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Purpose: To determine the prevalence and magnitude of OCT exposed neural canal (ENC),
externally oblique choroidal border tissue (EOCBT), and exposed scleral flange (ESF) regions in
362 non-highly myopic (spherical equivalent —6.00 to 5.75 diopters) eyes of 362 healthy subjects.

Design: Cross-sectional study

Methods: After OCT optic nerve head (ONH) imaging, Bruch’s membrane opening (BMO),

the anterior scleral canal opening (ASCO), and the scleral flange opening (SFO) were manually
segmented. BMO, ASCO and SFO points were projected to BMO reference plane. The direction
and magnitude of BMO/ASCO offset as well as the magnitude of ENC, EOCBT and ESF was
calculated within 30° sectors relative to the Foveal-BMO axis. Hi-ESF eyes demonstrated an ESF
> 100 ums in at least one sector. Sectoral perineural canal choroidal thickness (pNC-CT) was
measured and correlations between the magnitude of sectoral ESF and proportional pNC-CT were
assessed.

Results: Seventy-three Hi-ESF (20.2%) and 289 Non-Hi-ESF eyes (79.8%) were identified.
BMO/ASCO offset, as well as ENC, EOCBT and ESF prevalence and magnitude were greatest
inferior temporally where pNC-CT was thinnest. Among Hi-ESF eyes, the magnitude of each
ENC region correlated with BMO/ASCO offset magnitude and the sectors with the longest ESF
correlated with the sectors with proportionally thinnest pNC-CT.

Conclusions: ONH BMO/ASCO offset, either as a cause or result of ONH neural canal

remodeling, corresponds with the sectoral location of maximum ESF and minimum pNC-CT

in non-highly myopic eyes. Longitudinal studies to characterize the development and clinical

implications of ENC Hi-ESF regions in non-highly myopic and highly myopic eyes are indicated.
Precis

In this report we introduce the scleral flange opening (SFO), a new, deep OCT optic nerve head
(ONH) neural canal anatomic landmark and manually segment it, along with Bruch’s membrane
opening (BMO) and the anterior scleral canal opening (ASCO) in 362 non-highly myopic healthy
eyes. We then use these landmarks to define exposed neural canal and exposed scleral flange
regions and report their prevalence and magnitude to be greatest within the inferior-temporal ONH
Foveal-BMO sectors.

Taxonomy topics

Optic Nerve Head; Neural Canal; Glaucoma; 3D Imaging; Optical Coherence Tomography;
Imaging Anatomy; Bruch’ Membrane Opening; Anterior Scleral Canal Opening; Myopia; Scleral
Flange; Dural Sheath; Scleral Flange Opening; Glaucoma; Myopia

INTRODUCTION

In axial myopia,! elongation of the eye is accompanied by structural changes to the choroid,
sclera, retina and optic nerve head (ONH) tissues that contribute to the clinical appearance
of myopic optic disc “tilt”, “torsion” and “peripapillary” “atrophy”.2~" While refractive error
and axial length are commonly used to clinically define myopia and assess its progression,?
until recently,-12 there have been no OCT parameterization strategies to detect, quantify

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.
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and stage the morphologic character of myopic structural alteration to the ONH neural and
connective tissues that were based entirely on OCT-detected anatomic landmarks.

We define the ONH anatomically and morphologically (Figure 1) to include the tissues
within the neural canal and those immediately adjacent to it.1314 These include, the
perineural canal (pNC) retina, choroid, and sclera, the immediate retrolaminar orbital optic
nerve, the dural and pial sheath insertions and the medial portion of the inferior oblique
muscle insertion. (Supplemental Figure 1).13 We have previously defined the neural canal to
be the connective tissue pathway through the choroid and sclera through which the retinal
ganglion cell (RGC) axons achieve the orbital optic nerve (Figures 2 and 3).9:12.14-17 The
pre-scleral neural canal (Figures 1 and 2) extends from Bruch’s membrane opening, (BMO),
to the anterior scleral canal opening, (ASCO). It consists of the connective tissue component
of the choroidal border tissues (CBT) which are known histologically as the border tissues of
Elschnig.1518.19 The scleral portion of the neural canal extends from the ASCO through the
scleral flange opening, (when present - see Methods and Figure 1), ending at the posterior
scleral canal opening which can be identified histologically416:17.20 byt is inconsistently
visualized by OCT. In both monkey, (quantitatively)1416.17 and human (through qualitative
inspection)?0-22 studies, the transverse size of the neural canal increases as it passes through
the sclera. Correspondingly, there is a profound increase in the size of the retrobulbar nerve
relative to the size of the “clinical optic disc” (Supplemental Figure 1).

In this report we use the term pNC to distinguish OCT ONH terminology, (which we argue
should be based on OCT-detected anatomic landmarks) from the traditional term “optic
disc” and derivative terms such as “peripapillary” because these terms, being based on the
clinical disc margin, have no consistent OCT-detectable anatomic foundation in the human
eye.23:24 Having no consistent anatomic foundation, the clinical disc margin is inconsistently
assigned by clinicians?® leading to inaccuracy in their rim tissue assessment (Supplemental
Figure 1).24.26 Because the clinical disc margin is also used in the definitions of “optic

disc tilt” and “torsion” as well as the clinical “gamma”, “delta” and “peripapillary atrophy”
zones, it has contributed to the lack of anatomically consistent OCT definitions for these
terms.4:27.28

For this study we manually segmented the OCT-defined scleral flange opening (SFO), a
new OCT ONH neural canal anatomic landmark, in non-highly myopic eyes and used

it to define a new ONH region — the exposed neural canal (ENC) region. We define

an ENC region to consist of two sub-regions, an externally oblique choroidal border

tissue (EOCBT) region and/or an exposed scleral flange (ESF) region (Figures 2-4). In
this nomenclature, we use the term “exposed” in two contexts. First, in the case of the

ESF region, we hypothesize that the “anterior” scleral flange surface (Figures 5-6), once
physically covered by retinal pigment epithelium (RPE), Bruch’s membrane (BM) and
choroid, is now clinically “exposed” due a shift of BM and BMO relative to the ASCO and
subsequent CBT migration away from the SFO. Second in the case of the CBT and internal
scleral flange surfaces (Figures 5-6), we hypothesize that tissues which were once internally
oblique or vertical (axial) in orientation, (and thus less clinically visible), are now, through
displacement, deformation or remodeling, more externally oblique, (i.e., more transverse

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.
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— Figures 1-2) in orientation and therefore more “exposed” to clinical observation. These
hypotheses are more completely explained in the Discussion.

In previous post-mortem monkey studies, 1416 we defined the scleral flange to be the portion
of the pNC-sclera that was “internal” to the posterior scleral canal opening (PSCO). In
separate studies in post-mortem human eyes,2%30 Jonas defined the scleral flange to be

the portion of the pNC-sclera that was “central “or “internal” to the dural sheath insertion
(Figure 5). These independent definitions are complimentary because they suggest two
independent mechanisms of scleral flange development that may be synergistic. First, scleral
flange morphology is influenced by transverse neural canal enlargement within the sclera
and second that it is influenced by the dural sheath addition of substantial thickness to

the outer layers of the pNC-sclera, peripheral to the flange.1416 Multiple investigators31-34
have hypothesized that the relative thinness and obliqueness of the scleral flange (without
necessarily using that term) may have biomechanical implications on the loading of the
lamina cribrosa (the primary site of injury to the RGC axon in glaucoma).

From the standpoint of ONH biomechanics and ONH blood flow,31-33.35-38 jn most human
eyes, the pNC-scleral flange contains the juxta-canalicular collagen and elastin ring,3%-43
the vascular circle of Zinn-Haller, 447 as well as the penetrating branches of the posterior
ciliary arteries.*4 It is thus likely that the scleral flange tissues are the primary site of

the complicated interactions between the laminar beam insertions and the collagen and
elastin ring that generate deformation and strain.31:48-50 |n addition, in most eyes, the pNC-
scleral flange tissues likely directly experience the primary effects of eye-movement-induced
fluctuations in dural sheath and dural sheath scleral insertion loading.>1~7 Taken together,
these biomechanical effects are hypothesized to include diminished blood flow within the
small posterior ciliary artery branches which pass through the scleral flange to supply the
lamina cribrosa and juxta-canalicular choroid (the choroidal region most susceptible to
clinical “peripapillary” atrophy),31:36-38

We propose that an OCT ENC region occurs when, through development or
postdevelopmental “myopic” remodeling, BMO enlarges and/or becomes temporally
displaced relative to the underlying ASCO and SFO (or, equivalently, the SFO and ASCO
become nasally displaced relative to BMO). Because, the position of BMO relative to

the ASCO and the SFO largely determines the character of an EOCBT or ESF region,

(i.e., their sectoral location, extent and radial magnitude), in this study we report BMO
offset relative to ASCO (BMO/ASCO offset), (see Methods). We additionally propose
comprehensive OCT neural canal and scleral flange terminology (Table 1 and Supplemental
Table 1), provide representative OCT examples of ENC regions and their appearance within
non-highly myopic healthy study eyes and a representative highly myopic eye (Figures 3 and
4), and provide OCT depictions of ONH scleral flange anatomy in Figures 5 and 6.

In this study, we report the prevalence and character of the ENC region, (along with the
EOCBT and ESF sub-regions), in 362 non-highly myopic healthy eyes of 362 subjects. We
then test the hypothesis that the magnitude of an ESF sub-region in a given eye, inversely
correlates with peri-neural canal (pNC) choroidal thickness (pNC-CT) within twelve 30°
ONH sectors (Figure 2) assigned relative to the Foveal-BMO axis.

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.
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Definitions and Terminology (Table 1, Supplemental Table 1 and Figures 1-6).

OCT neural canal and scleral flange anatomic terminology (Table 1 and Supplemental 2) is
explained and illustrated in Figures 1 — 6. While in previous reports®>8 we referred to the
CBT by their histologic name (“Border Tissues of Elschnig”), we now?3 refer to them as
the CBT, only. All left eye data were converted to right eye configuration for analysis and
presentation except as noted. Quantification of all parameters was performed with Matlab
R2016a (Matlab version 9.0.0.341360; The MathWorks, Natick, MA).

Subjects.—A total of 362 healthy individuals were recruited from 8 centers (5 in the
United States, 2 in Germany and 1 in Canada) as previously described.>® Each participant
provided signed informed consent. The study adhered to the declaration of Helsinki for
research involving human subjects and was approved by the institutional review board of
each participating institution.

OCT Image Acquisition and Segmentation.

The ONH, pNC- RNFL and macula were imaged with spectral domain OCT (Spectralis,
Heidelberg Engineering GmbH, Heidelberg, Germany, software version Heyex 1.9.10.0).
For each eye, prior to image acquisition, refractive correction and keratometry values were
entered. The operator then manually identified and marked the fovea in a live B-scan, then
centered the imaging field on the ONH, where the 2 BMO points in each of 2 perpendicular
ONH radial B-scans were identified. These steps established the eye-specific, FOBMO axis,
which was used as the reference for the acquisition of all OCT B-scans.?9-%1 The complete
ONH imaging pattern consisted of 24 radial B-scans (15° apart with each B-scan containing
768 A-scans) centered on BMO and acquired in Enhanced Depth Imaging mode®? with an
average of 25 repetitions each.

Our strategy for OCT ONH image manual segmentation has been described
previously.2:10.63.64 Segmented landmarks included: the internal limiting membrane (ILM):
posterior surface of the RNFL, posterior surface of the Bruch’s membrane/retinal

pigment epithelium complex, BMO, neural canal wall, anterior scleral surface, and the
ASCO (segmented on each side of the canal by visually projecting the plane of the
peripapillary anterior scleral surface through the neural canal wall and marking their
intersection).:10.63.64

For the present study, the SFO was manually segmented by a single operator (SWH) using
one of two techniques (Figure 5, Panels A2-C2). The SFO was “geometrically” segmented
when the transition from the “anterior” to the “internal” surface of the scleral flange was
acute enough to be visually identified (Figure 5 panels B2 and C2). When the transition
was not acute enough to be identified visually, it was estimated by visually projecting the
anterior laminar surface through the neural canal wall (Figure 5, Panel A2). In all instances,
the operator was able to inspect adjacent B-scans on either side of the B-scan in question to
inform their final SFO segmentation choice.

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.
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Sectoral ENC, EOCBT and ESF Measurements (Figures 5 and 6).—Segmented
BMO, ASCO and SFO points along with the segmented BMO centroid were projected to
the BMO reference plane (Figure 5, panels A4 - C4) for re-sampled measurement within 30°
sectors (Figure 6A and 6B). BMO, ASCO and SFO B splines were then plotted within the
BMO reference plane. Within each sector, four equally- spaced re-sampling lines were used
to measure the radial extent (magnitude) of the EOCBT, ESF and ENC (the sum of the two)
regions (Figure 6C). Data from these four measurements of each region were then averaged.
Data from Sectors with less than 2 measurements were not included (i.e., the region was
treated as not present (0 magnitude) in that sector. For a given eye, the definition for the
presence of an EOCBT or ESF region (alone or together constituting an ENC region) —
required the presence of that region in 2 contiguous FOBMO sectors.

While BMO demarcates the peripheral extent of the EOCBT in most sectors of most eyes,
in those sectors in which BM extends beyond the CBT and BMO overhangs (i.e., is internal
to) the CBT insertion into BM, (Supplemental Figure 2), the CBT BM insertion (CBT-BMI)
was used to define the peripheral extent of the EOCBT region. However, because the length
of BM overhangs, when present, were small, the use of CBT-BMI, when required, only
minimally affected the EOCBT magnitude measurement.

BMO/ASCO Offset Magnitude and Direction (Supplemental Figure 3).—As
previously described,?12 for each study eye, a plane was fitted to the 48 segmented

BMO and ASCO points, respectively, by minimizing the mean squared axial error.5® The
BMO coordinates were projected to the BMO reference plane. Thereafter, a best-fit ellipse
was fitted,° and the BMO and ASCO centroids and areas were calculated. BMO/ASCO
offset magnitude and direction were defined by projecting the BMO/ASCO centroid vector
(the vector connecting the ASCO and BMO centroids to the BMO reference plane and
transposing the vector from the ASCO to the BMO for direction and offset magnitude
quantification relative to the FOBMO axis. It is thus equal in magnitude but 180° opposite in
direction to our previously reported parameter ASCO/BMO offset.12

BMO, ASCO, SFO/ASCO Conjugate Opening and Neural Canal Minimum Cross-Sectional
Area (NCMCA) Size and Shape Measurements (Figure 8).

The size and shape (ovality index) of BMO and ASCO were assessed using a best-fit ellipse
within their respective best fit reference planes. For the SFO/ASCO conjugate opening, the
48 SFO/ASCO conjugate opening points consisted of the SFO points where present, and

the ASCO points at the radial locations where an SFO point was not present. SFO/ASCO
conjugate opening size and shape was then assessed using a best-fit ellipse within the best
fit reference plane. As previously defined,%12 NCMCA (Figure 8 and Supplemental Figure
4)9 estimates the size and shape of the smallest opening through which the RGC axons must
pass as they traverse the pre-scleral neural canal.

pNC Choroidal Thickness (pNC-CT).—Sectoral pNC-CT measurements were
generated from the 24 radials B-scans as previously reported19:13.64 and illustrated in
Supplemental Figure 5. For each sector of each study eye, pNC-CT was expressed both
in microns and as its age-corrected, normative range percentile.

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.
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Inter-observer reproducibility.—The effect of inter-observer SFO segmentation
reproducibility was assessed for the parameters ESF length using the manual SFO
segmentations of two independent operators (SWH and HY) from the same 20 OCT data
sets. To do so, the two operators, independently marked the scleral flange opening (SFO)
(when present) in the 48 radial OCT B scan images from the same 20 reproducibility study
eyes while the existing ASCO segmentations were held constant within the data sets of both
operators. ESF length for each sector was then calculated for each observer (using their own
SFO and the common ASCO) for each sector of each reproducibility study eye.

Statistical Analysis.

All statistical analyses were performed with R Studio (version 2022.12.0+353 - The

R Foundation for Statistical Computing, Vienna, Austria) or SPSS (IBM SPSS, Inc.).
Descriptive statistics included the mean and standard deviation for continuous variables

and proportions for categorical variables. The T-test (continuous variable) or Chi-square test
(dichotomous variable) were used to compare characteristics between groups. Intra-class
correlation coefficients (ICC) between observers for ESF length were calculated using a
two-way mixed model for agreement. Ocular and demographic effects on the OCT ENC,
EOCBT and the ESF regions were assessed using univariable and multivariable linear
regression, ensuring the variance inflation factor remained below 5 to avoid excessive
multicollinearity.

Within the Non-Hi-ESF and Hi-ESF study eyes the correlations between the sectoral
magnitude of the ESF and the proportional pNC-CT were separately assessed for

each group at the 100, 300, 700 and 1100 um pNC-CT measurement points using a
generalized estimation equation linear model. Prior to this analysis, instead of using the
raw measurement values, a natural log transformation was applied to the pNC-CT data,
(i.e., they were converted to log (raw value) to ensure the residuals of the model were
normally distributed (i.e., were more Gaussian). Log transformed pNC-CT raw data was
then converted to proportional thickness relative to the log transformed normative data base
sectoral average, (log(raw value) / log(normal value for that sector)) so as to eliminate the
effects of the known (i.e., well established) sectoral variation in pNC-CT.

Correlations between the SFO/ASCO Conjugate Opening and NCMCA, between the SFO/
ASCO Conjugate Opening and RNFLT (3.5 and 4.1mm) and between NCMCA and RNFLT
(3.5 and 4.1mm) were performed using simple linear regression. For these correlations,

in the 183 eyes in which the ESF region magnitude was > 0 the SFO/ASCO Conjugate
Opening was defined by the SFO and ASCO points. In the 179 eyes without an ESF region
the SFO/ASCO conjugate opening was defined by the ASCO points.

Multiple Comparisons.—For all analyses, we report comparisons with p < 0.05 as

significant but emphasize those that achieved significance using our most stringent criteria
for type | error correction (Holm-Bonferroni).56

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.
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Study Subjects and Eyes.

Three hundred sixty-two non-highly myopic eyes of 362 subjects were studied.
Demographic and ocular data are reported in Table 2.

Inter-observer SFO Reproducibility.

Subdivision

Segmentation reproducibility for all OCT anatomic landmarks of this report, except the
SFO, have been previously reported.910:59.63.64 |CC values for ESF region length for all 12
sectors ranged from 0.928-0.996. However, because only 3 (15%) reproducibility study eyes
had ESF regions in the superior nasal (SN) sector, the p values for the ICC values for that
sector were lower (see Supplemental Table 2).

of Study eyes into Hi-ESF and Non-Hi-ESF subgroups.

To test the hypothesis that non-highly myopic eyes with the largest ESF regions represented
a form of neural canal remodeling that would have distinguishable features, we defined
Hi-ESF eyes to be those that contained at least one FOBMO sector with an ESF region > 100
ums in length. We then compared the n=73 Hi-ESF study eyes (20.5% of all study eyes by
this definition) to the 289 Non-Hi-ESF study eyes in a series of subsequent analyses (Table
3).

Ocular and demographic differences between Hi-ESF and Non-Hi-ESF eyes.

Hi-ESF eyes demonstrated significantly longer axial length, greater myopic spherical
equivalent, larger BMO area, increased BMO/ASCO area ratio, decreased NCMCA,
increased BMO/ASCO offset magnitude, and decreased proportional pNC-CT at all
measurement points with the differences achieving significance at the pNC-CT-1100
measurement point (Table 2). The mean length of the ENC EOCBT and ESF regions was
profoundly increased in the Hi-ESF versus the Non-Hi-ESF eyes (Table 3).

The sectoral prevalence of the ENC region and EOCBT and ESF subregions
was greatest in the inferior temporal sectors.—The highest sectoral prevalence of
each region or sub-region (ENC 40.9%; EOCBT 39.8%; ESF 34%; and Hi-ESF 18.2%)
occurred within the inferior-temporal or temporal-inferior sectors (Figure 9).

The maximum ENC, EOCBT and ESF lengths in the Hi-ESF eyes occurred
within the inferior temporal sectors where the adjacent pNC-CT was thinnest
at all four pNC-CT measurement points.—Figure 10 reports sectoral mean ENC,
EOCBT and ESF lengths as well as mean sectoral pNC-CT (300) thickness within All Study
eyes (upper row), the Non-Hi-ESF eyes (middle row) and the Hi-ESF eyes (lower row).
Supplemental Figure 6 reports mean pNC-CT data at all four pNC-CT measurement points.
These data strongly suggest that in the Hi-ESF eyes, the ENC regions were longest and the
pNC-CT was thinnest within the inferior temporal sectors. Supplemental Figure 7 separately
demonstrates that the magnitude of sectoral ESF is inversely correlated with the natural log
proportional pNC-CT at the 100 um (R?=0.16, p < 0.0001) measurement point. Correlations

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.
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at the pNC-CT- 300 pm (R2=0.12), 700 um (R?=0.13), and 1100 pm (R?=0.14) measurement
points were also significant.

BMO/ASCO offset was increased in the Hi-ESF eyes.

BMO/ASCO offset was more than 2x greater, on average, within the Hi-ESF eyes (Table 2).
The greatest frequency and magnitude of BMO/ASCO offset occurred within the inferior-
temporal quadrant and the largest BMO/ASCO offset occurred almost exclusively in the
Hi-ESF eyes. (Figure 11).

BMO,ASCO, SFO/ASCO Conjugate Opening, and NCMCA Size and Shape.—
While the size of BMO (Supplemental Figure 8 and Table 4) was significantly increased in
the Hi-ESF compared to the Non-Hi-ESF eyes, the shape of BMO was not different, nor was
the size and shape of the ASCO different between the two groups. However, both the SFO/
ASCO Conjugate Opening (moderately) and the NCMCA (substantially) were decreased in
size and more oval in shape in the Hi-ESF compared to the Non-Hi-ESF eyes. Supplemental
Table 3 reports univariable and multivariable associations with the ENC region and sub-
regions in the 73 Hi-ESF eyes. Supplemental Table 4 reports the same associations within
the 183 study eyes demonstrating an ENC regions. Within both analyses, the strongest
associations were with BMO/ASCO area ratio and BMO/ASCO offset magnitude.

Correlations among SFO/ASCO Conjugate Opening Area, NCMCA and Global RNFLT.

Within the data from all study eyes, SFO/ASCO Conjugate Opening Area significantly
correlated with NCMCA (R?=0.3175, P<0.0001) and Global RNFLT (3.5/4.1 mm)
(R?=0.12/0.13, P<0.0001). The correlation between NCMCA and RNFLT (3.5/4.1mm)
(R2=0.14/0.15, P<0.0001) was also significant (Supplemental Figure 9).

Discussion

Since Helmholtz introduced the direct ophthalmoscope in 1851,57 and through the later
implementation of slit lamp biomicroscopy and fundus photography, the clinical evaluation
of the ONH tissues has been limited to what clinicians can see on its surface. Thirty years
after the introduction of OCT imaging,58 clinicians still struggle to integrate deep OCT
ONH anatomy and morphology into their clinical examination of the ONH tissues. To
date, there have been no attempts to parameterize the scleral flange using OCT-detected
anatomic landmarks. While the clinical “gamma” and “delta” “parapapillary” “atrophy”
zones are sometimes suggested to be surrogate measures of the scleral flange, because
they are defined based on the clinical disc margin, these regions do not have a consistent
anatomic foundation, and have therefore never been consistently defined using OCT.427.28

Our study introduces the SFO as a new deep neural canal anatomic landmark, proposes a
conceptual framework for understanding its importance, and is the first to manually segment
it using OCT. It then uses the OCT-defined SFO, BMO and the ASCO to introduce the
ONH ENC region, defining it to be exposed neural canal wall, (not atrophy),27:28 and
therefore “within” the neural canal (not peri-neural canal and thus not “peripapillary”).

Our study further defines the ENC region to consist of EOCBT and/or ESF subregions,

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.
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articulates OCT-based anatomic concepts and terminology to characterize the ONH tissues
relative to the neural canal instead of the clinical disc margin and introduces terminology
for characterizing neural canal scleral flange remodeling using OCT. Finally, our approach
allowed us to identify 73 non-highly myopic eyes demonstrating a “Hi-ESF” region and
characterize their ONH morphologic differences from the 289 “Non-Hi-ESF” study eyes.

Among all study eyes, but especially among the Hi-ESF eyes, the ESF region occurred
most frequently and was greatest in magnitude within the inferior temporal sectors, where
BMO/ASCO offset also was also greatest in prevalence and magnitude and pNC-CT was
proportionally thinnest. These findings complement our previous report that pNC scleral
bowing (pNC-SB) was greatest within the inferior temporal sectors of the same non-highly
myopic eyes of this study.1? They additionally complement the findings of our recent report
on pNC-SB and pNC-CT within a separate group of highly myopic eyes.13

We propose that BMO-ASCO offset®12 and pNC-SB10:13 are core mechanistic components
and/or important secondary manifestations of myopic ONH remodeling that can be present
in eyes with all levels of refractive and axial myopia. We therefore predict that the sectoral
location and magnitude of pNC-SB will correlate with the sectoral location and magnitude
of the ENC region in non-highly myopic and highly myopic eyes. While beyond the scope
of the present report, the relationships between and among the ESF region, BMO/ASCO
offset, pPNC-SB, pNC-CT and pNC-RNFLT, (all characterized relative to the FOBMO axis)
are under study in an expanded group of non-highly myopic and highly myopic eyes that
will be the subject of a follow up report.

The fact that Hi-ESF eye increases in BMO/ASCO offset and proportional decreases in
pNC-CT were greatest within the inferior temporal sectors, and that within individual
Hi-ESF eyes the choroid is proportionally thinnest (i.e., the lowest normative percentile
values will occur) within the highest ESF sectors, is important because a large literature

in non-highly myopic eyes has shown these sectors to be most susceptible to the structural
alterations of aging and glaucoma.5%-"4 While the mechanisms of this inferior temporal
ONH susceptibility remain unknown, we hypothesize that the biomechanical links between
the pNC-sclera, the dural sheath insertion, the laminar beam insertions and the scleral
flange, outlined in the introduction, may effect blood flow through the small penetrating
branches of the posterior ciliary arteries that pass through these tissues to supply the circle
of Zinn-Haller, the pNC-choroid and the laminar beams.#44%47 Hayreh demonstrated this
blood supply to be preferentially susceptible to acute 0P elevation in monkeys,37 and
hypothesized that its compromise contributed to a vascular insult in glaucoma and the
frequent presence of pNC choroidal atrophy in aging and glaucoma.3”-7> Longitudinal
studies to assess whether the location and magnitude of an ENC region predicts such
susceptibility are necessary and can now be consistently performed using the OCT
parameters and techniques described herein.

Additional Implications, Predictions and Clarifications.

In Figure 12, we propose that the primary posterior scleral, scleral flange, choroidal
and retinal remodeling of axial myopia together cause or are accompanied by primary
and secondary optic nerve head (ONH) neural canal remodeling processes that can be
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highly variable among and between eyes. The existing ENC region from the 48-year-old
highly myopic example eye from Figures 3-6 is used to create a “Proposed Longitudinal
Change” scenario (Far-Left and Left-Middle Panels) in which choroidal border tissue (CBT)
“externalization” and “insertion migration” away from the original anterior scleral canal
opening (ASCO) leaves an ESF region and a geometrically identifiable SFO. Taken together,
these panels suggest that in the setting of CBT migration away from the SFO, the SFO is
synonymous with the ASCO at the end of development (i.e., prior to the onset of myopic
neural canal remodeling).

However, an “Alternative Longitudinal Change” scenario (Figure 12, Right-Middle and
Far-Right Panels) can be imagined, (based on the appearance of other highly myopic eyes
(manuscript in preparation)), in which the CBT is externalized and elongates progressively
without losing its insertion into the original ASCO (Far-Right Panel). Had this CBT
remodeling scenario occurred, the expected composition of the ENC region would consist
entirely of an EOCBT region only — without creating an ESF region.

In both of the above scenarios, it must be acknowledged that some ESF regions may have
intact CBT present that is in physical apposition to or has become optically indistinguishable
from the underlying anterior scleral flange surface due to choroidal atrophy. In these eyes,
our concept of CBT “insertion migration” would be replaced by choroidal atrophy and CBT/
anterior scleral apposition. However, our concept that the SFO is the original ASCO would
not change.

Our hypothesis that the SFO (and therefore the entire SFO/BMO conjugate opening)
represents the ASCO at the end of embryologic (i.e., pre-myopic) development has

the following implication. First, the fact that the SFOF/ASCO conjugate opening is

smaller and slightly more oval in the Hi-ESF compared to the Non-Hi-ESF suggests

that eyes demonstrating a high ESF region may have undergone a contraction of the
postdevelopmental ASCO opening that is greater horizontally than vertically. However, it

is also possible that the “apparent” contraction and ovalization of the SFO/ASCO conjugate
opening is not due to a contraction in the size of its circumference but instead is due to a
focal or symmetric “bending” or “warping” of the opening. Such a “warped” opening might
appear to be smaller and more oval when projected to its “post-warped” reference plane.
Future longitudinal studies are required to confirm the character of SFO/ASCO conjugate
opening remodeling through the full spectrum of ONH myopic structural alteration.

A series of longitudinal studies directly or indirectly provide evidence in support of

the hypotheses illustrated in Figure 12. Kim and coauthors,’® schematically suggested a
temporal shift of BMO relative to the underlying ASCO as the cause of the appearance of a
“temporal crescent” in longitudinal color photographs of a young child with myopia. While
employing standard nomenclature at the time, they incorrectly identified the crescent as
“parapapillary”, (see Introduction), but correctly suggested that the crescent “was formerly
an inner surface of the scleral canal”.

In a series of important publications,””:"8 the Boramae Myopia Cohort Study has used
longitudinal OCT imaging in children with progressive myopia to describe longitudinal
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increases in the temporal crescent of clinical “peripapillary atrophy”. While the images in
their reports qualitatively include OCT detected EOCBT elongation and or progressive ESF
increases, this terminology has not been used nor has the SFO been segmented. Finally, Kim
and colleagues,’® used swept source OCT to describe longitudinal changes in the CBT that
are compatible with the migration and elongation proposed in Figure 12. However, the SFO
and ASCO were not segmented and BMO enlargement was emphasized as the underlying
mechanism. While a temporal shift of BMO relative to the underlying ASCO is suggested in
several figures, this phenomenon was not commented upon.

In Figure 13, longitudinal OCT imaging from a previously reported®® mildly myopic eye
(-1.50 D SE at baseline and —3.0 D SE at follow up) demonstrates inferior-temporal
expansion of an ENC region that includes CBT insertion migration, CBT extension and

the suggestion of neural canal contraction and shape change. In these images, because
Heidelberg Engineering Spectralis OCT Baseline and Follow Up images are acquired using
eye-tracking software8! relative to the arcuate retinal vasculature, (rather than the ONH
vasculature), the position of the center of radial B-scan acquisition (red-dotted cross-hairs) is
held stable relative to the retinal vessels, isolating the movement of the deep ONH anatomy
relative to the retinal vessels (and thus relative to BMO). Note that the clinical “shadow”

of the neural canal appears smaller, more oval in shape and is superior-nasally displaced

in the “Follow Up” infrared images. Note also that the ASCO and SFO segmented points
are shifted superior nasally, contracted and ovalized in the Follow Up (compared to the
Baseline) images. Finally, while BMO does not appear to be profoundly altered in size or
position within the Follow Up image, the ASCO and SFO appear smaller and shifted nasally
relative to BMO.

Finally, while the prevalence and magnitude of BMO/ASCO offset increases with axial
length in non-highly myopic® and highly myopic eyes,12 substantial ENC regions were
present in a small subset of hyperopic eyes (Supplemental Figure 10). The clinical
implications of the ENC region in hyperopic eyes remains to be determined.

In this paper (and those that precede it),83:64 we identified the ASCO by projecting the
immediate pNC anterior scleral surface through the CBT to the neural canal wall (Figures
1-6). Unlike BMO, which is an anatomically identifiable structure in most non-highly
myopic eyes by histology and by OCT,15:82-84 the ASCO is not an anatomically identifiable
structure in either modality. However, although ASCO was estimated in the described
manner, the inter-operator reproducibility of ASCO area and all related parameters was
excellent in a previous study in which it was assessed in these same study eyes.53

Unlike, the ASCO, we believe that the SFO is an anatomically identifiable opening in most
sectors of most eyes in which it appears. This is especially true for eyes in which the
maximum length of the flange equals or exceeds 100 microns as in the Hi-ESF eyes of

this study. However, scleral flange remodeling can include a highly variable combination of
primary scleral flange shape change as well as fusion of the pial sheath, scleral flange and
laminar beam insertions?” which together can make the SFO location challenging to identify.
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Acknowledging these challenges, in this study the reproducibility of SFO identification by
two independent operators was excellent (see Supplemental Table 2).

An important finding of this study is that “myopic” neural canal remodeling, (as defined
by the presence of a High-ESF region) was present in approximately 20% of non-highly
myopic healthy eyes. These included eyes that demonstrated hyperopic refractive errors
and moderate axial lengths (Supplemental Figure 10). Of these, 3 eyes demonstrated axial
lengths greater than 26.00 mm (FDA299 (26.07 mm); FDA319 (26.44 mm); and FDA266
(26.44 mm)), a definition of high myopia in some studies.8®

Finally, the integration of our OCT landmarks and parameters into clinical practice will

be delayed by the need for manual segmentation of our anatomic targets. However, within
ongoing collaborations with several laboratories we are using the segmentations from the
eyes in this report as well as those from a previously published group of highly myopic
eyes,12.13 (manuscript in preparation), to build automated segmentation algorithms to aid
this transition. In these regards, an additional group of 1080 eyes will be available to us and
others as a product of the Glaucoma/Myopia OCT Phenotyping Consortium which has just
begun subject recruitment (Www.gmopconsortium.org).13

Our study defines a new ONH neural canal anatomic landmark, the SFO, and enables

its incorporation, along with the ESF and ENC regions it defines, into OCT strategies to
structurally stage the optic neuropathies of aging, glaucoma and myopia in the human eye.
In a manuscript in preparation, we will expand our characterization of the ENC, EOCBT and
ESF regions into highly myopic eyes.12:13 In so doing, we will lay the foundation for future
longitudinal studies that will characterize the development and clinical implications of ENC
Hi-ESF regions in non-highly myopic and highly myopic eyes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations/Acronyms (see Table 1):

ASCO
BM
BMO

CBT

CCT
CDM
ENC
EOCBT
ESF
FDA
FoBMO

Hi-ESF

IOCBT
NC
NCMCA

Non-Hi-ESF

PSCO

OCT
ONH
pNC
pNC-CT
RNFL

RNFLT

anterior sclera canal opening
Bruch’s Membrane
Bruch’s membrane opening

Choroidal Border Tissues — previously referred to by their
histologic name (“Border tissues of Elschnig”)

central corneal thickness
clinical disc margin

Exposed Neural Canal
Externally Oblique CBT
Exposed Scleral Flange

Food and Drug Administration
Foveal-BMO

Study Eyes in which the ESF region is = 100 ums in at
least one sector

Internally Oblique Choroidal Border Tissues
Neural Canal
Neural Canal Minimum Cross-Sectional Area

Study eyes in which the ESF region is < 100 ums in all
sectors

Posterior Scleral Canal Opening (Not segmented in this
study)

optical coherence tomography

optic nerve head

perineural canal

perineural canal choroidal thickness
retinal nerve fiber layer

RNFL thickness
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Figure 1. OCT-detected anatomy defines the ONH neural canal and peri-neural canal (pNC)
regions and tissues.

(A) The clinical “optic disc” (or “papilla”) and “peripapillary” regions are defined relative to
the clinical disc margin (see Supplemental Figure 1). (B) We propose that OCT examination
of the ONH tissues should be organized relative to the OCT-detected Bruch’s Membrane
Opening (BMO) and neural canal. We define the neural canal to be the connective tissue
pathway through the choroid and sclera through which the RGC axon bundles achieve

the retrolaminar orbital optic nerve. The pre-scleral neural canal extends from BMO to

the anterior scleral canal opening, (ASCO) and is lined by the choroidal border tissues of
Elschnig (henceforth the CBT).(refs) The scleral portion of the neural canal extends from the
ASCO through the scleral flange opening (SFO) (when present - see Figures 2—6) and ends
at the posterior scleral canal opening which is, at present, inconsistently visualized by OCT
and is not segmented here see (Figures 5 and 6). (C) OCT-radial B-scan from the location
depicted by the green line in Panel B. (D) ONH neural canal tissues are contained within
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the neural canal and ONH pNC tissues are peripheral, (but immediately adjacent to), BMO
and the neural canal wall. We propose these terms so as to distinguish OCT ONH anatomic
terminology from the clinical terms optic disc, papilla, and peri-papillary which have no
consistent anatomic foundation (see Supplemental Figure 1). (Reprinted with minor edits
from Burgoyne et al, AJO, 2023).13
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Figure 2. OCT exposed neural canal (ENC) region morphology (A) includes externally oblique
choroidal border tissue (EOCBT) and/or exposed scleral flange (ESF) (B, C and D) sub-regions.

(A) Pre-scleral and scleral flange neural canal anatomy projected onto the fundus photo

of study eye FDA235, (also shown in Figure 1). In this eye the ENC region is longest
inferior temporally and extends from Bruch’s membrane opening (BMO-red dots) to the
scleral flange opening (SFO-yellow dots). OCT anatomic landmarks are shown relative to
the Foveal-to-BMO centroid (FOBMO) axis and 12 FOBMO 30° sectors (sectoral acronyms
defined below). (B) The EOCBT sub-region is shown in translucent green and the adjacent
ESF sub-region is shown in translucent magenta (also seen on the left of Panels C and

D). (C) OCT-radial B scan from the location depicted by the green line in Panel B. (D)
The scleral flange histologically refers to the region of the pNC-sclera that is internal to
the insertion of the dural sheath.14:16.29.30 Because, the dural sheath is not consistently
visualized in OCT B-scans, the outer boundary of the scleral flange cannot (yet) be
consistently determined by OCT. We hypothesize that EOCBT and ESF regions are a
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manifestation of neural canal remodeling that is required when BMO enlarges and/or shifts
temporally relative to the ASCO and SFO (when present) (Figures 2, 4, 12 and 13). IOCBT -
internally oblique choroidal border tissues (BMO central to the ASCO) (right side of Panels
C and D); FoBMO 30° sectoral acronyms (Panel A): S-superior; SN-superior-nasal; NS-
nasal-superior; N-nasal; NI-nasal-inferior; IN-inferior-nasal; I-Inferior; IT-Inferior-temporal;
TI-temporal-inferior; T-temporal; TS-temporal-superior; ST-superior-temporal.
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Figurg 3. Exp(_)sed neural canal (ENC) regions occur through the full spectrum of non-highly
myopic, myopia.

Five non-highly myopic study eyes (Panels A2-E5) demonstrate the range of ENC region
size found in this study (non-existent in (A) and close to the largest in (E)). Panels F1-

F5 demonstrate a representative highly myopic eye that is shown for context but was

not included in this study. The eyes demonstrate a range of spherical equivalent (SE)
refractive error and axial length (AL) that only loosely correlate with ENC region size.
(A1-F1) Clinical optic nerve head (ONH) photograph of each eye with an estimate of

the clinical disc margin (CDM) outlined by white points. (A2-F2) OCT prelaminar neural
canal anatomy (Bruch’s membrane opening (BMO), anterior scleral canal opening (ASCO)
and the scleral flange opening (SFO), (where applicable), projected onto the scanning laser
ophthalmoscopic (SLO) infrared (IR) image associated with each OCT data set. (A3-F3)
Prelaminar neural canal landmarks projected onto an ONH photograph of each eye after it
has been colocalized to the SLO IR image using the retinal vasculature. The ENC region
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in each eye (absent in (A3)) is identified by a translucent blue crescent. (A4—F4) The
ENC region may include both an Externally Oblique Choroidal Border Tissue (EOCBT)
sub-region (absent in A4) which in some eyes is accompanied by an adjacent Exposed
Scleral Flange (ESF) sub-region (translucent magenta) (panels B5-F5). Figure 4 shows
representative OCT anatomy for each eye of this figure.
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Figure 4. OCT exposed neural canal (ENC) region anatomy and segmentation.
(A1-F1) radial location of the OCT B-scan shown in Panels A2-F2 and A3-F3. (A2-F2)

OCT B-scans from the locations denoted by a green line in panels A1-F1. (A3-F3) OCT
ENC region anatomic landmarks. (A4—F4) Pertinent ENC region and EOCBT and ESF
sub-region segmentations. We define an EOCBT region to be internal to BMO extending
to the ASCO which defines the CBT insertion into the scleral flange. We define an ESF
region to extend from the ASCO to the SFO and to be devoid of overlying choroid and/or
Bruch’s membrane. (A1-A4) Study eye FDA124 does not demonstrate an ENC region
because the CBTSs are internally oblique in all ONH segments (Figure 2, panel D). (B1-B4)
FDA165 demonstrates very thin EOCBT and ESF regions. ((C1)—(E4)) Panels C — E show
three non-highly myopic eyes with the largest ENC regions by radial and sectoral extent.
The ENC region of each eye contains both EOCBT and ESF sub-regions. (F1-F4) Panel F
contains an example highly myopic eye (not included in this study), in which the ESF region
is even further elongated.
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Figure 5. OCT scleral flange anatomy, morphologic relationships, scleral flange opening (SFO)
segmentation and parameterization.

(Al - C1) See Figures 3 and 4 for the clinical location of the three B-scans in these

panels (FDA165 (A1) top, FDA261 (B1) middle, and Highly Myopic Example eye, (C1)
bottom). (A2 — C2) The scleral flange histologically refers to the peri-neural canal (pNC)
sclera that is “central “or “internal” to the dural sheath insertion. The dural sheath adds
substantial thickness to the outer layers of the posterior sclera. The potential thinness of

the scleral flange relative to the adjacent posterior sclera may have important biomechanical
implications on the flow of blood within the posterior ciliary arteries which pass through
the scleral flange to achieve the juxta canalicular choroid as well as the lamina cribrosa.
The anterior scleral canal opening (ASCO) is histologically defined to be the projection of
the anterior scleral flange surface through the choroidal border tissues (CBT). The posterior
scleral canal opening has been described histologically and using 3D histomorphometry
(see Introduction) but is not consistently visualized in OCT imaging and is shown here

for representation purposes only. For this study the scleral flange opening (SFO) was
manually segmented by a single operator (SWH) either “geometrically” when identifiable
(Panels B2 and C2, see Methods) or, when not geometrically identifiable, estimated visually
by projecting the anterior laminar surface through the neural canal wall (Panel A2, see
methods). (A3 — C3) Existing BMO and ASCO segmentations in combination with the
newly segmented SFO points were used to define the externally obliqgue CBT (EOCBT) and
Exposed Scleral Flange (ESF) sub-regions of the ENC region which were parameterized
within BMO reference plane as shown in Figures 6 and 7.
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Figure 6. OCT Scleral Flange Surfaces, Neural Canal Wall Regions and Exposed Neural Canal
Region parameterization within Bruch’s Membrane Opening (BMO) reference plane.

(Al - C1, left) See Figure 5 for additional context. See Figures 3 and 4 for the clinical
photos and ONH location of the B-scans for each eye: FDA165 (A1) top, FDA261 (B1)
middle, and a Highly Myopic Example eye, (C1) bottom). (A2 — C2) Morphologic variation
in the anterior, internal and posterior scleral flange surfaces are illustrated (see Supplemental
Table 1). Unlike the anterior and internal surfaces which can be histologically defined, the
posterior scleral flange “surface” and “peripheral” extent of the scleral flange cannot be
histologically determined and should be considered a biological continuum. (A3 — C3) We
define the neural canal to extend from BMO through the posterior scleral canal opening
(PSCO) with a variable transition into the orbital pial sheath. Morphologic variation in the
CBT, anterior scleral flange, internal scleral flange and pial portions of the neural canal are
demonstrated. (A4 — C4) In this study, measurement of the exposed neural canal (ENC),
externally oblique choroidal border tissue (EO-CBT), and the exposed scleral flange (ESF)
regions was performed after projection of all segmented BMO, ASCO and SFO points to the
BMO reference plane (A4 — C4) (see Methods).
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Figure 7. Projecting Bruch’s membrane opening (BMO), anterior scleral canal opening (ASCO)
and scleral flange opening (SFO) points to the BMO reference plane allows externally oblique
choroidal border tissue (EOCBT) and exposed scleral flange (ESF) sub-region measurements to
be made relative to the Foveal to BMO centroid (FOBMO) axis and within FOBMO 30° sectors.

(A) The center of the acquired radial B-scan scans (white circle with black center does not
always coincide with the post-BMO segmentation, anatomic BMO centroid (red circle with
white outline—see Methods). By projecting the BMO, ASCO and SFO points to the BMO
reference plane for measurement, the centroid of the segmented BMO points can be used
to establish anatomically consistent FOBMO 30° sectors as shown in (B). (B) BMO, ASCO
and SFO B splines plotted within the BMO reference plane relative to the FOBMO axis
and 30° sectors (white lines). (C) ESF, EOCBT and ENC region (ENC = ESF + EOCBT)
measurements can then be made within four equidistance re-sampling lines within each
30° sector and averaged. Data from sectors with < 2 measurements were not included. See
Figure 2 for the 30° sectoral acronym names shown in Panel B.
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Figure 8. The size and shape of three neural canal openings as well as the estimated Neural
Canal Minimum Cross-Sectional Area in a representative study eye (FDA235).

(A) Bruch’s membrane opening (BMO), (B) the anterior scleral canal opening (ASCO), (C)
the scleral flange opening/anterior scleral canal opening (SFO/ASCO) conjugate opening
and (D) Neural Canal Minimum Cross-Sectional area (NCMCA) which is an estimate of the
smallest dimension of the pre-scleral neural canal through which the retinal ganglion cell
axons pass (see Methods and Supplemental Figure 4). For the three openings shown, their
size and shape (ovality index) were assessed using a best-fit ellipse within their respective
best fit reference plane. (ref) The 48 ASCO/SFO conjugate opening points (24 radials, 2
points per radial) consist of the SFO points where present, and the ASCO points at the
radial locations where an SFO point is not present. The NCMCA is calculated within the
pre-scleral neural canal axis perpendicular plane (see Supplemental Figure 2). The sizes and
shapes of each opening cannot be accurately compared in this Figure. They must be seen
within a common viewing plane and positioned relative to a common centroid and common
long axis to be directly comparable (see Supplemental Figure 8).
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Figure 9. The sectoral prevalence of the ENC (A), EOCBT (B), and ESF regions (C) in eyes in
which they are > 0 ums as well as the sectoral prevalence of an ESF region that is = 100 ums (D)
among all study eyes are shown.

For (A, B and C) sectoral data are the percent of 362 eyes in which an ENC, EOCBT or
ESF > 0 yum is present in a given sector. Panel (D) reports the sectoral prevalence of an ESF
region =100 um among all study eyes. All data are in right eye orientation as shown in Panel
A. See Figure 2 legend for the definition of the Panel A 30° sectoral acronyms.
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Figure 10. FOBMO 30° sectoral mean (+ standard deviation) length of the exposed neural canal
(ENC) (left), externally oblique choroidal border tissue (EOCBT) (mid-left), and exposed scleral
flange (ESF) (mid-right) regions as well as peri-neural canal choroidal thickness (pNC-CT) at
the 300 pm measurement point (right) within: all Study Eyes (upper row); Non-Hi-ESF eyes (0 <
ESF < 100 pms) (middle row); and Hi-ESF eyes (ESF = 100 pums) (bottom row).

Within this analysis, data for each eye and each ENC region includes the average sectoral
values for that region in each sector (with sectoral values in which there is no ENC, no
EOCBT or no ESF, (respectively) being treated as zero (0)). All data are in right eye
orientation (upper left panel (see Figure 2 legend for the sectoral acronym definitions).

See Supplemental Figure 6 for pNC-CT measurement data at the 100, 700 and 1100 um
measurement points which confirm that the inferior temporal thinning shown in the pNC-CT
300 data extends to all pNC-CT measurement points.

Am J Ophthalmol. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hong et al.

Page 33

(N =362)
Number of Eyes

All Study Eyes

d of each study eye

BMO centroid at this location (nur

(n
Number of Eyes

7]
(]
>
w
wa
LI=IN
"

.
c
[}

4

roid at this location (number of eyes)

=73)

Hi-ESF Eyes
(n

Number of Eyes

Figure 11. The frequency and location of BMO centroid offset relative to the ASCO centroid
(BMOJ/ASCO offset) within: all 362 study eyes (A); all Non-Hi-ESF (n=289) eyes (B); and all
Hi-ESF (n=73) eyes (C).

For each group of eyes, data are a 2D plot of the frequency and location of the BMO
centroid relative to the ASCO centroid, (after projection to the BMO reference plane). The
number of eyes at a given location is depicted by the color scale to the right. The ASCO
centroid of each eye (blue circle with white outline) is located at the origin (0, 0) of the data
plot. All data are in right eye, FOBMO orientation. (temporal - T; superior - S; nasal - N;
inferior - ). These data suggest that the greatest frequency and magnitude of BMO/ASCO
offset occurs within the inferior-temporal quadrant and that the largest BMO/ASCO offset
occurs almost exclusively in the Hi-ESF eyes.
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Figure 12. We propose that the primary posterior scleral, scleral flange, choroidal and retinal
remodeling of axial myopia cause or are accompanied by primary and secondary optic nerve
head (ONH) neural canal remodeling that can be highly variable among eyes at all axial lengths.

Here the existing exposed neural canal (ENC) region from the 48-year-old Highly

Myopic Example Eye from Figures 3 — 6 (Left Panel) is used to create a “Proposed
Longitudinal Change” scenario (Left Middle Panels) in which choroidal border tissue (CBT)
“externalization” and “insertion migration” away from the original anterior scleral canal
opening (ASCO) leaves a region of exposed scleral flange (ESF) and a geometrically
identifiable scleral flange opening (SFO). This suggests that in the setting of CBT migration
away from the SFO, the SFO is synonymous with the ASCO prior to the onset of neural
canal remodeling. However, an “Alternative Longitudinal Change” scenario (Right Middle
Panels) can be imagined, (based on the appearance of other highly myopic eyes (not
shown)), in which the CBT is externalized and elongates progressively without losing its
insertion into the original ASCO. (Right Panel) Had CBT elongation alone occurred, the
expected composition of the ENC region would consist entirely of an EOCBT region only —
without creating an ESF region.
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Figure 13. Longitudinal OCT imaging in a previously reported8® mildly myopic eye undergoing
early optic nerve head (ONH) neural canal remodeling demonstrates inferior-temporal (IT)
expansion of an exposed neural canal (ENC) region that includes choroidal border tissue (CBT)
insertion migration, CBT extension and the suggestion of neural canal contraction and shape
change.

(Far-Left) Color ONH photos of a non-study left eye (Baseline (above) and Follow Up
(below)) presented in native left eye orientation, demonstrate inferior-temporal expansion
of the clinically visible exposed neural canal (ENC) region (dotted white arrows, below).
(Middle-Left) Infrared (IR) image acquired at the time of OCT radial B-scan acquisition.
Because Heidelberg Engineering Spectralis Baseline and Follow Up images are acquired
using eye-tracking software that uses the retinal (rather than the ONH) vasculature to keep
the center of radial B-scan acquisition constant, the position of the center of radial B-scan
acquisition (red-dotted cross-hairs) is stable relative to the retina, isolating the movement
of the deep ONH tissues relative to it (and thus relative to BMO). Note that the clinical
“shadow” of the neural canal appears smaller, more oval in shape and is superior-nasally
displaced in the Follow Up image. The green line identifies the position of the B-scan to
the right (SN — superior-nasal; IT- inferior-temporal). (Middle) Same IR images as to the
left, with Bruch’s Membrane Opening (BMO — Red dots), Anterior Scleral Canal Opening
(ASCO - Blue dots) and Scleral Flange Opening (SFO - Yellow dots) segmentations
projected onto the BMO reference plane. Note that the ASCO and SFO openings are
shifted superior nasally, contracted and ovalized in the Follow Up compared to the Baseline
images. (Middle-Right), Representative Baseline and Follow Up B-scans acquired at the
same location relative to the retinal vessels (Center of B Scan Acquisition - red dotted
vertical line) showing BMO, ASCO, and SFO points as well as Bruch’s Membrane, (red
line), CBT (green line) and Exposed Scleral Flange (magenta line) on both the SN (left) and
IT (right) sides of the canal. Note that while BMO does not appear to be altered in size or
position within the Follow Up image, the ASCO and SFO points are shifted nasally relative
to BMO. On the SN side of the canal, (left) the nasal displacement of the ASCO (blue
arrow) relative to BMO has resulted in “internalization” of the CBT (i.e., changing from
“externally” to “internally” oblique — (green arrow)) (refs) and the loss of an identifiable
SFO and ESF region (because BM now overlies this portion of the scleral flange). On

the IT side of the canal, (right), the SFO is profoundly nasally displaced relative to BMO
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(yellow arrow), CBT morphology alterations including modest CBT insertion migration
(dotted magenta arrows) and substantial CBT extension (dotted green arrows) have occurred.
(Far-Right) Enlarged and unsegmented IT scleral flange anatomy for reference.
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Table 1.

Acronyms and Definitions.

Acronyms and Definitions

ASCO
BM
BMO
CBT
CCT
CDM
ENC
EOCBT

ESF
FDA
FoBMO
Hi-ESF
ICC

10CBT
NC
NCMCA
Non-Hi-ESF
OCT
ONH
pNC
pNC-CT
PSCO
RNFL
RNFLT
RPE
Sector
SFO

SD

SE

Anterior Scleral Canal Opening
Bruch’s Membrane

Bruch’s Membrane Opening
Choroidal Border Tissues

Central Corneal Thickness

Clinical Disc Margin

Exposed Neural Canal (ONH region)

Externally Oblique Choroidal
Border Tissues (ONH region)

Exposed Scleral Flange (ONH region)

Food and Drug Administration — 1%t 3 letters of study subject 1D number
Foveal-BMO Centroid

Study Eyes in which the ESF region is = 100 ums in at least one sector
Intraclass Correlation Coefficient

Identification - as in study subject “ID” number

Internally Oblique Choroidal Border Tissues

Neural Canal

Neural Canal Minimum Cross-Sectional Area (Supplemental Figure 2)
Study eyes in which the ESF region is < 100 ums in all sectors

Optical Coherence Tomography

Optic Nerve Head

Perineural Canal

Perineural Canal Choroidal Thickness

Posterior Scleral Canal Opening (Not segmented in this study)

Retinal Nerve Fiber Layer

Retinal Nerve Fiber Layer Thickness

Retinal Pigment Epithelium

ONH FoBMO 30° (clock-hour) sectors (see Figure 2, Panel (A))
Scleral Flange Opening

Standard Deviation

Spherical Equivalent
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Table 2.

Page 38

Demographic, ocular, neural canal and pNC-CT characteristics of the study participants shown for three
groups: All Study Eyes (left), Non-Hi-ESF eyes (0 < ESF < 100 um) (middle) and Hi-ESF eyes (ESF = 100

um) eyes (right).

All Study Eyes (n=362)

Non-Hi-ESF Eyes (n=289)

Hi-ESF Eyes (n=73)

pvalue@

Female Gender (n (%))
Left Eye (n (%))
Age (year = SD, (range))

Axial Length (mm + SD,
(range))

Spherical Equivalent (diopter +
SD, (range))

10P (mmHg + SD, (range))
CCT (um + SD, (range))
BMO area (mm? £ SD, (range))
ASCO area (mm? = SD, (range))
BMO/ASCO area ratio
NCMCA (mm? £ SD, (range))

BMO / ASCO offset magnitude
(um £ SD, (range))

pNC-CT 100 (um + SD, (range))
pNC-CT 300 (um + SD, (range))
pNC-CT 700 (um £ SD, (range))

pNC-CT 1100 (um + SD,
(range))

202 (55.8)
181 (50)
50.62 + 17.53 (19 to 90)

23.74 £ 0.95 (21.41 to 26.44)

-0.47 + 1.82 (-6.00 to 5.375)

1453 +2.7 (710 21)
555.31 + 32.6 (390 to 658)
1.83 +0.38 (1.05 to 3.46)
2.23+0.43 (1.24 10 3.97)
0.83 +0.11 (0.55 to 1.21)

1.33 +0.42 (0.4 10 2.57)

89.76 + 62.34 (4 to 402)

108.85 * 26.23 (45 to 194)
129.32 + 37.47 (37 to 244)
156.49 + 53.92 (36 to 296)

172.51 + 62.39 (40 to 341)

165 (57.09)
147 (50.87)
50.28 + 16.97 (19 to 90)

23.64 £0.88 (21.41 to 26.44)

-0.24 £ 1.53 (-5.75 t0 5.375)

14.62 +2.72 (9 10 21)
553.58 + 26.78 (390 to 658)
1.80 + 0.37 (1.05 to 3.46)
2.24 +0.44 (1.24 10 3.97)
0.81 +0.09 (0.55 to 1.12)

1.4+ 0.38 (0.55 o 2.57)

72.6 % 42.35 (4 to 220)

109.13 + 26.31 (45 to 194)
131.06 + 37.38 (37 to 244)
160.17 £ 54.16 (36 to 296)

177.38 + 62.62 (40 to 341)

37 (50.69)
34 (46.58)
51.96 + 16.92 (20 to 84)
2415 +1.11 (21.96 to

-1.38 +2.48 (-6.00 to
4.125)

14.19 + 2.59 (7 to 21)
562.14 + 26.78 (507 to 655)
1.98 + 0.42 (1.20 to 3.15)
2.20 +0.42 (1.27 t0 3.43)
0.91: 0.11 (0.66 to 1.21)

1.06 +0.44 (0.4 to 2.29)

157.71 + 80.29 (16 to 402)

106.81 + 25.90 (65 to 175)
121.94 + 37.21 (62 to 220)
141.65 + 50.64 (57 to 273)

151.52 + 57.24 (58 to 285)

.394
.600
453

<0014

<0014

.218
.023

0014
ATT

<0014

<.0014

<0014

.612
.074
.008

.002 4

a., . .. A . . . . Lo .
Statistically significant differences between the Non-Hi-ESF and Hi-ESF eyes (P < .05, t test or Chi-square test) that remain significant using a
Holm-Bonferonni correction for multiple comparisons
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Table 3.
Mean length (um) of the Exposed Neural Canal (ENC), Externally Oblique Choroidal

Border Tissue (EOCBT) and Exposed Scleral Flange (ESF) regions among three groups
of study eyes: All Study Eyes with an ENC region (left), Non-Hi-ESF eyes (ESF < 100 pm)
with an ENC region (middle) and the Hi-ESF eyes (ESF = 100 um) eyes (right).

Within each group, only eyes in which there is either an EOCBT or an ESF (the presence of either constituting
an ENC) are included. Data are the mean values of the included eyes for all 12 sectors of each eye in which,
for sectors in which there is no ENC, no EOCBT or no ESF, (respectively), the sectoral value is zero (0)

All Study Eyes with an ENC Non-Hi-ESF Eyes (n=110 of

(n=183 of 362) 289) Hi-ESF Eyes (n=73) p value a

107.57 + 68.98(28.32 to

ENC(um # SD, (range)) ~ 60.40 + 60.11(1.95 to 379.36) 29.1 + 20.28(1.95 t0 133.29) <.001

379.36)
EOC%%Z’; f D, 2008+ 28.64(0.371014571)  17.38+15.93(0.37 10 104.56)  46.71+34.12(4.71 t0145.71)  <.001
ESF(um + SD, (range)) 32 +37.29(0.31 t0 236.98) 12.41 + 8.38(0.31 to 36.94) 61.52 + 44.04(14.56 to <001
236.98)

aStatisticalIy significant differences between the Non-Hi-ESF and Hi-ESF eyes (p < .05, t test)
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eyes (lower row).

Table 4.

Size and Shape of the BMO, ASCO, and SFO/ASCO Conjugate Openings as well as the NCMCA for All
Study eyes (upper rows), Non-Hi-ESF (0 < ESF < 100 um) eyes (middle row) and Hi-ESF (ESF = 100 ums)

Page 40

BMO ASCO SFO/ASCO Conjugate  NCMCA
Opening
All Eyes n=362 Area (Mm?) 1.83 (+ 0.38) 2.22 (+0.43) 2.16 (+ 0.43) 1.33 (+ 0.42)
Long axis (um)  1609.21 (+ 169.15) 1772.15 (+ 1757.96 (+ 180.00) 1543.70 (+ 162.88)
176.22)
Short axis 1436.64 (+ 157.51) 1584.85 (+ 1557.02 (+ 167.78) 1093.03 (+ 290.55)
(um) 162.46)
Ellipseindex  1.12 (+ 0.07) 1.12 ( 0.06) 1.13 (£ 0.07) 1.54 (+ 0.57)
BMO ASCO SFO/ASCO Conjugate NCMCA
Opening
Non-Hi-ESF Eyes Area (mm?) 1.79 (+ 0.36) 2.23 (£ 0.43) 2.21 (£ 0.44) 1.40 ( 0.38)
(n=289)
Long axis (um)  1594.72 (+ 163.60) 1776.83 (+ 1772.80 (+ 177.86) 1535 (+ 159.08)
176.22)
Short axis 1421.21 (+ 152.78) 1587.30 (+ 1578.18 (+ 167.13) 1155.47 (+ 248.07)
(um) 164.75)
Ellipseindex  1.12 (+ 0.07) 1.12 (+ 0.07) 1.13 (¢ 0.07) 1.39 (+ 0.34)
BMO ASCO SFO/ASCO Conjugate  NCMCA
Opening
HI-ESFEyes (n=73)  Area (mm?) 1.98 (+ 0.40) 219(x042) 1.97 (£ 0.36) 7 1.06 (+ 0.44)
Long axis (um)  1666.58 (+ 179.48) ™ 13232-%’ < 1699.22 (+ 177.60) " 157812 (+174.04)
Short axis 1497.70 (+ 1575.16 (+ 1473.25 (+ 143.18) 7 845.86 (+ 315.47)
(pm) 16214) AR 153.79)
Elllpse index 1.11 (i 005) 1.11 (i 005) 1.16 (i’ 009) * 214 (i 084) xAX

Hi-ESF data in bold yellow, (bottom row), are significantly increased or decreased in the Hi-ESF compared to the non-Hi-ESF eyes (non-paired

t-test) (*** p < 0.001; ** p < 0.002; * p = 0.01)
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