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Chapter 1

General introduction

1

Glaucoma has become the leading cause of global irreversible blindness (Tham et
al., 2014; Bourne et al., 2016). It has been estimated that 64 million people aged
40–80 years were affected by glaucoma worldwide in 2013, and this number is
predicted to increase to 76 million in 2020 and to 112 million in 2040 (Bourne et
al., 2016). Glaucoma is a heterogeneous group of diseases characterized by
progressive loss of retinal ganglion cells (RGCs), thinning of the retinal nerve
fiber layer (RNFL) and loss of visual field function. Primary open angle glaucoma
(POAG) is one of major types of glaucoma, which comprises the majority of
glaucoma cases around the world. It is well known that the progression of POAG
can be limited with effective treatment (Leske et al., 2003). As POAG is usually
painless and symptoms occur late, early detection is important.

1. Diagnosing Glaucoma

Currently, there is not yet a single discriminatory test to diagnose glaucoma
accurately. The diagnosis of glaucoma relies mainly on the assessment of
structural damages of the optic nerve and corresponding functional damages (such
as visual field defects). Evaluation of both the structural and functional damage of
the optic nerve is important in glaucoma diagnosis. Glaucomatous structural
damage of the optic nerve head includes retinal nerve fibre layer thinning,
neuroretinal rim tissue loss (presented as an enlargement and deepening of the
optic disc cup), and optic disc hemorrhages. These structural changes can be
evaluated by ophthalmoscopy in clinical practice or by imaging modalities.
However, considerable anatomical variation of the measurements of the optic
nerve has been widely reported, which may confound the detection of glaucoma
(Ghadiali et al., 2008; Wang et al., 2013; Cheung et al., 2011; Mwanza et al.,
2011).

2. Myopia and glaucoma

Myopia has been emerging as a global public health issue because of its growing
prevalence during the past few decades, especially in China. Xu et al. reported in
2

the Beijing Eye Study that the prevalence of myopia for definitions of spherical
equivalent (SE) of <−0.50 D, and <−6.0 D were 22.9% and 2.6% in people aged
40 to 90 years, respectively (Xu et al., 2005). In another rural Chinese adult (aged
30 years and older) population study, the prevalence of myopia, defined as a
spherical equivalent (SE) in the right eye of more than -0.5 diopter (D), was
reported to be 26.7% (Liang et al., 2009).

The association between myopia and glaucoma has been well described
previously (Marcus et al., 2011). Although the underlying mechanism between
myopia and glaucoma is not fully understood, several population-based studies
demonstrated that the prevalence of glaucoma increased with increasing myopia
(Marcus et al., 2011). As myopia is a worldwide common condition and a major
risk factor for glaucoma (Marcus et al., 2011; Morgan et al., 2012), it is clinically
important to be able to diagnose glaucoma in myopic subjects. However, myopia
has been reported to be associated with anatomical changes of the optic disc,
increased intraocular pressure, and visual field defects. These factors make the
diagnosis of glaucoma in myopic subjects challenging.

2.1. Challenges of functional assessment in diagnosing glaucoma in myopic
eyes

It is well known that myopic eyes are associated with a variety of visual field
defects (Chang et al., 2013; Shoeibi et al., 2017; Lee et al., 2018). Optic disc tilt,
disc torsion, and peripapillary atrophy (PPA) have been reported to be associated
with myopia and visual field abnormalities (Tay et al., 2005; Shimada et al., 2007;
Lee et al., 2014; Sung et al., 2016). This hampers the use of perimetry for
excluding glaucoma in cases in which the optic disc is difficult to assess.

2.2. Challenges of structural assessment in diagnosing glaucoma in myopic
eyes

3

Myopia is characterized by axial elongation of the eyeball. Besides, asymmetrical
elongation could exist in myopic eyes. Different globe shape, including spheroidal,
ellipsoidal, conical, nasally distorted, temporally distorted, and barrel shapes have
been reported in myopia especially high myopia (Guo et al., 2017). Due to the
globe elongation, myopia is associated with optic disc abnormalities and ocular
complications. It has been reported that myopic eyes are more likely to have tilted,
rotated, large disc (Takasaki et al., 2013; Sung et al., 2016). Moreover, myopic
eyes are associated with chorioretinal abnormalities such as chorioretinal atrophy,
posterior staphyloma, and myopic maculopathy (Chang et al., 2013; Ohno-Matsui
et al., 2016). As a result, anatomical structures of myopic eyes easily fall outside
the normal limits based on emmetropic eyes, and if the normal limits would be
widened to include the myopic eyes as well, early glaucoma could easily be
overlooked.

3. Assessing structure in glaucoma

3.1. Assessment of the optic disc

Glaucomatous ONH changes are characterized by enlargement of the cup-disc
ratio, progressive neuroretinal rim thinning, disc hemorrhages, and definite disc
cupping in severe cases (Spaeth et al., 2006; Kim et al., 2017). Before the
development of imaging devices (see 3.2.), assessment of the ONH was usually
based on fundus biomicroscopy or photography (Figure 1). Jonas et al. first
introduced the ISNT rule for glaucoma diagnosis (Jonas et al., 1988; Jonas et al.,
1998). This rule describes that, in healthy eyes, the thickness of the rim follows
the pattern inferior > superior > nasal > temporal.

4

Figure 1. A normal optic disc (A) and a glaucomatous optic disc (B).

It has been reported that optic discs in myopic eyes can be abnormally small or
abnormally large (Hawker et al., 2006). It is also well known that myopic eyes are
associated with disc tilt, disc torsion, and PPA (Figure 2) (Tay et al., 2005;
Marsh-Tootle et al., 2017). These disc anomalies make it difficult to determine
the disc margin in myopic eyes, hampering the determination of the cup-disc ratio
and the application of the ISNT rule.

Figure 2. A typical myopic optic disc.
5

3.2. Imaging techniques for assessment of structure in glaucoma

Traditionally, assessment of the optic nerve is based on fundus biomicroscopy or
photography. However, these two methods, especially biomicroscopy, rely on the
ability and experience of the observer which leads to considerable variability
amongst observers (Abrams et al., 1994). Recently, several non-invasive imaging
techniques including confocal scanning laser ophthalmoscopy (HRT) and optical
coherence tomography (OCT) have been developed for objective assessment of
glaucomatous structural damage (Huang et al., 1991; Woon et al., 1992; Schuman
et al., 1995; Fallon et al., 2017). OCT is the primary technique used in this thesis.
HRT has been used in some of the studies as well.

The confocal scanning laser ophthalmoscope of the HRT uses a diode laser (670
nm) to scan the retinal surface at multiple focal planes axially along the optic
nerve head. Subsequently, a three-dimensional image is constructed. By setting a
reference plane placed on the retinal surface, relative topographic measurements
(disc area, rim area, cup to disc ratio, etc) can be calculated. Previous studies have
shown that HRT is useful in the diagnosis and progression monitoring of
glaucoma (Leung et al., 2010; Lucenteforte et al., 2015).

Optical coherence tomography (OCT) is a high-resolution imaging technique that
allows for in vivo cross-sectional imaging of the ONH and retina. OCT
technology is based on low-coherence interferometry. It measures the reflectivity
for near infrared radiation of retinal tissue, with a high axial resolution (1 to 5 μm).
A measurement at a single location is called an A-scan (reflectivity along a line
perpendicular to the retina). A series of A-scans provide a B-scan, and a series of
B-scans gives a 3D image of the retina. Scan speeds of more than 50000 A-scans
per second have been reported (Kiernan et al., 2010). With OCT, the peripapillary
retinal nerve fiber layer as well as individual macular inner retinal layers can be
measured (Figure 3). It has been shown that measurements of the macular area
and the optic nerve head (ONH) are useful in glaucoma diagnosis and disease
monitoring (Lucenteforte et al., 2015; Dong et al., 2016; Oddone et al., 2016).
6

Figure 3. The optic disc scan (A) and macula scan (B) made with a commercial OCT
instrument. A. Left: The 6×6 mm2 optic disc scan area with a 3.4 mm diameter
measurement circle (green circle) centered at the optic disc; Right upper: The
reconstructed cross sectional image (B scan image) of the peripapillary retina at the
measurement circle, with segmented retinal nerve fiber layer (RNFL); Right lower: The
peripapillary RNFL thickness profile at the measurement circle as derived from the cross
sectional image. B. Left: The 6×6 mm2 macular scan area (green square) centered at the
macula; Right: The cross sectional image (B scan image) of the macula with segmentation
of individual retinal layers.
NFL: nerve fiber layer; GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner
nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; IS/OS: photoreceptor;
RPE: retinal pigment epithelium.

3.3. Assessment of the peripapillary RNFL

Evaluation of peripapillary RNFL is useful for the assessment of glaucomatous
damage. The RNFL can be assessed through ophthalmoscopy and by using
imaging techniques such as red-free fundus photography and OCT imaging.
Evaluation of the RNFL in red-free fundus photos is much more difficult in
7

myopic eyes, and especially in high myopic eyes, due to atrophy and thinning of
choroid and retina (decreased visibility of the RNFL).

Although in vivo measurement of RNFL thickness with OCT is emerging as an
important diagnostic technology for glaucoma (Figure 4), considerable anatomical
variation of the RNFL thickness profile has been reported, which confounds the
assessment of glaucoma (Ghadiali et al., 2008; Wang et al., 2013; Cheung et al.,
2011). Previous studies have investigated the peripapillary RNFL thickness
profile in myopic eyes (Kim et al., 2010; Hong et al., 2010; Wang et al.,
2010; Leung et al., 2012; Yamashita et al., 2017). It has been shown that myopic
eyes have a thicker temporal RNFL (Kim et al., 2010; Wang et al., 2010). Leung
et al. (2012) studied the radial axes of the superotemporal and inferotemporal
RNFL bundles as determined in the RNFL thickness map in 189 myopic eyes.
They reported that the superotemporal and inferotemporal RNFL bundles
converge temporally with increasing myopia (Leung et al., 2012).

A high proportion of abnormal (that is, false-positive, Figure 5) diagnostic
classification for OCT RNFL thickness measurements was reported in healthy
subjects, especially in myopic subjects (Qiu et al., 2011; Aref et al., 2014; Kim et
al., 2015). This could hamper the diagnostic performance of RNFL parameters in
myopic eyes. Indeed, a worse diagnostic performance of RNFL parameters was
reported in myopic eyes compared to nonmyopic eyes (Choi et al., 2013; Akashi
et al., 2015). It has been reported that the diagnostic performance of RNFL
measurements for the detection of glaucoma in myopia significantly improved
after application of a myopic normative database (Biswas et al., 2016; Seol et al.,
2017).

8

Figure 4. A peripapillary RNFL thickness printout from a glaucoma patient made with a
commercial OCT instrument (Cirrus HD OCT). The patient has glaucoma in his left eye.
He has a normal visual field in his right eye and a superior visual field defect in his left
eye. The OCT printout shows thinning of the RNFL in the inferior region (in agreement
with a superior visual field defect) in the left eye and a normal RNFL thickness in the
right eye, based on the built-in normative database.

9

Figure 5. A peripapillary RNFL thickness printout from a healthy myopic subject made
with the same commercial OCT instrument as Figure 4. The subject has normal visual
fields in both eyes. The OCT printout shows thinning of the RNFL (false-positive results)
in both eyes, based on the built-in normative database.

3.4. Assessment of macular thickness and macular inner retinal layers

The macular region is important for the assessment of glaucomatous damage, as
this area has the highest density of retinal ganglion cells (RGCs) (Curcio et al.,
10

1990; Hood et al., 2013). With the development of OCT technology, in vivo
measurement of the thickness of various macular layers has become feasible. This
includes the macular RNFL (mRNFL), the ganglion cell-inner plexiform layer
(GCIPL), and the ganglion cell complex (GCC; a combined measurement of
mRNFL and GCIPL). A significant thinning of the thickness of the macular inner
retinal layers has been reported in glaucomatous eyes, compared to
nonglaucomatous eyes (Figure 6). Previous studies have shown that thickness
measurements of macular inner retinal layers have a similar glaucoma
discriminating performance when compared to thickness measurements of the
peripapillary retinal nerve fiber layer (pRNFL) (see Springelkamp et al., 2014 for
an overview).

While macular measurements with OCT are useful for glaucoma detection,
significant variation of macular structures in healthy individuals and especially
myopic subjects has confounded the detection of glaucoma (Figure 7) (Lam et al.,
2007; Mwanza et al., 2011; Koh et al., 2012; Takeyama et al., 2014; Zhao et al.,
2013; Kim et al., 2015; Leal-Fonseca et al., 2014; Aref et al., 2014; Akashi et al.,
2015; Zhao et al., 2016;). As such, the macula does not offer a simple solution for
the confounding effects of myopia in the assessment of the peripapillary RNFL.
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Figure 6. Two macular imaging printouts from a normal eye (A) and a glaucomatous eye
(B) made with a commercial OCT instrument (Topcon 3D OCT 2000). A: The printout
shows that the thicknesses of the RNFL (retinal nerve fiber layer), GCL+ (ganglion cell
layer and inner plexiform layer), and GCL++ (combination of RNFL and GCL+ ) are
within normal range. B: The printout shows significant thinning (mainly in inferior region)
of the RNFL, GCL+, and GCL++.

12

Figure 7. A macular imaging printout from a healthy myopic eye made with the same
commercial OCT instrument as Figure 6. The printout shows significant thinning of the
RNFL (retinal nerve fiber layer), GCL+ (ganglion cell layer and inner plexiform layer),
and GCL++ (combination of RNFL and GCL+), based on the built-in normative database.

3.5. Assessment of the retinal nerve fiber bundle (RNFB) trajectories and
structure-function map

As there is no single discriminatory test to diagnose glaucoma accurately, a
detailed anatomical knowledge of the retinal nerve fiber bundle (RNFB)
trajectories is helpful to integrate structure and functional visual field data to
produce the structure-function map, which could improve the detection of
glaucoma. Based on fundus photographs, the Garway-Heath model for describing
nerve fiber bundle trajectories was reported in 2000 and has been shown to be
13

useful in clinical practice. Later, several other models describing the RNFB
trajectories have been reported (Wigelius, 2001; Ferreras et al., 2008; Turpin et al.,
2009; Jansonius et al., 2009). Moreover, a considerable variability of the RNFB
trajectories was reported and the influence of refraction/axial length has been
studied (Denniss et al., 2012; Jansonius et al., 2012; Lamparter et al., 2013). The
exact role of myopia in these maps still has to be defined.

4. Aim and outline of this thesis

Diagnosing glaucoma in myopic eyes is challenging. The aim of the current thesis
is to uncover the determinants and characteristics of the anatomical structures
relevant to glaucoma in myopic eyes. For this purpose, we studied:
(1). The determinants and characteristics of the RNFB trajectories in myopic eyes;
(2). The determinants and characteristics of the pRNFL thickness profile in
myopic eyes;
(3). The determinants of macular inner retinal layer thicknesses in myopic eyes;
(4). The glaucoma diagnostic classification based on thickness measurements of
the pRNFL and the macular inner retinal layers in myopic eyes, as provided by
commercially available OCT devices.

Chapter 2 addresses the question whether retinal vessel topography affects the
RNFB trajectories in the Caucasian human retina. In Chapter 3, the
characteristics and determinants of the RNFB trajectories in Chinese myopic eyes
are determined and compared to that of Caucasians.

Chapter 4 evaluates the ISNT rule in myopic eyes. In this chapter, application of
the ISNT rules to both the pRNFL thickness and the neuroretinal rim area in
healthy myopic eyes is investigated and discussed.

In Chapter 5, I assess the influence of various ocular factors on the pRNFL
thickness profile in healthy myopic eyes. Of all the included ocular factors, retinal
vessel topography was uncovered as the most prominent predictor of the RNFL
14

thickness profile, for both the superior and the inferior hemiretina. Chapter 6
describes the characteristic patterns of RNFL defects relative to the major retinal
vessels in myopic eyes with and without glaucoma. This is a follow-up of the
study described in Chapter 5, which confirms the important influence of the
retinal vessel topography on the RNFL thickness profile. In this study, a simple
and valuable approach for differentiating between false-positive and glaucoma in
myopic eyes is described and discussed.

Chapter 7 and Chapter 8 evaluate the effect of the disc-fovea distance on the
overall macular thickness and the individual retinal layers in healthy eyes. In
these two studies, I found that a greater disc-fovea distance was independently
associated with thinner inner retinal layers and overall retina in the macular region.
Chapter 9 is a follow-up study on Chapters 7 and 8. In this study, the influence of
the optic disc-fovea distance on the glaucoma diagnostic classification based on
thickness measurements of macular inner retinal layers with OCT is studied in
healthy subjects.
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ABSTRACT
Purpose: To determine the relationship between the retinal blood vessel
topography and the retinal nerve fiber bundle (RNFB) trajectories in the human
retina.

Methods: A previously collected dataset comprising 28 fundus photographs with
traced RNFB trajectories was used. For all traced trajectories, the departure from
our previously published RNFB trajectory model was calculated. Subsequently,
we calculated, per subject, a 'mean departure' for the superior-temporal and
inferior-temporal region. We measured angles between a line connecting the optic
nerve head (ONH) center and the fovea and lines connecting the ONH center and
the crossings of the superior and inferior temporal arteries (arterial angles) and
veins (venous angles) with circles around the ONH; circle radii were 25%, 50%,
and 100% of the ONH center to fovea distance. We also defined two angles based
on the location of the first arteriovenous crossing. Multiple linear regression
analysis was performed with mean departure as dependent variable and refraction,
ONH inclination, and vessel angles as independent variables.

Results: In the superior-temporal region, refraction (P=0.017), ONH inclination
(P=0.021), and the arterial angle corresponding to the middle circle (P<0.001)
were significant determinants of mean departure. Explained variance was 0.54. In
the inferior-temporal region, the arterial angle corresponding to the largest circle
(P=0.002) was significant. Explained variance was 0.32.

Conclusions: The retinal blood vessel topography explains a significant part of
the RNFB trajectory variability but only if (1) the vessel topography is assessed at
an appropriate distance from the ONH and (2) the superior and inferior hemifield
are addressed independently.
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Introduction

Glaucoma is one of the important causes of blindness, with irreversible damage to
retinal ganglion cells, the retinal nerve fiber layer (RNFL), and the optic nerve as
its pathological features. The detection of changes in these structures is part of the
diagnostic armamentarium in glaucoma; a detailed anatomical knowledge of
especially the retinal nerve fiber bundle (RNFB) trajectories is helpful to integrate
information from each structure and to topographically correlate it with visual
field data.

In 2000, Garway-Heath et al.(2000) reported nerve fiber bundle trajectories based
on fundus photographs. Later, models based on axonal growth and maps based on
the correspondence between optical coherence tomography thickness
measurements and visual field data were published (Airaksinen et al., 2008;
Turpin et al., 2009; Ferreras et al., 2008; Kanamori et al., 2008). We developed a
mathematical model describing the RNFB trajectories with their inter-subject
variability, based on fundus photographs (Jansonius et al., 2009; Jansonius et al.,
2012). A considerable variability was found, confirming the earlier findings
(Garway-Heath et al., 2000). Recently, computational models mapping visual
field locations to optic nerve head sectors were reported (Denniss et al., 2012;
Carreras et al., 2014).

The influence of anatomical variables including refraction, axial length, optic disc
position, and optic disc dimensions on the RNFB trajectories has been studied as
well (Jansonius et al., 2012; Denniss et al., 2012; Lamparter et al., 2013).
Although significant factors were identified, the sources of the variability of the
RNFB trajectories are not fully understood.

It has been reported that the vascular and neuronal systems share many
similarities. The blood vessels and nerves tend to develop in relative proximity,
throughout the body of any species in general and in the primate retina in
particular (Provis 2001; Carmeliet &Tessier-Lavigne 2005). In the primate
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(human and macaque) retina, the vessels grow along the retinal ganglion cell
layer/RNFL interface, except for the vessels in the vicinity of the fovea (Provis
2001). By using scanning laser polarimetry, Resch et al. (2011) reported that the
peripapillary location of the main temporal superior and inferior blood vessels
correlated with the RNFL thickness profile. In a recent study, Yamashita et al.
reported that the retinal artery angle was highly correlated with the peak angle of
the RNFL thickness (Yamashita et al., 2013). Given this close relationship
between the retinal vasculature and the RNFL thickness profile in the
peripapillary region, we hypothesize that the blood vessel pattern may be helpful
to describe the RNFB trajectories.

The purpose of this study was to determine the relationship between the retinal
vessel course and the variability of the RNFB trajectories as described by a
mathematical model in the human retina.

Methods

Patient data and data acquisition

We used a previously collected dataset comprising 28 fundus pictures of the right
eye of 28 subjects (Jansonius et al., 2012). These pictures were selected from
patients who underwent digitized fundus photography as part of regular
ophthalmic care in the University Eye Hospital Oulu, Finland. To ensure good
visibility, only subjects without diseases affecting the RNFL or its visibility were
included. As a consequence, most patients were relatively young (mean age 28
years) diabetic patients without diabetic retinopathy. Approval for the data
collection was obtained according to the guidelines of the Ethical Committee of
the Northern Ostrobothnia Hospital District. All subjects provided written
informed consent. The study followed the tenets of the declaration of Helsinki.

Variability of the retinal nerve fiber bundle trajectories
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Twenty-four trajectories per fundus photograph were traced, one per half clockhour. Figure 1 shows an example of a traced photograph. The fitting process has
been described before (Jansonius et al., 2009; Jansonius et al., 2012). In short, the
trajectories were fitted in a modified polar coordinate system (r, φ), with r
representing the distance from the center of the optic nerve head (ONH) and φ the
corresponding angle. In this coordinate system, the trajectories were described by:

(1)
where φ0 = φ(r=r0) is the angular position of the trajectory at its starting point at a
circle with radius r0 around the center of the ONH, b a real number and c a
positive real number. Parameter c determines the location of the curvature
(punctum maximum of curvature close to the disc for c < 1 and further away from
the disc for c > 1) while b determines the amount of curvature. The required
nonlinear fitting was solved by performing a two-stage fitting process. In the first
stage, the relationship between c and φ0 was evaluated and substituted in Eq. (1).
The second stage of the fitting process yielded an ln b (superior half of the retina)
or ln(-b) (inferior half) value for each trajectory. The deviation of a trajectory
from the previously published model was defined as the difference between the
ln b or ln(-b) value of the trajectory and the corresponding ln b or ln(-b) value as
predicted by the the model (Jansonius et al., 2009). The average difference within
a region of interest was depicted by the variable 'mean departure (Jansonius et al.,
2012). The mean departure was determined for each individual, for the superiortemporal (right eye clock hours 9 to 1) and the inferior-temporal (clock hours 5 to
9) region separately. The left column of Figure 2 shows, for the superior-temporal
region, the original model (middle row) and the model +/- 1 standard deviation of
mean departure (upper and lower row, respectively). The right column of Figure 2
presents the corresponding data for the inferior-temporal region. See legend to Fig.
2 for details. The standard deviation was 0.2 for both regions.
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Figure 1. Example of a fundus photograph with traced trajectories. Colored areas depict
the superior-temporal (red) and inferior-temporal (blue) region.

Figure 2. Original model (middle row) and model +/- 1 standard deviation of mean
departure (upper and lower row, respectively) for the superior-temporal (left column) and
inferior-temporal (right column) region. The x and y axis depict position (eccentricity) in
degrees. Parameters βs and βi belong to the mathematical model (Jansonius et al., 2009);
mean departure has to be added to the default values of these parameters (-1.9 for the
superior-temporal region; 0.7 for the inferior-temporal region). See also the
antepenultimate paragraph of the Discussion section.
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Blood vessel angles

The Image J software (http://rsbweb.nih.gov/ij/; www.nih.gov, NIH, Bethesda,
MD) was used in order to mathematically describe the retinal blood vessel courses.
Firstly, a rectangle was fitted to the height and width of the ONH manually. Two
diagonal lines were drawn and their crossing was considered as the ONH center.
Three circles with radii equaling 25% (circle 1), 50% (circle 2), and 100% (circle
3) of the distance between the ONH center and the fovea were drawn around the
ONH center. Figure 3 shows these circles. The intersections of the major temporal
retinal blood vessels (superior artery, superior vein, inferior artery, and inferior
vein) and the circles were determined. Subsequently, we measured the angles
between a line through the ONH center and the fovea and the lines through the
ONH center and the intersections. In this way, three series of four angles were
defined: superior artery angle (SAAi), superior vein angle (SVAi), inferior artery
angle (IAAi), and inferior vein angle (IVAi), where i is the circle number;
Figure 3 shows the angles for i=2. Additionally, we marked the arteriovenous
crossing of the first order away from the ONH in the superior-temporal and
inferior-temporal region. In this way, another two angles were defined: superior
crossing angle (SCA) and inferior crossing angle (ICA). These angles reflect the
position of the vascular arcades and are also shown in Fig. 3. SAAi+IAAi and
SVAi+IVAi correspond to the artery angle and vein angle as used by Yamashita
et al. (2013), respectively. SCA+ICA corresponds to the “angle between temporal
vessel arcades” as used by Flederius and Goldschmidt (2010).

Refraction and optic disc inclination

Refraction was recorded as the spherical equivalent refraction. The inclination of
the ONH was quantified by the angle between a line through the ONH center and
fovea and a horizontal line through the fovea.

Statistical analysis
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The superior-temporal and inferior-temporal region were analyzed separately. The
associations between mean departure on the one hand and blood vessel angles,
refraction, and optic disc inclination on the other hand were analyzed with
Pearson correlation analysis. Multiple linear regression analysis was used to
determine the influence of refraction, optic disc inclination, and blood vessel
angles on the mean departure. Initial multiple linear regression models were made
for all three circles and for the crossing angle separately. Independent variables
with P>0.05 were subsequently removed and the model with the highest
adjusted R2 - one model for each region - was considered the final model. All
analyses were performed using R (version 2.11.1 for Linux; R Foundation for
Statistical Computing, Vienna, Austria). For multiple linear regression, the
lm function of R was used.

Figure 3. Blood vessel angles were defined at various distances from the optic nerve head
(ONH) using the intersections of the major temporal retinal blood vessels (superior artery,
superior vein, inferior artery, and inferior vein) and circles around the ONH center:
superior arterial angle (SAA; C-P), superior venous angle (SVA; B-P), inferior arterial
angle (IAA; F-P), and inferior venous angle (IVA; E-P). These angles were defined for
circles with radii of 25% (circle 1; blue), 50% (circle 2; yellow; for this circle the angles
are shown in the figure), and 100% (circle 3; green) of the ONH-fovea distance. Two
more angles were defined using the arteriovenous crossing of the first order away from the
ONH: superior crossing angle (SCA; A-P), and inferior crossing angle (ICA; D-P). Vertex
at O for all angles.
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Results

Table 1 shows the descriptive statistics of the involved variables. Table 2 presents
the results of the corresponding correlation analysis. In the superior-temporal
region, there was a significant association between mean departure and SAA1,
SAA2, and refraction (i.e., spherical equivalent). In the inferior-temporal region,
there was a significant association between mean departure and IAA3 and IVA2.
Corresponding vessel angles from the superior and inferior hemifield were
essentially not associated (all with P>0.07), nor were the mean departure superiortemporal and the mean departure inferior-temporal (r=0.21; P=0.27).

Tables 3 and 4 present the initial (Table 3) and final (Table 4) multiple linear
regression models. The most significant (highest adjusted R2) models were those
involving circle 2 for the superior-temporal region and circle 3 for the inferiortemporal region. The overall explained variance (R2) was 0.54 for the superiortemporal region and 0.32 for the inferior-temporal region. If only the vessel
angles would be available, then the best model for the superior-temporal region is:
Mean departure = 0.0132*SAA2 – 0.969.
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Table 1. Characteristics of the included eyes (n=28)

Median

IQR

Range

Mean departure superior-temporal

0.00

-0.11 to 0.18

-0.57 to 0.34

Mean departure inferior-temporal

0.09

-.075 to 0.21

-0.36 to 0.41

Refraction (D)

0.00

-1.25 to +1.13

-8.75 to +6.25

ONH inclination (deg)

4.8

3.7 to 6.9

0.8 to 10.6

SAA1 (deg)

86.8

79.9 to 93.4

59.9 to 109.5

SVA1(deg)

86.2

78.8 to 94.8

54.2 to 110.5

IAA1 (deg)

81.6

70.3 to 95.8

58.3 to 112.7

IVA1 (deg)

82.8

70.7 to 97.8

52.1 to 104.2

SAA2 (deg)

71.8

67.0 to 78.6

58.4 to 99.6

SVA2 (deg)

72.2

66.5 to 79.2

56.7 to 94.0

IAA2 (deg)

67.2

59.8 to 79.7

51.0 to 100.9

IVA2 (deg)

67.8

60.5 to 80.7

49.8 to 93.6

SAA3 (deg)

56.8

52.8 to 61.6

23.7 to 104.8

SVA3 (deg)

59.1

55.3 to 64.5

28.7 to 92.9

IAA3 (deg)

52.1

48.5 to 60.5

40.5 to 82.7

IVA3 (deg)

52.8

45.1 to 60.9

41.6 to 76.0

SCA (deg)

56.2

48.3 to 59.9

36.0 to 69.7

ICA (deg)

50.1

39.8 to 56.2

26.7 to 73.0

IQR = interquartile range; D = diopter; ONH = optic nerve head; SAAi (with i is 1, 2, or 3)
= superior arterial angle measured at circle i (defined in Fig. 3); SVAi = superior venous
angle measured at circle i; IAAi = inferior arterial angle measured at circle i; IVAi =
inferior venous angle measured at circle i; SCA = superior crossing angle; ICA = inferior
crossing angle.
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Table 2. Correlation analysis between the mean departure (average individual deviation
from the model) and refraction, ONH inclination, and the various blood vessel angles

Mean departure
superior-temporal

Mean departure
inferior-temporal

r

P-value

r

P-value

Refraction

0.41

0.03

0.26

0.12

ONH inclination

-0.25

0.21

0.09

0.64

SAA1

0.44

0.02

/

/

SAA2

0.57

0.001

/

/

SAA3

0.24

0.22

/

/

SVA1

0.31

0.10

/

/

SVA2

0.28

0.15

/

/

SVA3

0.26

0.18

/

/

IAA1

/

/

0.26

0.19

IAA2

/

/

0.37

0.06

IAA3

/

/

0.57

0.002

IVA1

/

/

0.22

0.27

IVA2

/

/

0.41

0.03

IVA3

/

/

0.23

0.25

SCA

-0.12

0.56

/

/

ICA

/

/

0.27

0.17

ONH = optic nerve head; SAAi (with i is 1, 2, or 3)= superior arterial angle measured at
circle i (defined in Fig. 3); SVAi = superior venous angle measured at circle i; IAAi =
inferior arterial angle measured at circle i; IVAi = inferior venous angle measured at circle
i; SCA = superior crossing angle; ICA = inferior crossing angle.
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Table 3. R-squared, adjusted R-squared, and significant independent variables at P<0.05
of the initial multiple linear regression models as a function of the location at which the
vessel angles were measured for the superior-temporal (A) and inferior-temporal (B)
regions

R2

Adjusted R2

Included independent variables
(bold indicates significant at
P<0.05)

Circle 1

0.42

0.32

Refr, Inc, SAA1, SVA1

Circle 2

0.54

0.46

Refr, Inc, SAA2, SVA2

Circle 3

0.33

0.22

Refr, Inc, SAA3, SVA3

Crossing

0.26

0.17

Refr, Inc, SCA

Circle 1

0.16

0.01

Refr, Inc, IAA1, IVA1

Circle 2

0.35

0.24

Refr, Inc, IAA2, IVA2

Circle 3

0.39

0.28

Refr, Inc, IAA3, IVA3

Crossing

0.10

-.02

Refr, Inc, ICA

A: superior-temporal

B: inferior-temporal

Refr = refraction; Inc = optic nerve head inclination; SAAi (with i is 1, 2, or 3) = superior
arterial angle measured at circle i (defined in Fig. 3); SVAi = superior venous angle
measured at circle i; IAAi = inferior arterial angle measured at circle i; IVAi = inferior
venous angle measured at circle i; SCA = superior crossing angle; ICA = inferior crossing
angle.
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Table 4. Final multiple linear regression models for the superior-temporal (A) and
inferior-temporal (B) region

A: superior-temporal

R2

Adjusted R2

0.54

0.49

Coefficient

Standard error

P-value

Intercept

-.748

Refraction (D)

0.024

0.009

0.017

ONH inclination (deg)

-.031

0.012

0.021

SAA2 (deg)

0.012

0.003

<0.001

0.003

0.002

B: inferior-temporal

0.32

0.29

Intercept

-.516

IAA3

0.011

ONH = optic nerve head; SAA2 = superior arterial angle measured at circle 2 (defined in
Fig. 3); IAA3 = inferior arterial angle measured at circle 3.

Discussion

In the superior-temporal region, refraction, ONH inclination, and SAA2 were the
main determinants of the RNFB trajectories; in the inferior-temporal region IAA3
was the main determinant. Clearly, the site where the vessel topography is
assessed is important: the optimal site was more close to the ONH superiorly
(circle 2) than it was inferiorly (circle 3), and the location of the vascular arcades,
as depicted by the crossing angle, did not provide any useful information. Arteries
were more informative than veins.

In our earlier studies, we have demonstrated a significant inter-individual
variability of the retinal nerve fiber bundle trajectories and addressed the role of
refraction and ONH inclination (Jansonius et al., 2009; Jansonius et al., 2012). In
the current study, both refraction and ONH inclination were significant in the
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multivariable analysis, at least in the superior-temporal region (Table 4). This
implies that refraction is associated with the RNFL trajectories. For ONH
inclination, the significance could either reflect a truly independent effect or arise
from the preprocessing of the fitting process (the ONH inclination influences the
way a fundus picture is embedded in the modified polar coordinate system)
(Jansonius et al., 2009). In both cases, adding information regarding ONH
inclination to the model improves precision. For the current study it is important
that the variability in ONH inclination is small compared to the variability in the
vessel angles (Table 1). In the present study, the importance of the retinal blood
vessel topography was uncovered. By adding information from the vessel
topography, the explained variance increased from 0.28 and 0.08 (previous study)
(Jansonius et al., 2012) to 0.54 and 0.32 (this study) for the superior-temporal and
inferior-temporal region, respectively. As biological systems always show
intrinsic variability, it is unlikely that much higher explained variances will be
reached by adding more - currently unknown - determinants. Moreover, the
tracing process itself also contributes to the variability (Denniss et al., 2014). For
the dataset used in the current study, the inter-observer variability was addressed
earlier (Jansonius et al., 2012). There was no bias between the two observers and
the inter-observer variability was clearly smaller than the overall variability albeit not negligible.

Our findings concerning the overall variability and the influence of refraction and
ONH inclination on the RNFB trajectories agreed well with other studies
(Garway-Heath et al., 2000; Denniss et al., 2012; Lamparter et al., 2013) and have
been discussed in detail before (Jansonius et al., 2009; Jansonius et al., 2012). To
the best of our knowledge, the significant influence of the retinal blood vessel
topography on the RNFB trajectories has not been addressed before. However, an
association between the retinal blood vessel positions and the peripapillary RNFL
thickness profile has been reported, both with scanning laser polarimetry (at 3.2
mm from the ONH center) (Resch et al., 2011) and with optical coherence
tomography (at 3.5 mm from the ONH center) (Yamashita et al., 2013; Pereira et
al., 2014). In these studies, the effect of the blood vessels on the RNFL thickness
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profile could have been, at least partially, an artifact due to a direct contribution of
the blood vessels to the RNFL thickness profile measurement (Hood et al., 2008).
This is not the case in our study, due to a different methodology (traced
trajectories versus thickness measurements).

Why are the retinal blood vessel topography and the RNFB trajectories associated?
Blood vessels and nerves tend to develop in relative proximity and the neuronal
and vascular system may share common guidance signals during development
(Provis 2001; Carmeliet & Tessier-Lavigne 2005; Dorrell & Friedlander 2006;
Eichmann et al., 2005). The spindle cells, which become canalized later to form
capillaries, invade the retina from the ONH and grow along the RGCL/RNFL
interface (Provis 2001; Ashwell & Waite 2004). Because of the resulting close
relationship between the neuronal and vascular system in the retina, one would
expect to find a significant association between the retinal blood vessel
topography and the RNFB trajectories all over the retina. However, the
association seems to be limited to the vicinity of the ONH. In our study, the
angles depicting the positions of the vascular arcades (SCA and ICA) were not
associated with the RNFB trajectories. One possible explanation for this is the
thick RNFL in the vicinity of the ONH, as opposed to the thin RNFL in areas that
are further away from the ONH.

In the present study, the superior and inferior hemifield were studied separately.
Both the RNFB trajectories and the vessel angles were essentially uncorrelated
between the two hemifields (see Results section). Moreover, an RNFB trajectory
asymmetry between the two hemifields was found previously (Jansonius et al.,
2009; Jansonius et al., 2012). Joining the angles into artery angle (SAAi+IAAi)
and vene angle (SVAi+IVAi) as described by Yamashita et al (2013) did not yield
significant associations, nor did combining SCA and ICA as used by Flederius
and Goldschmidt (results not shown) (Fledelius & Goldschmidt 2010). This
indicates that the neuronal and vascular system share an asymmetry between the
superior and inferior hemifields in the human retina.
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A limitation of our study is the sample size - the sample comprised 28 eyes of 28
subjects. We addressed this, to some extent, by limiting the number of
independent variables in our multivariable analysis. A larger Caucasian dataset
and especially a repeat in other ethnicities should precede the use of our findings
in health care applications.

How can our results be applied to build personalized models? For a given
individual, mean departure values can be calculated for both hemifields using
Table 4. Subsequently, a personalized model can be plotted using the previously
published equations (Jansonius et al., 2009) with the calculated mean departure
values added to ln b or ln(-b). This was illustrated in Fig. 2. This approach
assumes that, for a given individual, the differences between the ln b or ln(-b)
values of the traced trajectories and the corresponding values as predicted by the
model are - within a region of interest - essentially independent of parameter φ0
(the clock-hour) (Jansonius et al., 2009). Although this was not formally tested, it
has to be the case because otherwise trajectories would cross in some regions and
would leave other regions unwired. Neither of these situations is observed in
reality.

The explained variances of 0.54 and 0.32 are not self-evident sufficiently high for
an optimal assessment of glaucoma (Springelkamp et al., 2014). However,
advances in optical coherence tomography (OCT) presumably allow for an
individual measurement of the RNFB trajectories in the near future (Sugita et al.,
2015). As the signal-to-noise ratio of such a measurement will be inherently
limited, an underlying model that serves as a prior will always be needed as a
starting point. Our model may serve as this starting point.

In conclusion, the retinal blood vessel topography explains a significant part of
the distribution of the RNFL bundle trajectories in the human retina, but only if (1)
the vessels are assessed at an appropriate distance from the ONH and (2) the
superior and inferior hemifield are addressed independently. This should be taken
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into account in future individualized mathematical models describing the RNFB
trajectories.
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ABSTRACT

Purpose: To determine the characteristics of the retinal nerve fiber bundle
(RNFB) trajectories in Chinese myopic eyes.

Methods: We collected high quality red free fundus images from 80 eyes of 80
Chinese myopic subjects (median [inter-quartile range] refraction -3.9 [-6.0 to 2.5] D). We traced all visible RNFBs and evaluated the characteristics of the
RNFB trajectories using a previously published mathematical model based on
Caucasian eyes. The influence of axial length, retinal vessel course, and optic disc
anatomy on the trajectories was determined with multiple linear regression
analysis.

Results: In the superior-temporal region, the RNFB trajectories of the Chinese
myopic eyes were very similar to that of the Caucasian eyes. In the inferiortemporal region, the trajectories of the Chinese low to moderate myopic eyes
were approximately similar to that of the Caucasian eyes; trajectories of the
Chinese high myopic eyes were clearly less curved. In the superior-temporal
region, the trajectories were associated with retinal vessel course (P=0.008) and
optic disc size (P=0.016). In the inferior-temporal region, there was a significant
association with axial length (P<0.001), retinal vessel course (P=0.006), and disc
torsion (P=0.009).

Conclusions: The previous Caucasian based RNFB trajectory model can be
applied to Chinese myopic subjects without modification; depending on the
accuracy needed, a separate model for the inferior hemiretina could be considered
in case of high myopia. Further research is needed to value personalisation based
on retinal vessel topography and optic disc properties.
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1. Introduction

Glaucoma is a chronic and progressive eye disease characterized by cupping of
the optic disc, thinning of the retinal nerve fiber layer (RNFL), loss of retinal
ganglion cells (RGCs), and loss of visual function. Integration of structural (for
example, from the assessment of the optic disc) and functional (for example, from
perimetry) information is pivotal for understanding the glaucomatous process; it
requires a detailed anatomical knowledge of the retinal nerve fiber bundle (RNFB)
trajectories. Previously, several models describing the RNFB trajectories have
been reported (Garway-Heath et al., 2000; Wigelius, 2001; Ferreras et al., 2008;
Turpin et al., 2009; Jansonius et al., 2009; Carreras et al., 2014 ). All these models
were based on Caucasian eyes. Nowadays, Caucasians form only about one fifth
of the world population; 60% of the world population lives in Asia. Also, the
previous models did not specifically address myopia, whereas the prevalence of
myopia - a major glaucoma risk factor (Marcus et al., 2011) - increases rapidly
(Kempen et al., 2004; Liang et al., 2009; Morgan et al., 2012).

Myopia has been reported to be associated with tilted disc, increased intraocular
pressure, and visual field defects. These factors challenge the diagnosis of
glaucoma in myopic subjects. With the use of optical coherence tomography
(OCT), it has been shown that myopic eyes have different profiles of the
peripapillary RNFL compared to non-myopic (Hong et al., 2010; Leung et al.,
2012). Besides, ethnic differences in RNFL thickness have been reported
(Samarawickrama et al., 2010; Knight et al., 2012; Alasil et al., 2013; Rao et al.,
2015). Previously, we developed a mathematical model describing the RNFB
trajectories in Caucasian eyes and found that refraction was an important factor
associated with the intersubject variability of the RNFB trajectories (Jansonius et
al., 2009, 2012), which has been confirmed in other studies (Denniss et al., 2012;
Lamparter et al., 2013). Optic disc position, shape, and size, and retinal blood
vessel topography contributed to the inter-subject variability as well (Jansonius et
al., 2012; Lamparter et al., 2013; Qiu et al., 2015). All this makes that it is
important to validate the existing model in other ethnicities and myopic eyes.
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The aim of this study was to determine the characteristics of the RNFB
trajectories in Chinese myopic eyes. For this purpose, we collected high quality
red free fundus images from a large group of healthy Chinese myopic subjects.
We evaluated the characteristics of the RNFB trajectories using the previously
published mathematical model based on Caucasian eyes, and we additionally
determined the influence of axial length, retinal vessel course, and optic disc
position, size, shape, and torsion on the trajectories.

2. Methods

2.1. Subjects

Myopic subjects were consecutively recruited from the general and refractive
surgery clinic of the Joint Shantou International Eye Center. All the included
subjects received a complete ophthalmic examination including the measurement
of visual acuity, cycloplegic refraction using an autorefractor (Canon FK-1;
Canon, Tokyo, Japan), axial length (IOL Master; Carl-Zeiss Meditec, Dublin,
CA), and intraocular pressure (IOP), perimetry (see next section), and a
stereoscopic fundus examination and photography with dilated pupils. The
included eyes did not have any concurrent eye disease, other than a refractive
error; we included eyes with a spherical equivalent less than -0.5 diopters (D); we
did not set constrains regarding astigmatism. Based on the refractive status, the
subjects were subdivided into two groups: low to moderate myopia (spherical
equivalent between −0.50 and −6.00 D) and high myopia (spherical equivalent
beyond -6.00 D). Subjects were excluded if the IOP was over 21 mmHg, the best
corrected visual acuity less than 20/40, if they had a family history of glaucoma,
or if they had a history of myopic macular degeneration, diabetes mellitus,
neurological disease, refractive surgery, intraocular surgery, or glaucoma. We
included one eye per subject; if both eyes were eligible, one eye was randomly
chosen. The current study followed the tenets of the declaration of Helsinki and
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was approved by the ethical committee of Joint Shantou International Eye Center.
Written informed consent was obtained from all subjects before participation.

2.2. Visual field testing

Visual field tests were performed with standard automated perimetry (Humphrey
Field Analyzer II; Carl Zeiss Meditec, Inc.) using the 24-2 grid and the SITA
standard strategy. Only reliable visual field tests (with false positive and negative
responses less than 10%, and fixation loss less than 20%) were included
(Bengtsson et al., 2000; Junoy Montolio et al., 2012). All the included subjects
had a visual field test that was within normal limits in the glaucoma hemifield test
(GHT) and had a pattern standard deviation (PSD) with P>0.05.

2.3. Fundus photography and RNFB assessment

Red-free fundus photographs were taken with dilated pupils using a fundus
camera (Visucam 200; Carl Zeiss Meditec AG, Jena, Germany) with a build-in
blue filter of 495 nm wavelength at an angle of 45° with the fovea in the center.
The resolution of the digital images was 2124 by 2056 pixels. Only pictures with
a good image quality (at least four traceable trajectories) were selected for further
analysis. In order to enhance the visibility of the RNFL bundles, brightness,
contrast, and sharpness of the selected photographs were optimized using Adobe
Photoshop (CS4; Adobe Systems, Mountain View, CA). Photographs of left eyes
were mirrored along the vertical axis to match tracings from right eyes. Enhanced
images were then uploaded into CorelDraw (12.0, Corel Inc., Ottawa, Canada),
where the positions of the optic disc and fovea were marked manually by drawing
a reference ellipse/circle that was aligned to the margin of the optic disc border
and fovea, respectively. All visible RNFBs were then manually traced back to the
optic disc (Fig. 1) as far as visible, by one of the authors (K.Q.). The coordinates
of the traced trajectories were extracted and fitted with previously developed
software (Jansonius et al., 2009).

47

Figure 1. Example of a fundus photograph with traced trajectories.

2.4. Fitting RNFBs

The fitting process of the mathematical model has been described previously
(Jansonius et al., 2009, 2012). In brief, the trajectories of the fibers were fitted in a
modified polar coordinate system (r,φ), with its center located in the center of the
optic disc, which was located at an eccentricity of (15°,2°) in Cartesian
coordinates with the fovea at (0º,0º). Here, r represents the distance from the disc
center and φ the corresponding angle. We assumed that a RNFB trajectory can be
described in the above mentioned polar coordinate system (r,φ) by:

(1)
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where φ0 = φ(r = r0) is the angular position of the trajectory at its starting point at
a circle with radius r0 around the center of the optic disc and b and c parameters.
Radius r0 was set to 4o. Parameter b represents the amount of curvature and c
determines the location of the curvature (maximum curvature close to the disc for
c < 1 and further away from the disc for c > 1). Parameter c, which is not critical
(Jansonius et al., 2012), was set to its original value.

2.5. Blood vessel topography

The retinal blood vessel topography was mathematically described using the
positions of the major temporal retinal blood vessels. Measurements were
performed with ImageJ software (available in the public domain at
http://rsbweb.nih.gov/ij/; www.nih.gov, National Institutes of Health, Bethesda,
MD, USA). Firstly, the height and width of the optic disc was fitted by a rectangle.
The crossing of the two diagonal lines of the rectangle was considered the optic
disc center. Two circles with radii equaling 50% (circle a), and 100% (circle b) of
the distance between the optic disc center and the fovea were then drawn around
the optic disc center. The intersections of the major temporal retinal blood vessels
(superior artery, superior vein, inferior artery, and inferior vein) and the circles
were determined. The retinal vessel angles were defined as the angles subtended
by a line connecting the optic disc center and the fovea and the lines connecting
the optic disc center and the intersections. Subsequently, two series of four angles
were defined: superior artery angle (SAAa and SAAb), superior vein angle (SVAa
and SVAb), inferior artery angle (IAAa and IAAb), and inferior vein angle (IVAa
and IVAb). Figure 2 shows the two circles and the angles at circle a.
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Figure 2. Blood vessel angles were defined at different distances from the optic nerve
head (optic disc) using the intersections of the major temporal retinal blood vessels
(superior artery, superior vein, inferior artery, and inferior vein) and two circles around
the optic disc center. These angles were defined for circles with radii of 50% (circle 1;
green), 100% (circle 2; blue). Angles at circle: superior arterial angle (SAA; A-P),
superior venous angle (SVA; B-P), inferior arterial angle (IAA; D-P), and inferior venous
angle (IVA; C-P).Vertex at O for all angles.

2.6. Optic disc inclination, size, shape, and torsion
Measurements of optic disc inclination, size, shape, and torsion were performed
with ImageJ software on the fundus images. Inclination of the optic disc was
defined as the angle (in degrees) between a line connecting the optic disc center
and the fovea and a horizontal line through the fovea. The margin of the optic disc
was defined by the inner border of the scleral rim and fitted with an ellipse. Optic
disc size was subsequently determined with a magnification correction according
to the method of Bennett et al (Bennett et al., 1994). Optic disc shape was
measured as the ovality index (defined as the shorter diameter divided by the
longer diameter; Tay et al., 2005). Disc torsion was defined as the deviation (in
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degrees) of the longer axis of the optic disc from a line perpendicular to the line
connecting the fovea and the disc center. A positive torsion value indicates a
counterclockwise torsion in the right eye format, a negative value a clockwise
torsion.

2.7. Data analysis

The superior-temporal and inferior-temporal region were analyzed separately. The
fitting process yielded an ln b (superior half of the retina) or ln(-b) (inferior half)
value for each RNFB trajectory. The b values of the newly traced trajectories
from the current study population were compared to the previously found
relationship between φ0 and b in Caucasian eyes (Jansonius et al., 2009). In the
superior-temporal region, this relationship can be described by:

(2)
with -1.9 replaced by -2.5 or -1.3 to describe the 95% central range. In the
inferior-temporal region, the relationship can be described by:

(3)
with 0.7 replaced by 0.1 or 1.3 to describe the 95% central range. The percentage
of the newly traced trajectories that had a (φ0,b) combination within the 95%
central range of the existing model was subsequently determined for both regions.

Correlation analysis and multiple linear regression analysis were performed to
uncover factors associated with subject specific deviations from the model. For
this purpose, we calculated, for each subject, a mean departure, for the superiortemporal and inferior-temporal region separately. The deviation of a trajectory
from the model was calculated as the difference between the ln b or ln(-b) value
of the trajectory and the corresponding predicted ln b or ln(-b) value of the model.
Subsequently, the mean departure was calculated as the average difference within
the superior-temporal (60≤ φ0 ≤180º) and inferior-temporal region (165< φ0 ≤60º;
inferior papillomacular bundle excluded from this analysis; see Discussion
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section). All the statistical analyses were performed with SPSS (ver. 23.0; SPSS
Inc, Chicago, IL). A P value of 0.05 or less was considered statistically significant.

3. Results

A total of 80 eyes from 80 myopia subjects (41 males, 39 females) were included
in this prospective study. Table 1 shows the demographic data of the study
population. The median spherical equivalent of the included eyes was 3.9 D
(range 10.0 to 1.0 D); median cylinder power was 0.50 D (range 1.5 to 0 D). Sixty
eyes had low to moderate myopia; 20 eyes had high myopia. Spherical equivalent
was significantly associated with axial length (r = 0.79; P<0.001); the optic disc
parameters were only weakly correlated with each other (correlation coefficients
between 0.04 and +0.19). Similar weak correlations were found between the optic
disc parameters and axial length, the optic disc parameters and the vessel angles,
the vessel angles and the axial length, and the arterial angles and corresponding
vein angles (correlation coefficients between 0.35 and +0.40).
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Table 1. Characteristics of the included eyes (n=80)

Median

IQR

Range

Age, y

24.1

20.0 to 28.8

18 to 44

Refraction, D

-3.9

-6.0 to -2.5

-10.0 to -1.0

Axial length, mm

25.1

24.6 to 25.8

22.0 to 28.1

Optic disc size, mm2

1.84

1.64 to 2.06

1.18 to 2.60

optic disc inclination, deg

7.0

4.3 to 9.5

-1.8 to 16.9

Optic disc shape

0.81

0.76 to 0.87

0.67 to 0.95

Optic disc torsion, deg

-7.4

-15.9 to 3.8

-40.9 to 39.5

SAAa, deg

61.0

55.7 to 65.6

42.5 to 82.0

SVAa, deg

57.8

50.8 to 70.2

34.2 to 93.7

IAAa, deg

61.9

55.0 to 70.5

29.1 to 87.2

IVAa, deg

65.9

57.9 to 75.8

45.6 to 121.1

SAAb, deg

47.8

43.9 to 54.0

21.6 to 71.0

SVAb, deg

45.0

37.0 to 52.6

26.1 to 72.0

IAAb, deg

52.0

44.1 to 58.9

21.9 to 73.0

IVAb, deg

55.4

47.3 to 63.2

33.3 to 82.0

Mean departure superior-temporal

-0.06

-0.27 to 0.12

-0.83 to 0.79

Mean departure inferior-temporal

-0.22

-0.38 to 0.12

-1.31 to 0.33

IQR = inter-quartile range; SAAa,b = superior artery angle at circle a,b; SVAa,b =
superior vein angle at circle a,b; IAAa,b = inferior artery angle at circle a,b; IVAa,b =
inferior vein angle at circle a,b.

In total, 1460 RNFBs, based on 21,658 sampling points, were manually traced.
On average (mean ± standard deviation [SD]), 18.4 ± 6.4 (range 4 to 37) bundles
were traced per subject with a mean of 14.8 ± 5.4 (4 to 38) sampling points per
RNFB. The number of traced trajectories per subject was not correlated with the
spherical equivalent (r = 0.04; P=0.72). Figure 3 shows parameter b as a function
of φ0, presented as ln b for the superior-temporal region (A) and ln(-b) for the
inferior-temporal region (B). The two lines represent the 95% central range from
the earlier published model. In the superior-temporal region, 564 of 656
trajectories (86%) were within the 95% central range of the model. This was 563
of 683 (82%) for the inferior-temporal region. After excluding trajectories with
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φ0 ≤ 165º (due to significant deviation of the inferior papillomacular bundle from
the model; see Discussion section), 561 of 660 trajectories (85%) were within the
95% central range of the model in the inferior-temporal region. For the superiortemporal region, subgroup analysis revealed that 444 of 511 (87%) and 120 of
145 (83%) trajectories were within the 95% central range of the model in the mild
to moderate and high myopic eyes, respectively (P=0.22). For the inferiortemporal region, this was 437 of 514 (85%) and 126 of 169 (75%), respectively
(P=0.002). The median (inter-quartile range [IQR]) difference between ln b and
the model for the 656 trajectories in the superior-temporal region was -0.01 (-0.32
to 0.26); this was 0.00 (-0.30 to 0.26) for low/moderate myopia and -0.03 (-0.40
to 0.23) for high myopia. The median (IQR) difference between ln(-b) and the
model for the 660 trajectories in the inferior-temporal region was -0.13 (-0.39 to
0.09); this was -0.07 (-0.34 to 0.13) for low/moderate myopia and -0.28 (-0.55 to 0.06) for high myopia. Hence, the trajectories of the Chinese myopic eyes fit in
the Caucasian trajectory model generally quite well, except for high myopia in the
inferior-temporal region. Figure 4 shows the original model (black trajectories) as
described by Eqs. (2) and (3), and a separate model for the inferior-temporal
region for the high myopic Chinese eyes (magenta trajectories; Fig. 4B; for this
model we replaced in Eq. (3) 0.7 by 0.70.28=0.42). For high myopia, the Chinese
trajectories were less curved than that of the Caucasian model.
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Figure 3. Parameter b as a function of φ0, presented as ln b for the superior-temporal
region (A) and ln(-b) for the inferior-temporal region (B). The two lines represent the 95%
central ranges from the earlier published model based on Caucasian eyes (Jansonius et al.,
2009). Data points from both the mild to moderate myopia (blue triangle up) and the high
myopia (magenta triangle down).
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Figure 4. Trajectory model for the superior-temporal region (A) and inferior-temporal
region (B). A: original model (black) coincides with Chinese model for all myopia. B:
original model (black) and Chinese model for high myopia (magenta). Trajectories shown
for φ0 from 60 to 180o (A) and from -165 to -60o (B) with a resolution of 15o. Numbers
along the axes refer to retinal position in degrees, in Cartesian coordinates.

In the superior-temporal region, there was a significant association between mean
departure and SAAa, SAAb, optic disc size, and optic disc torsion; in the inferiortemporal region, there was a significant association between mean departure and
axial length, IAAa, IAAb, and disc torsion (Table 2). Table 3 shows the
corresponding multiple regression analysis. We a priori left out spherical
equivalent because of its high correlation with axial length. Similarly, we built
separate models for SAAa and SAAb, and for IAAa and IAAb. In the superiortemporal region, artery angle (SAAa or SAAb) and optic disc size were the only
factors associated with the mean departure after adjusting for the other covariates.
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In the inferior-temporal region, axial length, artery angle (IAAa or IAAb), and
disc torsion were independently associated with mean departure.

Table 2. Correlation analysis between mean departure (average individual deviation from
the model) and axial length, optic disc inclination, shape, size, and torsion, and blood
vessel angles
Mean departure
superior-temporal

Mean departure
inferior-temporal

r

P value

r

P value

Axial length

0.03

0.78

-0.36

0.002

Optic disc size

0.27

0.022

0.14

0.26

optic disc inclination

-0.06

0.61

0.13

0.25

Optic disc shape

0.08

0.48

0.06

0.59

Optic disc torsion

-0.24

0.036

-0.25

0.028

SAAa

0.29

0.010

/

/

SVAa

0.19

0.096

/

/

SAAb

0.31

0.005

/

/

SVAb

0.16

0.16

/

/

IAAa

/

/

0.39

<0.001

IVAa

/

/

0.18

0.12

IAAb

/

/

0.31

0.005

IVAb

/

/

0.10

0.37

SAAa,b = superior artery angle at circle a,b; SVAa,b = superior vein angle at circle a,b;
IAAa,b = inferior artery angle at circle a,b; IVAa,b = inferior vein angle at circle a,b.
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Table 3. Factors associated with the mean departure (average individual deviation from
the model) in the superior-temporal (A,B) and the inferior-temporal region (C,D)
R2
A. superior-temporal

Coefficient

Standard error

P value

-0.890
0.008
0.202

0.294
0.004
0.112

0.003
0.072
0.041

-0.982
0.011
0.203

0.257
0.004
0.115

<0.001
0.008
0.016

2.006
-0.106
0.006
-0.005

0.718
0.027
0.002
0.002

0.007
<0.001
0.006
0.009

2.238
-0.109
0.005
-0.004

0.723
0.028
0.002
0.002

0.003
<0.001
0.035
0.013

0.12
Intercept
SAAa
Disc size

B. superior-temporal

0.16
Intercept
SAAb
Disc size

C. inferior-temporal

0.31
Intercept
Axial length
IAAa
Disc torsion

D. inferior-temporal

0.28
Intercept
Axial length
IAAb
Disc torsion

SAAa, b = superior artery angle at circle a, b; IAAa, b = inferior artery angle at circle a, b.

4. Discussion

The RNFB trajectories of Chinese eyes with low or moderate myopia are similar
to that of Caucasians eyes that were not selected regarding refraction. For high
myopia, the trajectories in the superior hemifield are similar to that of the
Caucasians; in the inferior hemifield they follow a different pattern. Axial length,
vessel topography, and optic disc size and torsion are associated with the
trajectories but explain only a small part of the variability.

4.1. Factors that influence the RNFL trajectories

58

Factors that influence the RNFB trajectories have been studied using betweensubject variability in various RNFB trajectory models and - more indirectly - by
analyzing the peripapillary RNFL thickness distribution. Refraction/axial length
was identified as an RNFB trajectory influencing factor previously, in Caucasian
eyes (Jansonius et al., 2012; Denniss et al., 2012; Lamparter et al., 2013; Qiu et al.,
2015), as was optic disc position (Denniss et al., 2012; Lamparter et al., 2013; Qiu
et al., 2015), size (Denniss et al., 2012; Lamparter et al., 2013), and shape
(Lamparter et al., 2013). Retinal blood vessel topography had a very strong
influence as well (Qiu et al., 2015). In the current, Chinese myopic data, we
confirmed the strong influence of the retinal blood vessel topography and the
effect had the same direction and was of similar size. Axial length played a
significant role in the Chinese myopic data as well, but only in the inferior
hemiretina. This contrasts our analysis in the Caucasian eyes, where the influence
was more pronounced in the superior hemiretina (Jansonius et al., 2012; Qiu et al.,
2015). This might reflect an ethnicity difference, but the samples also differed in
refraction distribution; the Caucasian sample was centered around emmetropia
and contained only two subject beyond 6 D (mean [SD] spherical equivalent in
the Caucasian sample 0.4 [3.3] D). Possibly, myopia only really influences the
trajectories in case of high myopia (see below).

Studies that addressed the trajectories indirectly by assessing the peripapillary
RNFL thickness distribution with OCT also showed an influence of myopia
(Hong et al., 2010; Kim et al., 2010; Leung et al., 2012). Kim et al. reported that
the temporal RNFL thickness was significantly thicker in moderate and high
myopia compared to low myopia. Leung et al. measured the RNFL distribution
angle (the angle between the radial axes of the superotemporal and inferotemporal
RNFL bundles as determined in the RNFL thickness map) in 189 myopic eyes
from 103 normal healthy myopic subjects. They demonstrated that the
superotemporal and inferotemporal RNFL bundles converge temporally with
increasing myopia. Hong et al. found that the angle between the peaks of the
peripapillary RNFL profile decreased significantly with increasing myopia. A
thicker temporal RNFL and a smaller RNFL distribution angle with increasing
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myopia agrees with the direction of the effect of myopia we found. This can
easily be seen in Fig. 4B: for a given position at the retina, the high myopia
trajectories (magenta) run towards a more temporal location than the default
trajectories (black). The same direction of the effect of refraction was found in the
superior hemiretina in the Caucasian sample (Jansonius et al., 2012). The
relationship between retinal vessel topography and the peripapillary RNFL
thickness profile has been well described (Yamashita et al., 2013; Pereira et al.,
2014). In line with these previous studies, we found that the retinal artery angle
was significantly associated with the variability of the RNFB trajectories in both
the superior-temporal and inferior-temporal region.

4.2. Limitations

This study has limitations. Although we spent much effort in improving the image
quality as much as possible, the number of traceable trajectories per image was
sometimes low (mean value 18; range 4 to 37). A comparison of our two earlier
studies in Caucasians, which differed largely regarding the number of trajectories
per image (3 to 118 with a mean of 30 trajectories per image versus 24 per image,
evenly distributed over the clock hours, in all subjects), revealed that this is not a
critical factor (Jansonius et al., 2009; Jansonius et al., 2012). Also, the tracing
process is hampered by inter-observer variability (Denniss et al., 2014). We
showed previously that the inter-observer variability of the tracing process was
small compared to the variability between subjects (Jansonius et al., 2012). As the
fundus images were taken at an angle of 45 degrees (that is, up to an eccentricity
of 22.5 degrees), too little information was available from the nasal region and
therefore we limited the current analysis to the superior-temporal and inferiortemporal region. However, this would not limit the use of the model in glaucoma
too much since the nasal retina is rarely affected in early glaucoma and the model
covers the majority and most relevant part of the area covered by modern 24-2
grid perimetry and OCT. As can be seen in Fig. 3B, the data points clearly deviate
from the model in the inferior papillomacular bundle (180 < φ0 ≤ 165º). This
deviation was not found in the original model (as there were almost no
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observations in this region; Jansonius et al., 2009) but, interestingly, it actually
was observed in our replication study (Jansonius et al., 2012). The deviation
corresponds to an overestimation by the model of the curvature of the trajectories
in the inferior papillomacular bundle; in Fig. 4B this affects only the small region
between the raphe and the first drawn trajectory. Strengths are the large sample
size and the involvement of Asian myopes, which form the largest population on
earth.

4.3. High myopia

Interestingly, in the inferior-temporal region, we found that significantly less
RNFB trajectories of the high myopic eyes were within the 95% central range of
the model than that of the mild to moderate myopic eyes (75% vs 85%, P=0.002),
showing that the RNFB trajectories of high myopic eyes follow a different pattern
(Figure 4B). Depending on the accuracy needed, this should be taken into account
when applying the model, or not. For a given retinal location, the deviation at the
level of optic disc insertion point is approximately 10 degrees. The reasons for
this deviation, and why it is more pronounced inferiorly, remains to be uncovered.
Presumably, it is related to the different globe shape in high myopia. Instead of a
spherical globe, high myopic eyes demonstrate a symmetrical or asymmetrical
anteroposterior elongation and posterior protrusion (Moriyama et al., 2011), and
this may results in various shapes, including spheroidal, ellipsoidal, conical,
nasally distorted, temporally distorted, and barrel shapes (Guo et al., 2017; Wen et
al., 2017; Pope et al., 2017). During development, the elongation of the globe
could be asymmetrical and this might explain why axial length and disc torsion
affect the RNFB trajectories mainly in the inferior-temporal region. The superior
visual field defects that are found in profound high myopia support the existence
of such an asymmetry. These visual field defects disappear with appropriate
refraction to compensate the asymmetrical shape of the globe (Riise et al., 1966).

4.4. Conclusions
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We were able to validate our Caucasian based RNFB trajectory model in Chinese
myopic subjects. The original model can be applied to this population without
modification; depending on the accuracy needed, a separate model for the inferior
hemiretina could be considered in case of high myopia. Further research is needed
to value personalization based on retinal vessel topography and optic disc
properties.
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ABSTRACT

Purpose: We determined the applicability of ISNT (inferior > superior > nasal >
temporal) rules on RNFL thickness and rim area, and evaluated the impact of
various ocular factors on the performance of the ISNT rules in healthy myopic
eyes.

Methods: A total of 138 eyes from 138 healthy myopic subjects were included in
this cross-sectional observational study. The peripapillary retinal nerve fiber layer
(RNFL) and optic disc in each eye were imaged with Cirrus HD OCT and
Heidelberg Retina Tomograph II, respectively. The performance of the IS
(inferior > superior), IST (inferior > superior > temporal), and ISNT rules on
RNFL thickness and rim area were determined and compared between low to
moderate myopia and high myopia. The effects of ocular factors (including axial
length, disc area, disc tilt, disc torsion, disc-fovea angle (DFA), and retina artery
angle) on the performance of ISNT rules were evaluated with logistic regression
analysis.

Results: The mean axial length and refractive error were 25.57±1.09 mm (range,
22.52 to 28.77 mm) and -5.12±2.30 D (range, -9.63 to -0.50 D), respectively.
Sixty three percent of the healthy eyes were compliant with the ISNT rule on rim
area, while ISNT rule on RNFL thickness was followed in only 11.6% of the
included eyes. For rim area, smaller disc area was significantly associated with
increased compliance of the IS rule (odds ratio: 0.46, p=0.039), IST rule (odds
ratio: 0.46, p=0.037), and ISNT rule (odds ratio: 0.44, p=0.030). For RNFL
thickness, greater DFA was significantly associated with increased compliance of
the IS and IST rules (odds ratio: 1.30, p<0.001; odds ratio: 1.19, p=0.006,
respectively).

Conclusions: In healthy myopic subjects, 88.4% and 37% of eyes did not comply
with the ISNT rule on RNFL thickness and rim area, respectively. Due to
significant low compliance in healthy eyes, the ISNT rule and its variants have
limited potential utility in diagnosing glaucoma in myopic subjects.
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Introduction

Glaucoma is a chronic and progressive optic neuropathy characterized by damage
of retinal ganglion cells. Evaluation of structural damage of the optic nerve is
important in glaucoma diagnosis. Jonas et al. first introduce the inferior >
superior > nasal > temporal (ISNT) rule for glaucoma diagnosis (Jonas et al.,
1988; Jonas et al., 1998). The ISNT rule states that the neuroretinal rim width is
generally widest in the inferior (I) area, followed by the superior (S) and nasal (N)
areas, narrowest in the temporal (T) area (Jonas et al., 1988). Although the rule
has been widely used for glaucoma diagnosis, the application of the ISNT rule in
clinical practice is generally conducted with ophthalmoscopy and, therefore, is a
subjective assessment. With recent advances of the optical coherence tomography
(OCT) technology and the confocal scanning laser ophthalmoscopy (CSLO),
objective and quantity measurement of RNFL thickness and neuroretinal rim area
has been shown emerging as an important diagnostic technology for glaucoma
(Fallon et al., 2017). By using optic disc photographs, OCT technology, and the
CSLO technology, the application of the ISNT rule on RNFL thickness and rim
area has been tested in previous studies (Harizman et al., 2006; Sihota et al., 2008;
Chan et al., 2013; Dave & Shah 2015; Hwang & Kim 2015; Pradhan et al., 2016).
While some studies have found that the ISNT rule is clinical useful in
differentiating normal from glaucomatous eyes (Harizman et al., 2006), others
have reported that the ISNT rule has limited utility in the diagnosis of glaucoma
(Sihota et al., 2008; Hwang & Kim 2015; Pradhan et al., 2016).

Myopia is a prevalent condition in Asia and a major risk factor for glaucoma
(Marcus et al. 2011; Morgan et al. 2012). Thus, it is important to determine the
applicability of ISNT rule in myopic eyes. However, there are few studies on the
applicability of ISNT and IST rules in myopic eyes (Kim et al. 2014). By using
optic disc photographs, the sensitivity (73.3% to 75.7%) and specificity (68.3% to
71.4%) of the ISNT rule in diagnosing glaucoma have been reported in eyes with
myopic titled discs (Kim et al., 2014). To the best of our knowledge, there are no
studies on the performance of ISNT rule in healthy myopia by using OCT and
69

CSLO devices. The purpose of the present study was to determine the
applicability of ISNT rules to RNFL thickness and rim area obtained with OCT
and CSLO in healthy myopic eyes. Several ocular factors have been reported to
be associated with rim area measurement and RNFL distribution in myopic eyes
(Oddone et al., 2009; Pereira et al., 2015). Therefore, a second objective of this
study was to evaluate the impact of various ocular factors on the performance of
the ISNT rule and its variants in myopic eyes.

Methods

Subjects

One hundred and forty seven healthy myopic subjects were consecutively
recruited from the refractive surgery clinic of Joint Shantou International Eye
Center. All the included subjects underwent a complete ophthalmic examination
including the measurement of refraction, visual acuity, intraocular pressure (IOP),
axial length (IOL master; Carl-Zeiss Meditec, Dublin, CA), and a dilated
stereoscopic fundus examination. All the included eyes had no concurrent ocular
disease, other than a refractive error (spherical equivalent less than -0.5 diopters
(D)). All subjects were subdivided into two groups according to refractive status:
high myopia group (spherical equivalent <-6 D) and low to moderate group
(spherical equivalent between -0.50 and -6.00 D). Subjects were excluded if the
best corrected visual acuity was less than 20/40, the IOP over 21 mmHg, if they
had a family history of glaucoma, or if they had a history of myopic macular
degeneration, diabetes, neurological disease, refractive surgery, intraocular
surgery, or glaucoma. One eye from each subject was randomly selected for
analysis. The present study followed the tenets of the declaration of Helsinki and
was approved by the ethical committee of Joint Shantou International Eye Center.
Written informed consent was obtained from each subject before enrolment.

Visual field testing
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Visual field tests of all the included subjects were performed with standard
automated perimetry using the 24-2 grid and the SITA standard strategy
(Humphrey Field Analyzer II; Carl Zeiss Meditec, Inc.). Only reliable visual field
tests (with false positive and negative less than 10%, and fixation loss less than
20%) were included in the present study. All the included visual field tests were
within normal limits in the glaucoma hemifield test (GHT) and had a pattern
standard deviation (PSD) p value > 5%.

Confocal scanning laser ophthalmoscopy imaging

The optic disc imaging was performed with confocal scanning laser
ophthalmoscopy (Heidelberg Retina Tomograph II [HRT2]; Heidelberg
Engineering, GmbH, Dossenheim, Germany). A three-dimensional topographic
image is constructed from multiple focal planes axially along the optic nerve head.
An average of three consecutive scans is obtained and aligned to construct a
single topography for analysis. Each optic disc image was checked carefully for
image quality. Only images with good quality (an average pixel height standard
deviation no more than 30 µm) were included in the current analysis. All the
contour lines were manually drawn by a trained ophthalmologist (KQ) based on
the margin of the optic disc (defined as the inner edge of the Elschnig’s ring).

Global neuroretinal rim area and 6 sectorial neuroretinal rim area measurements
(temporal quadrant, superotemporal octant, inferotemporal octant, nasal quadrant,
superonasal octant, and inferonasal octant) were calculated and exported from the
build in software. In the present study, the superior neuroretinal rim was defined
as the combination of the superonasal and superotemporal measurements, while
the inferior neuroretinal rim was defined as the combination of the inferonasal and
inferotemporal measurements. Disc area was also recorded for analysis.

Optical coherence tomography
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Each of the included eyes underwent RNFL imaging with the Cirrus High
Definition OCT (software version 5.0.0.326; Carl Zeiss Meditec, Dublin, CA).
The scan speed for this OCT device is 27,000 A-scans per second and the axial
resolution is 5 μm. The peripapillary RNFL measurement was performed with the
Optic Disc Cube 200×200 protocol. OCT scans with eye movements during
image acquisition (checked by reviewing the real-time SLO fundus images) were
excluded and retaken. Each included image had minimum signal strength of 7.
The RNFL thickness maps were derived from the analysis printout by the
automatic built-in software. Average RNFL thickness and 4 quadrant RNFL
thicknesses (superior, nasal, inferior, and temporal quadrant) were recorded for
analysis.

Measurement of the disc-fovea angle (DFA)

Based on the coordinates of the fovea and the center of the optic disc, DFA was
measured with the ImageJ software (available in the public domain at
http://rsbweb.nih.gov/ij/; www.nih.gov, National Institutes of Health, Bethesda,
MD, USA). The fovea was automatically detected by the OCT software with
overplayed macular color thickness map on the SLO fundus image. By using
Illustrator CS4 software (Adobe Systems Inc., San Jose, California), the RNFL
thickness deviation map with disc center determined by the OCT software was
exported and manually registered to the SLO fundus image. To make a good
registration, the retinal vessel trajectories were used as a reference and the
transparency of the optic disc image was set to 50% to allow visualization of the
underlying SLO fundus image.

The DFA, defined as the angle between the disc-fovea line and the horizontal line,
was then measured with ImageJ software on the overlaid images (Figure 1A)
(Amini et al. 2014). A positive DFA value indicates that the fovea is located
inferiorly with respect to the optic disc center.

72

Figure 1. Measurements of disc-fovea angle (DFA) and retinal artery angle.
(A): Measurement of DFA on SLO fundus image. The fovea (point F) was automatically
detected by the OCT software on the SLO fundus image with the macular color thickness
map. The enface optic disc image (RNFL deviation map) with the optic disc center
labelled (point D) by the OCT software was manually registered to the SLO fundus image
with Illustrator CS4 software using the retinal vessels as reference. The DFA was defined
as the angle between the disc-fovea line and the horizontal line (∠DFP).
(B): Measurements of retinal artery angle. The intersections (A and B) of the major
temporal retinal artery and the 3.46 mm measurement circle were manually determined.
The disc center (O) was automatically set by the OCT software. Artery angle was defined
as ∠AOB.

Measurement of major retinal blood vessel angles

Measurements of the major temporal retinal blood vessels angles were performed
on the RNFL deviation maps. The intersections of the major superotemporal
artery and inferotemporal artery with the 3.46 mm OCT measurement circle were
manually determined by one investigator (KQ). Subsequently, we determined the
retina artery angle, defined as the distance between the corresponding crossings in
degrees along the circle (Figure 1B).

Definitions of disc ovality Index, disc torsion, horizontal and vertical disc tilt

The definitions of optic disc torsion and optic disc tilt have been described
previously (Park et al., 2012; Takasaki et al., 2013). Briefly, Disc torsion degree
was defined as the deviation of the long axis of the optic disc from the vertical
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reference (a vertical line 90° from a horizontal line connecting the disc center and
the fovea). The angle between the longest axis of the optic disc and the vertical
reference was determined as the torsion degree. An inferotemporal direction
torsion (counterclockwise torsion in the right eye format) was presented as a
positive value, while a superonasal direction torsion (clockwise torsion in the
right eye format) was presented as a negative value. Optic disc tilt was determined
as the tilt index (defined as the shortest diameter divided by the longest diameter).

The measurements of horizontal and vertical disc tilt were performed manually on
HRT printouts with the ImageJ software (Takasaki et al., 2013). The horizontal
disc tilt was defined as the angle subtended by a horizontal line and a line that was
drawn to connect the two points where the height profile and the disc margin met
(Fig. 2). The vertical disc tilt was defined as the angle subtended by the vertical
line and the line joining the two points where the height profile and the disc
margin met (Fig. 2). Horizontal disc tilt in temporal direction and downward
vertical disc tilt in inferior direction were presented as positive angles. Nasal disc
tilt and superior disc tilt were presented as negative angles.
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Figure 2. Measurements of horizontal and vertical disc tilt angles on HRT 2 printouts
with the ImageJ software. Horizontal tilt angle (∠ABC=31.1°, temporal disc tilt) was
defined as the angle between the horizontal line and a line (dashed) connecting the two
points where the height profile and the disc margin met. Vertical tilt angle (∠DEF=-9.5°,
upward disc tilt) was defined as the angle between the vertical line and a line (dashed)
connecting the two points where the height profile and the disc margin met.

Statistical Analysis

The statistical analyses were performed with the SPSS software (ver. 23.0; SPSS
Inc, Chicago, IL). Differences in RNFL thickness and the rim area among the 4
quadrants were analyzed using the 1-way analysis of variance with Tukey
multiple comparison tests. The compliance of the ISNT rule and 2 variants (IS
and IST rules) on RNFL thickness and rim area was determined and compared
between two groups with a chi-square test. The effects of ocular factors (including
axial length, disc area, disc tilt, disc torsion, DFA, and retina artery angle) on the
75

performance of ISNT rules were evaluated with logistic regression analysis. A p
value less than 0.05 was considered statistically significant.

Results

After excluding 9 subjects (6 subjects with unreliable visual field tests, and 3
subjects with poor OCT scan quality), one hundred and thirty eight eyes from 138
subjects (60 females and 89 right eyes) were finally included in the analysis.
Table 1 presents the demographics of the study population. The mean age was
23.1±4.1 years (range, 18 to 40). The mean axial length and refractive error were
25.57±1.09 mm (range, 22.52 to 28.77 mm) and -5.12±2.30 D (range, -9.63 to 0.50 D), respectively. The mean average RNFL thickness and global rim area
were 97.7±8.9 µm (range, 81 to 128µm) and 1.53±0.31mm2 (range, 0.90 to 2.43
mm2), respectively.

The rim area measured with HRT2 was greatest in the inferior quadrant, followed
by the superior quadrant, the nasal quadrant, and the temporal quadrant (one way
ANOVA, all with p<0.001). In 132 (95.7%) eyes, the temporal rim area was
thinnest; in 4 (2.9%) eyes, the nasal rim area was thinnest; in 2 (1.4%) eyes, the
superior rim area was thinnest. The IS (I > S), IST (I > S > T), and ISNT (I > S >
N > T) rules were followed in 92 (66.7%) eyes, 90 (65.2%) eyes, and 87 (63.0%)
eyes, respectively. A subgroup analysis revealed that no significant different
compliance of ISNT rules was detected between high myopia and low to
moderate myopia (Table 2A). Table 3 and Table 5 demonstrate the univariate
logistic regression analysis and the corresponding multiple logistic regression
results. After adjusting for the other covariates, disc area was found to be the only
significant factor associated with the compliance of IS rule (odds ratio: 0.46,
p=0.039), IST rule (odds ratio: 0.46, p=0.037), and ISNT rule (odds ratio: 0.44,
p=0.030).
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Table 1. Characteristics of the study population (n=138)
Mean±SD

Range

23.1±4.1

18 to 40

-5.21±2.41

-15.75 to -0.50

25.60±1.12

22.52 to 28.77

1.90±0.49

0.92 to 3.63

5.5±3.1

-1.1 to +15.8

Artery angle, deg

65.4±10.5

38.3 to 88.5

Index of tilt

0.82±0.08

0.60 to 1.00

Disc torsion degree, deg

4.7±25.3

-77.4 to 87.1

Horizontal disc tilt angle, deg

14.9±7.6

-2.4 to 36.9

Vertical disc tilt angle, deg

2.1±6.3

-10.4 to 56.6

Average RNFL thickness, μm

97.7±8.9

81.0 to 128.0

Superior RNFL thickness, μm

118.6±17.4

79.0 to 191.0

Nasal RNFL thickness, μm

64.6±10.9

40.0 to 91.0

Inferior RNFL thickness, μm

123.3±17.6

81.0 to 175.0

Temporal RNFL thickness, μm

84.2±15.7

51.0 to 135.0

1.53±0.31

0.90 to 2.43

0.43±0.09

0.27 to 0.67

0.39±0.10

0.19 to 0.73

0.45±0.09

0.27 to 0.69

0.26±0.08

0.12 to 0.61

Age, y
Spherical equivalent, D
Axial length, mm
2

Disc area (HRT2), mm
DFA, deg

OCT RNFL measurements

HRT2 rim area measurements
Global rim area, mm2
Superior rim area, mm
Nasal rim area, mm

2

2

Inferior rim area, mm

2
2

Temporal rim area, mm
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Table 2. Percentage of eyes that comply with ISNT rules in high myopia and low
to moderate myopia
Mild to moderate
myopia (n=91)

High myopia (n=47)

χ2 test, p

IS rule

60 (65.9%)

32(68.1%)

0.85

IST rule

59 (64.8%)

31(66.0%)

0.99

ISNT rule

58 (63.7%)

29(61.7%)

0.85

IS rule

63 (69.2%)

28(59.6%)

0.26

IST rule

59 (64.8%)

21(44.7%)

0.03

ISNT rule

12 (13.2%)

4(8.5%)

0.58

A. HRT rim area

B. OCT RNFL thickness

Table 3. Factors associated with performance of IS, IST, and ISNT rules on rim
area obtained with HRT2 (n=138; univariate logistic regression analysis)
IS rule

IST rule

ISNT rule

Odds ratios
(95%CI)

p

Odds ratios
(95%CI)

p

Odds ratios
(95%CI)

p

Gender

1.00(0.49-2.04)

1.000

1.16(0.57-2.34)

0.684

1.26(0.63-2.53)

0.516

Age

0.99(0.91-1.08)

0.857

1.00(0.92-1.10)

0.928

0.99(0.92-1.08)

0.935

Axial length

0.91(0.66-1.25)

0.550

0.89(0.65-1.22)

0.470

0.88(0.65-1.21)

0.431

Artery angle

1.01(0.99-1.03)

0.395

1.01(0.99-1.03)

0.406

1.01(0.99-1.03)

0.338

DFA

1.03(0.92-1.15)

0.624

1.03(0.92-1.16)

0.558

1.04(0.93-1.16)

0.204

Disc area

0.55(0.27-1.12)

0.098

0.46(0.23-0.96)

0.037

0.53(0.26-1.07)

0.076

Index of tilt

0.07(0.01-6.86)

0.259

0.04(0.01-3.45)

0.155

0.18(0.01-14.65) 0.446

0.99(0.98-1.01)

0.644

0.99(0.97-1.01)

0.128

0.99(0.97-1.01)

0.214

1.01(0.97-1.06)

0.596

1.02(0.97-1.06)

0.524

0.99(0.95-1.05)

0.941

0.95(0.89-1.02)

0.139

0.96(0.90-1.02)

0.213

0.95(0.89-1.02)

0.150

Disc torsion
degree
Horizontal tilt
angle
Vertical tilt
angle
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Table 4. Factors associated with performance of IS and IST rules on RNFL thickness
obtained with SD-OCT (n=138; univariate logistic regression analysis)
IS rule

IST rule

Odds ratios (95%CI)

p

Odds ratios
(95%CI)

Gender

0.94(0.46-1.92)

0.875

1.10(0.56-2.17)

0.785

Age

1.07(0.96-1.18)

0.212

1.09(0.98-1.20)

0.093

Axial length

0.98(0.72-1.35)

0.909

0.72(0.52-0.98)

0.040

Artery angle

0.99(0.97-1.02)

0.618

1.02(0.99-1.04)

0.058

DFA

1.30(1.13-1.50)

<0.001

1.19(1.05-1.34)

0.006

Disc area

0.77(0.38-1.56)

0.461

1.64(0.81-3.34)

0.171

Index of tilt

0.22(0.01-19.00)

0.503

Disc torsion degree

1.00(0.98-1.02)

0.884

1.00(0.98-1.03)

0.498

Horizontal tilt angle

1.03(0.98-1.08)

0.257

0.98(0.93-1.02)

0.317

Vertical tilt angle

1.00(0.95-1.07)

0.806

0.97(0.91-1.03)

0.344

p

13.61(0.18-102.08) 0.236

Table 5. Factors associated with performance of IS, IST and ISNT rules on RNFL
thickness and rim area obtained with SD-OCT and HRT2 (n=138; multiple logistic
regression analysis) (backward method, variable enter if p <0.20, variable remove if p>0.1)
Odds ratios (95%CI)

p

1.30(1.13-1.50)

<0.001

DFA

1.20(1.06-1.35)

0.005

Disc area

1.91(0.91-4.04)

0.089

Axial length

0.75(0.54-1.03)

0.078

Disc area

0.46(0.22-0.96)

0.039

Vertical tilt angle

0.93(0.86-1.01)

0.080

0.46(0.23-0.96)

0.037

Disc area

0.44(0.21-0.92)

0.030

Vertical tilt angle

0.94(0.86-1.01)

0.080

IS rule (OCT)
DFA
IST rule (OCT)

IS rule (HRT2)

IST rule (HRT2)
Disc area
ISNT rule (HRT2)

On average, the RNFL thickness measurement obtained with SD-OCT was
thickest in the inferior quadrant, followed by the superior quadrant, temporal
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quadrant, and the nasal quadrant (one way ANOVA, all with p<0.001). In 119
(85.6%) eyes, the nasal RNFLwas thinnest; in 19 (14.4%) eyes, the temporal
RNFL was thinnest. Regarding the ISNT rule and the two variants, 91(65.9%)
eyes complied with the IS rule, while 80 (58.0%) eyes complied with the IST rule.
However, the ISNT rule was followed in only 16 (11.6 %) eyes. In the subgroup
analysis, lower percentage of eyes in high myopia group were found to comply
with the IST rule than that of low to moderate myopia (44.7% vs 64.8%, p=0.03).
No significant different compliance of IS rule and ISNT rule was found between
the two groups (Table 2B). Table 4 demonstrates the potential factors associated
with the performance of the IS and IST rules by using univariate logistic
regression analysis. As most of the eyes (88.4%) violated the ISNT rule, the ISNT
rule was not included in this analysis. DFA was significantly associated with the
performance of IS and IST rules (odds ratio: 1.30, p<0.001; odds ratio: 1.19,
p=0.006, respectively). Axial length (odds ratio: 0.72, p=0.040) and retina artery
angle (odds ratio: 1.02, p=0.058) were found to correlate with the compliance of
IST rule. In the multiple analysis, DFA was the only significant factor associated
with the compliance of IS rule and IST rule, after adjusting for other covariates
(Table 5).

Discussion

In the present study, we evaluated the application of the ISNT rules on retina
nerve fiber layer thickness and neuroretinal rim area in healthy myopic eyes by
using SD-OCT and HRT2. Although the performance of ISNT rule on rim area
was better than on RNFL thickness, 88.4% and 37% of eyes did not comply with
the ISNT rule on RNFL thickness and rim area, respectively. For rim area, smaller
disc area was significantly associated with increased compliance of the IS, IST
and ISNT rules. For RNFL thickness, greater DFA was significantly associated
with increased compliance of the IS and IST rules.

Previous studies have evaluated the performance of ISNT rule on rim area (Sihota
et al., 2008; Morgan et al., 2012; Chan et al., 2013; Dave & Shah 2015; Pradhan
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et al., 2016). By using optic disc photographs, 46% to 79% of the eyes were
reported to follow the ISNT rule (Harizman et al., 2006; Wang et al., 2007; Law
et al., 2016). By using CSLO, the ISNT rule was applicable in 71% of 136 normal
eyes (Sihota et al., 2008). However, significant low compliance of ISNT rule was
also reported in several studies (Iester et al., 2011; Chan et al., 2013; Nayak et al.,
2015). In a population based study, Chan et al. (2013) reported that only 15.7% of
nonglaucomatous eyes obeyed the ISNT rule on rim area obtained with HRT3. In
another study, Natasha et al. (2015) evaluated the ISNT rule fulfillment in a
Caucasian normative database consisting of 280 subjects by using HRT3. They
found that 18% of normal eyes had rim areas that complied with the ISNT rule. In
the present study, however, we found that ISNT rule was intact in a majority of
myopic eyes (63%). Several differences in study design could have contributed to
these conflicting results, such as different study population and different
measurement methods of rim area. For example, only myopic eyes were included
in the present study while normal eyes were analyzed in previous studies. The
mean disc area in our study was 1.90 mm2, which was smaller than that of
Natasha’s study (2.40mm2) (Nayak et al., 2015). Disc size has been reported to
have influence on rim area measurement (Oddone et al., 2009). Moreover, disc
area was reported to be associated with the performance of ISNT rule (Chan et al.,
2013; Nayak et al., 2015). Consistent with previous studies (Chan et al., 2013;
Nayak et al., 2015), we found that smaller disc area was significantly associated
with increased compliance of IS, IST, and ISNT rules. Although axial length has
been reported to correlate with rim area in previous studies (Cheung et al., 2011;
Savini et al., 2012), no significant difference in compliance of ISNT rules
between high myopia and low to moderate myopia groups was detected in current
study. Optic disc torsion and disc tilt have been reported to correlate with rim area
measurement (Tong et al., 2007; Arvind et al., 2008). In the present study,
however, optic disc torsion, disc tilt and retinal artery angle were not associated
with the performance of ISNT rules.

Although the ISNT rule was generally used to characterize the normal
neuroretinal rim (Jonas et al., 1988; Jonas et al., 1998), we also evaluated the
81

compliance of the ISNT rule on RNFL thickness in myopic eyes. Previous studies
have already reported the variability of ISNT rule fulfilment on RNFL thickness
in normal eyes (Alasil et al., 2013; Dave & Shah 2015; Pradhan et al., 2016). By
using the time-domain OCT, Pradhan et al. (2016) reported that 47.1% and 58.7%
of normal eyes obeyed the ISNT rule and IST rule, respectively. In another study,
Dave et al. found that 55% and 58.7% of normal eyes obeyed the ISNT rule and
IST rule on RNFL thickness, respectively (Dave & Shah 2015). Compared with
previous studies (Dave & Shah 2015; Pradhan et al., 2016), we found significant
low compliance of ISNT rule in myopic eyes. Only 11.6% of eyes obeyed the
ISNT rule on RNFL thickness in the present study. One possible explanation is
that myopic eyes have different RNFL distribution compared with normal eyes.
Increased temporal RNFL thickness in myopic eyes has been reported previously
(Wang et al., 2011; Leung et al., 2012). In line with previous studies (Wang et al.,
2011; Leung et al., 2012), we found that temporal RNFL thickness was
significantly thicker than nasal RNFL thickness in the current study population.
Moreover, we found nasal RNFL thickness but not temporal thickness was
thinnest in most of the myopic eyes (85.6%). Thus, one would not feel surprise to
find the low compliance of ISNT rule in the current myopic population. For the
two variants of ISNT rule on RNFL thickness, we found that 65.9% and 58.0% of
healthy myopic eyes were compliant with the IS and IST rules, respectively. This
is similar to previous reported results (Dave & Shah 2015; Pradhan et al., 2016).

Previously, myopia status has been reported to be associated with RNFL
distribution (Leung et al., 2012; Pereira et al., 2015). In the current study, we
found that lower percentage of eyes in high myopia group was compliant with the
IST rule than that of low to moderate myopia group (44.7% vs 64.8%, p=0.03).
Correspondingly, shorter axial length was associated with increased compliance
of IST rule in the univariate logistic regression analysis (Table 4). After adjusting
other covariates, however, DFA but not axial length was significantly associated
with the performance of IS and IST rules. The result of the current study fits well
with previous studies regarding the association between DFA and RNFL
distribution (Amini et al., 2014; Choi et al., 2014). Choi et al. (2014) reported that
82

greater DFA was significantly associated with increased inferior RNFL thickness
and decreased superior RNFL thickness in healthy myopic eyes. Although retinal
vascular pattern and optic disc anatomy (disc tilt, disc torsion, etc) have been
reported to correlate with RNFL distribution in previous studies (Pereira et al.,
2015; Shin et al., 2015), we did not detect any significant association between
retina artery angle, disc tilt, disc torsion degree and the compliance of IS and IST
rules.

In the present study, the application of the ISNT rule was only evaluated in
healthy subjects as we did not include glaucoma subjects. For good glaucoma
diagnostic performance in clinical practice, however, the ISNT rule should be not
only obeyed in the majority of healthy eyes but also violated in the majority of
eyes with glaucoma. Thus, it is important to evaluate the performance of ISNT
rule in myopic eyes with glaucoma. By using optic disc photographs, Kim et al.
(2014) reported that the sensitivity and specificity of the ISNT rule in diagnosing
glaucomatous eyes with myopic titled discs were 73.3% to 75.7% and 68.3% to
71.4%, respectively. Future studies are needed to evaluate the diagnostic
performance of ISNT rule on rim area and RNFL thickness obtained with HRT
and OCT in myopic population.

One of the limitations of the current study is that only young myopic subjects
were included. Age related decrease in global rim area and average RNFL
thickness has been reported in previous studies (Cheung et al., 2011; Alasil et al.,
2013). However, previous studies have found no significant effect of age on
compliance of ISNT rules (Harizman et al., 2006; Wang et al., 2007; Nayak et al.,
2015). Another limitation is that ocular magnification for OCT measurement was
not adjusted in the present study. However, ocular magnification is likely to have
similar effect on RNFL measurement of the 4 quadrants because of the extending
nature of peripapillary retinal nerve fibers. Thus, ocular magnification may not
have great effect on the distribution of peripapillary RNFL thickness. Other
limitations are that this was not a population-based study and that it involved only
Chinese subjects. Thus, the current findings may not apply to other populations.
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In conclusion, 88.4% and 37% of the healthy myopic eyes did not comply with
the ISNT rule on RNFL thickness and rim area, respectively. For rim area
measurement, smaller disc area was significantly associated with increased
compliance of the ISNT, IST and IS rules. For RNFL thickness, greater DFA was
significantly associated with increased compliance of the IS and IST rules. Due to
significant low compliance in healthy eyes, the ISNT rule and its variants have
limited potential utility in diagnosing glaucoma in myopic subjects.
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ABSTRACT

The peripapillary retinal nerve fiber layer (RNFL) thickness profile differs
between myopic and nonmyopic eyes and may differ between the superior and
inferior hemiretina. This hampers the use of OCT derived RNFL thickness
measurements in glaucoma. We imaged the peripapillary RNFL of 138 eyes from
138 healthy myopic subjects with the Cirrus HD OCT and determined the location
(angle) of the superior and inferior peak of the RNFL thickness profile at the 3.46
mm OCT measurement circle. We determined associations between the superior
and inferior RNFL peak thickness angle and the ocular factors axial length, the
angles of the supratemporal and infratemporal retinal artery and vein, disc area,
fovea-disc angle [FDA], disc ovality index, and disc torsion using multiple linear
regression. In the superior hemiretina, the RNFL peak thickness angle was
associated with the superior artery angle (P<0.001), superior vein angle (P<0.001),
disc area (P=0.003), FDA (P=0.012), and disc torsion (P=0.004). In the inferior
hemiretina, the RNFL peak thickness angle was associated with axial length
(P=0.025), inferior artery angle (P<0.001), inferior vein angle (P=0.010), and
FDA (P<0.001). Our findings indicate that the myopic RNFL thickness profile is
determined by different ocular parameters in the superior and inferior hemiretina.
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Introduction

Glaucoma is a progressive optic neuropathy characterized by damage of retinal
ganglion cells and their axons. With recent advances of the optical coherence
tomography (OCT) technology, in vivo measurement of retinal nerve fiber layer
(RNFL) thickness has been shown emerging as an important diagnostic
technology for glaucoma (Sommer et al., 1991; Huang et al., 1991; Medeiros et
al., 2005; Banister et al., 2016). However, considerable anatomic variation of the
RNFL thickness profile has been reported, which may confound the assessment of
glaucoma (Ghadiali et al., 2008; Shin et al., 2015; Brito et al., 2015; Hwang et al.,
2012; Yamashita et al., 2013; Choi et al., 2014).

Myopia is a prevalent ocular morbidity and a major risk factor for glaucoma
(Williams et al., 2015; Marcus et al., 2011). Thus, understanding of characteristics
and determinants of the retinal nerve fiber layer profile in myopia is of great
importance for glaucoma assessment. Previous studies have shown that the
peripapillary RNFL profile was influenced by myopia status, tilted disc, and
retinal blood vessel topography (Shin et al., 2015; Brito et al., 2015; Hwang et al.,
2012; Yamashita et al., 2013; Choi et al., 2014). However, our understanding of
the RNFL thickness profile variability in myopic eyes is incomplete. As myopic
eyes are likely to have tilted discs and narrower retinal artery trajectories (Tay et
al., 2005; Yamashita et al., 2014), it is uncertain whether myopia alone affects the
RNFL profile, or in combination with optic disc anatomy and/or retinal blood
vessel topography. Furthermore, different globe shape, including spheroidal,
ellipsoidal, conical, nasally distorted, temporally distorted, and barrel shapes have
been reported in myopia especially high myopia (Guo et al., 2017). During
myopia development, the asymmetrical elongation of the globe could cause a
difference in the RNFL thickness profile between the superior and inferior
hemiretina. Therefore, it would be important and helpful to address the influences
of various parameters on the variability of the profile in the superior and inferior
hemiretina separately.
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The aim of this study was to determine the characteristics and determinants of the
peripapillary RNFL thickness profile of healthy myopic eyes. For this purpose,
we performed a cross-sectional study in a large group of myopic subjects and
evaluated the effects of various ocular factors (including axial length, disc area,
fovea-disc angle [FDA], disc ovality, disc torsion, and retinal blood vessel
topography) on the variability of RNFL thickness profile in the superior and
inferior hemiretina.

Methods

Subjects

One hundred and forty seven Chinese myopic subjects were consecutively
recruited from the refractive surgery clinic of Joint Shantou International Eye
Center. They received a complete ophthalmic examination including a cycloplegic
refraction using an autorefractor (Canon FK-1; Canon, Tokyo, Japan), a
measurement of visual acuity, intraocular pressure (IOP), and axial length (IOL
Master; Carl-Zeiss Meditec, Dublin, CA), a visual field test (see below), and a
dilated stereoscopic fundus examination. Apart from the refractive error, the
included eyes were free of ocular disease. Subjects were excluded if the IOP was
above 21 mmHg, the best corrected visual acuity was less than 20/40, if they had
a family history of glaucoma, or if they had a history of myopic macular
degeneration, refractive surgery, intraocular surgery, diabetes, neurological
disease, or glaucoma. One eye from each subject was randomly selected. All the
included eyes had a spherical equivalent less than -0.5 diopters (D). The present
study followed the tenets of the declaration of Helsinki and was approved by the
local ethical committee. Written informed consent was obtained from each subject
before enrolment.

Visual field testing
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All the included eyes received visual field tests with standard automated
perimetry using the 24-2 grid and the SITA standard strategy (Humphrey Field
Analyzer II; Carl Zeiss Meditec, Inc.). Only reliable visual field tests (with
fixation loss less than 20% and false positive and negative less than 10%) were
included in the analysis (Bengtsson & Heijl 2000; Junoy et al., 2012). All the
included visual field tests had a pattern standard deviation (PSD) p value > 5%
and were within normal limits according to the glaucoma hemifield test (GHT).

Optical coherence tomography

Each of the included eyes received RNFL imaging using the Cirrus High
Definition OCT (software version 5.0.0.326; Carl Zeiss Meditec, Dublin, CA).
The axial resolution of this OCT device is 5 μm and the scan speed 27,000 Ascans per second (Carl Zeiss 2008). Both the Macular Cube 512×128 protocol and
the Optic Disc Cube 200×200 protocol were performed. Measurements with eye
movements during image acquisition (checked by reviewing the real-time SLO
fundus images) were excluded and retaken. Each included image had minimum
signal strength of 7 (median 8).

Measurement of RNFL peak thickness angles

RNFL thickness maps were generated with the built-in software of the Cirrus HDOCT and subsequently exported to a personal computer for further analysis. The
locations of the peaks in the RNFL thickness profile were determined on the
temporal, superior, nasal, inferior, and temporal (TSNIT) thickness curve as
measured on the 3.46 mm diameter measurement circle, which is centered around
the center of the optic disc. The superior and inferior RNFL peak thickness angle
were measured in degrees relative to the horizontal meridian (Figure 1A). We also
calculated the total peak thickness angle (angle between the superior and inferior
peak).

Measurement of disc area and adjustment for ocular magnification
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The disc area was derived from the analysis printout by the automatic built-in
software. According to previous studies, the actual area measurements on fundus
pictures in myopic eyes need to take into consideration of ocular magnification.
Based on the Bennett's method (Bennet et al., 1994), the relationship between the
measured and actual OCT area can be expressed as:
t2 = p2 × q2 × s2,

(1)

where t is the actual fundus dimension, p is the magnification factor of the camera
of the HD-OCT system, q the magnification factor of the eye, and s the
measurement obtained from the OCT system. For the OCT device used in this
study, p is known to be 3.382 (Kang et al., 2010). The magnification factor of the
eye can be calculated with the formula:
q = 0.01306 × (AL − 1.82),

(2)

where AL is the axial length in mm. Thus, the corrected disc area can be
calculated by the following formula:
Ac = 3.3822 × 0.013062 × (AL-1.82)2 × Am,

(3)

where Ac is the corrected area and Am the measured area. The corrected disc area
was used in the analysis.

Measurement of the fovea-disc angle (FDA)

Measurement of the FDA was performed with ImageJ software (available in the
public domain at http://rsbweb.nih.gov/ij/; www.nih.gov, National Institutes of
Health, Bethesda, MD, USA), based on the coordinates of the fovea and the
center of the optic disc.31 The fovea and optic disc center were automatically
detected by the OCT software on the SLO fundus image with overlayed macular
color thickness map and RNFL thickness deviation map, respectively. Both were
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exported and manually registered to each other (Figure 1B) with Illustrator CS4
software (Adobe Systems Inc., San Jose, California). To make a good registration,
the retinal vessel trajectories were used as a reference and the transparency of the
optic disc image was set to 50% to allow visualization of the underlying SLO
fundus image.

The FDA was defined as the angle between the disc-fovea line and the horizontal
(Figure 1B). A positive FDA value indicates that the fovea is located inferiorly
with respect to the optic disc center.

Measurement of major retinal blood vessel angles

Measurements of the major temporal retinal blood vessels angles were performed
using the OCT RNFL deviation map (Fig. 1C). The intersections of the
superotemporal and inferotemporal artery and vein with the 3.46 mm OCT
measurement circle were manually determined by one investigator (KQ).
Subsequently, the artery and vein angles were defined as the angle between the
horizontal meridian and a line through the disc center and the intersections of the
vessels with the measurement circle.

Figure 1. Definitions of superior/inferior RNFL peak thickness angle (A), fovea-disc
angle (B), and retinal vascular topography (C). For details see Methods section.
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Confocal scanning laser ophthalmoscopy imaging - disc ovality index and disc
torsion

The optic disc of each eye was also imaged with confocal scanning laser
ophthalmoscopy (Heidelberg Retina Tomograph II [HRT 2]; Heidelberg
Engineering, GmbH, Dossenheim, Germany). A three-dimensional topographic
image consisting of 384×384×16 up to 384×384×64 pixels is constructed from
multiple focal planes axially along the optic nerve head. Three consecutive scans
were obtained and aligned to compose a single mean topography for analysis. All
the optic disc images were checked carefully for image quality. Only images with
an average pixel height standard deviation of no more than 30 µm were included
in the analysis. The contour lines were manually drawn by a trained
ophthalmologist (KQ). The margin of the optic disc was defined as the inner edge
of the Elschnig’s ring.

By using the ImageJ software, the optic disc images from the HRT 2 topographic
analysis report were exported for further analysis. The definitions of optic disc
ovality and optic disc torsion have been described elsewhere (Takasaki et al.,
2013; Park et al. 2012). Briefly, optic disc ovality was quantified using the disc
ovality index (defined as the shorter diameter divided by the longer diameter).
Disc torsion was defined as the deviation (in degree) of the long axis of the optic
disc from the vertical reference (a line perpendicular to the line connecting the
disc center and the fovea). An inferotemporally directed torsion
(counterclockwise torsion in the right eye format) was presented as a positive
value, while a superonasally directed torsion (clockwise torsion in the right eye
format) was presented as a negative value.

Statistical Analysis

Univariable and multivariable analysis (Pearson's correlation analysis and
multiple linear regression) were performed to determine the associations between
the determinants and the superior, inferior, and total RNFL peak thickness angle.
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All statistical analyses were performed with the SPSS software (ver. 17.0; SPSS
Inc, Chicago, IL). A P value of 0.05 or less was considered statistically significant.

Results

Of the 147 screened subjects, nine subjects were excluded because of unreliable
visual field tests (6 subjects) or poor OCT scan quality (3 subjects). As a result,
138 eyes from 138 subjects (60 females and 89 right eyes) were finally included
in the analysis. Table 1 presents the demographics of the study population. The
mean (SD; range) axial length and refractive error were 25.6 (1.1; 22.5 to
28.8) mm and -5.1 (2.3; -9.6 to -0.5) D, respectively.

Table 1. Characteristics of the Study Population (n=138)
Median (interquartile range)

Range

22.5 (20.7 to 24.1)

18 to 40

Spherical equivalent, D

-4.88 (-6.69 to -3.72)

-15.75 to -0.50

Axial length, mm

25.60 (24.86 to 26.30)

22.52 to 28.77

Mean deviation of visual field, dB

-2.21 (-2.80 to -1.56)

-4.96 to 1.47

1.88 (1.68 to 2.17)

1.12 to 3.40

5.0 (3.4 to 8.0)

-1.1 to 15.8

0.82 (0.76 to 0.89)

0.60 to 1.00

Disc torsion degree, deg

3.2 (-7.7 to 15.1)

-77.4 to 87.1

Superior vein angle, deg

66.8 (56.9 to 75.6)

37.0 to 92.6

Superior artery angle, deg

65.6 (58.7 to 71.8)

38.3 to 88.5

Inferior vein angle, deg

68.2 (58.6 to 83.2)

35.4 to 104.0

Inferior artery angle, deg

66.2 (59.2 to 74.5)

32.6 to 113.9

Total vein angle, deg

136.8 (121.0 to 150.6)

73.3 to 189.1

Total artery angle, deg

132.1 (121.0 to 144.0)

84.4 to 193.4

Average RNFL thickness, μm

98.0 (90.8 to 103.0)

81.0 to 128.0

Superior RNFL peak thickness angle, deg

62.6 (56.3 to 68.9)

38.0 to 122.3

Inferior RNFL peak thickness angle, deg

62.6 (56.8 to 68.4)

40.8 to 99.8

125.2 (115.3 to 136.4)

84.4 to 194.1

Age, y

2

Disc area, mm
FDA, deg

Disc ovality index

Total RNFL peak thickness angle, deg
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Table 2 demonstrates the associations between the determinants and the superior,
inferior, and total RNFL peak thickness angle. The superior RNFL peak thickness
angle correlated significantly with disc area, FDA, disc ovality index, disc torsion,
superior artery angle, and superior vein angle. The inferior RNFL peak thickness
angle correlated significantly with axial length, refractive error, FDA, inferior
artery angle, and inferior vein angle. The total RNFL peak thickness angle
correlated significantly with axial length/refractive error, disc area, disc ovality,
disc torsion, total artery angle, and total vein angle. Figure 2 shows the
relationships between the superior and inferior RNFL peak thickness angle and
axial length and FDA.
Table 2. Factors associated with superior, inferior, and total RNFL peak thickness angle –
univariable analysis

Superior peak angle

Inferior peak angle

Total peak angle

r

P

r

P

r

P

Axial length

-0.15

0.079

-0.35

<0.001

-0.30

<0.001

Spherical equivalent

0.16

0.060

0.25

0.003

0.26

0.002

Disc area

0.34

<0.001

0.13

0.129

0.30

<0.001

FDA

-0.34

<0.001

0.39

<0.001

-0.02

0.78

Disc ovality index

0.31

<0.001

-0.07

0.424

0.26

0.002

Disc torsion

0.25

0.004

-0.08

0.347

0.20

0.017

Superior artery angle

0.68

<0.001

/

/

/

/

Superior vein angle

0.47

<0.001

/

/

/

/

Inferior artery angle

/

/

0.56

<0.001

/

/

Inferior vein angle

/

/

0.40

<0.001

/

/

Total artery angle

/

/

/

/

0.75

<0.001

Total vein angle

/

/

/

/

0.55

<0.001
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Figure 2. Scatterplots showing the relationship between axial length (left column) and
fovea-disc angle (right column) and the RNFL peak thickness angle in the superior and
inferior hemiretina. A: superior RNFL peak thickness angle versus axial length (r=-0.15,
P=0.079); B: inferior RNFL peak thickness angle versus axial length (r=-0.35, P<0.001);
C: superior RNFL peak thickness angle versus fovea-disc angle (r=-0.34, P<0.001); D:
inferior RNFL peak thickness angle versus fovea-disc angle (r=0.39, P<0.001).

In the multivariable analysis, a smaller superior RNFL peak thickness angle was
significantly associated with a smaller superior artery angle, smaller superior vein
angle, smaller optic disc area, a larger FDA, and a greater disc torsion (Table 3A).
A smaller inferior RNFL peak thickness angle was significantly associated with a
smaller inferior artery angle, smaller inferior vein angle, longer axial length, and
smaller FDA (Table 3B). A smaller total RNFL peak thickness angle was
significantly associated with a smaller total artery angle and a smaller total vein
angle (Table 3C). Of all determinants, the artery angle was the most prominent
predictor of the observed variability, for both hemiretinae (R2 of models with only
the arterial angle included were 0.46 and 0.31 for the superior and inferior
hemiretina, respectively).
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Table 3. Factors associated with superior, inferior, and total RNFL peak thickness
angle (deg) – multivariable analysis

R2

β coefficient

P

Superior artery angle (deg)

0.68

<0.001

Superior vein angle (deg)

0.27

<0.001

Disc area (mm2)

5.25

0.003

FDA (deg)

-0.57

0.012

Disc torsion (deg)

-0.08

0.004

Inferior artery angle (deg)

0.36

<0.001

Inferior vein angle (deg)

0.12

0.010

Axial length (mm)

-1.35

0.025

FDA (deg)

0.77

<0.001

Total artery angle (deg)

0.60

<0.001

Total vein angle (deg)

0.27

<0.001

A. Superior RNFL peak angle

B. Inferior RNFL peak angle

C. Total RNFL peak angle

0.63

0.47

0.67

Discussion

In myopia, the peripapillary RNFL thickness profile is determined by different
ocular parameters in the superior and inferior hemiretina. In the superior
hemiretina, the superior artery angle, superior vein angle, optic disc area, FDA,
and disc torsion contribute to this variability; in the inferior hemiretina, the
contributing factors are the inferior artery angle, inferior vein angle, axial length,
and FDA. Of all determinants, the artery angle appears to be the most prominent
predictor of the observed variability, for both hemiretinae.
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The peripapillary RNFL thickness profile in myopic eyes has been addressed
previously (Kim et al., 2010; Wang et al., 2011; Leung et al., 2012; Yamashita et
al., 2017; Hong et al., 2010). The temporal RNFL has been reported to be thicker
in myopic eyes than in nonmyopic eyes (Kim et al., 2010; Wang et al., 2011). By
analysing the radial axes of the superotemporal and inferotemporal RNFL bundles
as determined in the RNFL thickness map, Leung et al. (2012) reported that the
superotemporal and inferotemporal RNFL bundles tend to shift towards the
horizontal meridian with increasing myopia. In a recent study, Yamashita et al.
(2017) found that the axial length was significantly associated with the RNFL
peak thickness angle in the inferior hemiretina but not in the superior hemiretina.
This is in agreement with our findings (Figure 2A,B; Table 3). The reason why
axial length affects the RNFL thickness profile more pronounce in the inferior
hemiretina remains to be uncovered. One possible explanation could be the
different globe shapes in myopic eyes. It has been reported that high myopic
globes demonstrate a symmetrical or asymmetrical anteroposterior elongation and
posterior protrusion (Moriyama et al., 2011), which may result in various globe
shapes including ellipsoidal, spheroidal, conical, nasally distorted, temporally
distorted, and barrel shapes (Guo et al., 2017). It is speculated that there could be
a asymmetrical dragging (asymmetrical stretching of the posterior fundus) of the
retinal nerve fiber bundles towards the temporal region between the superior and
the inferior hemiretina, during the elongation of the globe.

The relationship between retinal vessel topography and variability of the RNFL
has been studied previously as well (Yamashita et al., 2013; Resh et al., 2011;
Pereira et al., 2014; Pereira et al., 2015a; Pereira et al., 2015b; Qiu et al., 2015;
Yamashita et al., 2017). Yamashita et al. demonstrated that the retinal artery angle
was significantly associated with the RNFL peak thickness angle in 50 healthy
subjects (Yamashita et al., 2013). We found previously that the retinal blood
vessel topography was a significant determinant of the retinal nerve fiber bundle
trajectory variability in the human retina (Qiu et al., 2015). Consistent with this
previous study, we found that the artery and vein angles were significantly
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associated with the RNFL peak thickness angle in both the superior and the
inferior hemifield. Even more, we found that they were the most prominent
predictors of the variability in the RNFL peak thickness angles. A possible
explanation for the strong relationship between retinal vessel topography and
RNFL anatomy is the fact that the vessels and nerves tend to develop in relative
proximity during embryological development, possibly because they share
common guidance signals (Eichmann et al., 2005; Dorrell et al., 2006).

The association between the FDA and the RNFL distribution is an area of much
recent interest (Choi et al., 2014; Pereira et al., 2015b; Mwanza et al., 2016;
Resch et al., 2016; Amini et al., 2014). Choi et al. (2014) demonstrated that the
FDA was significantly associated with a vertical asymmetry of the RNFL
distribution, in 164 healthy myopic subjects. In another recent study, however,
Resch et al. (2016) reported that rotation of the RNFL measurements according to
the FDA did not reduce the intersubject variability of the RNFL thickness. In the
present study, we found that a larger FDA was significantly associated with a
smaller superior RNFL peak thickness angle and a larger inferior RNFL peak
thickness angle (Fig. 2C and D). In line with these associations, the FDA was not
significantly associated with the total RNFL peak thickness angle (Table 2). Our
findings agree well with previous studies (Mwanza et al., 2016; Amini et al.,
2014). In Amini’s and Mwanza’s studies, average and regional RNFL thickness
were recalculated after adjusting the FDA. With adjustment of FDA, they found a
significant change of the regional but - obviously - not average RNFL thickness.
On the basic of these findings, we speculate that significant rotation of RNFL
profile exist in eyes with a large FDA (more inferiorly located fovea). It is
important to note that current findings may not apply to OCT devices (such as the
Spectralis OCT [Heidelberg Engineering, Inc., Heidelberg, Germany]) with FDA
alignment (Valverde-Megías et al., 2013). No significant association between the
FDA and the superior/inferior RNFL peak thickness angle remained if we
repeated the analysis by using FDA adjusted RNFL peak thickness angles
(superior hemifield: r=-0.09, P=0.28 after adjustment and -0.34, P<0.001before
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adjustment; inferior hemifield: r=0.07, P=0.38, after adjustment and 0.39,
P<0.001 before adjustment [Table 2]).

The influence of optic disc anatomy on the RNFL thickness profile has been
studied widely (Shin et al., 2015; Hwang et al., 2012; Lee et al., 2014; Sung et al.,
2016; Law et al., 2010). Eyes with an inferotemporal disc torsion tend to have a
temporalized superior RNFL peak thickness angle (Lee et al., 2014; Law et al.,
2010). Eyes with an enlarged disc ovality or tilted disc have been reported to have
a thicker temporal RNFL and a smaller RNFL peak thickness angle (Shin et al.,
2015; Hwang et al., 2012). In the present study, several disc parameters including
disc area, disc ovality, and disc torsion, were found to correlate with the RNFL
peak thickness angles in the univariable analysis. However, as disc ovality and
disc torsion are associated with axial length (Tay et al., 2005), it is important to
analyze these factors with multivariable analysis. In agree with previous studies
(Law et al., 2010; Lee et al., 2014), we found that eyes with an inferotemporal
torsion had a smaller superior RNFL peak thickness angle. Interestingly, we
found that eyes with a smaller disc area tended to have a smaller superior RNFL
peak thickness angle. Although the underlying mechanism of this association is
not clear, our finding fits well with previous studies (Kim et al., 2011; Qiu et al.,
2011). It has been shown that eyes with a small optic disc are prone to false
positive diagnostic classification of RNFL measurements, which may be related
to the temporal deviated RNFL profile (Kim et al., 2011; Qiu et al., 2011).

Several limitations exist in the present study. As the RNFL bundle trajectories are
curvilinear in both the superior and inferior hemifields, the RNFL peak thickness
angles only provide a surrogate parameter of the entire RNFL anatomy,
representing the pattern of the RNFL distribution in the peripapillary area.
However, as most of the current OCT devices provide RNFL measurements in the
peripapillary area, our results could be applied directly in clinical practice.
Another limitation is that ocular magnification may lead to errors in the
measurement of the RNFL peak thickness angles and vessel angles, because the
circle size depends on magnification and neither the RNFL trajectories nor the
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vessels have a purely radial course. In the present study, it was not possible to
measure the magnification-adjusted RNFL peak thickness angles, as the RNFL
thickness profile is provided by the built-in OCT software only at one unadjusted - distance from the center of the optic disc. By using Bennett's
formula,38 however, it is possible to evaluate the retinal vessel angles at the
magnification-adjusted OCT scan circle. We re-measured the adjusted retina
vessel angles and found significant but minor difference between the adjusted and
unadjusted measurements (131.1º vs 130.0º, p<0.001), indicating that the
influence of the non-radial course of vessels (and related to that, the RNFL
trajectories), is limited.

In summary, healthy myopic eyes display a significant variability in both the
superior and inferior peripapillary RNFL profile. The peripapillary RNFL
thickness profile is determined by different ocular parameters in the superior and
inferior hemiretina. The influence of axial length, retinal vessel topography, disc
area, FDA, and disc torsion should be considered when interpreting the
peripapillary RNFL profile in myopic eyes.
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Characteristic pattern of OCT abnormalities in the
RNFL thickness deviation map enables
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ABSTRACT

Aim: (1) To describe the pattern of OCT abnormalities in the peripapillary retinal
nerve fiber layer (RNFL) deviation map in healthy myopic eyes and (2) to
compare the location of the abnormalities between healthy and glaucomatous
myopic eyes.

Methods: Peripapillary RNFL thickness was assessed with Cirrus OCT in 137
myopic eyes (median spherical equivalent -4.9 D) of 137 healthy subjects and 25
eyes (-4.6 D) of 25 glaucoma patients (Group 1) and with Topcon OCT-2000 in
116 myopic eyes (-3.0 D) of 116 healthy subjects and 74 eyes (-2.0 D) of 74
patients (Group 2). We recorded (1) the area of the color-coded region in the
RNFL thickness deviation map and (2) the location of the color-coded region
relative to the major temporal retinal vessels. We calculated the sensitivity and
specificity with a positive test defined as (1) presence of a color-coded region that
qualified as abnormal and (2) presence of a color-coded region that qualified as
abnormal and was located at least partially on the temporal side of the major
temporal vessels.

Results: By taking the location into account, the specificity increased from 22.6
to 96.4% in Group 1 (P<0.001) and from 62.1 to 94.0% in Group 2 (P<0.001).
Corresponding sensitivities were 96 and 96% (Group 1) and 94.6 and 91.9%
(Group 2).

Conclusions: The location of the color-coded region in the RNFL thickness
deviation map relative to the major temporal retinal vessels offers a simple and
valuable clue for differentiating between false-positive and glaucoma in myopic
eyes.
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Introduction
Glaucoma is a chronic and progressive eye disease characterized by loss of retinal
ganglion cells (RGCs), thinning of the retinal nerve fiber layer (RNFL), and
subsequent visual field loss. Optical coherence tomography (OCT) has enabled
the in vivo measurement of RNFL thickness, which has been reported to be useful
for glaucoma detection in clinical practice (Huang et al., 1991; Banister et al.,
2016; Oddone et al., 2016). The RNFL thickness is compared to a built-in
normative database and displayed in the RNFL thickness deviation map, which
has been shown to have a high sensitivity for glaucoma detection (Leung et al.,
2010; Kim et al., 2010; Ye et al., 2011; Kim et al., 2015; Shin et al., 2017). In
myopia, however, the usefulness of the deviation map is limited due to a high
frequency of false-positive results in healthy eyes, yielding a poor specificity
(Kim et al., 2011; Leung et al., 2012; Biswas et al., 2016).

The use of separate normative data for myopic eyes has recently been suggested
(Akashi et al., 2015; Biswas et al., 2016 ). An alternative approach could be to
adjust for specific factors that are associated with both myopia and the abnormal
diagnostic classification. One of these factors is the retinal blood vessel
topography (Rho et al., 2014; Fujino et al., 2016). The position of the retinal
blood vessels correlates strongly with the peak angle of the peripapillary RNFL
(pRNFL) thickness (Yamashita et al., 2013; Pereira et al., 2014) and the retinal
nerve fiber bundle trajectories (Qiu et al., 2015). Also, RNFL defects have been
reported to be located along the retinal blood vessels in glaucoma suspects and
patients (Hood et al., 2016). Given this close relationship between the retinal
vasculature and the pRNFL thickness profile and trajectories, we hypothesize that
one or more features of the retinal vasculature could be pivotal for differentiating
between false-positive and true-positive glaucoma labeling in myopia.

The aim of the present study was (1) to describe the pattern of OCT abnormalities
in the pRNFL deviation map in healthy myopic eyes and (2) to compare the
location of the abnormalities between healthy and glaucomatous myopic eyes. For
this purpose, we performed spectral-domain OCT measurements in a large group
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of healthy myopic subjects and glaucoma patients. The extent and the location of
the pRNFL abnormalities were depicted by the area of the color-coded region in
the RNFL thickness deviation map and the location of the color-coded region
relative to the location of the major temporal retinal vessels, respectively. We
confirmed our observations by repeating the measurements in an independent,
second study group, assessed with another type of OCT device.

Methods

Subjects

The primary study group (Group 1) consisted of 146 Chinese myopic subjects
with healthy eyes and 29 Chinese patients with myopia and glaucoma. Myopia
was defined as spherical equivalent (SE) ≤ −0.5 diopters. One eye per subject was
included; a random eye was chosen if both eyes met the inclusion criteria. The
healthy subjects were consecutively recruited from the refractive surgery clinic of
the Joint Shantou International Eye Center. They received a complete ophthalmic
examination including a measurement of visual acuity, intraocular pressure (IOP),
perimetry (see next section), refraction, and axial length (IOL Master; Carl-Zeiss
Meditec, Dublin, CA), and a dilated fundus stereoscopic examination. Subjects
with best corrected visual acuity of less than 20/40, IOP over 21 mmHg, positive
family history of glaucoma, previous intraocular surgery, myopic macular
degeneration, glaucoma, peripapillary atrophy (PPA) extending outside the
measurement circle of the OCT, refractive surgery, neurological diseases, or
diabetes were excluded. For the comparison of the location of the RNFL
abnormalities between false-positive healthy subjects and glaucoma patients, 29
eyes of the 29 Chinese patients with myopia and glaucoma were recruited.
Glaucoma was defined as having glaucomatous optic disc damage (disc
hemorrhage, notching, a vertical cup-disc ratio greater than 0.6, or an intraindividual cup-disc ratio asymmetry greater than 0.2) with corresponding
repeatable glaucomatous visual field defect (see next section), regardless of the
IOP level.
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To validate our findings, we collected a secondary study group consisting of 122
healthy myopic eyes of 122 Chinese subjects and 79 glaucomatous eyes of 79
Chinese patients imaged with another OCT device (Group 2). The study was
approved by the local ethical committee with written informed consent obtained
from all subjects before participation. The present study followed the tenets of the
declaration of Helsinki.

Visual field testing

Visual field testing was performed with standard automated white-on-white
threshold perimetry, using the 24-2 SITA standard strategy (Humphrey Field
Analyzer II; Carl Zeiss Meditec, Inc.). A visual field test was defined as reliable
when fixation loss was less than 20% and false positive and false negative
responses were less than 10%. The visual field tests of all the included healthy
eyes had a pattern standard deviation (PSD) with P>5% and a 'within normal
limits' score on the glaucoma hemifield test (GHT). All eyes with glaucoma had a
repeatable visual field defect. A visual field defect was defined as a GHT score
'outside normal limits’ or three or more contiguous non-edge test locations in the
pattern deviation probability plot that were significantly depressed at P<0.05 with
at least one test location at P<0.01, on the same side of horizontal meridian.

Optical Coherence Tomography

In the primary study group, spectral domain OCT was performed using the Cirrus
High Definition OCT (software version 5.0.0.326; Carl Zeiss Meditec, Dublin,
CA). The scan speed of Cirrus is 27000 A-scans per second and the axial
resolution is 5 μm (Carl Zeiss 2008). We used the Optic Disk Cube 200×200
protocol for the assessment of disc area and pRNFL thickness. The real-time
fundus image was used to monitor eye movements. Images with misaligned
vessels within the scanning circle were excluded and retaken. All the included
images had minimum signal strength of 7 (median signal strength 8).
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In the secondary study group, we used the Topcon 3D OCT-2000 (software
version 8.11; Topcon). The scan speed of this spectral-domain OCT is 50,000 Ascans per second and the axial resolution is 6 μm. We used the Optic Disc 3D
Scan 512×128 protocol. Images with eye movements during image acquisition
were excluded and retaken. All the included images had minimum image quality
score of 45 as recommended by the manual.

As primary outcome measures, we analyzed the color-coded region (both yellow
and red) in the RNFL thickness deviation map as provided by the devices (Carl
Zeiss 2008).

Area and location of abnormalities in the RNFL thickness deviation map

We measured the area of the color coded region (both yellow and red) in the
RNFL thickness deviation map. The location of the color-coded region was
analyzed in eyes with a region defined as abnormal. A region was defined as
abnormal in case of the presence of at least 10 (3 for Topcon OCT) contiguous
yellow or red superpixels of which at least 3 (1 for Topcon OCT) superpixels
within the 3.46 mm measurement circle (Kim et al., 2011). Abnormal superpixels
within peripapillary atrophy were disregarded.

An abnormal region was categorized based on (1) the involved quadrant: located
on the nasal, superior, inferior, or temporal quadrant and (2) the location relative
to the major temporal vessels: located on the nasal side (defined as on the nasal
side of both the major temporal artery and the major temporal vein) and/or on the
temporal side. Thus, if any part of the color-coded region was located between the
major temporal arteries and veins, the region was considered to be located on the
temporal side (Figure 1). The deviation map was assessed in both the healthy and
the glaucomatous eyes by two independent observers (K.P., T.K.) who were
masked to the classification of the eyes. In cases of disagreement (9% of all
images), the first author (K.Q.) served as an adjudicator.
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Figure 1. Characteristic patterns of the color-coded region in the RNFL thickness
deviation map. A and C: Color-coded region located only on the nasal side of the major
temporal arteries and veins (blue arrows); B and D: Color-coded region located at least
partially on the temporal side of the major temporal arteries and veins.

Measurement of major temporal retinal blood vessel angles

The retinal vascular topography was described using the location of the major
temporal retinal blood vessels. Measurements were performed with ImageJ
software. Firstly, the intersections of the superotemporal artery and vein and the
inferotemporal artery and vein with the 3.46 mm OCT measurement circle were
manually determined by one investigator (KQ) on the OCT scanning laser
ophthalmoscope image. The retinal artery angle was defined as the angle
subtended by the lines joining the optic disc center and intersections between the
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superotemporal/inferotemporal artery and the 3.46 mm measurement circle. The
retinal vein angle was defined as the angle subtended by the lines joining the optic
disc center and intersections between the superotemporal/inferotemporal vein and
the 3.46 mm measurement circle.

Statistical Analysis

Differences in axial length and retinal artery angle between healthy eyes with and
without a color-coded region in the RNFL thickness deviation map that qualified
as abnormal were evaluated with a t-test. The associations between the area of the
color-coded region and the axial length, retinal artery angle, age, and disc area (as
provided by the OCT printout) were evaluated with multiple linear regression
analysis.

The location of the color-coded region was quantified as the proportion of eyes
with abnormalities only nasal to the main temporal vessels, and this proportion
was compared between the false positives (eyes of healthy subjects with a colorcoded region that qualified as abnormal) and true positives (glaucoma patients
with a color-coded region that qualified as abnormal), using a chi-square test with
Yates correction. The sensitivity and specificity of glaucoma detection with OCT
were calculated for a positive test result defined as (1) the presence of a colorcoded region in the deviation map that qualified as abnormal (Criterion 1) and (2)
the presence of a color-coded region in the deviation map that qualified as
abnormal and was located at least partially on the temporal side of the major
temporal retinal vessels (Criterion 2). As a reference, we also calculated the
specificity of a common OCT parameter, the Average RNFL thickness, at a
sensitivity similar to that of our Criterion 2. Sensitivity and specificity
corresponding to these two criteria and to the average RNFL thickness were
compared with a McNemar test. A P value of 0.05 or less was considered
statistically significant. The statistical analyses were performed with SPSS
software (version 17.0; SPSS Inc, Chicago, IL).
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Results

In Group 1, 9 healthy subjects were excluded because of unreliable visual field
tests (7 subjects) and PPA extending outside the OCT measurement circle (2
subjects); 4 glaucoma patients were excluded because of poor image quality OCT
scans. Finally, 137 (146-9) healthy eyes of 137 myopic subjects (63 females and
88 right eyes) and 25 glaucomatous eyes of 25 patients (9 females and 13 right
eyes) were included in the analysis. In Group 2, after excluding 6 healthy subjects
(unreliable visual field tests) and 5 glaucoma patients (poor image quality OCT
scans), 116 healthy eyes of 116 myopic subjects and 74 glaucomatous eyes (41
eyes had SE ≤ −0.5 diopters) of 74 glaucoma patients were included. Table 1
shows the demographics of the two study populations. Glaucomatous eyes had a
significantly larger artery angle and vein angle than the healthy eyes, in both
study groups (both P<0.001), but this difference disappeared after adjustment for
axial length.

In the 137 healthy eyes of Group 1, the median (inter-quartile range [IQR]) area
of the color-coded region in the deviation map was 1.8 (0.7 to 3.4) mm2. The
color-coded region was qualified as abnormal in 106 (77.4%) of these eyes (false
positives). This was the case in 24 of the 25 (96%) glaucomatous eyes of Group 1
(true positives). The 106 false-positive healthy eyes had a greater axial length
(25.8 ± 1.1 versus 25.2 ± 1.0 mm; P=0.017) and a smaller retinal artery angle (130
± 17° versus 141 ± 16°; P=0.002) compared to the remaining 31 healthy eyes
without a color-coded region that qualified as abnormal (true negatives). In the
multivariable analysis (adjusted for age and disc area), both axial length
(beta=0.37 mm2/mm; P<0.001) and artery angle (beta=-0.24 mm2/deg; P=0.004)
were significantly associated with the area of the color-coded region.
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Table 1. Characteristics of the primary (137 healthy and 25 glaucomatous eyes) and secondary (116 healthy and 74
glaucomatous eyes) study group
Primary study group (Group 1)
Healthy eyes

Secondary study group (Group 2)

Glaucomatous eyes

Healthy eyes

Glaucomatous eyes

Median (IQR)

Range

Median (IQR)

Range

Median (IQR)

Range

Median (IQR)

Range

22.2
(20.1 to 24.0)

18 to 40

41.6
(29.9 to 60.7)

23 to 68

31.2
(25.0 to 42.0)

21 to 70

50.0
(37.0 to 62.0)

20 to 77

-4.88
(-6.75 to -3.69)

-15.75 to -0.5

-3.00
(-4.25 to -2.00)

-0.50 to -8.50

-2.00
(-3.50 to 0.50)

-6.75 to 2.50

Axial length, mm

25.6
(24.9 to 26.3)

22.5 to 28.8

25.3
(24.2 to 26.4)

24.3
(23.6 to 25.2)

21.5 to 28.1

23.8
(23.4 to 24.6)

22.1 to 28.5

MD, dB

-2.1
(-2.7 to -1.5)

-4.9 to 1.5

-14.4
(-27.1 to -7.2)

-32.0 to -3.4

-0.9
(-1.9 to -0.3)

-4.2 to 1.2

-10.2
(-14.6 to -4.0)

-29.5 to -1.3

99.0
(91.0 to 103.5)

81.0 to 128.0

62.8
(55.0 to 78.3)

48.0 to 107.0

108.0
(102.0 to 112.0)

84.0 to 126.0

77.0
(66.0 to 89.0)

49.0 to 123.0

Retinal artery
angle, deg

132
(121 to 145)

71 to 173

139
(131 to 146)

92 to 168

135
(122 to 148)

75 to 170

140
(125 to 155)

78 to 169

Retinal vein angle,
deg

137
(121 to 152)

92 to 190

148
(129 to 162)

113 to 179

139
(124 to 155)

93 to 191

142
(126 to 160)

98 to 193

Age, y
Spherical
equivalent, D

Average RNFL
thickness, μm

-4.55
-17.75 to -0.75
(-7.00 to -1.00)
22.4 to 28.3
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Among the 106 false-positive healthy eyes of Group 1, 64 eyes (60.4%) had the
color-coded region located in the inferior and/or superior region. These 64 eyes
had a greater axial length (26.1 ± 1.1 versus 25.2 ± 1.0 mm; P<0.001) and a
smaller retinal artery angle (121 ± 19° versus 133 ± 11°; P=0.002) compared to
the remaining 42 eyes with only nasal involvement. Figure 2 illustrates this
association between the color-coded region, axial length, and retinal artery angle.
Among the 64 healthy eyes with inferior and/or superior region color coding, 53
eyes (82.8%) had the color coding expanding to the superotemporal (11 o'clock in
right-eye orientation) and/or inferotemporal (7 o'clock in right-eye orientation)
region (Figures 1B and C), which are the specific regions where RNFL defects
are commonly observed in glaucomatous eyes. In these 53 eyes, however, 48
(90.6%) eyes had the color-coded region located only on the nasal side of the
major temporal retinal vessels – related to the associated small arterial angle
(Figure 2 A-D). In total, 101 of 106 (95.3%) false-positive healthy myopic eyes
had the color-coded region located only on the nasal side of the major temporal
retinal vessels. Interestingly, none of the 24 true-positive glaucomatous eyes had
the color-coded region located only on the nasal side of the major temporal retinal
vessels (101 of 106 versus 0 of 24; P<0.001). This is illustrated in Figure 3A
(healthy eye) and Figure 3B (glaucoma). When a positive test result was defined
as the presence of a color-coded region that qualified as abnormal (Criterion
1), the sensitivity and specificity were 96 and 22.6%, respectively. By
additionally requiring that the color-coded region had to be located at least
partially on the temporal side of the major temporal retinal vessels (Criterion 2),
the specificity increased dramatically to 96.4% (96.4 versus 22.6%, P<0.001)
without any decrease in sensitivity (Table 2A).

In Group 2, 44 of 116 healthy myopic eyes (37.9%) and 70 of 74 glaucomatous
eyes (94.6%) had a color-coded region that qualified as abnormal in the deviation
map. Of the 44 false-positive healthy myopic eyes, 37 eyes (84.1%) had the colorcoded region located only on the nasal side of the major temporal retinal vessels.
Among the 70 true-positive glaucomatous eyes, only 2 eyes (2.9%) had the colorcoded region located only on the nasal side of the major temporal retinal vessels
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(37 of 44 versus 2 of 70; P<0.001). This is illustrated in Figure 3C (healthy eye)
and Figure 3D (glaucoma). Thus, also in this study group and OCT device,
additionally requiring that the color-coded region had to be located at least
partially on the temporal side of the major temporal retinal vessels yielded a
substantial increase in specificity (94.0 versus 61.2%, P<0.001) without a
significant decrease in sensitivity (Table 2B).

Table 2. Sensitivity and specificity of OCT for the two definitions of a positive
test result based on the area (Criterion 1) and the area and location (Criterion 2) of
the color-coded region in the RNFL thickness deviation map
Sensitivity (95%CI)

Specificity (95%CI)

A: Primary study group
Criterion 1

96.0% (77.7 to 99.8%)

22.6% (16.1 to 30.7%)

Criterion 2

96.0% (77.7 to 99.8%)

96.4% (91.3 to 98.6%)

P value

1.0

<0.001

B: Secondary study group
Criterion 1

94.6% (82.0 to 98.3%)

62.1% (52.6 to 70.8%)

Criterion 2

91.9% (82.6 to 96.7%)

94.0% (87.5 to 97.3%)

P value

0.65

<0.001

120

Figure 2. Cases demonstrating the association between the artery angle (left column, A to
D) and axial length (right column, E to H) and the color-coded region in the RNFL
thickness deviation map.
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Figure 3. Patterns of false-positive color-coded regions (A and C, healthy eyes) and
glaucomatous RNFL defects (B and D, glaucomatous eyes) in four cases imaged with
Cirrus OCT (A and B) and Topcon OCT (C and D). Of note, the color-coded region in
healthy myopic eyes (A and C) are located only on the nasal side of the major temporal
vessels whereas RNFL defects in glaucomatous eyes are located on the temporal side (D;
localized RNFL defect [red arrows]; visual field mean deviation -4 dB) or expanding to
the nasal side (B; diffuse RNFL defect; mean deviation -13 dB).

In order to compare the diagnostic performance of our Criterion 2 to the common
OCT parameter Average RNFL thickness, we compared specificities at a
balanced sensitivity. For the Criterion 2 sensitivities of 96.0 and 91.2% for Group
1 and Group 2, respectively (Table 2), this resulted for Average RNFL thickness
in a specificity of 39.4% for Group I (to be compared to 96.4% for Criterion 2;
P<0.001) and of 78.5% for Group 2 (to be compared to 94.0%; P<0.001).

Finally, our location criterion can also be combined with the OCT parameter
Average RNFL thickness. Average RNFL thickness has, at a sensitivity of 95%, a
specificity of 41.2% in Group 1 and of 62.4% in Group 2. By additionally
requiring abnormalities in the deviation map on the temporal side of the major
vessels, the specificity increased from 41.2% to 96.4% in Group 1 (P<0.001) and
from 62.4% to 95.7% in Group 2 (P<0.001) without a noticeable change in
sensitivity (sensitivity dropped from 95% to 94 and 93%, respectively).
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Discussion

The characteristic location of the color-coded region in the RNFL thickness
deviation map of healthy myopic eyes, being exclusively on the nasal side of the
major temporal retinal vessels, yields an opportunity to differentiate between
glaucoma and false-positive labeling. Analysis of the characteristic location of the
color-coded region in the thickness deviation map significantly improves the
diagnostic performance compared to the common OCT parameter Average RNFL
thickness.

In the present study, eyes with a smaller retinal artery angle (horizontally deviated
blood vessels) were associated with a greater area of the color-coded region in the
deviation map. A possible explanation for this finding is the close association
between retinal vasculature and the RNFL profile (Eichmann et al.,2005; Dorrell
& Friedlander 2006; Yamashita et al., 2013; Pereira et al., 2014; Resch et al.,
2015). In eyes with a small artery angle, the RNFL thickness profile tends to shift
to the temporal region causing a different distribution of the RNFL thickness
(relatively thick RNFL thickness in the temporal region and relatively thin RNFL
thickness in the superior and inferior region). As the normative database does not
consider the variation of the retinal vasculature, one would not be surprised to
find a false-positive classification in the inferior and superior quadrants in eyes
with a small artery angle (see Fig. 2). On the other hand, an RNFL defect located
in the temporal region of an eye with a small artery angle may be overlooked by
the device (because it is still within the allowed range according to the normative
database). Indeed, temporally located RNFL defects as identified with red-free
fundus photography were reported to be often overlooked in the OCT deviation
map (Hwang et al., 2013). Consistent with previous studies (Kim et al., 2011;
Leung et al., 2012; Kim et al., 2015; Qiu et al., 2011), we found that a longer
axial length was significantly associated with the area of the color-coded region in
the deviation map.
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Previously, high percentages of false-positive test results in the RNFL thickness
deviation map have been observed in myopic eyes (Leung et al., 2012; Biswas et
al., 2015). In agreement with these studies, we found that three quarters of the
healthy myopic eyes were classified as abnormal in the RNFL deviation map of
Cirrus HD OCT. In view of the high false-positive rate in myopic eyes, it is
important to differentiate glaucomatous RNFL defects from false-positive
abnormalities in clinical practice. The characteristics of glaucomatous RNFL
defects have been described before (Kimura et al., 2012; Hwang et al., 2014).
Briefly, the glaucomatous RNFL defects in the peripapillary area are
predominantly located in the superotemporal and/or inferotemporal region for
early stage glaucoma (Figure 3D) and expand to the superonasal and/or
inferonasal region for more advanced disease (Figure 3B). In the current study,
eyes with smaller artery angles tended to have color-coded regions located in the
superotemporal and/or inferotemporal region (the similar regions in which typical
glaucomatous RNFL defects are commonly observed), making it difficult to
differentiate between glaucoma and false-positive labeling. However, we found
that the vast majority of the false-positive healthy myopic eyes had the colorcoded region located only on the nasal side of the major temporal retinal vessels
(Figure 2A-G; Figure 3A, C). In contrast, none of the glaucomatous eyes with a
color-coded region had the color-coded region located only on the nasal side of
the major temporal retinal vessels. By taking this important, characteristic feature
into account, we were able to increase the specificity significantly without
sacrificing the sensitivity (Table 2A; validated in another study group with
another OCT device [Table 2B]). Our findings suggest that the location of the
color-coded region in the RNFL deviation map relative to the major temporal
retinal vessels offers a valuable clue for differentiating between glaucoma and
false-positive labeling in myopic eyes.

The reason why the relative location of RNFL defects (that is, relative to the
major temporal vessels) is more important than the absolute location remains
unclear. A possible explanation is the close relationship between the RNFL
profile and the major retinal blood vessels. RNFL defects have been reported to
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be located along the retinal blood vessels in glaucoma suspects and patients
(Hood et al., 2016). Another possible explanation is that retinal blood vessels tend
to nasalize in glaucomatous eyes (Varma et al., 1987; Radcliffe et al., 2014),
which could contribute to the typical location of RNFL defects in glaucoma,
being at least partly on the temporal side of the major blood vessels. Previously, it
has been reported that shifting the normative database according to vessel position
strengthens the structure–function relationship and improves the diagnostic
performance regarding the RNFL profile (Rho et al., 2014; Fujino et al., 2016).
The changing vessel position might complicate the use of such a database in
longitudinal studies or progression detection in clinical care.

There are limitations in the present study. One limitation of this study was that the
subjects were all Chinese and of a limited age range. A population-based study
including subjects with different ethnicities and ages is needed to allow for a
generalization of our findings. Cases and controls differed by age. However, all
parameters used in this study are age-corrected, as they are based on comparisons
with a normative database that includes age. Another limitation is the crosssectional nature of the present study. Some eyes with subclinical glaucomatous
damage may have been included in the current analysis. We tried to avoid this as
much as possible by applying strict inclusion and exclusion criteria. Future
longitudinal studies are needed to confirm our results. Strength of the present
study is the fact that our main finding (improvement in specificity) is not only
statistically significant, but also - due to the large effect - highly clinically
relevant.

In summary, significant inter-individual variations exist in the trajectories of the
major temporal retinal vessel in healthy myopic eyes. Especially eyes with a small
artery angle are prone to a false-positive glaucoma classification. The location of
the color-coded region relative to the major temporal retinal vessels offers a
valuable clue for differentiating between false-positive and glaucoma in myopic
eyes.
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ABSTRACT

Assessment of macular thickness is important in the evaluation of various eye
diseases. This study aimed to determine the influence of the optic disc-fovea
distance (DFD) on macular thickness in myopic eyes. We determined the DFD
and the macular thickness in 138 eyes from 138 healthy myopic subjects using the
Cirrus HD-OCT. Correlation analysis and multiple linear regression were
performed to determine the influence of DFD, axial length, disc area, and β-PPA
on macular thickness. To further remove the confounding effect of ocular
magnification on the DFD and OCT scan area, a subgroup analysis was
performed in eyes with a limited axial length range (24-25 mm). DFD was
significantly correlated with both regional (central, inner, and outer ETDRS
subfields) and overall average macular thickness at a Bonferroni corrected P value
of 0.004 (r ranging from -0.27 to -0.47), except for the temporal outer (r=-0.15,
P=0.089) and inferior outer (r=-0.22, P=0.011) macular thickness. In the
multivariable analysis, DFD was significantly associated with the average inner
and outer macular thickness, the central subfield thickness, and the overall
macular thickness (all P<0.001), independent of ocular magnification and other
covariates. Our findings indicate that eyes with a greater DFD have a lower
macular thickness.
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Introduction

Myopia is a prevalent condition in Asia and a major risk factor for glaucoma and
various forms of progressive maculopathy (Katz et al., 1997; Morgan et al., 2012;
Pan et al., 2012; Liang et al., 2009; Grossniklaus et al., 1992; Koh et al., 2016;
Mitchell et al., 1999; Marcus et al., 2011). The introduction of optical coherence
tomography (OCT) has facilitated the detection of glaucoma and myopic
maculopathy (Huang et al., 1991; Sun et al., 2016; Ng et al., 2016; Oddone et al.,
2016). While macular thickness measurements with OCT are useful to detect
glaucoma and myopia associated maculopathy, significant variation of macular
thickness in healthy individuals has confounded the detection of macular
pathologies (Lam et al., 2007; Duan et al., 2010; Song et al., 2010; Hwang & Kim
2012; Gupta et al., 2013; Zhao et al., 2016; Patel et al., 2016; Ooto et al., 2011;
Rao et al., 2011; von Hanno et al., 2017; Myers et al., 2015).

In a population-based study, Gupta et al. (2013) reported that a longer axial length
was significantly associated with a lower overall macular thickness as measured
with spectral-domain OCT. The distance between the optic disc center and the
fovea (DFD) is another biometric variable that may influence the macular
thickness. Myopic eyes are likely to have a large DFD; the elongation of the
eyeball may stretch the fovea further away from the optic disc center (Jonas et al.,
2015). It has been shown that the DFD is associated with the peripapillary retinal
nerve fiber distribution in healthy eyes (Hong et al., 2010). However, to our
knowledge, the relationship between DFD and macular thickness has not been
reported.

The objective of this study was to determine the influence of DFD on macular
thickness. For this purpose, we performed spectral-domain OCT measurements in
healthy myopic eyes.
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Methods

Subjects

One hundred and forty seven Chinese healthy myopic subjects with a spherical
equivalent less than -0.5 diopters (D) were consecutively recruited from the
refractive surgery clinic of Joint Shantou International Eye Center. All the
included subjects underwent a full ophthalmic examination including the
measurement of visual acuity and intraocular pressure (IOP), refraction, perimetry
(see below), and a dilated stereoscopic fundus examination including assessment
of the presence of β-zone peripapillary atrophy (β-PPA). Axial length was
determined using the IOL Master (Carl-Zeiss Meditec, Dublin, CA). Only
measurements with a signal-to-noise ratio above 2.0 were included. We recorded
five measurements and used the mean value for analysis. None of the included
eyes had any concurrent ocular disease other than a refractive error. One eye from
each subject was included for analysis; if both eyes were eligible, a random eye
(based on a computer-generated randomization list) was selected. Subjects were
excluded if the best corrected visual acuity was less than 20/40, the IOP over 21
mmHg, if they had a family history of glaucoma, or if they had a history of
intraocular surgery, myopic macular degeneration, glaucoma, refractive surgery,
neurological disease, or diabetes. The study was approved by the ethical
committee of Joint Shantou International Eye Center with written informed
consent obtained from each subject before enrolment. The present study followed
the tenets of the declaration of Helsinki.

Visual field testing

Visual field testing was performed with standard automated perimetry using the
24-2 grid and the SITA standard strategy (Humphrey Field Analyzer II; Carl
Zeiss Meditec, Inc.). Only reliable visual field tests (with fixation loss less than
20% and false positive and negative less than 10%) were included in the study.
All visual field tests of the included subjects had a pattern standard deviation
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(PSD) P > 5% and were within normal limits in the glaucoma hemifield test
(GHT).

Optical coherence tomography

All eyes received macular and optic disc imaging using the Cirrus High
Definition OCT (software version 5.0.0.326; Carl Zeiss Meditec, Dublin, CA).
The scan speed for this spectral-domain OCT is 27,000 A-scans per second and
the axial resolution is 5 μm (Carl Zeiss 2008). Both the Optic Disc Cube 200×200
protocol and the Macular Cube 200×200 protocol were performed. Disc area
generated by the Optic Disc Cube 200×200 protocol was recorded for subsequent
analysis. The Macular Cube 200×200 protocol was used for macular thickness
measurements in an area of 6×6 mm. Eye movements were checked by reviewing
the line-scanning ophthalmoscope (LSO) fundus images. Images with misaligned
vessels within the scanning area were excluded and retaken. All the included
images had minimum signal strength of 7. Images with segmentation errors were
excluded from the analysis (3.5%).

The Cirrus HD-OCT software was used to generate retinal thickness maps. The
mean thickness was determined for nine retinal subfields in three concentric
circles (with diameters of 1, 3, and 6 mm) centered at the fovea, as defined by the
Early Treatment Diabetic Retinopathy Study (ETDRS). The retinal subfields in
the retinal thickness map are central, inner superior, inner nasal, inner inferior,
inner temporal, outer superior, outer nasal, outer inferior, and outer temporal. The
central subfield thickness was defined by the innermost 1 mm diameter circle
while the inner and outer subfields were bounded by the 1 and 3 and 3 and 6 mm
diameter circles, respectively. Apart from the nine retinal subfields, the average of
the four-quadrant macular thicknesses in the inner and outer rings was also
calculated as average inner macular thickness and average outer macular
thickness, respectively. Overall macular thickness in the entire grid area was also
recorded from the retinal thickness maps.
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Measurement of DFD

Measurement of DFD was performed with ImageJ software (available in the
public domain at http://rsbweb.nih.gov/ij/; www.nih.gov, National Institutes of
Health, Bethesda, MD, USA), based on the coordinates of the fovea and the
center of the optic disc. For this purpose, we used carefully registered OCT
projection images, as illustrated in Figure 1. We used the LSO fundus image with
the macular color thickness map overlay to localize the fovea. The fovea was
automatically detected by the OCT software. Subsequently, the enface optic disc
image (RNFL thickness deviation map) from the RNFL thickness report was
exported and manually registered to the LSO fundus image with Illustrator CS4
software (Adobe Systems Inc., San Jose, California). For this, the transparency of
the optic disc image was set to 50% to allow visualization of the underlying LSO
fundus image; the retinal vessel trajectories were used as a reference. The optic
disc center and the disc margin were determined by the built-in software and
shown on the RNFL thickness deviation map, based on the margin of Bruch’s
membrane. The DFD was then measured by using the ImageJ software on the
overlaid images (Amini et al., 2014; Pereira et al., 2015).

Ocular magnification and subgroup analysis

The actual size of objects at the level of the retina may differ from the reported
size, depending on the axial length related ocular magnification. We could adjust
the DFD for this magnification, but the built-in software does not adjust the
macular area over which the thicknesses and volume are reported. For that reason,
we did not adjust DFD for ocular magnification in our main analysis. We also
studied the effect of DFD on macular thickness in a subgroup of subjects with a
very narrow axial length range, in order to circumvent the confounding effect of
ocular magnification. For this analysis, we restricted the axial to a 1 mm range, 24
to 25 mm, centered around the default axial length of OCT of 24.46 mm (Kang et
al., 2010).
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Figure 1. Measurement of optic disc-fovea distance (DFD) on SLO fundus image. The
fovea (point F) was automatically detected by the OCT software on the SLO fundus image
with the macular color thickness map. The enface optic disc image (RNFL deviation map)
with the optic disc center labelled (point D) by the OCT software was manually registered
to the SLO fundus image with Illustrator CS4 software using the retinal vessels as
reference. Measurement of DFD (distance from F to D) was performed with ImageJ
software based on the coordinates of the fovea and the center of the optic disc.

Statistical analysis
Univariable (Pearson's or Spearman’s correlation coefficient depending on the
distribution) and multivariable analysis (multiple linear regression) were
performed to determine the effects of axial length/refractive error, age, gender,
image quality, and DFD on the macular thickness. A P value of 0.05 was
considered statistically significant; Bonferroni correction was applied if
applicable. In the multivariable analysis, we used backward stepwise regression
by including initially all variables and subsequently removing, one at a time,
those variables with P>0.05, starting with the variable with the highest P value.
The statistical analyses were performed by using the SPSS software (ver. 17.0;
SPSS Inc, Chicago, IL).
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Results

Nine subjects were excluded because of unreliable visual field tests (6 subjects)
and poor OCT scan quality (3 subjects). As a result, we included 138 eyes from
138 subjects (60 females and 89 right eyes). Table 1 shows the demographics of
the study population. The mean ± standard deviation refractive error and axial
length were -5.12±2.30 D and 25.57±1.09 mm, respectively. The mean DFD was
4.58±0.30 mm. Figure 2 displays the distribution of DFD across all subjects. The
overall macular thickness and volume were 277.0±12.1 μm and 9.98±0.44 mm3,
respectively. DFD was significantly associated with axial length (r=0.45, P<0.001)
and disc area (r=-0.26, P=0.002). Of all the included eyes, 49% had β-PPA. Of all
scans, 90% had a signal strength of 8 or better (median value 9).

Table 2 demonstrates the associations between the macular thickness parameters
and the ocular factors (including DFD, axial length, and refractive error). DFD
was significantly correlated with all macular thickness parameters at a
Bonferroni-corrected P value of 0.004 (0.05/12), with r ranging from -0.27 to 0.47, except for the temporal outer (r=-0.15, P=0.089) and inferior outer(r=-0.22,
P=0.011) macular thickness. Axial length was mainly associated with the outer
macular thickness parameters. This was less clear for the refractive error. Figure 3
shows the correlation between DFD and the summary macular thickness
parameters. Age (r ranging from -0.08 to 0.06, all P>0.3), signal strength (r
ranging from -0.05 to 0.06, all P>0.5), and visual field mean deviation (MD; r
ranging from 0.01 to 0.11, all P>0.1) did not correlate significantly with any of
the macular parameters (within this group of subjects with a limited age range,
signal strength range, and healthy eyes, that is, limited MD range). Eyes with βPPA showed a thinner average macular thickness (273.7 versus 280.2 μm;
P=0.001) and a greater DFD (4.63 versus 4.53 mm; P=0.002), compared to eyes
without β-PPA. Table 3 presents the multivariable analysis. DFD, axial length,
and gender were significantly associated with the average inner and outer macular
thickness and the overall macular thickness; age and signal strength were not
significant in the initial multivariable model and removed from the final model.
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Disc area and the presence of β-PPA were not significantly associated with any of
the macular thickness measurements. Both DFD and gender were significantly
associated with the central subfield thickness. There was no significant
relationship between axial length and the central subfield thickness.

Table 1. Characteristics of the study population
Mean ± standard
deviation

Range

23.0 ± 4.0

18 to 40

Refractive error, D

-5.12 ± 2.30

-0.50 to -9.63

Axial length, mm

25.57 ± 1.09

22.5 to 28.8

Visual field mean deviation, dB

-2.18 ± 1.03

-4.96 to 1.47

8.5 ± 0.8

7 to 10

4.58 ± 0.30

3.8 to 5.3

Disc area, mm

1.90 ± 0.51

0.92 to 3.63

Superior Inner thickness, μm

319.4 ± 14.8

273 to 359

Nasal inner thickness, μm

318.5 ± 17.2

241 to 363

Inferior inner thickness, μm

311.0 ± 14.2

271 to 346

Temporal inner thickness, μm

302.6 ± 13.5

267 to 339

Average inner macular thickness, μm

312.9 ± 14.2

271 to 348

Superior outer thickness, μm

274.9 ± 12.7

243 to 308

Nasal outer thickness, μm

297.9 ± 16.0

262 to 346

Inferior outer thickness, μm

264.9 ± 13.6

228 to 311

Temporal outer thickness, μm

256.6 ± 12.1

227 to 297

Average outer macular thickness, μm

273.6 ± 12.4

241 to 315

Central subfield thickness, μm

249.2 ± 16.1

197 to 306

Overall macular thickness, μm

277.0 ± 12.1

249 to 317

Age, y

Signal strength
DFD, mm
2
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Table 2. Associations between ocular factors and macular thicknesses – univariable
analysis (n=138)

Disc-fovea distance

Axial length

Refractive error

r

P

r

P

r

P

Superior inner macular thickness

-0.37

<0.001

-0.09

0.32

0.08

0.36

Nasal inner macular thickness

-0.35

<0.001

-0.02

0.81

0.09

0.29

Inferior inner macular thickness

-0.32

<0.001

-0.07

0.45

0.13

0.14

Temporal inner macular thickness

-0.31

<0.001

-0.03

0.74

0.11

0.20

Average inner macular
thickness

-0.36

<0.001

-0.05

0.55

0.11

0.22

Superior outer macular thickness

-0.30

<0.001

-0.28

0.001

0.12

0.17

Nasal outer macular thickness

-0.47

<0.001

-0.09

0.32

0.001

1.0

Inferior outer macular thickness

-0.22

0.011

-0.25

0.003

0.16

0.058

Temporal outer macular thickness

-0.15

0.089

-0.28

0.001

0.22

0.012

Average outer macular
thickness

-0.32

<0.001

-0.23

0.006

0.13

0.14

Central subfield thickness

-0.27

0.001

0.17

0.045

-0.05

0.60

Overall macular thickness

-0.34

<0.001

-0.19

0.024

0.11

0.19
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Figure 2. Histogram of disc-fovea distance (DFD) of all included eyes.

Figure 3. Scatter plots of DFD versus average inner macular thickness (A), average outer
macular thickness (B), central subfield thickness (C), and overall macular thickness (D).
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Table 3. Associations between ocular factors and macular thicknesses –
multivariable analysis, final models (n=138)

Average inner
macular thickness
(μm)

Average outer
macular thickness
(μm)

Central subfield
thickness (μm)

Overall macular
thickness (μm)

ß

P

ß

P

ß

P

ß

P

Disc-fovea
distance (mm)

-18.4

<0.001

-15.9

<0.001

-14.6

0.001

-16.1

<0.001

Axial length
(mm)

-2.31

0.023

-3.80

<0.001

-

NS

-3.30

<0.001

Gender (male)

8.83

<0.001

4.07

0.036

10.30

<0.001

4.27

0.025

In order to remove the confounding effect of ocular magnification on the OCT
scan area and DFD, a subgroup analysis was performed in eyes with axial length
between 24 and 25 mm. Table 4 shows the results. Again, DFD was strongly
associated with macular thickness; a larger DFD implies a thinner macula.
Table 4. Associations between DFD and macular thicknesses (in μm) in subjects
with axial length between 24 and 25 mm – multivariable analysis, final models
(n=31)

Average inner macular thickness
Average outer macular thickness
Central subfield thickness
Overall macular thickness

ß

P

-32.1

<0.001

-25.7

<0.001

-30.5

<0.001

-27.2

<0.001
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Discussion

Disc-fovea distance has a significant inter-individual variability in healthy myopic
eyes and is significantly associated with macular thickness. Eyes with a greater
DFD have a lower average macular thickness and a lower central subfield
thickness, independent of axial length and gender.

Variability in macular thickness in healthy eyes has been described previously
(Lam et al., 2007; Duan et al., 2010; Song et al., 2010; Hwang & Kim 2012;
Gupta et al., 2013; Zhao et al., 2016; Patel et al., 2016; Ooto et al., 2010; Ooto et
al., 2011; Rao et al., 2011; Hashemi et al., 2017; von Hanno et al., 2017; Myers et
al., 2015). Several factors, including age, axial length, and gender, have been
reported to be associated with macular thickness (Lam et al., 2007; Duan et al.,
2010; Song et al., 2010; Hwang & Kim 2012; Gupta et al., 2013; Zhao et al., 2016;
Patel et al., 2016; Ooto et al., 2010; Ooto et al., 2011; Rao et al., 2011; Hashemi
et al., 2017; von Hanno et al., 2017; Myers et al., 2015). A lower macular
thickness has been observed in myopic eyes (Lam et al., 2007; Hwang & Kim
2012; Zhao et al., 2016), an effect that could be explained by stretching of the
globe. Related to this, it has also been reported that a greater DFD is associated
with a longer axial length (Jonas et al., 2015). Together this could suggest that the
observed relationship between macular thickness and DFD is just an
epiphenomenon of myopia. However, we found that DFD was independently
associated with macular thickness, that is, not (only) through the effect of axial
length. Macular thickness decreased typically 20-30 μm per mm increase in DFD
(Tables 3 and 4; these analyses were adjusted for axial length), which corresponds
to approximately 10 um per standard deviation of DFD (Table 1) (Jonas et al.,
2015). As a result, a clinical assessment of macular thickness can be improved
significantly by taking DFD into account. Importantly, it is easy to take DFD into
account: unlike axial length, you don’t have to measure it separately because it
can be measured from the OCT scan itself. Currently this can be done by using
the built-in manual measurement tool of the OCT device; in the future this could
be added to the software and normative database.
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Apart from the stretching as described in the previous paragraph, there is another
possible explanation is the difference in scan area for the macular measurements
for eyes with different DFD. In eyes with greater DFD, the fovea is farther away
from the optic disc, which implies that the OCT scan area (centered at the fovea)
is farther away from the optic disc (for a given axial length). According to
previous histological and imaging studies (Varma et al., 1996; Gabriele et al.,
2007 ), the RNFL is thinner farther from the optic disc than it is closer to the optic
disc margin. Thus, one would expect to find that macular thickness is lower in
eyes with greater DFD. On the other hand, the retinal ganglion cell layer becomes
thicker towards the fovea. As macular thickness data for individual layers are not
available for the 6x6 mm region of the Cirrus OCT, further studies are warranted.

Regional variations of the association between axial length and macular thickness
have been described in previous studies (Lam et al., 2007; Song et al., 2010;
Hwang & Kim 2012; Gupta et al., 2013; Zhao et al., 2016; Patel et al., 2016). We
also found region-specific correlations between axial length and macular
thickness (Table 2). However, this could be an artifact arising from the axial
length related ocular magnification (Higashide et al., 2016). For the OCT device
used in the current study, the default axial length is set to 24.46 mm (Kang et al.,
2010). Thus, due to ocular magnification, the scan area would be different from
6 × 6 mm in an eye with a shorter or longer axial length (Bennett et al., 1994;
Leung et al., 2007; Higashide et al., 2016). With the OCT device used in this
study, it is impossible to obtain macular thickness data for an ocular
magnification adjusted scan area. To reduce the confounding effect of axial length,
we evaluated the correlation between DFD and macular thickness in a subgroup
of subjects with a very narrow axial length range. A similar effect of DFD on
macular thickness was observed in the multivariable analysis in this subgroup,
indicating that DFD is indeed associated with macular thickness, independent of
ocular magnification and other covariates.
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It has been shown that myopic eyes have a steeper posterior retinal curvature than
emmetropic eyes (Ohno-Matsui et al., 2016). Thus, the DFD, based on twodimensional images, may be underestimated in myopic eyes, especially in eyes
with a posterior staphyloma (Rahimy et al., 2013). Of note, most of the eyes
included in present study were not high myopic eyes (the mean refractive error
was -5.12 D). Moreover, eyes with myopic macular degeneration including a
posterior staphyloma were excluded from the study. Importantly, the results of
our subgroup analysis (Table 4) indicate that the uncovered influence of DFD on
macular thickness cannot be a spurious effect of the steeper posterior retinal
curvature artifact.

The association between gender and macular thickness has been reported in
previous studies. Males have been found to have a greater sectoral and overall
macular thickness compared to females (Duan et al., 2010; Lam et al., 2007;
Gupta et al., 2013; Ooto et al., 2010; Ooto et al., 2011). Consistent with the
previous reports, we found that males have a greater macular thickness after
adjusting for DFD and other covariates. It has been reported that eyes with β-PPA
tend to have a thinner macular thickness (Kwon et al., 2016). In line with previous
studies (Jonas et al., 2015; Kwon et al., 2016), we found that eyes with β-PPA had
a thinner macular thickness and a greater DFD. In the multivariable analysis,
however, the presence of β-PPA was not associated with macular thickness.
Previous studies have reported that age is significantly correlated with macular
thickness (Duan et al., 2010; Lam et al., 2007; Gupta et al., 2013; Ooto et al.,
2010; Ooto et al., 2011; Rao et al., 2011). In the present study, we did not detect
an association between age and any of the macular thickness parameters. One
possible explanation is that the age range in our study is relatively narrow. Most
of the subjects included in our study were young myopic subjects (Table 1). It has
been reported that the image quality of OCT scans affects the observed retinal
layer thicknesses (Jansonius et al., 2016; Huang et al., 2011; Darma et al., 2015),
and image quality decreases with an increase in myopia (Lee et al., 2017).
Consistent with Lee et al’s (2017) study, we found a negative correlation between
signal strength and axial length (r=-0.32, P<0.001). However, we did not detect a
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significant relationship between image quality and macular thickness. This is
presumably due to the fact that only OCT scans with a high image quality
(minimum signal strength was set at 7; 90% of the scans had a signal strength of 8
or better) were included in the current study, which limits the variability of this
variable.

There are limitations in the present study. One limitation is that only young
myopic subjects of the same ethnicity (all were Chinese) were included. Thus, the
current findings may not apply to other populations. Racial differences in macular
thickness have been reported (Girkin et al., 2011). Further studies are needed to
evaluate the association between DFD and macular thickness in other populations
and for a wider age range.

In conclusion, a significant inter-subject variability exists in DFD and macular
thickness in healthy myopic eyes. Eyes with a greater DFD have a lower macular
thickness, independent of axial length. A clinical assessment of macular thickness
should always be interpreted in the context of DFD.
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ABSTRACT
Purposes: To investigate the effect of optic disc-fovea distance (DFD) on
measurements of macular intraretinal layers with spectral-domain optical
coherence tomography (SD-OCT) in normal subjects.

Methods: 182 eyes from 182 normal subjects were imaged with SD-OCT. The
average thicknesses of 8 macular intraretinal layers were measured with an
automatic segmentation algorithm. Partial correlation test and multiple regression
analysis were used to determine the effect of DFD on thicknesses of intraretinal
layers.

Results: DFD correlated negatively with the overall average thickness in all of
the intraretinal layers (r≤-0.17, all p≤0.025) except the ganglion cell layer and
photoreceptor. In multiple regression analysis, greater DFD was associated with
thinner nerve fiber layer (6.78 μm decrease per each mm increase in DFD,
p<0.001), thinner ganglion cell-inner plexiform layer (2.16 μm decrease per each
mm increase in DFD, p=0.039), thinner ganglion cell complex (8.94 μm decrease
per each mm increase in DFD, p<0.001), thinner central macular thickness (18.16
μm decrease per each mm increase in DFD, p<0.001) and thinner total macular
thickness (15.94 μm decrease per each mm increase in DFD, p<0.001).

Conclusions: Thinner measurements of macular intraretinal layers were
significantly associated with greater DFD. A clinical assessment of macular
intraretinal layers in the evaluation of various macular diseases should always be
interpreted in the context of DFD.
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Introduction

Evaluation of macular structure is important and useful in diagnosing and
evaluating the efficacy of treatment of various ocular diseases involving macular
changes, such as macular edema (Barham et al., 2017). The introduction of
optical coherence tomography (OCT) has facilitated the detection and follow up
of subtle changes in macular structure quantitatively and reliably (Virgili et al.,
2011). Recently, the spectral-domain OCT with faster scan speed and higher
resolution has been widely used as an important technology for in vivo
measurement of macular structure (Ruia et al., 2016; Lee et al., 2015). Besides,
advances in segmentation algorithms have further allowed detailed separation and
demarcation of individual intraretinal layers (Garvin et al., 2008; Loduca et al.,
2010). Previous studies have demonstrated that thickness measurement of
intraretinal layers is becoming a powerful and reliable surrogate marker for
assessing and monitoring macular changes resulting from retinal diseases,
glaucoma, and optic neuropathy (Huang et al., 2016; Cheng et al., 2016; Nolan et
al., 2015; Hood et al., 2017). Thus, understanding of normal macular structure
and its variability is essential for assessing optic neuropathy and maculopathy.

Several factors including axial length, gender, age, and disc area have been
reported to be associated with thicknesses of individual retinal layers in normal
subjects (Demirkaya et al., 2013; Higashide et al., 2016; Ooto et al., 2011;
Mwanza et al., 2011). These findings have been valuable in the clinical
assessment of glaucoma and various macular diseases. However, our knowledge
about the variation of macular intraretinal structure is far from complete. The
distance between the optic disc center and the fovea (DFD) is another biometric
variable that may influence the macular thickness. Eyes with large DFD may be
associated with a stretching of the posterior fundus which may cause a change of
the retinal thickness. Moreover, DFD has been reported to be associated with
axial length (Jonas et al., 2015). Thus, it is important to determine the effect of
DFD on measurements of individual intraretinal layers. However, to our best
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knowledge, the relationship between DFD and measurements of individual
macular intraretinal layers has not been reported.

The purpose of this study was to determine the effect of DFD on measurements of
macular intraretinal layers with an automatic retinal layer segmentation algorithm
(Gao et al., 2015) in normal subjects.

Methods

Subjects

In this prospective, cross-sectional observational study, the normal subjects were
consecutively recruited from the general clinic of Joint Shantou International Eye
Center. All the included subjects received complete ophthalmic examinations
including the measurement of best corrected visual acuity, axial length (IOL
master; Carl-Zeiss Meditec, Dublin, CA), refraction, intraocular pressure (IOP),
fundus examination and slit-lamp biomicroscopy. Each of the included eyes had
no other concurrent ocular disease except a refractive error and mild cataract. One
eye was randomly selected if both eyes were eligible. Subjects were excluded if
refractive errors over +3.0 or under -6.0 diopters (D), the best corrected visual
acuity was less than 20/40, the IOP over 21 mmHg, if they had a family history of
glaucoma, or if they had a history of intraocular surgery, refractive surgery,
macular degeneration, neurological disease, glaucoma, or diabetes. The present
study followed the tenets of the declaration of Helsinki and was approved by the
local ethical committee with written informed consent obtained from each subject
before enrolment.

Visual field testing

Visual field testing was performed with standard automated white-on-white
threshold perimetry, using the 24-2 SITA standard strategy (Humphrey Field
Analyzer II; Carl Zeiss Meditec, Inc.). Only reliable visual field tests with fixation
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loss less than 20% and false positive and negative less than 15% were included in
the study. All the included visual field tests were within normal limits in the
glaucoma hemifield test and had a pattern standard deviation (PSD) p value > 5%.

Optical Coherence Tomography

All of the included eyes underwent macular and optic disc imaging with the
Topcon 3D OCT-2000 (software version 8.11; Topcon). The axial resolution for
this spectral-domain OCT is 6 μm and the scan speed is 50,000 A-scans per
second (TOPCON CORPORATION 2009). Both the macular 3D Scan 512×128
protocol and Optic Disc 3D Scan 512×128 protocol were performed.
Measurements with eye movements during image acquisition were excluded and
retaken. Each of the included images had a minimum image quality score of 45
which is recommended by the manual of 3D OCT-2000.17 The disc area was
recorded for subsequent analysis from the analysis printout of the optic disc scan
protocol with the built-in OCT software.

The raw data from the macular scan protocol, which consists of a scan area of 6×6
mm2 and 128 B-scans (512 A-scans per B-scan), was exported for subsequent
thickness measurements of individual macular retinal layers. Each 3D-OCT
volumetric macula-centered scan was automatically segmented by a graph search
algorithm, which is a fast, three-dimension, automatic graph-theoretical
segmentation approach (Gao et al., 2015; Garvin et al., 2009; Shi et al., 2015).
With this automatic algorithm, the lowest location of the first surface (internal
limiting membrane) in each image was determined and used as a center point of
the Early Treatment Diabetic Retinopathy (ETDRS) grid. Subsequently, 11
intraretinal surfaces defining 10 retinal layers were segmented and thicknesses of
individual layers were then measured on 9 regions according to the ETDRS grid
(Figure 1). For analysis, the average thickness of each layer within 3 concentric
rings (Figure 1B) was calculated for the following layers: nerve fiber layer (NFL),
ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL),
outer plexiform layer (OPL), outer nuclear layer (ONL), photoreceptor (IS/OS),
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and retinal pigment epithelium (RPE). The central ring was a circle with a
diameter of 1 mm, centered on the fovea. The pericentral ring is a concentric ring
around the central ring with an inner diameter of 1 mm and an outer diameter of 3
mm. The peripheral ring is another concentric ring extending from the edge of the
pericentral ring with an outer diameter of 6 mm centered on the fovea. As inner
retinal layers are almost absent in the fovea, only measurements of outer retinal
layers (OPL, ONL, IS/OS, and RPE) were analyzed in the central ring.
Thicknesses of ganglion cell-inner plexiform layer (GCIPL, combined
measurement of GCL and IPL), ganglion cell complex (GCC, combined
measurement of NFL and GCIPL), and total macular thickness
(NFL+GCL+IPL+INL+OPL+ONL+IS/OS) were also calculated for analysis.

Measurement of DFD

DFD was manually measured on fundus photographs by using ImageJ software
(available in the public domain at http://rsbweb.nih.gov/ij/; www.nih.gov,
National Institutes of Health, Bethesda, MD, USA). Firstly, a rectangle was fitted
to the height and width of the ONH manually. Two diagonal lines were drawn,
and their crossing was considered as the ONH center. Subsequently, DFD was
determined, based on the coordinates of the fovea and the center of the optic disc.
To determine the measurement repeatability, 30 fundus images from 30 subjects
were randomly selected. The DFD in each image was measured by the same
observer for two times in two separate occasions.
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Figure 1. Segmentation of individual intraretinal layers and thickness measurement in
three concentric rings on the ETDRS chart.

Statistical Analysis

The statistical analyses were performed by using the SPSS software (ver. 22.0;
SPSS Inc, Chicago, IL). The coefficient of variation and intraclass correlation
coefficient (ICC) were computed to evaluate the measurement repeatability.
Partial correlation test was used to determine the effect of DFD on thicknesses of
intraretinal layers after adjusting for other confounders (age, axial length, gender,
disc area, and image quality). Stepwise multiple linear regression analysis was
performed to evaluate factors associated with the overall measurements of NFL,
GCIPL, GCC, and total macular thickness. A p value less than 0.05 was
considered statistically significant.

Results

Eleven subjects were excluded because of poor quality of fundus photographs (4
subjects), unreliable visual field tests (5 subjects), and poor OCT scan quality (2
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subjects). Finally, 182 eyes from 182 subjects (106 females and 95 right eyes)
were included in the analysis. The mean age and DFD were 43.8±15.6 years
(range, 20 to 78 year) and 4.90 ± 0.29 mm (range, 3.98 to 5.66 mm), respectively.
The coefficient of variation and ICC of DFD measurement were 0.8% (95%
confidence interval: 0.5%-0.9%) and 0.98 (95% confidence interval: 0.94–0.99),
respectively. Figure 2 displays the distribution of DFD across all subjects. The
mean refraction and axial length were -0.80±1.92 (range, -6.0 to 2.69D) and
23.63±1.11 mm (range, 20.74 to 26.70 mm), respectively. No significant
association was detected between axial length/refraction and DFD (r=-0.12,
p=0.113 and r=0.11, p=0.160, respectively). The mean disc area was 2.24±0.39
mm2 (range, 1.28 to 3.28 mm2). Table 1 summarizes the thickness measurements
of the macular intraretinal layers by the automatic segmentation algorithm in the
study population.

Figure 2. Histogram of DFD of all included eyes.

156

Table 1. Thickness measurements of the individual macular intraretinal
layers/combined retinal layers (n=182).

NFL
Overall
Pericentral ring
Peripheral ring
GCL
Overall
Pericentral ring
Peripheral ring
IPL
Overall
Pericentral ring
Peripheral ring
INL
Overall
Pericentral ring
Peripheral ring
OPL
Overall
center
Pericentral ring
Peripheral ring
ONL
Overall
center
Pericentral ring
Peripheral ring
IS/OS
Overall
center
Pericentral ring
Peripheral ring
RPE
Overall
center
Pericentral ring
Peripheral ring
GCIPL
Overall
Pericentral ring
Peripheral ring

Mean±SD

Range

37.7±4.3
22.8±1.9
36.7±3.7

28.6 to 52.3
16.8 to 27.8
29.3 to 48.7

34.6±2.7
55.0±5.7
33.8±3.0

27.3 to 41.3
26.8 to 68.3
25.9 to 41.9

37.0±2.8
39.1±3.4
40.1±3.2

28.3 to 48.4
30.5 to 47.5
29.5 to 53.2

35.0±2.2
43.0±3.2
36.1±2.4

28.1 to 40.6
34.9 to 53.1
28.1 to 42.6

26.0±2.1
21.4±7.0
28.8±4.7
26.4±1.9

22.1 to 35.4
11.4 to 48.1
21.8 to 48.0
22.8 to 33.2

77.9±7.0
114.4±11.8
92.8±9.4
76.1±7.3

46.8 to 96.5
82.9 to 143.8
67.3 to 116.5
39.7 to 95.7

29.5±2.9
32.8±3.2
27.9±2.9
29.1±3.4

20.5 to 40.6
16.4 to 41.1
17.2 to 41.7
20.5 to 41.6

36.7±2.5
41.1±3.9
40.5±3.4
36.6±3.1

31.2 to 43.4
28.1 to 41.1
32.0 to 47.7
30.0 to 36.6

71.6±4.5
94.1±6.9
73.9±5.2

59.0 to 83.5
65.2 to 108.0
59.3 to 86.9
157

Continued Table 1. Thickness measurements of the individual macular
intraretinal layers/combined retinal layers (n=182).

Mean±SD

Range

Overall

109.3±7.1

92.3 to 128.7

Pericentral ring

116.9±8.0

84.0 to 132.9

Peripheral ring

110.5±7.1

93.2 to 126.9

Overall

262.2±13.5

216.1 to 290.7

Center

216.8±17.1

166.4 to 272.7

Pericentral ring

293.8±15.5

245.6 to 330.7

Peripheral ring

262.7±14.0

212.9 to 291.4

GCC

Total macular thickness

Table 2 demonstrates the associations between DFD and measurements of
individual intraretinal layers/combined retinal layers in three different rings,
adjusted for age, axial length, image quality, gender and disc area. For individual
intraretinal layers, DFD correlated significantly and negatively with the overall
average thickness in all of the retinal layers (all p≤0.025) except the GCL and
IS/OS. In the central ring, there was a significant and negative correlation
between DFD and ONL(r=-0.15, p=0.041). In the pericentral ring, DFD correlated
negatively with NFL, IPL, INL, and ONL (all p≤0.065). In the peripheral ring,
DFD correlated significantly and negatively with NFL, IPL, OPL, ONL and RPE
(all p≤0.023). No significant relationship between GCL, IS/OS and DFD was
detected in all three rings. Figure 3 shows the correlation between DFD and the
overall average thickness measurements of the individual intraretinal layers. For
the combined retinal layers, there were significant and negative correlations
between GCIPL, GCC, total macular thickness and DFD in both regional and
overall measurements (all p≤0.045).
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Table 2. Associations between DFD and individual intraretinal layers/combined
retinal layers, adjusting for axial length, gender, age, disc area, and image quality
(Partial correlation test, n=182).
r

p

Overall

-0.51

<0.001

Pericentral ring

-0.31

<0.001

Peripheral ring

-0.47

<0.001

Overall

-0.02

0.774

Pericentral ring

-0.11

0.131

Peripheral ring

0.05

0.493

Overall

-0.22

0.003

Pericentral ring

-0.27

<0.001

Peripheral ring

-0.27

<0.001

Overall

-0.26

<0.001

Pericentral ring

-0.26

<0.001

Peripheral ring

-0.23

0.002

Overall

-0.24

0.002

center

-0.08

0.306

Pericentral ring

-0.11

0.140

Peripheral ring

-0.28

<0.001

Overall

-0.17

0.025

center

-0.15

0.041

Pericentral ring

-0.14

0.065

Peripheral ring

-0.17

0.023

Overall

-0.06

0.426

center

-0.09

0.241

Pericentral ring

-0.11

0.138

Peripheral ring

0.10

0.169

NFL

GCL

IPL

INL

OPL

ONL

IS/OS
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Continued Table 2. Associations between DFD and individual intraretinal
layers/combined retinal layers, adjusting for axial length, gender, age, disc area,
and image quality (Partial correlation test, n=182).

r

p

Overall

-0.24

0.001

Center

-0.08

0.307

Pericentral ring

-0.06

0.431

Peripheral ring

-0.24

0.001

Overall

-0.16

0.039

Pericentral ring

-0.23

0.002

Peripheral ring

-0.15

0.045

Overall

-0.38

<0.001

Pericentral ring

-0.27

<0.001

Peripheral ring

-0.34

<0.001

Overall

-0.38

<0.001

Center

-0.31

<0.001

Pericentral ring

-0.34

<0.001

Peripheral ring

-0.32

<0.001

RPE

GCIPL

GCC

Total macular thickness

Table 3 presents the multiple linear regression analysis regarding the associations
between various factors and the overall average thickness of NFL, GCIPL, GCC,
central macular thickness, and total macular thickness. Greater DFD was
independently and significantly associated with thinner NFL (6.78 μm decrease
per each mm increase in DFD, p<0.001), thinner GCIPL (2.16 μm decrease per
each mm increase in DFD, p=0.039), thinner GCC (8.94 μm decrease per each
mm increase in DFD, p<0.001), thinner central macular thickness (18.16 μm
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decrease per each mm increase in DFD, p<0.001) and thinner total macular
thickness (15.94 μm decrease per each mm increase in DFD, p<0.001).

Figure 3. Scatter plots of DFD versus overall average thickness of individual intraretinal
layers/combined retinal layers. DFD and NFL overall average thickness (A); DFD and
GCL overall average thickness (B); DFD and IPL overall average thickness (C); DFD and
INL overall average thickness (D); DFD and OPL overall average thickness (E); DFD and
ONL overall average thickness (F); DFD and IS/OS overall average thickness (G); DFD
and RPE overall average thickness (H); DFD and total macular thickness (I).
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Table 3. Factors associated with overall average thickness of NFL, GCIPL, GCC, central macular, and total macular (Stepwise
multiple linear regression analysis, n=182)

Central macular
thickness

Overall total macular
thickness

Overall NFL

Overall GCIPL

Overall GCC

β

p

β

p

β

p

β

p

β

p

DFD (mm)

-6.78

<0.001

-2.16

0.041

-8.97

<0.001

-18.16

<0.001

-15.94

<0.001

Axial length (mm)

1.40

<0.001

-1.56

<0.001

-

-

2.88

0.007

-3.65

<0.001

-

-

-0.13

<0.001

-0.16

<0.001

-

-

-0.42

<0.001

2.45

<0.001

-

-

-

-

-6.57

0.006

-3.66

0.034

-

-

2.17

0.010

3.06

0.015

-

-

-

-

0.18

0.005

-

-

-

-

-

-

-

-

Age (per year)
Gender
Disc area (mm2)
Image quality
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Discussion

The present study was performed to determine the effect of DFD on
measurements of macular intraretinal layers in normal subjects. We demonstrated
that thickness measurements of several individual retinal layers varied
significantly with DFD. Thinner measurements of NFL, IPL, INL, OPL, ONL,
RPE, GCIPL, GCC, and total macular thickness were significantly associated
with greater DFD, independent of other covariates. Such findings are of potential
significance in clinical evaluation of macular structural measurements obtained
with OCT.

Variations about the thicknesses of individual inraretinal layers have been
described previously (Demirkaya et al., 2013; Higashide et al., 2016; Ooto et al.,
2011; Mwanza et al., 2011; Szigeti et al., 2015; Liu et al., 2015). Factors
including age, axial length, gender, and disc area have been reported to be
associated with thickness measurements of individual macular retinal layers
(Demirkaya et al., 2013; Higashide et al., 2016; Ooto et al., 2011; Mwanza et al.,
2011; Szigeti et al., 2015; Liu et al., 2015). To our best knowledge, however, the
effect of DFD on thicknesses of macular intraretinal layers has not been studied.
In the current study, negative relationships between DFD and the overall average
thickness measurements of NFL, IPL, INL, OPL, ONL, and RPE were detected
after adjusting for age, axial length, gender, and disc area. Our results suggest that
DFD is one of the important factors determining the thickness measurements of
macular intraretinal layers.

Why is DFD associated with measurements of macular intraretinal layers? In
regard to macular NFL thickness, one possible explanation is the different scan
area for the NFL measurement. As the fovea is farther away from the optic disc in
eyes with a greater DFD, the OCT scan area (centered at the fovea) is farther
away from the optic disc. Previous studies have demonstrated that the RNFL is
thinner farther from the optic disc than it is closer to the optic disc margin
(Gabriele et al., 2007). Therefore, one would expect to find thinner NFL
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measurement in eyes with greater DFD. With respect to thicknesses of IPL, INL,
OPL, ONL, and RPE, a possible explanation is the stretching of the posterior
fundus in eyes with a greater DFD. The DFD has been found to be associated
with the parapapillary zones (Jonas et al., 2015) and the peripapillary retinal nerve
fiber distribution in healthy eyes (Hong et al., 2010). In the current study, we
found that measurements of several intraretinal layers significantly decreased in
eyes with greater DFD. On the basis of these findings, we speculate that the
posterior fundus in eyes with greater DFD are stretched which may cause the
decrease of thicknesses of the macular intraretinal layers. The relationship
between DFD and the intraretinal layers may be established during the
development of the retina.

The current results have potential clinical significance in the evaluation of
glaucoma, optic neuropathy and retina disease involving macular changes. For
example, evaluation of NFL, GCIPL, GCC, central macular thickness (central
subfield thickness), and total retinal thickness in macular region has been reported
to be useful in clinical evaluation of glaucoma, multiple sclerosis, Alzheimer's
disease, and various maculopathy (Nolan et al., 2015; Cunha et al., 2016; Balk et
al., 2016; Hood et al., 2017). However, individual variability of thicknesses of
intraretinal layers may limit the their use in clinical practice. In a systematic
review, it is reported that central retinal thickness (with cutoffs ranging between
230 μm and 300 μm) measured with OCT is not sensitive enough (0.81) nor
specific enough (0.85) to detect the central type of clinically significant macular
oedema (Virgili et al., 2015). Therefore, it is important to understand the
variability of normal macular structure. Consistent with previous studies (Hong et
al., 2010; Jonas et al., 2015), significant interindividual variation of DFD was
observed in the current study population. More importantly, we found that DFD
was significantly associated with thickness measurements of several macular
intraretinal layers. Extrapolation from the regression analyse indicated that
average NFL thickness decreases by 18.0% (6.78 μm) per mm of greater DFD;
average GCC thickness decreases by 8.2% (8.94 μm) per mm of greater DFD;
central macular thickness decreases by 8.4% (18.16 μm) per mm of greater DFD;
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and average macular thickness decreases by 6.1% (15.94 μm) per mm of greater
DFD. The data and results were adjusted for other confounders including axial
length, age, gender, image quality, and disc area. Our current findings indicate
that a clinical assessment of thickness measurements of macular retinal layers
should take into consideration of DFD. Moreover, by using the OCT built-in
manual measurement tool, it would not be difficult for a clinician to obtain DFD
measurements on the OCT fundus image (Lujan et al., 2008).

In the present study, segmentation and measurements of macular intraretinal
layers were performed by using an automatic graph search algorithm which has
been validated in previous studies (Gao et al., 2015; Garvin et al., 2009).
Associations between GCIPL thickness, GCC thickness, total macular thickness
and axial length have been reported previously (Mwanza et al., 2011; Koh et al.,
2012; Kim et al., 2011; Takeyama et al., 2014; Zhao et al., 2013; Hirasawa et al.,
2013; Lam et al., 2007). Consistent with most of the previous studies, we found
that thinner GCIPL was associated with longer axial length (Mwanza et al., 2011;
Kim et al., 2011; ). In line with previous studies (Lam et al., 2007), regional
variations of association between macular thickness and axial length were
observed in the current study. Conflicting data regarding the relationship between
axial length and GCC thickness has been reported (Kim et al., 2011; Takeyama et
al., 2014; Zhao et al., 2013; Hirasawa et al., 2013).29-32 Kim et al. (2011)
reported that GCC thickness did not correlate with axial length. However, others
reported that GCC thickness varied significantly with axial length (Takeyama et
al., 2014; Zhao et al., 2013; Hirasawa et al., 2013). In the present study, no
significant relationship between axial length and GCC thickness was detected.
Several differences in study design could have contributed to these conflicting
results, such as adjustment for different covariates and different study populations
(inclusion of high myopic eyes or not).

The effect of ocular magnification has been reported previously (Leung et al.,
2007; Higashide et al., 2016). According to previous reports, OCT measurements,
OCT scan area, and measurements on fundus photos could be different due to
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ocular magnification (Leung et al., 2007). As only the uncorrected measurements
are available in a clinical setting with commercial devices and software, we
decided to perform the analysis with and without correction for ocular
magnification. By using Bennett's formula (Bennett et al., 1994), the actual
measurements of DFD and disc area were calculated for analysis. We found
significant but minor difference between corrected and uncorrected DFD
measurements (4.90 vs 4.73 mm, p<0.001). We then repeated the analyses using
the magnification corrected measurements. In the partial correlation analysis, we
found similar pattern of associations regarding the relationship between DFD and
measurements of individual macular intraretinal layers (Table 4). For the macular
scan area, unfortunately, the actual scan area is not possible to obtain in the
present study. However, to reduce this effect, analyses were repeated in a
subgroup of eyes with a narrow range of axial length (25 to 75 percentiles, 22.88
to 24.33mm). Similar and stronger correlations were observed between DFD and
thickness measurements of macular intraretinal layers (Table 5). On the basis of
these findings, we believe that greater DFD is indeed associated with thinner
thickness measurements of macular intraretinal layers.

The current study had some limitations. First, only ethnic Chinese were evaluated
in the present study, and the findings may vary in other ethnic groups. Second, the
measurement of DFD which was based on the two-dimensional images may be
underestimated as some of the eyes may have a steeper posterior retinal curvature
than emmetropic eyes. To minimize this effect, we excluded high myopic
(refraction ≤-6D) eyes in the present study (mean refraction: 0.80±1.93D). All the
included eyes were reviewed carefully and eyes with myopic macular
degeneration including a posterior staphyloma were excluded from the study.
Moreover, a similar and stronger pattern of correlations was detected regarding
the relationship between DFD and macular intraretinal layers in a subgroup of
eyes with a narrow range of axial length (Table 5, axial length range: 22.88 to
24.33mm).
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In conclusion, thinner measurements of NFL, IPL, INL, OPL, ONL, RPE, GCIPL,
GCC, and total macular thickness were significantly associated with greater DFD,
independent of other covariates. A clinical assessment of thickness measurements
of macular intraretinal layers in the evaluation of glaucoma, optic neuropathy and
retina disease involving macular changes should always be interpreted in the
context of DFD.

Table 4. Associations between magnification corrected DFD and individual
intraretinal layers/combined retinal layers, adjusting for axial length, gender, age,
magnification corrected disc area, and image quality (Partial correlation test,
n=182).
r

p

Overall

-0.50

<0.001

Pericentral ring

-0.31

<0.001

Peripheral ring

-0.47

<0.001

Overall

-0.02

0.806

Pericentral ring

-0.11

0.138

Peripheral ring

0.06

0.464

Overall

-0.21

0.005

Pericentral ring

-0.26

<0.001

Peripheral ring

-0.26

<0.001

Overall

-0.25

<0.001

Pericentral ring

-0.26

<0.001

Peripheral ring

-0.22

0.003

Overall

-0.23

0.002

center

-0.08

0.325

Pericentral ring

-0.11

0.163

Peripheral ring

-0.28

<0.001

NFL

GCL

IPL

INL

OPL
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Continued Table 4. Associations between magnification corrected DFD and
individual intraretinal layers/combined retinal layers, adjusting for axial length,
gender, age, magnification corrected disc area, and image quality (Partial
correlation test, n=182).
r

p

Overall

-0.17

0.028

center

-0.16

0.040

Pericentral ring

-0.14

0.063

Peripheral ring

-0.17

0.028

Overall

-0.06

0.419

center

-0.09

0.262

Pericentral ring

-0.11

0.148

Peripheral ring

0.10

0.170

Overall

-0.24

0.001

Center

-0.08

0.308

Pericentral ring

-0.06

0.437

Peripheral ring

-0.24

0.001

Overall

-0.15

0.048

Pericentral ring

-0.18

0.019

Peripheral ring

-0.28

<0.001

Overall

-0.38

<0.001

Pericentral ring

-0.27

<0.001

Peripheral ring
Total macular
thickness
Overall

-0.34

<0.001

-0.37

<0.001

Center

-0.30

<0.001

Pericentral ring

-0.33

<0.001

Peripheral ring

-0.31

<0.001

ONL

IS/OS

RPE

GCIPL

GCC
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Table 5. Associations between DFD and individual intraretinal layers/combined
retinal layers, adjusting for axial length, gender, age, disc area, and image quality
(Partial correlation test in a subgroup of eyes with axial length ranging from 22.88
to 24.33mm, n=93).
r

p

Overall

-0.58

<0.001

Pericentral ring

-0.36

<0.001

Peripheral ring

-0.53

<0.001

Overall

-0.17

0.104

Pericentral ring

-0.20

0.059

Peripheral ring

-0.13

0.230

Overall

-0.29

0.005

Pericentral ring

-0.28

0.009

Peripheral ring

-0.31

0.003

Overall

-0.40

<0.001

Pericentral ring

-0.39

<0.001

Peripheral ring

-0.38

0.003

Overall

-0.26

0.016

center

-0.08

0.465

Pericentral ring

-0.09

0.407

Peripheral ring

-0.32

0.003

Overall

-0.23

0.033

center

-0.25

0.020

Pericentral ring

-0.22

0.036

Peripheral ring

-0.23

0.031

Overall

0.06

0.585

center

-0.20

0.057

Pericentral ring

-0.16

0.137

Peripheral ring

0.15

0.179

NFL

GCL

IPL

INL

OPL

ONL

IS/OS
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Continued Table 5. Associations between DFD and individual intraretinal
layers/combined retinal layers, adjusting for axial length, gender, age, disc area,
and image quality (Partial correlation test in a subgroup of eyes with axial length
ranging from 22.88 to 24.33mm, n=93).
r

p

Overall

-0.35

0.001

Center

-0.06

0.572

Pericentral ring

-0.13

0.247

Peripheral ring

-0.37

<0.001

Overall

-0.29

0.006

Pericentral ring

-0.27

0.011

Peripheral ring

-0.42

<0.001

Overall

-0.51

<0.001

Pericentral ring

-0.36

<0.001

Peripheral ring

-0.46

<0.001

Overall

-0.49

<0.001

Center

-0.41

<0.001

Pericentral ring

-0.46

<0.001

Peripheral ring

-0.43

<0.001

RPE

GCIPL

GCC

Total macular thickness
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Effect of optic disc-fovea distance on the glaucoma
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layers as assessed with OCT in healthy subjects
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ABSTRACT

Purpose: To determine the influence of the optic disc-fovea distance (DFD) on
the glaucoma diagnostic classification based on thickness measurements of
macular inner retinal layers with spectral-domain optical coherence tomography
(OCT) in healthy subjects.

Methods: A total of 182 eyes from 182 healthy subjects were included (mean
[standard deviation] spherical equivalent -0.8 [1.9] D). We performed macula and
optic disc imaging with the Topcon 3D-OCT 2000. The thickness of the macular
inner retinal layers (macular retinal nerve fiber layer [mRNFL], ganglion cellinner plexiform layer [GCIPL], and both combined [ganglion cell complex; GCC])
and the corresponding glaucoma diagnostic classifications based on the built-in
database were recorded. The occurrence of an abnormal diagnostic classification
(occurrence of any thickness variable below the 5th percentile) was related to the
DFD and other factors (axial length/refraction, optic disc area, fovea-disc angle,
age, gender, image quality, visual field mean deviation, and peripapillary retinal
nerve fiber layer thickness), using logistic regression.

Results: Mean (standard deviation) DFD was 4.90 (0.29) mm. A greater DFD
was associated with a higher percentage of abnormal diagnostic classification in
the OCT parameters describing the thickness of the mRNFL (odds ratio [95%
confidence interval] per 0.1 mm increase in DFD: 1.30 [1.13-1.50], P<0.001),
GCIPL (1.18 [1.02-1.38], P=0.023), and GCC measurement (1.29 [1.08-1.55],
P=0.006).

Conclusions: Eyes with a greater DFD are prone to a false-positive glaucoma
classification in the thickness assessment of the macular inner retinal layers. The
thicknesses should always be interpreted in the context of DFD.
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Introduction

Glaucoma is one of the major causes of irreversible blindness around the world
(Weinreb & Khaw 2004; Quigley & Broman 2006). The morphological changes
in retinal ganglion cells have been reported to be helpful in the assessment of
glaucomatous damage (Desatnik et al., 1996). The spectral-domain optical
coherence tomography (SD-OCT) with advances in segmentation algorithm has
been emerging as an important technology for in vivo measurements of macular
inner retinal layers including the retinal nerve fiber layer (RNFL) and the
ganglion cell-inner plexiform layer (GCIPL) (Mwanza et al., 2011). Previous
studies have shown that the GCIPL thickness has a similar glaucoma
discriminating performance as the peripapillary retinal nerve fiber layer (pRNFL)
thickness, both in clinical and in population-based studies (Nouri-Mahdavi et al.,
2013; Yang et al., 2015; Springelkamp et al., 2014). However, the discriminative
performance of the GCIPL thickness is far from optimal (Nouri-Mahdavi et al.,
2013; Yang et al., 2015; Springelkamp et al., 2014; Kim et al., 2015; LealFonseca et al., 2014; Aref et al., 2014).

Several factors including age, gender, axial length, and optic disc area have been
shown to be associated with the thicknesses of the macular inner retinal layers
(Mwanza et al., 2011; Koh et al., 2012). However, our knowledge concerning the
variability of these thicknesses is far from complete. The distance between the
optic disc center and the fovea (DFD) is another biometric variable that may
influence the macular inner retinal layers. A large DFD may be associated with a
stretching of the posterior fundus which may cause a change in the retinal
thickness. In our previous study, using a generic segmentation algorithm, we
found that the observed thicknesses of the macular inner retinal layers were
significantly associated with the DFD (Qiu et al., 2018). The next question is, on
how far these associations influence the performance of the built-in software that
provides a glaucoma diagnostic classification, which is based on the thicknesses.
The diagnostic classification is the primary OCT output used by clinicians.
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The aim of this study was to determine the influence of the DFD on the glaucoma
diagnostic classification based on thickness measurements of macular inner
retinal layers in healthy subjects. For this purpose, we performed SD-OCT
measurements in a large group of healthy subjects and related the occurrence of
an abnormal diagnostic classification to the DFD and other ocular factors (axial
length/refraction, optic disc area, and fovea-disc angle [FDA]), using logistic
regression. Analyses were further adjusted for age, gender, image quality, visual
field mean deviation, and pRNFL.

Methods
Subjects

One hundred and ninety three Chinese healthy subjects were consecutively
recruited from the general clinic of Joint Shantou International Eye Center. All
the included subjects underwent a full ophthalmic examination including the
measurement of best corrected visual acuity, intraocular pressure (IOP), refraction,
and axial length (IOLmaster; Carl-Zeiss Meditec, Dublin, CA), slit-lamp
biomicroscopy, and fundus examination. None of the included eyes had any
concurrent ocular disease other than a refractive error. If both eyes were eligible,
one eye was randomly selected. Subjects were excluded if the spherical
equivalent was less than -6.0 diopters (D), the IOP over 21 mmHg, the best
corrected visual acuity was less than 20/40, if they had a family history of
glaucoma, or if they had a history of intraocular surgery, refractive surgery,
neurological disease, macular degeneration, glaucoma, or diabetes. The study was
approved by the local ethical committee with written informed consent obtained
from each subject before enrolment. The present study followed the tenets of the
declaration of Helsinki.

Visual field testing

Visual field testing was performed with standard automated white-on-white
threshold perimetry, using the 24-2 SITA standard strategy (Humphrey Field
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Analyzer II; Carl Zeiss Meditec, Inc.). Only reliable visual field tests with fixation
loss less than 20% and false positive and negative less than 10% were included in
the study (Bengtsson et al., 2000; Junoy Montolio et al., 2012). All the included
visual field tests were within normal limits in the glaucoma hemifield test (GHT)
and had a pattern standard deviation (PSD) p value > 5%.

Optical Coherence Tomography

Each eye was imaged using the Topcon 3D OCT-2000 (software version 8.11;
Topcon). Both the GCC 3D Scan 512×128 protocol and the Optic Disc 3D Scan
512×128 protocol were performed. Images with eye movements during image
acquisition were excluded and retaken. All the included images had a minimum
image quality score of 45 as recommended by the manual of the device (median
value 58) (TOPCON CORPORATION 2009). The GCC scan protocol, which has
a scan area of 7×7 mm2, was used for the thickness measurements of the different
inner retinal layers in an area of 6×6 mm2 centered at the fovea. The built-in
software was used to generate thickness maps.

We recorded the superior, inferior, and total (average of the superior and inferior)
thickness of the macular RNFL (mRNFL), the GCIPL, and the ganglion cell
complex (GCC; combination of mRNFL and GCIPL). We also recorded the
corresponding classification (within normal limits [green on printout], below P5
[yellow], and below P1 [red]), which is based on the internal normative database.
We further recorded, for each of the three layers (mRNFL, GCIPL, and GCC), the
fourth thickness parameter as provided by the device, being the presence of an
abnormal diagnostic classification in the thickness deviation map. Each thickness
deviation map consists of a 10 × 10 grid. A cell in this grid is color-coded yellow
or red if the thickness in the concerning cell is below the lower 95% (“borderline”)
or 99% (“outside normal limits”) of the centile ranges, respectively. In the present
study, an abnormal diagnostic classification in the thickness deviation map was
defined as an area of at least three contiguously color-coded (yellow or red) cells,
not including the cells directly adjacent to the fovea. The disc area and the
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pRNFL thickness were recorded from the analysis printout of the optic disc scan
protocol.

Measurement of DFD and FDA

DFD was manually measured on fundus photographs (taken with the fundus
camera of the OCT system at an angle of 45० centered at the fovea) with ImageJ
software (available in the public domain at http://rsbweb.nih.gov/ij/;
www.nih.gov, National Institutes of Health, Bethesda, MD, USA), based on the
coordinates of the fovea and the center of the optic disc. Firstly, a rectangle was
fitted to the height and width of the ONH manually. Two diagonal lines were
drawn, and their crossing was considered as the ONH center. Subsequently, DFD
was determined. We also measured the FDA. The FDA was defined as the angle
between the disc-fovea line and a horizontal line through the fovea. A positive
FDA value indicates that the fovea is located inferiorly with respect to the optic
disc center.

Statistical Analysis

Partial correlation tests were performed to determine the effect of DFD on the
thickness of the mRNFL, GCIPL, and GCC. These tests were adjusted for axial
length, optic disc area, FDA, age, gender, image quality, visual field mean
deviation, and average pRNFL thickness. Factors associated with an abnormal
diagnostic classification (superior, inferior, or total thickness borderline or outside
normal limits, or the presence of an abnormal diagnostic classification based on
the thickness deviation map) of the mRNFL, GCIPL, and GCC were evaluated
with logistic regression analysis. We used backward stepwise regression by
including initially all variables (DFD, axial length, optic disc area, FDA,
age, gender, image quality, visual field mean deviation, and average pRNFL
thickness) and subsequently removing, one at a time, those variables with P>0.05,
starting with the variable with the highest P value. A P value less than 0.05 was
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considered statistically significant. The statistical analyses were performed by
using the SPSS software (ver. 22.0; SPSS Inc, Chicago, IL).

Results

Eleven subjects were excluded because of an unreliable visual field test (5
subjects), poor quality of the fundus photographs (4 subjects), or poor OCT scan
quality (2 subjects). As a result, we included 182 eyes from 182 subjects (106
females and 95 right eyes). Table 1 shows the demographics of the study
population. The mean (standard deviation [SD]; range) DFD was 4.90 (0.29; 3.98
to 5.66) mm. Table 2 demonstrates the associations between DFD and mRNFL,
GCIPL, and GCC thickness. DFD, adjusted for other covariates, correlated
negatively with all the thickness measurements of the macular inner retinal layers
(all P≤0.001).
Table 1. Characteristics of the study population (n=182)
Mean ± SD

Range

Age, y

43.8 ± 15.6

20 to 78

Refractive error, D

-0.80 ± 1.92

-6.00 to 2.75

Axial length, mm

23.63 ± 1.11

20.74 to 26.70

Visual field mean deviation, dB

-1.15 ± 1.23

-6.67 to 1.78

DFD, mm

4.90 ± 0.29

3.98 to 5.66

FDA, deg

9.60 ± 3.48

-2.56 to 21.10

Disc area, mm2

2.24 ± 0.39

1.28 to 3.28

Average pRNFL, μm

107.6 ± 8.8

79 to 131

GCC scan image quality

57.8 ± 4.3

45 to 66

Average mRNFL, μm

36.7 ± 4.0

27 to 48

Average GCIPL, μm

69.7 ± 4.6

57 to 82

Average GCC, μm

106.5 ± 7.0

89 to 121
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Table 2. Associations between DFD and the average thickness of the macular
inner retinal layers, adjusted for axial length, optic disc area, FDA, age, gender,
image quality, visual field mean deviation, and average pRNFL thickness (n=182;
partial correlation analysis)
r

P

Total mRNFL

-0.49

<0.001

Superior mRNFL

-0.39

<0.001

Inferior mRNFL

-0.50

<0.001

Total GCIPL

-0.28

<0.001

Superior GCIPL

-0.25

0.001

Inferior GCIPL

-0.28

<0.001

Total GCC

-0.46

<0.001

Superior GCC

-0.39

<0.001

Inferior GCC

-0.49

<0.001

The overall frequency of ≥1 abnormal diagnostic classification (abnormally low
average thickness superior, inferior, or total, or an abnormal diagnostic
classification based on the thickness deviation map; for definitions see Methods
section) was 73.1% (134 eyes) for the mRNFL, 23.1% (42 eyes) for the GCIPL,
and 19.2% (35 eyes) for the GCC, respectively. Figure 1 shows the number of
eyes classified as abnormal according to the four employed parameters (superior,
inferior, or total thickness, cluster in the thickness deviation map) for the different
macular inner retinal layers. As can be seen in this figure, an abnormal
classification in the thickness deviation map most often occurred in the mRNFL
(abnormal classification 73.1, 23.1, and 19.2% for the mRNFL, GCIPL, and GCC,
respectively; P<0.001 [two-way ANOVA]).
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Figure 1. Percentages of eyes classified as abnormal according to the four OCT
parameters (superior thickness, inferior thickness, total thickness, and cluster in
thickness deviation map) for the mRNFL, GCIPL, and GCC.
Eyes that classified as abnormal according to at least one of the four employed
parameters, had a significantly greater DFD (4.95 versus 4.78 mm, P<0.001 for
mRNFL; 4.95 versus 4.88 mm, P<0.001 for GCIPL; 5.00 versus 4.88 mm,
P=0.027 for GCC) than that of eyes classified as normal. Table 3 presents the
logistic analysis. After adjusting for the effects of other covariates, a greater DFD
was associated with an increased occurrence of an abnormal diagnostic
classifications for the mRNFL (odds ratio [95% confidence interval] per 0.1 mm
increase in DFD: 1.30 [1.13-1.50], P<0.001), GCIPL (1.29 [1.08-1.55], P=0.005),
and GCC measurement (1.18 [1.02-1.38], P=0.006).

Figure 2 demonstrates the effect of the DFD on the diagnostic classifications for
the mRNFL, GCIPL, and GCC, in four healthy eyes. With increasing DFD, an
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increasing number of parameters were reported to be borderline or outside normal
limits.

Table 3. Factors associated with an abnormal diagnostic classification of macular
inner retinal layers according to the built-in normative database (n=182; logistic
regression analysis)

Odds ratios (95%CI)

P

DFD (per 0.1mm)

1.30 (1.13-1.50)

<0.001

Disc area (per mm2)

0.18 (0.07-0.49)

<0.001

DFD (per 0.1mm)

1.18 (1.02-1.38)

0.023

Age (per year)

1.05 (1.03-1.09)

0.001

pRNFL (per um)

0.90 (0.85-0.95)

0.02

Gender (female)

2.39 (1.01-5.62)

0.037

Axial length (per mm)

2.10 (1.32-3.31)

<0.001

DFD (per 0.1mm)

1.29 (1.08-1.55)

0.006

pRNFL (per um)

0.87 (0.82-0.92)

<0.001

Age (per year)

1.04 (1.01-1.07)

0.008

mRNFL

GCIPL

GCC
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Figure 2. Four cases demonstrating the association between the DFD and the
occurrence of abnormal diagnostic classifications in the OCT printout.
Discussion

A greater DFD is associated with a higher percentage of abnormal diagnostic
classification for the OCT parameters describing the thickness of the mRNFL,
GCIPL, and GCC in healthy subjects.

In a previous study, we found that the DFD was significantly associated with the
thickness of individual macular intraretinal layers as measured with a generic
segmentation algorithm (Qiu et al., 2018). In the current study, we confirmed our
previous finding by using the built-in software of the OCT device and we showed
that the DFD has a clinically relevant impact on the glaucoma diagnostic
classification and is an important, independent factor determining the thickness of
the macular inner retinal layers. To the best of our knowledge, no other reports
regarding DFD and OCT glaucoma diagnostics have been published thus far. A
longer axial length has been found to be associated with a higher percentage of
abnormal diagnostic classification for the GCIPL (Leal-Fonseca et al., 2014; Aref
185

et al., 2014; Kim et al., 2015). This is in agreement with our findings. Previous
studies reported that the disc area was associated with false positive results
regarding the pRNFL but not GCIPL (Leal-Fonseca et al., 2014; Kim et al., 2015).
In agreement with this, we found that disc area was significantly associated with
an abnormal diagnostic classification for the mRNFL but not for the GCIPL or
GCC. It has been reported that the FDA was significantly associated with the
distribution of the pRNFL (Choi et al., 2014), and Kim et al. reported that the
FDA was significantly associated with an abnormal diagnostic classification for
the GCIPL (Kim et al., 2015). In the current study, we did not detect a significant
association between the FDA and an abnormal diagnostic classification for the
macular inner retinal layers. Differences in study design could have contributed to
these conflicting results, such as different measurement area of the GCIPL,
different study populations, and adjustment for other covariates. In agreement
with our findings, Mwanza et al. reported that the glaucoma diagnostic
performance of RNFL parameters did not improve by correcting the RNFL
profiles for the FDA (Mwanza et al., 2016).

It is worth to note that a high percentage (73%) of abnormal diagnostic
classification was observed for the mRNFL in the present study. Assessment of
the mRNFL has been reported to be useful in glaucoma diagnosis (Akashi et al.,
2013a; Akashi et al., 2013b), but the reported areas under the receiver operating
characteristic curves (AUCs) ranged from 0.589 to 0.940 for detecting early
glaucoma patients with high myopia,20 and similar values (0.486 to 0.859) were
found in another study (Lee et al., 2016). These AUC values show that
improvement in diagnostic performances is needed, and reducing noise by
adjusting for factors that contribute to the observed variability is a logical
approach. The DFD is one of these factors that can easily be determined from data
available in the scans.

Several limitations exist in the current study. First, only Chinese subjects were
included. As racial differences in macular thickness have been reported (Girkin et
al., 2011), the current findings may not apply to other populations. A second
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limitation is the cross-sectional nature of the present study. Some eyes with
subclinical glaucomatous damage may have been included accidentally. Although
strict inclusion and exclusion criteria were applied, future longitudinal follow-up
is necessary to confirm our results. On the other hand, if such a longitudinal study
would reveal the spurious inclusion of early glaucoma cases, the DFD would be a
risk factor for glaucoma rather than for a false-positive classification. Finally,
some of the current results may not apply to other OCT devices, as there are
differences in scan protocol, segmentation algorithm, and normative database
between different devices. Strength of the present study are the strict in- and
exclusion criteria and the large sample size.

Why is the DFD associated with the thickness of the mRNFL, GCIPL, and GCC?
Regarding the mRNFL thickness, a possible explanation is the difference in scan
area for the mRNFL assessment between eyes with different DFD. In eyes with a
greater DFD, the OCT scan area (centered at the fovea) is farther away from the
optic disc. The RNFL is thinner farther away from the optic disc than it is closer
to the disc (Gabriele et al., 2007). Thus, one would expect to find that the mRNFL
is thinner in eyes with a greater DFD. With respect to the GCIPL thickness, one
possible explanation is the stretching of the posterior fundus. In a previous study,
the DFD has been reported to be associated with the peripapillary retinal nerve
fiber distribution in healthy eyes (Hong et al., 2010). We speculate that the
posterior fundus in eyes with a greater DFD is stretched, which may cause a
decrease in GCIPL thickness in the macular region. Importantly, stretching of the
posterior pole could also be caused by an increase in axial length, but our
multivariable analysis showed that the DFD is an independent factor. In the
present study, the mRNFL and GCIPL thickness were both significantly and
negatively associated with the DFD. The observed significant and negative
correlation between the DFD and the GCC thickness is a logical consequence, as
the mRNFL and GCIPL form together the GCC.

In conclusion, eyes with a greater DFD are prone to a false-positive glaucoma
classification in the thickness assessment of the macular inner retinal layers. The
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thicknesses should always be interpreted in the context of DFD. DFD-adjusted
normative databases should be developed, and future research should evaluate
such normative databases in terms of improvement in diagnostic performance.
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Chapter 10

Summary, Discussion, and Future Perspectives
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General summary and overview of the main findings
Myopia is a prevalent condition in the world and a major risk factor for glaucoma.
However, diagnosing glaucoma in myopic subjects is difficult, since myopic eyes
often display anatomical changes of the optic disc and retina and visual field
changes that mimic glaucoma. Thus, understanding of the characteristics and
determinants of the anatomical structures relevant to glaucoma in myopia is of
great importance for glaucoma assessment. This thesis addresses the issue
“challenges in diagnosing glaucoma in myopic eyes”. For this purpose, I
investigated the characteristics and determinants of RNFB trajectories, RNFL
thickness profile, and macular inner retinal layers in myopic eyes. Furthermore, I
studied the glaucoma diagnostic classifications of both the peripapillary RNFL
and macular inner retinal layers in myopic eyes by using OCT devices.

In Chapter 2, I investigated the relationship between the retinal vessel course and
the RNFB trajectories as described by a mathematical model in Caucasian eyes.
In this study, I found that the retinal blood vessel topography explains a
significant part of the distribution of the RNFL bundle trajectories in the human
retina. In Chapter 3, the characteristics of the RNFB trajectories in Chinese
myopic eyes were determined by using the previously published mathematical
model based on Caucasian eyes. In this study, I found that the RNFB trajectories
of Chinese eyes with low or moderate myopia are similar to that of Caucasians.
For high myopia, the trajectories in superior hemifield are similar to that of
Caucasians; in the inferior hemifield they follow a different pattern. Axial length,
vessel topography, and optic disc size and torsion are associated with the
variability of the trajectories.

Chapter 4 determines the applicability of the ISNT rules for the retinal nerve
fiber layer thickness and the neuroretinal rim area in healthy myopic eyes. In
healthy myopic subjects, 88 and 37% of the eyes did not comply with the ISNT
rule if applied to the RNFL thickness and the rim area as measured with OCT and
HRT, respectively. Thus, the ISNT rule and its variants have a limited useability
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in diagnosing glaucoma in myopic subjects. In Chapter 5, characteristics and
determinants of the peripapillary retinal nerve fiber layer thickness profile of
healthy myopic eyes were evaluated. In this study, the location of the peak of the
RNFL thickness profile at the 3.46 mm OCT measurement circle was analyzed
separately in the superior hemiretina and inferior hemiretina. I found that the
RNFL thickness profile in myopic eyes is determined by different ocular
parameters in the superior and inferior hemiretina. Of all the determinants, the
artery angle appeared to be the most prominent predictor of the variability of the
RNFL thickness profile, for both hemiretinae. In Chapter 6, characteristic
patterns of OCT abnormalities in the RNFL thickness deviation map was
evaluated in both healthy myopic eyes and glaucomatous eyes. The main finding
was that the location of the color-coded region in the RNFL thickness deviation
map relative to the major temporal retinal vessels offers a simple and valuable
clue for differentiating between false-positive and glaucoma in myopic eyes.

Chapter 7, Chapter 8, and Chapter 9 address the relationship between the disc
fovea distance (DFD) and several macular thickness parameters as measured with
OCT. In Chapter 7, I found that a greater DFD was significantly associated with
increasing myopia and - independently - with a lower macular thickness. In the
study described in Chapter 8, the influence of DFD on thickness measurements
of individual macular intraretinal layers was evaluated by using an automated
segmentation software package based on the Iowa algorithm. A thinner nerve
fiber layer (NFL), inner plexiform layer (IPL), inner nuclear layer (INL), outer
plexiform layer (OPL), and outer nuclear layer (ONL), and a lower total macular
thickness were significantly associated with a greater DFD, independent of other
covariates. Finally, in Chapter 9 the effect of DFD on the glaucoma diagnostic
classifications based on the macular inner retinal layer thicknesses was evaluated
by using the OCT built-in software. A greater DFD was associated with a higher
percentage of abnormal diagnostic classification in the OCT maps of the mRNFL,
GCIPL, and GCC.

Discussion, potential applications, and future perspectives
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Retinal vessel topography and RNFB trajectories/pRNFL thickness profile in
myopic eyes

In the current thesis, I found that the retinal vessel topography was the most
prominent predictor of the variability of the RNFB trajectories (Chapters 2 and 3)
and the pRNFL thickness profile (Chapter 5). Furthermore, I found that the
positions of the major retinal arteries correlated significantly with an abnormal
diagnostic classification (based on the built-in normative database) of pRNFL
thickness measurements in healthy myopic eyes (Chapter 6). Currently, as the
normative database of available OCT instruments only considers the influence of
age on the pRNFL thickness, a specific normative database considering the retinal
vessel topography is suggested to be incorporated in the OCT devices to improve
the glaucoma diagnostic performance. As the pRNFL thickness profile is widely
used in most of the commercial OCT instruments, the intersections of the major
superotemporal artery and the major inferotemporal artery with the OCT
measurement circle can be used as a surrogate measure of the retinal vessel
topography.

By investigating the relationship between the retinal vasculature and the location
of color-coded regions (abnormally thin regions) in the RNFL deviation map in
both healthy myopic subjects and glaucoma patients (Chapter 6), I found that
evaluation of the location of the color-coded regions relative to the major
temporal retinal vessels can significantly improve the glaucoma diagnostic
performance in myopic eyes (large increase in specificity without loss of
sensitivity). Further research is warranted to evaluate the diagnostic performance
of combined parameters (combination of our vessel location criterion with OCT
measurements including pRNFL and GCIPL thicknesses) in myopia. Previously,
hypodense regions (holes) in the RNFL on OCT scans have been reported to be
located along the retinal blood vessels in glaucoma suspects and patients (Xin et
al., 2011; Hood et al., 2016). In the current thesis, I confirmed the important role
of retinal vessel topography on RNFL profile and RNFB trajectories. It would be
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interesting to evaluate the relationship between retinal vessel topography and the
location of early glaucomatous RNFL damage. As most of the glaucoma subjects
in the current thesis had moderate to severe glaucoma, future research is needed to
evaluate the diagnostic performance of the suggested approaches in early
glaucoma in the myopic population.

Characteristics and variability of the myopic RNFB trajectories/pRNFL
thickness profile in the superior and inferior hemiretina

In the current thesis, I evaluated the characteristics of the RNFB trajectories
(Chapter 3) and the peripapillary RNFL thickness profile (Chapter 4) in healthy
myopic eyes, in both the superior and inferior hemiretina. Consistent with
previous studies (Leung et al., 2012; Denniss et al., 2012; Jansonius et al., 2012;
Lamparter et al., 2013; Yamashita et al., 2017), we found that axial length was
significantly associated with the RNFB trajectories and the peripapillary RNFL
profile, but only in inferior hemiretina. Although the reason why axial length
affects the RNFL thickness profile/the RNFB trajectories more pronounce in the
inferior hemiretina remains to be uncovered, our findings may have clinical
implications. Previously, asymmetry of visual field defects was reported in
normal tension glaucoma subjects (Park et al., 2017), with deeper defects in the
superior paracentral area (that is, in the inferior hemiretina) than in the inferior
paracentral area. In another study, Park et al. (2012) investigated the relationship
between disc torsion and visual field defects in 166 normal-tension glaucoma
patients with myopia. Again, superior visual field defects were more prevalent
than inferior visual field defects in myopic normal tension glaucoma subjects
(Park et al., 2012). In Emmetropic caucasians studied in a population-based
setting, no superior/inferior asymmetry was found in the incidence of
glaucomatous visual field defects (Springelkamp et al., 2017). Clearly, these
associations are not fully understood and should be explored further in future
studies to better understand the relationship between myopia, RNFB
trajectories/pRNFL thickness profile (especially in the inferior hemiretina), and
glaucoma.
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Recently, the nature of macular damage in glaucoma was investigated and a
schematic model for relating structural glaucomatous damage of the macula to
visual field defects was proposed (Hood et al., 2012; Hood et al., 2013).
According to their model of macular damage, most of the inferior region of the
macula projects to the macular vulnerability zone (MVZ), a region that is
particularly susceptible to glaucomatous damage. As we found that axial length
correlated significantly with the inferior RNFB trajectories/pRNFL thickness
profile in the current thesis, it would be interesting to evaluate the inferior MVZ
in myopic eyes in future studies.

Previously, individual structure function mapping has been evaluated (Denniss et
al., 2014; Ballae Ganeshrao et al., 2015; McKendrick et al., 2017; Alluwimi et al.,
2018). It has been reported that anatomically customized mapping shifts the map
markedly in approximately 12% of the general population in the nasal step region
(McKendrick et al., 2017). Consistent with previous study (Denniss et al., 2012;
Jansonius et al., 2012; Lamparter et al., 2013), I found significant variability of
RNFB trajectories in the current Chinese myopic population. Further research is
needed to evaluate how individual structure- function mapping could improve
glaucoma diagnosis in myopia.

DFD and variability of macular structure

I found that a larger DFD was independently associated with a thinner overall
macular thickness and the thicknesses of macular inner retinal layers (Chapters 7
and 8). I speculate that the posterior fundus in eyes with a greater DFD is
stretched, which may cause the observed thinning of the macular intraretinal
layers. As I showed, this occurs independent of the effect of axial length.
Although the underlying mechanism between DFD and macular thickness is not
fully understood, the current results have potential clinical significance in the
evaluation of glaucoma and various macular diseases. I further evaluated the
clinical significance of DFD by studying the glaucoma diagnostic classification
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based on the macular inner retinal layers in healthy subjects. A greater DFD was
found to be independently associated with a false-positive classification (Chapter
9). On the basis of these findings, I suggest that the current OCT instruments
should integrate the DFD measurement in the normative database. Currently, it is
easy to define the fovea and optic disc center for most of the available OCT
devices. Thus, it is easy to incorporate the DFD measurement in the OCT
instruments, based on the coordinates of the fovea and the optic disc center.

Conclusions

I found significant variability of RNFB trajectories, peripapillary RNFL profile,
and macular inner retinal layers in healthy myopic eyes. Of all the determinants,
the retinal vessel topography appears to be the most prominent predictor for the
variability of the pRNFL thickness profile and the RNFB trajectories, for both
hemiretinae. I further found that the location of the color-coded region in the
RNFL thickness deviation map relative to the major temporal retinal vessels
offers a simple and valuable clue for differentiating between false-positive and
glaucoma in myopic eyes. Regarding the macular measurements, this study is the
first study that reports that a greater DFD was significantly associated with
thinner macular inner retinal layers. The studies that formed the basis of my thesis
suggest that OCT instruments should integrate the retinal vessel topography and
the DFD in the normative database to improve the glaucoma diagnostic
performance. As this is essentially a software update, it could be integrated in the
currently available devices.
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Samenvatting

Bijziendheid is een veelvoorkomende aandoening in de wereld en een belangrijke
risicofactor voor glaucoom. Het diagnosticeren van glaucoom bij bijzienden is
echter moeilijk, omdat bijziende ogen vaak anatomische kenmerken hebben, en
afwijkingen aan het gezichtsveld vertonen, die sterk lijken op de veranderingen
die je ziet bij ogen met glaucoom. Daarom is een gedetailleerd begrip van de
anatomische structuren die relevant zijn voor glaucoom van groot belang. Dit
proefschrift heeft als titel "Uitdagingen bij het diagnosticeren van glaucoom bij
bijziende mensen". Kern van het onderzoek is de OCT techniek (optical
coherence tomography), een techniek waarmee de anatomie van de structuren in
het oog in detail kunnen worden bestudeerd. Structuren relevant voor glaucoom
zijn onder andere de retinale zenuwvezellaag (retinal nerve fiber layer; RNFL) en
de ganglioncellaag in de macula (gele vlek). Bij de RNFL gaat het zowel om het
dikteprofiel rond de papil (peripapillaire RNFL; de papil is de plaats waar de
zenuwvezels het oog verlaten en de oogzenuw vormen) als om het verloop van de
zenuwvezelbundels over de retina (het netvlies).

In Hoofdstuk 2 heb ik de relatie tussen het verloop van de retinale bloedvaten en
het verloop van de bundels van de RNFL onderzocht. Ik gebruikte daarvoor een
eerder ontwikkeld model, gebaseerd op Kaukasische ogen, en gegevens eerder
verzameld in Kaukasische ogen. In deze studie ontdekte ik dat de topografie van
de bloedvaten van het netvlies in hoge mate de anatomie van de RNFL verklaart.
Dit bracht de vraag met zich mee of de topografie van de bloedvaten gebruikt zou
kunnen worden om OCT afwijkingen bij bijziende ogen te onderscheiden van
afwijkingen bij glaucoom. Maar eerst moest gekeken worden of het sterke
verband tussen bloedvaten en RNFL ook aanwezig is in Chinese ogen. Dat is
onderzocht in Hoofdstuk 3. In deze studie ontdekte ik dat het verloop van de
bundels van de RNFL in Chinese ogen met lage of matige bijziendheid
vergelijkbaar is met het verloop in Kaukasische ogen. Voor hoge bijziendheid
was het verloop in de bovenste helft van het netvlies ook identiek, maar in de
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onderste helft niet. Ook in Chinese ogen was de topografie van de bloedvaten een
belangrijke voorspeller van het verloop van de bundels van de RNFL.

Er is een eenvoudige klinische vuistregel die zegt dat in gezonde ogen de rand
van de papil, die uit zenuwvezels bestaat, het dikste is aan de onderzijde (inferior),
gevolgd door de bovenzijde (superieur), aan de kant van de neus (nasaal) en aan
de kant van de slaap (temporaal). In Hoofdstuk 4 heb ik de toepasbaarheid
onderzocht van deze zogenaamde ISNT-regel voor de dikte van de RNFL bij
gezonde bijziende ogen. Dit werd gemeten met twee verschillende technieken, de
eerder genoemde OCT en een voorloper daarvan, de HRT. Opvallend was dat
88% (OCT) en 37% (HRT) van de ogen niet aan de ISNT-regel voldeden. De
ISNT-regel heeft dus een beperkte bruikbaarheid bij het diagnosticeren van
glaucoom bij bijziende personen. In Hoofdstuk 5 werden de kenmerken en
determinanten van het dikteprofiel van de peripapillaire RNFL van gezonde
bijziende ogen geëvalueerd. Vernieuwend in deze studie was dat dit apart werd
onderzocht voor de bovenste en onderste helft van het netvlies. Het
bloedvatverloop bleek in beide helften een belangrijke voorspeller van de vorm
van het dikteprofiel, maar verder hadden beide helften andere determinanten. Het
belang van het verloop van de bloedvaten werd uiteindelijk in Hoofdstuk 6
vertaald naar een eenvoudige klinische vuistregel: afwijkingen aan de
peripapillaire RNFL op de OCT uitsluitend aan de nasale zijde van de grote
retinale bloedvaten passen bij bijziendheid; afwijkingen die tenminste deels
temporaal van de grote vaten zitten wijzen op glaucoom.

Hoofdstuk 7, Hoofdstuk 8 en Hoofdstuk 9 gaan over een relatief onbekende
maat in het oog, de afstand tussen de papil en de fovea (het midden van de
macula), de DFD (disc-fovea distance). In Hoofdstuk 7 ontdekte ik dat een
grotere DFD significant geassocieerd was met toenemende bijziendheid en onafhankelijk daarvan - met een dunner netvlies in de macula. In het onderzoek
beschreven in Hoofdstuk 8 werd de invloed van de DFD op diktemetingen van de
afzonderlijke cellagen in de macula geëvalueerd. Een dunnere RNFL, binnenste
plexiforme laag (IPL), binnenste nucleaire laag (INL), buitenste plexiforme laag
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(OPL) en buitenste nucleaire laag (ONL) waren significant geassocieerd met een
grotere DFD, onafhankelijk van andere kenmerken die geassocieerd zijn met de
DFD. Ten slotte werd in Hoofdstuk 9 de invloed van de DFD op de in de OCT
ingebouwde glaucoom classificatie (software bedoeld om de gebruiker te
ondersteunen bij het beoordelen van een testresultaat) onderzocht. Een grotere
DFD was geassocieerd met een hoger percentage fout-positieve classificaties.
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