating the eye
movement) at apex and at 2 mm.
� Whole eye movement (WEM; ms): The duration
of the eye during the examination.
� WEM (mm): The total amount of the eye
movement during the examination.
� Maximum Deflection amplitude (ms): The dura-
tion of the corneal movement compensating for
WEM.
� Maximum Deflection amplitude (mm): The max-
imum amount of the corneal movement compen-
sating for WEM.

CST (software version; ver. 1.13b1361) measure-
ments were performed three times on the same day
with at least a 5-minute interval between each
measurement. Only reliable CST measurements,
according to the ‘OK’ quality index displayed on
the device monitor, were used.

Statistical Analysis

First, the relationships between PRAA and the 13
variables of age, AL, SERE, and the 10 CST
parameters (WEM [mm], WEM [ms], Maximum
deflection amplitude [mm], Maximum deflection
amplitude [ms], DA ratio 1 mm, DA ratio 2 mm,
ARTh, Integrated Radius, SP-A1, and CBI) were
evaluated using the univariate linear regression
analysis. The following relationship between these
variables were calculated using the multivariate linear
regression analysis, and finally the model selection
was performed using the second-order bias-corrected
Akaike information criterion (AICc) index; the
optimal model for the PRAA was identified from
the 213 patterns using the 13 candidate variables. The
Akaike information criterion index (AIC)23 is defined
as follows:

AIC ¼ � 2 lnLþ 2K;

where L and K represent the maximized likelihood
function and asymptotic bias correction term. The
AICc is a corrected version of the AIC,24 which
provides an accurate estimation even when the sample
size is small,25 defined as follows:

AICc ¼ AICþ 2K Kþ 1ð Þ
n� K� 1

;

where n stands for the sample size. The decrease in
AICc indicates the improvement of the model.26 The
selected variables through the model selection were
regarded as significant, because they provided us the

Figure 1. Measurement of PRAA (left eye). The PRAA was
calculated from using the points where the 3.4-mm diameter
peripapillary scan circle (yellow) and the superotemporal/
infratemporal major retinal arteries intersected (red dots). The
right eye was mirror-imaged.
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objective measures for selecting among different
models fitted to data considering the contributions
and interactions between parameters.27 The log-
likelihood values of a paired model were compared
using the analysis of variance (ANOVA) test.

All statistical analyses were performed using R
(version 3.4.3, available in the public domain at
http://www.R-project.org/).

Results

The demographics of the studied eyes are shown in
Table 1. Table 2 shows the summary statistics of CST
parameters.

The results of univariate linear regression between
the PRAA and the 13 variables of age, AL, SERE,
and the 10 CST parameters are shown in Table 3. The
increase in AL and decrease in SERE were signifi-
cantly related to the decrease in PRAA (coefficient¼
�4.33 with P¼ 0.0015, and coefficient¼ 1.61 with P¼
0.0046, respectively).

The optimal linear model for the PRAA was
identified as follows: PRAA¼ 265.5� 5.66 (Standard
Error [SE] ¼ 1.14, P , 0.0001) 3 AL þ 130.5 (SE ¼
32.8, P ¼ 0.0004) 3 Maximum deflection amplitude
[mm]� 25.8 (SE¼ 8.05, P¼ 0.0032)3DA ratio 2 mm

(AICc ¼ 265.1). The log-likelihood of the optimal
model was significantly larger than that of the model
only with AL (AICc ¼ 274.7, P ¼ 0.0014, ANOVA).

Discussion

In the current study, we analyzed the relationship
between myopic retinal deformation estimated by
PRAA and corneal biomechanical properties repre-
sented by the new CST parameters, using 34 eyes of
34 healthy participants. As a result, PRAA was
significantly better described with the CST parame-
ters compared to the AL model only; eyes with small
PRAA (larger myopic retinal deformation) exhibited
narrow and shallow maximum corneal deflection.

As suggested by the optimal model for PRAA in
our study, decreased maximum deflection amplitude
(mm) and increased DA ratio 2 mm were associated
with the larger myopic retinal deformation (smaller
PRAA). Maximum deflection amplitude (mm) is the
amount of the corneal apex movement compensating
for the total eye movement during the examination,
whereas DA ratio 2 mm is calculated by the ratio
between the deformation amplitudes at the apex and
at 2 mm away from the apex.20 We recently
investigated the relationship between circumpapillary

Table 1. Demographic Data of the Subjects

Variables Value

Age, y, mean 6 SD (range) 41.9 6 17.8 (24–77)
Sex, male/female 18/16
Axial length, mm, mean 6 SD (range) 24.6 6 1.8 (21.5–28.1)
Spherical equivalent refractive error, D, mean 6 SD (range) �2.80 6 4.4 (�10.3–4.00)
Keratometry, mm, mean 6 SD (range) 8.00 6 0.420 (7.36–9.08)
PRAA, degree, mean 6 SD (range) 137 6 14.8 (102–162)

Table 2. Summary Statistics of Corvis ST Parameters

Variables Mean 6 Standard Deviation (Range)

Whole eye movement, mm 0.29 6 0.08 (0.17–0.54)
Whole eye movement, ms 22.20 6 0.91 (19.55–23.92)
Maximum deflection amplitude, mm 0.91 6 0.07 (0.75–1.05)
Maximum deflection amplitude, ms 16.29 6 0.70 (14.98–19.40)
DA ratio 1 mm 1.58 6 0.04 (1.50–1.66)
DA ratio 2 mm 4.32 6 0.32 (3.72–4.87)
ARTh 507.29 6 123.35 (362.61–888.78)
Integrated radius 7.94 6 0.87 (6.59–9.55)
SP-A1 100.25 6 18.91 (70.05–169.29)
CBI 0.08 6 0.14 (0–0.59)
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retinal nerve fiber layer (cpRNFL) peak angle and the
older CST raw parameters (version 1.00r30) and
cpRNFL peak angle was best described using AL and
CST � measured A1 length, A1 time, and A2 time
(cpRNFL peaks angle¼�901.1þ 132.73A1 lengthþ
27.8 3 A1 time þ 31.0 3 A2 time � 3.4 3 axial
length).16,28 The newer CST parameters were devel-
oped mainly to represent the elasticity and stiffness of
the cornea. Our study suggested PRAA was better
represented using the newer CST parameters of the
magnitude of maximum deflection amplitude and DA
ratio 2 mm, which enabled us to directly interpret the
obtained results.

Miki et al.29 examined the relationship between AL
and CST maximum deflection amplitude, and sug-
gested that greater maximum corneal deflection was
observed in eyes with longer AL. They inferred this
tendency was due to a low viscous damping property
in eyes with longer AL, which agreed with the
previous report that eyes with long AL had small
corneal energy absorption.16 However, of note,
myopic retinal deformation cannot be fully explained
only with AL and PRAA exceeded in its description,
as we reported previously.11 According to the current
result, eyes with greater myopic retinal deformation
(smaller PRAA) showed shallower maximum corneal
deflection. The entire mechanism of this finding is
unclear, but it may be because eyes with small PRAA
suggest that retinal deformation is particularly large
at the posterior pole of the eye and the shape of an
eyeball is distorted. If enlargement of an eye occurs

equally in the whole eye, PRAA would remain
relatively large. This implies eyes with PRAA (and
long AL) resist the deformation associated with the
elongation of an eye, and such eyes may show shallow
maximum corneal deflection. Furthermore, our re-
sults suggested that myopic retinal deformation was
better analyzed using DA ratio 2 mm, in addition to
maximum corneal deflection. As a result, it is
suggested that large myopic retinal deformation is
associated with long AL and small (narrow and
shallow) maximum corneal deflection in the CST
measurement.

There are a couple of limitations in our study.
First, this study had a retrospective and cross-
sectional nature. A further longitudinal study in a
younger population in particular will enable us to
better understand the relationship between myopic
retinal deformation and corneal biomechanical prop-
erties. Second, a further validation of the derived
optimal model is needed, preparing an independent
validation dataset, which should be conducted in a
future study. In addition, it would be further
informative if corneal topographic data are analyzed,
using Pentacam.

In conclusion, corneal biomechanical properties
measured using the new CST summary parameters
were associated with myopic retinal deformation.
Eyes with small PRAA (larger myopic retinal
deformation) had small (narrow and shallow) maxi-
mum corneal deflection.

Table 3. Results of Univariate Linear Regression Between PRAA and the Values of Age, Axial Length, Spherical
Equivalent Refractive Error, and Ten CST Parameters

Variables Coefficient SE P Value AICc

Age, y 0.281 0.139 0.052 281.5
Axial length, mm �4.33 1.25 0.0015* 274.7
Spherical equivalent refractive error, D 1.61 0.528 0.0046* 276.9
Whole eye movement, mm 80.9 28.0 0.0068* 277.7
Whole eye movement, ms 0.197 0.173 0.26 284.2
Maximum deflection amplitude, mm 70.6 33.2 0.041* 281.1
Maximum deflection amplitude, ms 0.113 0.176 0.53 285.1
DA ratio 1 mm �27.1 62.4 0.67 285.4
DA ratio 2 mm 4.48 8.07 0.58 285.2
ARTh 0.00249 0.0212 0.91 285.5
Integrated radius 1.69 3.01 0.56 285.2
SP-A1 �0.219 0.133 0.11 282.8
CBI 26.3 17.8 0.15 283.3

* P , 0.05.
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