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Purpose: To determine the location of (1) the superior-inferior watershed between the
fovea and optic disc (extended raphe) at the peripapillary optical coherence tomogra-
phy (OCT) measurement circle and (2) the raphe, temporal to the fovea.

Methods: We used existing data consisting of 2285 traced retinal nerve fiber bundle
trajectories from 83 fundus images. For localization of the extended raphe at the
3.46-mm-diameter OCT measurement circle, trajectories were classified as belonging to
the superior or inferior hemiretina, using predefined criteria. For the raphe, we localized
the endings of trajectories coming from the superior and inferior arcuate bundles.

Results: At the measurement circle, the extended raphe is located 14° (range, 12°-16°)
inferiorly to a horizontal line through the optic disc center. The raphe follows a horizontal
line at the latitude of the fovea if the disc is assumed to be located 15° nasal to and
2° above the fovea.

Conclusions: At the measurement circle, OCT brands use either the 9 o'clock location
or a straight line connecting the center of the optic disc and the fovea as a reference for
separating the hemiretinas. This results, on average, in a 14° and 6° misalignment with
respect to the anatomical watershed, respectively. For the macular area, the commonly
used line through the center of the optic disc and the fovea fails to describe the raphe
adequately.

Translational Relevance: An unbiased asymmetry assessment of the optic nerve
requires a detailed knowledge of the shape and location of the (extended) raphe.

optic disc, referred to here as the extended raphe.

Introduction

Superior—inferior asymmetry is a hallmark of many
optic neuropathies, including glaucoma and ischemic
optic neuropathy. An unbiased assessment of this
asymmetry requires a detailed knowledge of the
anatomy of the retinal nerve fiber bundle (RNFB)
trajectories and, especially, the location of the raphe,
which is located temporal to the fovea, and the
superior—inferior watershed between the fovea and
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The (extended) raphe is the seam where the nerve
fiber bundles of the superior and inferior hemiretina
meet each other, functionally resulting in a nasal step
or altitudinal visual field defect. Knowledge regard-
ing the exact location of the raphe and extended
raphe, and the variability therein, is incomplete.
Added to that, the implementation of this knowledge
in current, commercially available optical coherence
tomography (OCT) devices seems rather crude and
imprecise.
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There are two regions of interest for the assess-
ment of optic nerve pathology with OCT: the optic
disc region and the macular region. In the optic disc
region, the focus is on the peripapillary retinal nerve
fiber layer (pRNFL) thickness; in the macular region,
the focus is on the thickness of the inner retinal layers.
The pRNFL thickness is measured at a circle with a
diameter of 3.46 mm around the center of the optic
disc.!3 On this measurement circle, OCT brands use
either the 9 o’clock location (e.g., Canon) or the inter-
section with a line through the center of the optic
disc and the fovea (e.g., Heidelberg Engineering) as
a reference for separating the hemiretinas. For the
macular region, most OCT brands use a line through
the center of the optic disc and the fovea to separate the
hemiretinas.

We developed a modified polar coordinate system
for the human retina, originally used as a reference for
our RNFB trajectory model.* Coordinate systems are,
in principle, arbitrary, and we can always swap between
systems by using transformations; however, a well-
chosen system facilitates mathematics and interpreta-
tion. In the modified polar coordinate system, one of
the major axes was chosen to coincide with the separa-
tion between the superior and inferior hemiretina. In
the current study, we validate this coincidence. The
concerning axis, referred to here as the modified polar
coordinate system reference line, is not a straight line
but rather a combination of a straight section tempo-
ral to the fovea and a curved section (parabola with
horizontal tangent in the fovea) between the fovea and
the center of the optic disc. “Horizontal” was defined
as parallel to the straight section temporal to the fovea;
this orientation was imposed on an assumed position
of the center of the optic disc relative to the fovea. As
such, the system is invariant of head tilt or eye rotation
during image acquisition (see Discussion section). The
position of the center of the optic disc relative to
the fovea was inspired by perimetry. Two observations
from perimetry contributed here: (1) arcuate scotomata
(nasal steps) rarely cross the horizontal meridian within
the accuracy of the applied testing grids, which test up
to 1° (10-2) or 3° (24-2 and 30-2) from the horizontal
meridian, and (2) the center of the blind spot is located
on average 2° below the horizontal meridian and 15°
temporal to fixation.>”’ Figure 1 shows the modified
polar coordinate system reference line together with
the 3.46-mm-diameter peripapillary OCT measure-
ment circle and the various OCT reference lines.

The aim of this study was to determine the location
of (1) the extended raphe at the peripapillary OCT
measurement circle and (2) the raphe. For this purpose,
we used previously collected datasets consisting of
a large number of traced RNFB trajectories from
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Figure 1. Reference lines used in the current study plotted in a
Cartesian coordinate system that has its origin at the fovea. Axes are
in degrees. The black line is the modified polar coordinate system
reference line. It is a combination of a straight section temporal to
the fovea and a curved section (parabola with horizontal tangent in
the fovea) between the fovea and the center of the optic disc, which
is, by definition of the modified polar coordinate system,* located at
(15,2) in the Cartesian coordinate system. The turquoise circle repre-
sents the 3.46-mm-diameter OCT measurement circle. The blue line
represents a horizontal line through center of optic disc; locations
at the OCT measurement circle are depicted in degrees relative to
this line. Hence, the blue line crosses the circle at 0° (nasal) and 180°
(temporal). The red line goes through the center of the optic disc and
the fovea. It crosses the OCT measurement circle at 188°. The black
line crosses the measurement circle at 193°.

high-quality red-free fundus images.** For the local-
ization of the extended raphe at the measurement
circle, the trajectories in the papillomacular bundle
were classified (using predefined criteria) as belonging
to the superior or inferior hemiretina. For the local-
ization of the raphe, we used the coordinates of the
endings of the trajectories coming from the superior
and inferior arcuate bundles. For both locations, the
results were compared to the modified polar coordinate
system reference line and the reference lines currently
used in commercially available OCT devices.

Study Population and Data Collection

We used two previously collected datasets, each
consisting of a large number of traced retinal nerve
fiber bundle trajectories from high-quality red-free
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A

Figure 2.

Examples of trajectory classifications in the papillomacular bundle. (A) Subject with the trajectories classified as superior (trajec-

tories 2 and 21) and inferior (trajectory 3). (B) Subject with the trajectories classified as superior (8), equivocal (9), and inferior (10).

fundus images.*3 The first dataset used in the current
study was comprised of 28 fundus pictures of the right
eyes of 28 subjects.® The 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 visibil-
ity, only subjects without diseases affecting the RNFL
or its visibility were included (mostly diabetic patients
without diabetic retinopathy). Mean refraction was
—0.4 + 3.3 diopters (D). Supplementary Figure S1
shows the papillomacular region of all 28 subjects. In
this dataset, we systematically traced one trajectory of
a predefined minimum length in each half clock-hour
to obtain a complete picture of the RNFB trajectory
pattern. 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. The
second dataset was comprised of 55 fundus pictures
of 55 subjects from our original study.* Neither refrac-
tion nor axial length was recorded in this dataset. On
average, 30 trajectories per picture (range, 3—118) were
traced, of various lengths and at various locations.

Data Analysis

Location of the Extended Raphe at the Peripapillary
OCT Measurement Circle

For this analysis, we only used the first dataset,
because in this dataset we had a complete, unbiased

trajectory sampling in each half clock-hour. The trajec-
tories were plotted for each subject separately (Fig.
2). We identified, for each subject, three trajectories
in the papillomacular (PM) bundle. Subsequently, we
classified these trajectories as belonging to either the
superior hemifield or the inferior hemifield or as equiv-
ocal. For the trajectory to be classified as belonging to
the superior hemifield, we required that it be convex
toward the superior hemifield, or straight AND to end
above a horizontal line through the fovea (y > 0 in
Cartesian coordinates). For the trajectory to be classi-
fied as belonging to the inferior hemifield, it had to be
convex toward the inferior hemifield, or straight AND
had to end below a horizontal line through the fovea (y
< 0in Cartesian coordinates). If a trajectory within the
PM bundle did not fulfill the criteria for either superior
or inferior, it was classified as equivocal. The examples
shown in Figure 2 belong to subjects with the trajec-
tories classified as superior and inferior (Fig. 2A) and
as superior, equivocal, and inferior (Fig. 2B), respec-
tively. Finally, we recorded the location of the trajec-
tories at the OCT measurement circle (Fig. 1), and we
compared the resulting distributions for the superior,
inferior, and equivocal trajectories. Locations at the
measurement circle are expressed in degrees relative to
the blue line in Figure 1, with 180° and 0° being the 9
o’clock and 3 o’clock locations, respectively, in the right
eye.

Location of the Raphe
For this analysis, we used both datasets. For each
dataset, we plotted all traced trajectories in a single
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Figure 3. Distributions of the locations of the trajectories at

the OCT measurement circle for trajectories classified as inferior,
equivocal, or superior. Boxplots show median, interquartile range,
minimum, and maximum; the circle represents an outlier. The blue,
red, and black lines in Figure 1 cross the measurement circle at 180°,
188°, and 193°, respectively.

plot. The location of the raphe was defined as the
middle of the trajectory-free zone temporal to the
fovea.

Location of the Extended Raphe at the
Peripapillary OCT Measurement Circle

Figure 3 presents the distributions of the locations
of the trajectories at the OCT measurement circle
for (from left to right) trajectories classified as
inferior, equivocal, and superior. Trajectories classi-
fied as superior and inferior did not show any overlap
(maximum superior 192°, minimum inferior 195°);
trajectories classified as equivocal ranged from 192° to
196°. Hence, a reasonable estimate of the location of
the extended raphe at the OCT measurement circle is
194° + 2°. This value deviates 14° from the crossing
of the circle with a horizontal line through the center
of the optic disc (blue line in Fig. 1) and 6° from the
crossing of the circle with a line through the center
of the optic disc and the fovea (red line in Fig. 1).
Interestingly, the crossing of the extended raphe with
the circle coincides almost perfectly with that of the
modified polar coordinate system reference line (black
line in Fig. 1), which crosses the circle at 193°.
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Location of the Raphe

Figure 4 reveals the location of the raphe for both
datasets. For the first dataset (Fig. 4A), one trajec-
tory from the superior hemifield crossed the x-axis and
two trajectories from the superior hemifield touched
the x-axis; none of the trajectories from the inferior
hemifield crossed or touched the x-axis. For the second
dataset (Fig. 4B), some trajectories from the inferior
hemifield crossed or touched the x-axis, whereas only
one trajectory from the superior hemifield touched the
x-axis. As such, taking both datasets into consider-
ation, the location of the raphe appears to coincide
essentially with the x-axis of the Cartesian coordinate
system, which equals the modified polar coordinate
system reference line (black line in Fig. 1) temporal to
the fovea.

At the 3.46-mm-diameter peripapillary OCT
measurement circle, the extended raphe is located
14° + 2° inferiorly to a horizontal line through the
center of the optic disc. The raphe follows a horizontal
line at the latitude of the fovea if the optic disc is
assumed to be located 15° nasal to and 2° above the
fovea.

The location of the raphe has been reported before
as the disc—fovea-raphe angle. Using an adaptive-
optics scanning laser ophthalmoscope, Huang et al.’
reported this angle to be 170.3° £+ 3.6°. Using OCT,
Tanabe et al.' found 169° 4 3° and Bedggood et
al.'!"13 found 173° £ 3°. With a disc—fovea angle of
7.6° (see next paragraph), our reference line (black
line in Fig. 1) implies a disc—fovea-raphe angle of
180 — 7.6 = 172.4°. Hence, our findings are in
good agreement with the literature. The disc—fovea—
raphe angle was reported not to depend on the axial
length.!%-!> This agrees well with our findings, as we
found an equivocal location of the raphe (Fig. 4)
despite a wide axial length range.

The location of the optic disc relative to the equator
(optic disc inclination or fovea—disc angle (i.e., the
angle between the Cartesian x-axis and the red line
in Fig. 1)) was assumed to be 7.6° (arctan[2/15]) in our
model. Earlier studies reported a mean value between
5° and 10° with a standard deviation of typically
30.6.8,10.12,14-18 part of the observed variability will
be real variability (i.e., related to individual retinal
morphology); head tilt or eye rotation during image
acquisition could have contributed, as well. Similarly,
the distance between the fovea and the optic disc
shows inter-individual variability, both when measured
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Figure 4. Superposition of all traced trajectories from the first (A) and second (B) datasets. Inserts show a magnified view of the area
temporal to the fovea. The red line connects the center of the optic disc and the fovea.

in degrees® and when measured in millimeters.'-!8

By using the modified polar coordinate system, we
assumed a uniform location of the optic disc relative to
the fovea, thus entangling the above-mentioned sources
of variability. Despite this assumption, we found, inter-
estingly, very little variability in the location of the
extended raphe at the peripapillary OCT measurement
circle (Fig. 3) and the raphe (Fig. 4). This implies that a
significant part of the variability of the optic disc incli-
nation as reported in the literature actually is variability
due to head tilt or eye rotation during image acquisition
and paves the way for a simple and robust implemen-
tation of a less biased location of the (extended) raphe
in OCT analysis software (see below). The variability
reducing effect of our alignment procedure has been
verified independently (figure 15 in Reference 19).

A limitation of our study is that only one of the
datasets, with sample size n = 28, allowed for deter-
mination of the location of the intersection of the
extended raphe and the peripapillary OCT measure-
ment circle. However, the dataset covered a wide
axial length range (20.4-26.2 mm; spherical equivalent
from —8.75 to 4+6.25 D),® and, despite the wide axial
length range, the location of the equivocal trajecto-
ries at the measurement circle had a very small range
(192°-196°). Obviously, larger datasets would contain

more extreme values either because of an increased
likelihood of including rare anatomical variants or
simply due to increased scattering with increased
sample size.”’ Nevertheless, given the small range in our
dataset, it is very unlikely that the mean of a much
larger dataset would be closer to the red or blue line
in Figure 1 (which intersect the measurement circle
at 188° and 180°, respectively) than to the black line,
our presumed extended raphe (which intersects the
measurement circle at 193°).

Our dataset was limited to Caucasian eyes and
did not explicitly address high myopia. Recently, we
validated our trajectory model in Chinese eyes and
specifically addressed high myopia (spherical equiva-
lent beyond —6.00 D). Up to moderate myopia, the
trajectories of the Chinese eyes were very similar to
that of the Caucasian eyes. The high-myopic Chinese
eyes deviated in the inferior—temporal region but not in
the superior—temporal region.!” In none of our analy-
ses did we consider age as a covariate due to sample size
limitations. A strength of our study is that the location
of the raphe was replicated in an independent dataset.*
Another strength is the fact that the trajectories were
traced before the images were put in the modified
polar coordinate system. As such, those who traced the
trajectories were blinded with respect to the assumed
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position of the watershed, and, even more, they were
not aware of the purpose of the current analysis. It
has been reported that manual tracing shows signif-
icant variability.>! The authors of that study quanti-
fied variability as an uncertainty in the insertion point
(angle) at the optic disc border. In our experience, the
part closest to the optic disc is the most difficult part
to trace; many trajectories could not be followed up
to the optic disc at all. For that reason, we focused on
the OCT measurement circle, where the uncertainty is
much smaller.

Sugita et al.~~ automatically traced retinal nerve
fiber bundle trajectories using polarization-sensitive
OCT. Their region of interest (ROI) included the optic
disc region and the papillomacular bundle. Their data,
collected in four eyes of two subjects, support the
nonlinear shape of the extended raphe. Obviously, their
sample size is too small to draw conclusions regard-
ing the anatomy of the human retina; their aim was
to show the feasibility of automated tracing. They did
not address the raphe. Although automated tracing
has many advantages, the underlying techniques also
have black box properties, and as such, manual tracing
(once surpassed by automated techniques) still has its
value for validating the automated techniques. Finally,
the observed endings of the RNFB trajectories are not
necessarily the real endings, and after the ending of a
bundle the individual axons will continue their way to
the retinal ganglion cell bodies. All of this introduces
some uncertainty regarding the exact location of the
watershed; however, there is no reason to assume that
this uncertainty systematically biases the location of
the raphe toward either superiorly or inferiorly. Finally,
it should be mentioned that it is the superficially located
RNFBs that have primarily been traced, as the more
deeply located bundles are invisible on fundus images.

At the 3.46-mm-diameter peripapillary measure-
ment circle, OCT brands use either the 9 o’clock
location or a straight line connecting the center of
the ONH and the fovea as a reference for separating
the hemiretinas. This results, on average, in a 14° and
6° misalignment with the anatomical extended raphe,
respectively. For the macular area, the commonly used
straight line through the center of the optic disc and
the fovea fails to describe the raphe adequately; the
disc—fovea—raphe angle is clearly less than 180° (see
above). A hallmark of many optic neuropathies, includ-
ing glaucoma, is a change in retinal thickness that
is asymmetrical with respect to the (extended) raphe.
Therefore, an accurate localization of the (extended)
raphe is pivotal for an optimal assessment of pathol-
ogy. Because the (extended) raphe appears to coincide
almost perfectly with the modified polar coordinate
system reference line, no additional measurements or

22
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new landmarks are needed for implementing a more
accurate location of the (extended) raphe in OCT
analysis software. It is sufficient to (1) localize the center
of the optic disc and the fovea; (2) assume the optic
disc to be located above the equator with (in Carte-
sian coordinates) a 15:2 (x:y) distance ratio relative
to the fovea; (3) assume that the extended raphe has
a parabolic shape and the raphe is straight; and (4)
require the first derivative of the raphe and extended
raphe to be continuous at the fovea. Mathematically
speaking, the (extended) raphe is, in Cartesian coordi-
nates for the right eye, given by

2
o= P 128

with the fovea at (0,0) and the center of the optic disc
at (15,2). Obviously, there are more possible curves that
fit to the three involved points (fovea, optic disc center,
and evaluated location of the watershed at the OCT
reference circle). However, if a straight line between
the fovea and optic disc center gives a biased fit at the
measurement circle, then a parabola is the simplest next
step (parsimony) and also has the elegant property that
it connects smoothly (continuity of the first derivative)
to the raphe temporal to the fovea.

The translational relevance of our findings is that we
have provided a description of the raphe and extended
raphe in the retina that is based on anatomy, more
accurate than the reference lines used in current clini-
cal OCT devices, and robust against rotation of the
eye during image acquisition. The next question is
whether or not this description improves the diagnos-
tic performance of OCT. Mwanza et al.>* compared
the diagnostic performance of OCT between an analy-
sis of the pRNFL thickness using a horizontal line
through the center of the optic disc as a landmark
and an analysis using the fovea—disc angle. They did
not observe a significant difference. However, these
two landmarks are the blue and red lines in Figure 1;
therefore, their findings cannot be used to answer
the question of whether or not using the black line
as a watershed would improve the diagnostic perfor-
mance. They focused on the pRNFL only. Another
ROI where improvements are to be expected is at the
raphe, where the red line in Figure 4 deviates much
more from the anatomical watershed. Also, improve-
ments will depend on the analysis methods applied.
Taking the mean thickness of a large ROI results in
a metric that will not strongly depend on the exact
borders but will, on the other hand, overlook subtle,
optic nerve disease-specific changes. With the advance-
ment of OCT hardware and analysis algorithms, the
importance of smaller ROIs that are more realis-
tically defined will increase. As an example, the

(1)
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parabolic-shaped extended raphe has been used to
delineate the vulnerable macular region (also called
macular vulnerability zone) in glaucoma.!”-?* The
watershed (raphe and extended raphe) as found in our
data by tracing RNFB trajectories appears to corre-
spond to the minimum in RNFL thickness as observed
using OCT (figure 4 in Reference 19).

In conclusion, the way in which current OCT
brands have implemented the raphe in their analysis
software is rather crude and imprecise. The anatom-
ical extended raphe is located more inferiorly in the
peripapillary area and the raphe is located more superi-
orly than currently assumed. An unbiased estimate of
the location of the raphe and extended raphe can easily
be made using only two already known landmarks (the
center of the optic disc and the fovea) and applying
a perimetry-inspired assumption regarding the shape
of the (extended) raphe. Hence, OCT analysis software
that considers the hemifields separately could easily
be improved. The effect of this improvement on OCT
diagnostic performance has yet to be determined.
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