@° PLOS | ONE

Check for
updates

E OPEN ACCESS

Citation: Yamashita T, Asaoka R, Kii Y, Terasaki H,
Murata H, Sakamoto T (2017) Structural
parameters associated with location of peaks of
peripapillary retinal nerve fiber layer thickness in
young healthy eyes. PLoS ONE 12(5): e0177247.
https://doi.org/10.1371/journal.pone.0177247

Editor: Demetrios G. Vavvas, Massachusetts Eye &
Ear Infirmary, Harvard Medical School, UNITED
STATES

Received: February 8, 2017
Accepted: April 24, 2017
Published: May 25, 2017

Copyright: © 2017 Yamashita et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
file.

Funding: This study was sponsored in part by a
grant from the Japan Society for the Promotion of
Science and Suda memorial glaucoma research
grant. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

RESEARCH ARTICLE

Structural parameters associated with
location of peaks of peripapillary retinal nerve
fiber layer thickness in young healthy eyes

Takehiro Yamashita', Ryo Asaoka?, Yuya Kii', Hiroto Terasaki', Hiroshi Murata?,
Taiji Sakamoto'*

1 Department of Ophthalmology, Kagoshima University Graduate School of Medical and Dental Sciences,
Kagoshima, Japan, 2 Department of Ophthalmology, The University of Tokyo, Tokyo, Japan

* tsakamot @ m3.kufm.kagoshima-u.ac.jp

Abstract

The location of the peaks of the circumpapillary retinal nerve fiber layer (cpRNFL) thickness
is affected by several ocular parameters. In this study, we have generated equations that
can determine the peaks of the cpRNFL. This study was a prospective, observational, cross
sectional study of 118 healthy right eyes. The axial length, optic disc tilt, superiortemporal
(ST)- and inferiortemporal (IT)-peaks of the cpRNFL thickness, and angles of the ST and IT
retinal arteries (RA) and veins (RV) were determined. The correlations between the location
of the ST- and IT-peaks and ocular structural parameters and the sex, body height and
weight were calculated. The best fit equations to generate the location of the ST/IT-peaks
were determined using corrected-Akaike Information Criteria. The location of the ST-peak
was 0.72+(0.40 x ST-RA)+(0.27 x ST-RV)+(0.14 x height)—(0.47 x papillo-macular-posi-
tion)—(0.11 x disc tilt) with a coefficient of correlation of 0.61 (P<0.0001). The location of the
IT-peak was 21.88+(0.53 x IT-RA)+(0.15 x IT-RV)+(0.041 x corneal thickness)-(1.00 x axial
length) with a coefficient of correlation of 0.59 (P<0.0001). The location of ST/IT peaks is
determined by different parameters of the ocular structure. These equations allow clinicians
to obtain an accurate location of the peaks for a more accurate diagnosis of glaucoma.

Introduction

The axons of the retinal ganglion cells (RGCs) can be damaged in eyes with increased intraoc-
ular pressure, i.e., glaucomatous eyes, and the damage is irreversible. Thus, an early diagnosis
of glaucoma is essential in preventing this damage. The results of earlier studies suggested that
the structural changes around the optic nerve head (ONH) [1]. and the thickness of the retinal
nerve fiber layer (RNFL) around the optic disc [2] preceded the visual field (VF) defects. Thus,
assessment of these parameters in eyes suspected of having glaucoma is important for an early
diagnosis of glaucoma.

The improvements of optical coherence tomography (OCT) have made it possible to mea-
sure the circumpapillary RNFL (cpRNFL) thicknesses easier and more accurately [3-8]. These
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measurements have shown that there are two major peaks in the cpRNFL thickness profile, the
supratemporal peak (ST) and the infratemporal (IT) peak. Importantly, several studies have
shown that the location and height, i.e., the thickness, of the peaks of the cpRNFL can be help-
ful in diagnosing glaucoma [9-12].

However, there is a problem in using these parameters in healthy myopic eyes because the
location and height of the peaks can be different from that of healthy emmetropic eyes [9-13].
To resolve this problem, efforts have been made to determine the profile of the cpRNFL thick-
nesses in healthy myopic eyes, however the findings have not been transferred to the clinic
because of the many factors that can affect the cpRNFL thickness. Thus, it has been shown that
the cpRNFL profile can be affected by the location of the supratemporal (ST) and infratem-
poral (IT) retinal arteries [9, 14-16]. In addition, the locations of the papillo-macular bundle
and the ovality of the optic disc can also affect the cpRNFL thickness profile [17, 18]. Unex-
pectedly, it was shown that the thickness of the central and temporal regions of the retina and
the axial length of the eye were significantly correlated with the body height [19-22]. In addi-
tion, we have shown that the degree of optic disc tilt can also affect the cpRNFL thickness pro-
file [23]. Because of the many structural factors of the eye and body that can affect the cpRNFL
thickness, it would be helpful to have an equation that can be used to determine the locations
and heights of the peaks of the cpRNFL thickness.

The hypothesis of the current study is that the locations of cpRNFL peak angles can be bet-
ter predicted by using multiple parameters, such as the locations of the retinal artery and vein,
optic disc tilt and body height. Thus, the purpose of this study was to determine whether we
can construct a mathematical expression or equation that can determine the location of the
peaks of the cpRNFL in young healthy eyes which can then be used as the normative values to
differentiate non-glaucomatous eyes from glaucomatous eyes more accurately and easily. To
do this, the relationship between the locations of the peaks of the cpRNFL thickness, and the
locations of the retinal arteries and veins, optic disc tilt and ovality ratio, corneal thickness,
body height and weight, sex, location of the papillo-macular bundle, and the axial length were
examined. The upper and lower halves of the cpRNFL were analyzed separately because the
location of the damaged RNFL differs in eyes with glaucoma [24]. As a result, different param-
eters were identified to be related to the locations of upper and inferior peaks of cpRNFL
thickness.

Methods
Ethics statement

All of the procedures used conformed to the tenets of the Declaration of Helsinki. A signed
informed consent was obtained from all of the subjects after an explanation of the procedures
to be used. The study was approved by the Ethics Committee of Kagoshima University Hospi-
tal, and it was registered with the University Hospital Medical Network (UMIN)-clinical trials
registry: “Morphological analysis of the optic disc and the retinal nerve fiber in myopic eyes”
(registration number was UMIN000006040). A detailed protocol is available at https://upload.
umin.ac.jp/cgi-open-bin/ctr/ctr.cgi?function=brows&action=brows&type=
summary&recptno=R000007 154&language=]. The results presented in this manuscript are
part of the overall study [9, 14].

Subjects

This was a cross sectional, prospective, observational study of 133 eyes of 133 volunteers who
were enrolled between November 1, 2010 and February 29, 2012. The participants had no
known eye diseases as determined by examining their medical charts, and the data from only

PLOS ONE | https://doi.org/10.1371/journal.pone.0177247 May 25,2017 2/11


http://www.arvo.org/eweb/dynamicpage.aspx?site=arvo2&webcode=Helsinki
https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr.cgi?function=brows&action=brows&type=summary&recptno=R000007154&language=J
https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr.cgi?function=brows&action=brows&type=summary&recptno=R000007154&language=J
https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr.cgi?function=brows&action=brows&type=summary&recptno=R000007154&language=J
https://doi.org/10.1371/journal.pone.0177247

@° PLOS | ONE

Peaks of RNFL and structure of the optic disc

the right eyes were analyzed. To eliminate the ageing and cohort effects, only young adults
were studied. The inclusion criteria were: age between 20 and 40 years; no pathological find-
ings by slit—lamp biomicroscopy, ophthalmoscopy, and OCT; best corrected visual acuity
(BCVA) <0.1 logarithm of the minimum angle of resolution (logMAR) units; and an intraocu-
lar pressure (IOP) <21 mmHg measured with pneumotonometer (CT-80, Topcon, Tokyo,
Japan). The exclusion criteria were: known ocular diseases such as glaucoma, staphyloma, and
optic disc anomalies; systemic diseases such as hypertension and diabetes; presence of VF
defects; and history of refractive or intraocular surgery. None of the eyes was excluded because
of poor OCT image quality caused by poor fixation.

Measurement of axial length, central corneal thickness, and body height
and weight

The axial length was measured with the AL-2000 ultrasound instrument (TOMEY, Nagoya,
Japan), and the central corneal thickness was measured with the SP-3000P (TOPCON, Tokyo,
Japan). The body height and weight were measured without excess clothing and shoes.

Locations of supratemporal (ST) and infratemporal (IT) peaks of RNFL
thickness, and locations of supratemporal and infratemporal retinal
arteries and veins, location of papillo-macular position (PMP), and
degree of optic disc ovality and tilt

The cpRNFL thickness was measured in the 3.4 mm circle scan images of the optic nerve head
obtained by the TOPCON 3D OCT-1000 MARK II. In this protocol, 1024 A-scan/circles, 16
overlapping B-scan/images, and direct B-scan observations were made. The OCT images and
the color fundus photographs were recorded at the same time. The optical system and software
of the OCT instrument can detect the edge of the optic disc, and the scan circle is centered
automatically on the optic disc just before the OCT image is recorded. To correct for errors in
the centering of the scan circle, one examiner (YK) checked offline to determine that the center
of the scan circle had been located at the center of the optic disc. The center of the scan circle
was used as the center of the optic disc.

Then the temporal-superior-nasal-inferior-temporal (TSNIT) thickness curve was dis-
played and used to determine the location of the ST and IT peaks in angular values with 0° at
the 12 o’clock position. The distance between the ST and IT peaks of the RNFL thickness
curve was determined by dragging a vertical line in the cpRNFL thickness curve from the ST
peak to the IT peak with the Photoshop CS5 program. Then, the distance between the peaks of
the TSNIT curve was converted to an angular value by dividing the distance by the entire dis-
tance then multiplied by 360 (Fig 1) [9].

In the TOPCON 3D OCT-1000 MARK II, the color fundus photographs and the OCT
images are taken at the same time, and a green circle was traced over the scanned circle in the
photographs. Using the center of the green circle and the intersection of the ST and IT major
retinal arteries and the green circle, the angle between the ST and the IT major retinal artery
and the temporal horizontal line was measured. The angle between the ST or IT major retinal
vein and temporal horizontal line was measured by the same method [9,10]. We named these
the ST and IT retinal artery (ST- and IT-RA) and the ST and IT retinal vein (ST- and IT-RV)
angles (Fig 1).

The papillo-macular position (PMP) is the angle formed by a horizontal line and the line
connecting the optic disc center and the fovea in the color fundus photograph [25]. The center
of the optic disc was the center of the green scan circle. The ovality ratio was determined on
the color fundus photographs as described in detail [26]. The maximum and minimum disc
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ST peak = A/X X 360
IT peak = B/X x 360

Fig 1. Schematic drawings of ocular and systemic parameters related to the examined ST-peak and IT-peak. ST:
supratemporal, IT: infratemporal.

https://doi.org/10.1371/journal.pone.0177247.9001

diameters were measured by a single observer using the Photoshop software. We defined the
vertically axis of the disc as the longest diameter that was less than 45 degrees of the geometric
vertical axis, and the horizontal axis as the longest diameter that was more than 45 degrees of
the geometric vertical axis. The degree of ovality or ovality ratio was determined by dividing
the maximum by the minimum disc diameters (Fig 1).

The degree of disc tilt was determined as described in detail in our previous publication
[23]. In short, the course of the retinal pigment epithelium (RPE) was marked on the B-scan
images of the RNFL circle scans, and the coordinates of each pixel were determined automati-
cally using the Image] program (Image J version 1.47, National Institutes of Health, Bethesda,
MD; available at: http://imagej.nih.gov/ij/). The x” and ‘y’ coordinates of the B-scan images
were adjusted with the center of the optic disc as the origin and the adjusted data were approx-
imated by a sine wave equation (y = a*sin(b*x-c)) with the curve fitting program of Image].
The constants ‘@’, ‘b’, and ‘c’ were calculated by the least squares curve fitting program of Ima-
geJ, and the constant ‘a’ was considered to be the degree of the optic disc tilt relative to the
fovea (Fig 1). Eyes were stationary throughout the measurements and the retinal plane of the
macular area was vertical to the optical axis of the eye.
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Statistical analyses

The relationships between the locations of the ST- and IT- peaks and the ST- and IT-RAs, ST-
and IT-RVs, sex, body height and weight, axial length, corneal thickness, optic disc tilt, ovality
ratio, and papillo-macular bundle location were determined by linear regression analysis. In
this analysis, a confounding factor was that between the body height and sex because men are
generally taller than women. The best linear model was then selected among all possible com-
binations of predictors based on the second order bias corrected Akaike Information Criterion
(AICc) index. The AIC is a statistical measure used in model selection, and the A+ICc is a cor-
rected type of the AIC, which provides an accurate estimation especially when the sample size
is small [27]. It is recommended that the model selection methods be used rather than multi-
variate regression model to improve the model fit by removing redundant variables because
the degrees of freedom in a multivariate regression model decreases with a large number of
variables. The best linear models were also determined after standardizing each variable. This
process does not change the variables included in the best model.

All statistical analyses were performed with the statistical programming language ‘R’ (R ver-
sion 2.15.1; The Foundation for Statistical Computing, Vienna, Austria).

Results

One hundred and thirty-three Japanese volunteers were examined. Seven eyes were excluded
because of ocular diseases or prior ocular surgery, three eyes because of superior segmental
optic hypoplasia, one case because of glaucoma, and three cases because of prior laser-assisted
in situ keratomileusis. Eight other eyes were excluded because of difficulty in identifying the
position of the peak of the RNFLT. In the end, the right eyes of 118 individuals were analyzed
(Table 1).

The demographic information of the participants is presented in Table 2. The
mean + standard deviation of the age was 25.9 + 4.0 with a range of 22 to 40 years, and the
mean axial length was 25.4 + 1.4 with a range of 22.4 to 28.6 mm. The location of the mean ST
peak was at 60.5° £11.3° with a range of 31.2° to 86.5°, and the location of the mean IT-peak
was at 63.2° £11.7° with a range of 38.1° to 90.0° (Fig 2).

The ST-RA, ST-RV, body height, PMP, and optic disc tilt were found to be significant asso-
ciated with the location of the ST-peak. The best-selected equation to determine the location
of the ST peak was;

ST-peak = 0.72 + (0.40 x ST-RA) + (0.27 x ST-RV) + (0.14 x height) — (0.47 x PMP)
— (0.11 x disc tilt).

Table 1. Study subjects.

Enrolled subjects 133 right eyes of 133 individuals
Excluded subjects

Superior segmental optic hypoplasia 3eyes

Glaucoma 1eye

Prior laser-assisted in situ keratomileusis 3 eyes

Difficulty in identifying the position of the peaks of the RNFLT 8 eyes
Analyzed subjects 118 eyes

RNFLT: retinal nerve fiber layer thickness

https://doi.org/10.1371/journal.pone.0177247 1001
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Table 2. The demographic information of the participants.
Demographics

Age, mean * SD (range)

Sex (male: female)

Height, cm, mean * SD (range)

Weight, kg, mean * SD (range)

Central corneal thickness, pm, mean * SD (range)

Axial length, mm, mean * SD (range)

Supratemporal peak cpRNFL angle, degrees, mean * SD (range)
Infratemporal peak cpRNFL angle, degrees, mean * SD (range)
Supratemporal retinal artery angle, degrees, mean * SD (range)
Infratemporal retinal artery angle, degrees, mean * SD (range)
Supratemporal retinal vein angle, degrees, mean * SD (range)
Infratemporal retinal vein angle, degrees, mean * SD (range)
Disc tilt, degrees, mean * SD (range)

Ovality ratio, mean * SD (range)

Pappilo-macular position, degrees, mean * SD (range)

SD: standard deviation, cpRNFL: circumpapillary retinal nerve fibre layer

https://doi.org/10.1371/journal.pone.0177247 1002

Values

25.9+4.0 (22 to 40)

80: 38

167.5+8.4 (149.5t0 185.5)
63.3+12.4 (42.7 t0 119.0)
508.4+27.4 (435.0 to 582.0)
25.4+1.4 (22.4 t0 28.6)
60.5+11.3 (31.2t0 86.5)
63.2+11.7 (38.1 t0 90.0)
62.0£12.2 (29.4 10 95.2)
66.7 +14.3 (24.2t0 100.4)
65.1 £13.6 (27.7 to 102.2)
70.7 £15.5 (39.8 to 102.1)
37.6+£17.2 (17.2t0 80.8)
0.89+0.11 (1.18 t0 0.60)
5.5+3.4 (-3.58 t0 12.8)

The coefficient of correlation for this relationship was adjusted r* = 0.51 (P <0.0001). After

standardization of each variable, the equation model was;

ST-peak = (4.8 x 107%) + (0.44x ST-RA) + (0.33x ST-RV) + (0.11 x height)

— (0.14x PMP) — (0.17 x disc tilt).

In the best model for the IT-peak, IT-RA, IT-RV, corneal thickness, and axial length were
selected as significant predictors. The equation for the best-selected model was;

IT-peak = 21.88 + (0.53 x IT-RA) + (0.15 x IT-RV) + (0.041 x corneal thickness)

— (1.00 x axial length).

The coefficient of correlation was adjusted r? = 0.59 (P <0.0001). After standardization of

each variable, this equation was calculated as;

IT-peak = (—1.4x107"°) + (0.65 x IT-RA) + (0.19 x IT-RV) + (0.096 x corneal thickness)

— (0.12 x axial length).

Discussion

We have determined equations that can calculate the locations (in degrees) of the ST- and the
IT-peak thicknesses by using the contributions of the different factors correlated with the ST-

and IT-peaks.

During the analyses, many issues were raised. First, the peak of the RNFL thickness was sig-
nificantly correlated with the angles made by the ST and IT major arteries and veins with the
line connecting the fovea and the center of the optic disc. The standardized index was 5.44 for
the ST artery and 10.15 for the IT artery. The angle of the retinal artery was the strongest
parameter in this polynomial equation. Similarly, the angle of the retinal vein was the second
strongest factor; 4.68 for the ST-vein and 3.02 for the IT vein. This is consistent with our earlier
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Fig 2. Histogram of supratemporal and infratemporal peak circumpapirally retinal nerve fiber layer
thickness angle (ST- and IT-peak). ST: supratemporal, IT: infratemporal.

https://doi.org/10.1371/journal.pone.0177247.g002

findings that the trajectory of the supra- and infra-temporal retinal nerve fiber bundles were
significantly correlated with the trajectory of the supra- and infra-temporal retinal arteries and
veins [14].

It is important to note that the variables selected by the statistical analyses differed for the
ST peak and IT peak (Fig 2). For the ST-peak, the optic disc tilt, PMP, and body height were
found to be significantly correlated to the ST peak. The more the optic disc tilted, the smaller
was the thickness of the RNFL at its peak. Thus, the ST-peak was closer to the macula in an eye
whose optic disc tilted more. The degree of optic disc tilt was significantly associated with the
angle it made with the visual axis and the PMP. These findings indicate the relative location of
the center of the optic disc relative to the fovea. Therefore, these results suggest that the ST
RNFLT peak location was affected by the relative three-dimensional location of the optic disc
against the fovea (Fig 3).

Supratemporal RNFL peak thickness position (upper green double arrow heads) is affected
by the location of the papillo-macular position (white double arrow heads), optic disc tilt

Fig 3. Factors affect supratemporal RNFL peak thickness position.

https://doi.org/10.1371/journal.pone.0177247.g003
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(yellow double arrow heads) and body height (black double arrow heads). Infratemporal
RNFL peak position (lower green double arrow heads) was affected by corneal thickness (pur-
ple double arrow heads) and axial length (brown double arrow heads). Both RNFL peaks were
affected by retinal artery position and retinal vein position (blue and red points).

There was a tendency for the location of the ST peak to be larger as the body height
increased. Most population-based studies have shown a significant positive correlation
between the body height and axial length of the eye [20-22]. However, there was no significant
correlation between the body height and the axial length in the subjects in this study. The loca-
tion of the IT peak was not significantly correlated with the body height. The enlargement of
eye after birth must be more complicated than is generally believed. More detailed analyses are
required to learn how the different structures of eye and body affect the RNFL thickness and
the locations of the peaks. We are performing a cohort study on the relationship between
growth of the body and the eye structures in a Japanese population which should provide
insights on this relationship.

The location of the IT peak of the RNFL thickness was significantly correlated with the cor-
neal thickness and axial length. Specifically, the angle of the IT peak was closer to fovea in eyes
with a longer axial length and a thinner cornea. It is interesting to note that a thin cornea and
long axial length are established risk factors for open angle glaucoma. In addition, the VF
changes in the early stages of glaucoma are mainly observed in the lower temporal region
more than the upper temporal region [24,28-31]. The present finding may explain why this
relationship exists in eyes with early glaucoma.

It was somewhat unexpected to find that the structural changes associated with the RNFL
thickness were different for the upper and lower retina. There must be different factors in the
growth and developmental pattern in the upper and lower halves of the eye. Indeed, the initial
changes of visual field defects in glaucoma are not necessarily the same in the lower and upper
fields. This issue needs further investigation in glaucomatous eyes.

This study has limitations. One limitation was that the study population was made up of
young Japanese volunteers who are known to belong to the most myopic group in the world
[32]. Thus, our results describe the characteristics of young myopic eyes, but might not neces-
sarily hold for older and non-myopic populations. On the other hand, the reliability of the
examination was very high because no pathological factors such as cataract or vitreal opacities
were present in young healthy individuals and the understanding of the examination was high.
In addition, the narrow range of age prevented the interference of cohort effects and aging
effects. Another limitation was that the number of female participants was fewer than male
participants (80 men vs 38 women). We performed multiple regression analysis with sex, how-
ever the effect of sex could not be clearly observed in the current study. However it has been
reported that there is a sex difference in the development of glaucoma [33]., and different
results could be observed when the investigations were carried out collecting larger number of
female participants. An epidemiological study should help generalizing the present results to
other populations.

In conclusion, we determined an equation that can calculate the location of the peak of the
cpRNFL thickness. The angles of the retinal arteries and veins were strongly correlated with
both the ST- and IT-peaks. The body height, papillo-macular location, and optic disc tilt were
significantly correlated to the position of ST-peak. The corneal thickness and axial length were
significantly correlated with the location of the IT-peak. This information should be useful in
determining the pathological mechanism causing the RNFL damage of either the upper or
lower retinal areas in glaucomatous eyes.
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