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Abstract: Posterior staphyloma (PS) is considered the hallmark of pathologic myopia and is defined as an outpouching of a
circumscribed portion of the eyeball with a radius of curvature smaller than that of the adjacent zone. Although more common in
eyes with high myopia, it can affect those without it. The presence of PS is associated with a structurally and functionally worse course
of high myopia that can lead to visual disability. Unfortunately, the pathogenesis of PS is unclear so far. Thus, due to the increasing
prevalence of myopia which has been further exacerbated by the advent of COVID-19 lockdown, researchers are eager to elucidate the
pathogenesis of pathologic myopia and that of its complications, especially PS, which will allow the development of preventive
strategies. The aim of this work was to review the morphological characteristics of PS with emphasis on similarities with peripapillary
staphyloma and to discuss the pathogenesis of PS considering recent suggestions about that of peripapillary staphyloma.
Keywords: myopia, staphyloma, pathogenesis, optical coherence tomography, oblique muscles, optic nerve sheaths

Introduction

Myopia is one of the major contributors to moderate and severe visual impairment worldwide.! Before the COVID-19
era, projections for 2050 announced 50% of people worldwide with myopia and 10% with high myopia (HM),? leading to
an increase in myopia-related complications.> The prevalence of myopia may even be higher than expected, as the
COVID-19 pandemic has led to an increase in children’s screen time and indoor activities, with a decrease in their
outdoor activities. Confirming these fears, early studies comparing myopia status in children before and during the

4
7 as well as a

COVID-19 lockdown found a significant myopic shift,* a significantly higher rate of myopia progression,
significantly higher prevalence® of eyes showing progression of myopia during the pandemic. Increased digital screen
time was particularly associated with a greater myopia progression.® Therefore, without effective joint forces, this
increase in refractive development could be dramatically followed by myopic complications in the decades to come.

Beyond the poor quality of life of those affected, the burden of myopia-related visual impairment amounts to billions
of US dollars, making myopia a major public health issue, and mobilizing efforts to understand the mechanisms that lead
to it and promote its complications.’

The term pathologic myopia (PM) refers to ocular complications of myopia, characterized by typical degenerative changes
in the sclera, choroid and retina that can lead to visual impairment.” HM is just a higher degree of myopia defined by a
spherical equivalent refractive error of - 6.00 or greater,” or an axial length (AL) >26.5 mm. Furthermore, although PM
primarily affects eyes with HM, it can occur in non-highly myopic eyes.'®!' PM encompasses myopic maculopathy, myopic-
associated neuropathy, and posterior staphyloma (PS) with its complications.

Although the pathogenesis of PS is currently unclear, it has recently been suggested that peripapillary staphyloma (PPS),
classified as PS type III,'? is promoted by the pulling force of the optic nerve (ON) sheaths on their scleral insertions.'? It has
even been shown that the amplitude of the forces deployed by these sheaths reaches that of the extraocular muscles.'* The
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concept of deformation of the eyeball by traction or compression exerted by structures inserting on its surface is attractive and
may constitute an advance in understanding the pathogenesis of other types of PS.

The objective of this work was first, to make an overview of PS. Then, based on the similarities between the
morphological characteristics of PPS and those of other PS, discuss the pathogenesis of PS. Potential perspectives for
understanding the pathophysiology of PS are finally suggested.

Background, Definition, Prevalence

PS was first described by Antonio Scarpa'” in 1801 from a pair of postmortem eyes. Based on ophthalmoscopic appearance and
with the aid of drawings, Curtin'? classified PS into ten types: five primaries (I to V) and five compounds (VI to X). PS was
unequivocally defined by Spaide'® as an outpouching of a circumscribed portion of the eye wall with a radius of curvature shorter
than that of the adjacent wall. However, a sharp outpouching of the wall of the eye is not always found in all the cases of PS."”

Analyzing the overall shape of the eye using three-dimensional magnetic resonance imaging (3D-MRI) was a major
turning point.'® 3D-MRI allowed the full capture of large PS,'*'”'® and was subsequently used to refine the diagnostic
criteria for PS using other methods.'”2°

First, of the ten initial types of PS,'? six revised types have been proposed,'” based on a combination of 3D-MRI and
ultra-widefield (UWF) fundus photos, in addition to the relative location of PS to papilla, macula, and according to the
size: wide macular (Type I), narrow macular (Type II), nasal (Type IV), inferior (Type V), others (Type VI) and PPS."”

As 3D-MRI is not suitable for conventional clinical conditions, Ohno-Matsui et al also conducted a point-to-point
correlation analysis between the whole shape of the eye on 3D-MRI and its appearance on UWF fundus photos to make
the classification useful for clinicians.'’

Then, as despite the use of 3D-MRI, some PS (PPS and type IV) presented only as a nasal distortion of the globe,'”
with rather subtle and narrow changes in their curvature, making them difficult to diagnose, the next improvement was
SS-OCT."®! 1t showed higher resolution, detecting small and discrete cases of PS and revealing changes in the choroid
and sclera at the edge of a PS.'*!°

Finally, the size of some PS being very wide or the depth too steep to fit in the length or width of a scan, their
diagnosis benefited from additional improvement that overcame these flaws: the Widefield SS-OCT (WF-OCT).'®%
Therefore, the diagnosis of PS is currently considered best made using WE-OCT.'®%°

The latest novelty is a prototype of a WF-OCT that uses multiple scan lines, generating scan maps that allow 3D reconstruction
of PS in a region of interest.'™*" It provides high-resolution 3D images of PS and measurements of their size and volume.'®*

The prevalence of PS in highly myopic eyes is between 10.9% and 92.8%.2'** This discrepancy results from different
diagnostic methods,'*'"*'"?7 definitions,'®** origins of populations,?'***® ages,'*?! and whether they were hospital-
based,”> >>7 or population-based studies.'"*'*® Even recently, with the use of 3D-MRI, two studies showed a difference

in prevalence, which could result from the specificities of these reference centers.'”*

1225 and both eyes of bilateral cases have essentially the same ocular shape'®'* and PS

PS is mostly bilatera
subtype.'®?%2%2% Moreno et al found that bilateral cases had longer AL and more severe PM than unilateral cases.*” In
unilateral cases, the AL-difference between the two eyes of the subjects was larger.

Types I and II were the most predominant, accounting for 55-74% and 8-26.7% of PS eyes respectively.'>*> PPS, has also
suffered from the lack of diagnostic accuracy and has been considered as relatively rare. However, its prevalence found by Curtin
(7 eyes, 1.5%)'? and Ohno-Matsui et al (5 eyes, 2.5%)'” is lower than in recent series: 4.3%6.9%.%>2>2% Using multimodal
imaging, including UWF fundus photos, PPS was even the most common subtype in Moreno et al series

(62 eyes, 20%).**

Diagnosis

As just discussed, efforts to diagnose PS have been longstanding. Stereoscopic fundus examination
21,23

12:19.20.22 5 subjective.

The full extent of some PS is missed in conventional 45° or 50° fundus photos, resulting in their underdiagnosis.'®
Many conventional OCT fail to capture the full extent of wide PS."*!*° B-scan ultrasound,”******! provides only 2D
approach which difficultly enables to reconstruct large PS.'® Ultimately, tomodensitometry*>** and MRI,** which were

sometimes used are not suitable for diagnosing PS. Table 1 summarizes the methods of diagnosing PS.
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Table | Methods for Diagnosing Posterior Staphyloma

Representative Methods Advantages Major Advance Drawbacks/Shortcomings/
References Flaws
1977 Curtin'? Indirect Stereoscopic view of the fundus. Criteria to diagnose Subjective.

ophthalmoscopy.

the 10 types of PS.

1984 Swayne33 Computed Quantitative measurements are / 2D only, the complete topography
tomography. affordable. It enables axial, vertical, of the PS not provided. Not
and horizontal comparisons. suitable for PS diagnosis in routine.
2008 Hsiang® B-mode More reliable and objective than / Only a 2D approach. Not easy to
Ultrasound. simple observation. reconstruct 3D shape of large PS.
Possibility of quantification.
2011 Gao®® Fundus photos: More reliable and objective than / 2D only. Large PS edges not
45° or 50°. simple ophthalmoscopy. detected. Some PS
underdiagnosed.
No information on depth.
2011 Malhortra® Magnetic Quantitative measurements are / Time-consuming, financial

resonance Imaging
(MRI).

affordable. Enables axial, vertical,

and horizontal comparisons.

barriers, contraindicated in
patients with metals. No
information on retina and choroid
due to low resolution (1)

Not accurate in clinical settings.

2011 Moriyama'® 3D-MRI. First imaging of the entire eye. Establishes the 4 3D-MRI not available in many
Reliable quantitative measurements. | shapes of pathologic | clinical settings. Slight changes in
myopic eyes using curvature not detected by 3D-
3D-MRI. MRI. In addition to (I).
2012 Ohno-Matsui®® SS-OCT Enables visualization of retina, Correlation between | The posterior scleral contour not
(+3D-MRI) choroid and inner scleral contour in | the slope of the seen in all the eyes with SS-OCT.
the same scan. Enables to establish | posterior sclera on
the relationship between fundus OCT and eye shape
lesions and OCT aspects of retina, on 3D-MRI.
choroid and sclera.
2013 Henaine-Berra®® | SD-OCT. Enables visualization of retina and / Conventional OCT imaging is

choroid in addition to the anterior

scleral curvature.

limited in depth and extent.

2014 Ohno-Matsui'”

Combination of
3D-MRI and
ultra-widefield
fundus photos.

Allows detection of large PS
underdiagnosed using 45-50°
fundus photos. The edges of PS
present pigmentary abnormalities
and are helpful landmarks to
diagnose it.

Criteria to diagnose
the 6 types of PS.

Subtle PS still difficult to detect
with 3D-MRI.

2014 Ohno-Matsui'”

Ultra-widefield
fundus photos.

The edges of PS are characterized
by the presence of pigment
abnormalities on color photos,
abnormal autofluorescence, and
abnormal reflectance in infrared
imaging, using ultra-widefield fundus
photos such as OptosT®.

Criteria to diagnose
PS using ultra ultra-
widefield fundus
photos.

2D only.
No information on depth.

(Continued)
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Table 1 (Continued).

rendering aptness.

thinning toward the PS edge, an
inward protrusion of the sclera at
PS edges, an outward protrusion of
sclera in the area posterior to the
PS edges. Best tool recommended
for the diagnosis of PS. Achieves
previously unattainable 3D
resolution for diagnosing PS using
OCT.

OCT.

Representative Methods Advantages Major Advance Drawbacks/Shortcomings/

References Flaws

2017 Shinohara®® Widefield OCT OCT definition of PS. 3 key Criteria to diagnose Wide-field OCT is not widely
and its 3D features: a gradual choroidal PS using widefield available in routine.

2019 Tanaka®®

Ultra-widefield
OCT.

In the early stage, the inward scleral
deformation at the edge of a PS may
be absent. Therefore, PS shows a
gradual thinning of the choroid
toward the PS edge, a gradual re-
thickening of choroid from the PS
edge toward the posterior pole and
the outward scleral deformation.

Criteria to detect
subtle PS margins
using widefield OCT.

Wide-field OCT is not widely

available in routine.

Abbreviations: PS, Posterior staphyloma; 2D, Two-dimensional; 3D, Three-dimensional; MRI, Magnetic resonance Imaging; OCT, optical coherence tomography; WF-OCT,
widefield optical coherence tomography; 3D-MRI, Three-dimensional magnetic resonance imaging; SD-OCT, spectral domain optical coherence tomography; SS-OCT, swept
source optical coherence tomography.

Diagnosing Posterior Staphyloma Using UWF Photos
A comparison between 3D-MRI and UWF photos allowed to obtain the following diagnostic criteria at the border of the PS:'”
pigment anomalies (Figure 1), hypo-auto-fluorescent lines on auto-fluorescent filter and hypo or hyperreflectant lines on

infrared light."”

Diagnosing PPS

Shinohara et al'® combined stereoscopic fundus examination and SS-OCT to characterize PPS.

Figure | Fundus image of a posterior staphyloma (PS). Highly myopic eye with a PS type | according to Curtin’s classification. The borders of the PS show pigment

anomalies.
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On stereoscopic fundus, the PPS showed “a slight excavation around the optic disc”. The edge of this excavation
presented pigmentary abnormalities,'”'? it was distinct from, and extended beyond the margin of the peripapillary
conus.'” (Figure 2A).

In OCT, PPS was defined as a gently sloping excavation clearly observed around the optic disc and seen at least half
around it.'"” Additionally, the sclera showed a posterior bowing with the local curvature steeper than the adjacent scleral
regions and an inward elevation at the edge of the PPS. The choroid showed thinning at the edge of the PPS'
(Figure 2B). It should be noted that all the figures provided by these authors show that the thinning of the choroid

was followed by re-thickening in front of the posterior bowing of the sclera (Figure 2B).

Diagnosing Wide Staphyloma Using OCT

On WF-OCT, a PS consistently shows 3 features: a gradual choroidal thinning toward the PS edge, an inward protrusion

of the sclera at the PS edge, an outward protrusion of sclera in the area posterior to the edges of PS.'*2° (Figure 3).
Subsequently, Tanaka et al showed that the inward protrusion of the sclera at the edge of a PS is not always obvious in

younger subjects.*® Nonetheless, the choroid exhibits thinning towards the edge of PS, followed by re-thickening along

the outward protrusion of the sclera.’®

PS diagnosis is best accomplished using widefield imaging'”'®*° (Figure 4A—C).

Figure 2 Characteristics of a peripapillary staphyloma (PPS). (A) Fundus image. The PPS presents slight pigmentary changes at its border (blue lines). Its temporal border
extends beyond the margin of the conus (red star). (B) The OCT section is along the arrow in the infrared image. The sclera shows a posterior bowing with the local
curvature steeper than the adjacent scleral regions between the black arrows. The sclera also shows an inward elevation (black arrows) at the border of the PPS, while the
choroid presents a thinning at this edge (between red arrowhead and black arrow) followed by a rethickening toward the optic nerve. The myopic conus is between the
dashed yellow lines.

Figure 3 OCT features of a posterior staphyloma (PS). The section is along the arrow in the infrared image. The PS shows a gradual thinning of the choroid from the
periphery toward the PS edge (red arrowheads) and a gradual re-thickening of the choroid from the PS edge in direction to the posterior pole, accompanied by a change in
the curvature radius (yellow arrows) of the sclera at the PS edge.
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Figure 4 lllustration of type | posterior staphyloma (PS) revealing the advantage of wide-field imaging. (A) In 50° imaging with Visucam®, the PS is not obvious. (A-=C) The
green arrows indicate the location of OCT section in (C). (B) In 240° imaging with Clarus®, Type | PS is clearly obvious. (C) OCT section captured by the posterior pole
module of the Glaucoma premium edition of Spectralis®. The temporal edge of this PS is outlined by red arrows and is just at the limit of the acquisition width, while its nasal
edge is not captured.

Risks Factors
Age

The prevalence of PS increases with age'’?'>"7

and subjects with PS are significantly older than those
without.!7-21:2323:27:2938 Noreno et al showed that the risk of PS increased by 10% per year of age.’® Even in eyes
without long AL, Wang et al, pointed out that those with PS belonged to older subjects.'’

Analyzing the prevalence of each type of PS by age group, Curtin showed a decrease in type I and II while that of
other subtypes increased with age.'” Shinohara et al found that subjects with both HM and PPS were younger than those
without HM.?® This means that PPS occurs earlier in eyes with HM, than in those without HM, which is consistent with
ON sheaths traction being stronger in eyes with HM***! or eyes with HM being more sensitive to this traction.
Additionally, this suggests that ON sheaths traction needs more time to promote PPS in eyes without HM.

Finally, Ohno-Matsui et al found that in eyes with HM, those with irregular curvature had PS and belonged to older
subjects.*’

Thus, with increasing age, PS increases in prevalence and in severity as it will be discussed in section “quantitative
aspects and long-term changes”.

Axial Length
No statistically significant difference in AL was found between eyes with and without PS in previous series,'>'"*' but
recent studies have reported that longer AL was significantly more common in eyes with than without PS**?” and that the
prevalence of PS increased with the increasing AL.?” Moreover, Moreno et al found that the risk of PS increased by
132% per each millimeter of growth of AL.*®

The presence of PS in eyes with short AL'®'' and in non-highly myopic eyes'®*’ suggests that the lengthening of
the eye would not be the factor triggering the appearance of PS. However, as HM has been shown to lead to thinning and

42745 these changes instead increase the sensitivity of myopic eyes to factors promoting PS and

weakening of the tissues,
explain the higher frequency of PS in HM. Finally, as AL measurement is fovea-based it may be shorter than the
maximum length of the eye in types III, IV and V PS.'®'®2° This may explain why AL is significantly longer in eyes
with wide macular PS*° and in compound PS.*

On the other hand, eyes with irregular scleral curvature were found to have significantly longer AL than those with

21,24,35

other curvatures, supporting the hypothesis that the stretched and extremely thin sclera fails to maintain its normal
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curvature.”! Very recently, the depth-to-diameter ratio of type II PS was shown to correlate with AL,* implying that the
severity of some PS is related to AL.

Gender
Numa et al studied the prevalence of PS in the Japanese population and found no significant difference between males and
females, consistent with previous reports.?! Interestingly, they showed that the shape of the PS was steeper and less smooth in
females.?' Therefore, they suggested that women with HM were likely to visit the hospital more frequently than men, which
would explain why many studies looking at the complications of HM have included more women,'%-?!222%-27-284647 T
reason of why the curvature of the eye is less smooth in women remains to be clarified.

In contrast, 2 population-based studies have found a significantly higher prevalence of PS in women,'*' which

deserves confirmation.

Histomorphometry, Ultrastructure, Microvasculature

In PS, all ocular layers have been studied and show modifications which can be divided into myopia-related degenera-
tions and specific features at the edge and within the PS. High-resolution OCT has greatly facilitated in vivo assessment
of these changes.

Nonspecific Myopic Changes

Scleral thinning in HM is largely confined to the posterior pole of the eye.'3*73% Rather than simple passive stretching

*34% involving a decrease in collagen production, and an

50-52

and tissue redistribution, this thinning results from tissue loss

increase in collagen degradation.*® A change in glycosaminoglycans content may also be involved. Electron

microscopy reveals changes in collagen fiber bundle arrangement*? and an accumulation of small diameter fibrils.***®
In addition to structural thinning of the choroid,'*>*>* a significant reduction in choroidal blood flow>* and
choroidal vascular index related to axial elongation™ has been documented. An active mechanism is also suggested in

choroidal thinning.>*

Specificities of Posterior Staphyloma
On histology, myopic PS were characterized in their center by marked scleral thinning and pronounced de-arrangement
of scleral collagen fibrils.*'>* Scleral thinning started abruptly at the edge of the PS.*°

OCT changes in reflectivity demonstrates this scleral remodeling (Figure 5). Some breaks on BM>° are also evident
(Figure 5). Ohno-Matsui et al found that all the eyes with irregular curvature had thinner subfoveal scleral thickness than
any other type.*® This scleral thinning was also disclosed by Zhou et al by comparing myopic eyes with and without PS."

A key determining factor of PS is thinning of the choroid at its edge.'*?° It adds to the choroidal thinning associated with
18-20

axial elongation. (Figure 5). Moreover, the subfoveal choroid has been shown to be significantly thinner in eyes with than

Figure 5 Scleral changes and peripapillary staphyloma (PPS). OCT section along the arrow in the infrared image. Gradual thinning of the choroid at the edge of the PPS (red
arrowheads), followed by a gradual re-thickening of the choroid towards the posterior pole. The sclera shows changes in reflectivity at the level of the scleral flange (F),
suggesting remodeling of its structure. In addition, a Bruch’s membrane break (between yellow lines) is evident.
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without PS.*> It was even demonstrated in multivariate analysis, that PS was the most important factor of subfoveal
choroidal thinning in HM." Finally, Nie et al,”> comparing AL-matched eyes with and without PS using OCT-angiography
found a significant reduction in choriocapillary vascular density and deep foveal vascular density in eyes with PS.>

Histological observations showed that the thickness and density of the choriocapillaris and the thickness of retinal
pigment epithelium (RPE) and Bruch’s membrane (BM) did not differ significantly between the corresponding regions in
eyes with and without PS of age and AL-matched subjects.”® However, several BM defects that spatially correlated
marked scleral thinning were found within and at the edge of PS.*° Jonas et al suggested that in these areas, accentuated
eyewall stretching leads to multiple BM ruptures.’® As the basal lamina of the RPE and that of the choriocapillaris, are
components of the BM,>® the BM-choriocapillaris-RPE complex between these ruptures retain its normal architecture.

A significantly thinner retinal thickness was found in myopic AL-matched eyes with than without PS.>> Additionally, at the
level of patchy atrophy, a significantly thinner thickness of all retinal layers was demonstrated.*** Furthermore, Ohno-Matsui al*’
showed a reduced retinal thickness in the macula of eyes with PS. Finally, using multimodal imaging, Frisina et al found that the
deepest area of the PS was characterized by a higher prevalence of chorioretinal atrophy compared to the other parts of the eye.”'

Very recently, using in vivo triple-input polarization-sensitive-OCT in eyes with PM, Liu et al, showed that scleral
collagen birefringence was associated with myopia status and was negatively correlated with refractive error.’’
Quantification of posterior scleral birefringence linked to aberrant remodeling would thus constitute a non-invasive
biomarker to assess the progression of myopia’’ Refinements of this technique are awaited.

Clinical Significance of Posterior Staphylomas
The presence of a PS is associated with a worse structural''®3>#2435 and functional course of HM'"!7-19-27-29.38
potentially leading to visual impairment.

Posterior Staphyloma and Myopic Maculopathy
Chorioretinal changes were significantly more common in eyes with than without PS.'7-*33%%3% They constituted the

16-18
S, ,37

main complication related to P involving 77.5% of PS in the series of Curtin.'* Similarly, An et al found that

93.3% of their patients combined PS and macular retinoschisis.*’ Finally, PS was significantly associated with a higher

degree of myopic maculopathy (ATN myopic maculopathy classification (Atrophic/Traction/Neovascularization)),?’*’

reaching 82% of eyes in the study of Guo et al.*’

Specifically, diffuse chorioretinal atrophy was significantly more common in eyes with type I PS than in eyes without
a PS."7 Furthermore, among PS with macular retinoschisis, 82.1% were type I or IL.>° In addition, the PS compound
subgroup presented a higher stage in each of the ATN components.>’

On the other hand, eyes with more than one protrusion presented significantly more chorioretinal atrophic lesions than
those with a single protrusion.'® Additionally, myopic macular lesions were significantly more common in eyes with
irregular curvature (Type I and II PS).>> Finally, a significant association between the type of PS and location of
chorioretinal atrophy has been reported.

Interestingly, in their longitudinal study, Hsiang et al showed that despite stable AL, PS that deepened over time also
developed myopic retinal degeneration.”?

Finally, eyes with PS type II and macular neovascularization had a lower depth-to-diameter ratio,*® suggesting that
type II PS might be more prone to develop macular neovascularization at a stage where the scleral protrusion is less
prominent.*®

Posterior Staphyloma and Visual Function
Visual Acuity
Studies have consistently shown significantly worse mean best corrected visual acuity in highly myopic eyes with than
without PS,12:17:25.27.29
A wide variation in visual acuity between different types of PS'>'7?> Ohno 2004, has been also reported. Recent

series have confirmed a poorer mean best-corrected visual acuity in PS with macular involvement (types I and I1)***7 a;

25,27
S~

s
well as in the subgroup of compound P
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Visual Field

Although no significant difference was observed in visual field defects (VFD) between eyes with and without PS,'” a
significant difference was disclosed between eyes with PS subtype I and those without PS.'” Furthermore, eyes with more
chorioretinal lesions had significantly more VFD.'® Finally, myopic eyes with VFD were found to have longer AL and
irregular posterior eye contour.**

In patchy atrophy at the PS edge, the location of VFD, correlated with that of retinal nerve fibers thinning over the
atrophic area.*’ Park et al*® found that 55.2% of myopic eyes with glaucoma-like VFD had PS and that the location of the
PS (temporal or nasal to ON) was related to that of the VFD and to the direction of disc torsion.?® This is consistent with
previous results showing that eyes with a temporally distorted shape had significantly more VFD.'’

An abrupt change in scleral curvature (types VII and IX PS) was the only factor significantly associated with VFD
deteriorations observed in 73.8% of highly myopic eyes over a mean follow-up of 10 years.””

Posterior Staphyloma and Peripapillary Intrachoroidal Cavitation
Peripapillary intrachoroidal cavitation (PICC) was found to complicate PPS in 20.5% (40/195) to 52 % (13/25) of
eyes.””® The reported prevalence of PS in the presence of PICC varies between 40.2% and 100% depending on the
studies.®'**> Recently, Ehongo et al discovered that this complication was not found in eyes with PPS in the absence of
myopic conus while it was found in 22.7% of eyes combining these entities®® (Figure 6). This co-occurrence would result
from common pathogenetic factors'® including the ON sheaths traction force (Figure 7).

VED have been found in up to 73.3% of PICC cases.®® A correlation was noted between the distribution of these defects
and the location of PICC.%*"% However, the mechanism underlining these deficits is not established and is suggested to be

related to the degree of disc tilt.* These VFD raise concerns in clinical practice as they mimic glaucomatous VFD.* %

Pathogenetic Hypotheses-Discussion
So far, the etiology of PS is unknown and is suggested to be promoted by changes in the sclera.*® In addition, thinning of the
choroid and sclera related to HM and leading to secondary local decreased biomechanical resistance of the sclera is

suggested.'>°

Previous Hypotheses

Some theories have suggested that the thinned, weakened and more extensible sclera would protrude along the weak
35

points. These points would correspond either to the zones of closure of the embryonic fissure,” or to the local

Figure 6 Peripapillary intrachoroidal cavitation. OCT section along the arrow in the infrared image. The PPS shows a gradual thinning of the choroid from the periphery
towards the PPS edge (red arrowheads) and a gradual re-thickening of the choroid from the PPS edge in direction to the optic nerve. The posterior choroidal wall shows a
change in the curvature radius (black arrows) at the PPS edge. The peripapillary intrachoroidal cavitation is the triangular choroidal thickening with the base against the optic
nerve (red star). The yellow star is the subarachnoid space. The myopic conus is between the dashed yellow lines.

Abbreviation: PPS, peripapillary staphyloma.
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Figure 7 Pathogenetic hypothesis of peripapillary staphyloma (PPS). (A) Fundus image. A peripapillary intrachoroidal cavitation (white dot) is also present in this case. (B)
OCT section along the arrow in the infrared image. The PPS shows a gradual thinning of the choroid from the periphery towards the PPS edge (red arrowhead) and a
gradual re-thickening of the choroid from the PS edge towards the optic nerve and along an outwards scleral deformation. The direct posterior traction (blue arrows)
exerted by the scleral insertions of the optic nerve sheaths would lead to the outpouching of the sclera while the thinning of the choroid at the PPS edge would result from
the squeezing of the eyeball by the tangential component of this traction force.

Abbreviation: D, dura; F, Scleral flange; C, Lamina cribrosa; Yellow star; Subarachnoid space.

organization of collagen fibers around the ON and macula.*® Other hypotheses suggested that choroidal thinning
combined with other factors would induce scleral thinning, leading to PS.'®** It was also suggested that the nonuniform
defocus mechanism would trigger the occurrence of PS.'® Finally, the posterior expansion force of BM was proposed as a
promoter of PS.'860-67

However, these theories do not explain the presence of PS in non-elongated eyes.'®'"'* Nor do they explain the
pattern of outpouchings of the eye which underlies the classification of PS. Finally, all these theories suggest the
hypothesis that the expansion of the eyeball would result from a driving force acting by pushing the eye wall from the
inside. The possibility of a factor pulling the globe from the outside is not mentioned.

Interestingly, data from the biomechanics of the ON are evolving, allowing more and more conditions of the posterior
part of the eye to be understood.

Insight from Optic Nerve Sheaths Biomechanics

Recently, it has been suggested that the traction on the sclera by ON sheaths not long enough®**' to allow a full
adduction may be responsible for the outward deformation of the eye leading the sclera to detach from the underlying
choroid in a PICC."*®® The same mechanism has been suggested for the occurrence of a PPS' in which the direct
posterior component of the tensile force exerted by the scleral insertion of the ON sheaths would lead to the outpouching
of the sclera'® while the thinning of the choroid at the edge of the PPS would result from the squeezing of the choroid by
the tangential component of this traction (Figure 7). Above all, as at the edge of any type of PS, OCT consistently shows
a choroidal thinning, the question arises of the cause of this aspect in the other types of PS.

Compression to Potentially Explain PS Edge Features
Using 3D-MRI, Ohno-Matsui et al have shown that in PPS and type IV PS, the changes of the curvature were slight, and
the eye showed a nasally distorted shape.'’

They further showed that the curvature of the upper to temporal borders of the protrusion was more abrupt than that
of the lower or nasal borders in the other types of PS and presented a notch-like depression.'” All eyes with type I PS had
at least one notch-like depression along the temporal border (87.8%) or the upper border (56.8%) of the protrusion.'’

In correlation analysis with the use of UWF fundus images, pigmentary abnormalities more obvious at the upper to
temporal borders of the PS were found to correlate with the areas of abrupt changes in curvature seen at the border of PS
using 3D-MRI images.'” They also matched to the choroidal thinning observed on WF-OCT sections.*”

This thinning of the choroid at the PS edge suggests potential localized compression, as the choroid under compres-
sion thins out®’® From these observations, I postulate that the temporal to superior part of the posterior eyeball may be
subjected to a compression by the same mechanism explained for the squeezing of the choroid in a PPS."?
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Analysis of the Insertions of Obliques Muscles on the Eyeball

The anatomic data show that, apart from the ON, oblique muscles are inserted onto the posterior surface of the eyeball:
temporally and superiorly for respectively the inferior oblique (IOM) and superior oblique (SOM) muscles. Of note is the
insertion of these muscles just where the compression seems to markedly apply on the eyes with PS.

Oblique muscles are unique because in addition to attaching to the posterior surface of the eyeball, they do not
originate from the common tendinous ring, and they have angular attachment on the globe.”' As they may impact the
curvature of the eye during their contraction and are therefore candidates as potential promotors of eyeball deformations
leading over time to PS, below is a brief reminder about them.

From the trochlea in the superomedial orbital rim, the tendon of the SOM extends posteriorly and inserts onto the
sclera superiorly, under the insertion of the superior rectus about 6 to 7 mm from the ON’' (Figure 8A). During
incyclotorsion, it may deform the eyeball (Figure 8B). From its origin at the orbital floor just lateral to the nasolacrimal
groove,”” the IOM continues, extends posteriorly, laterally, and superiorly. It eventually inserts on the posterior lateral
surface of the eyeball (Figure 8C), close to the insertion of the SOM.”* Its posterior border is 1 to 2 mm in front of the
macula.”* During the extorsion, it may also deform the globe (Figure 8D).

Link Between Oblique Muscles Dynamics, Fundus Images, OCT Findings, and 3D-MRI
Features

The Arc of Contact

In primary position, each extraocular muscle has two main components regarding its eye attachments: the scleral insertion and
the effective insertion.”® The effective insertion is the point where the muscle first contacts the globe toward its route to its final
scleral insertion. Each muscle thus wraps around the globe for several mm before reaching its insertion on the sclera.”” The

Figure 8 Hypothetical oblique muscles imprints at their insertions. Superior oblique muscle (SOM) of the left eye viewed from the temporal side at rest (A) and in
contraction (B) Inferior oblique muscle (IOM) of the left eye viewed from the inferior side at rest (C) and in contraction (D). The muscles contraction push on the eyeball
(black arrows), deforming it. lllustration drawn by Loic Blommaert.
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length of the muscle in contact with the globe between these two insertions is called the arc of contact.”® The arc of contact of
the IOM is 15 mm, which is the longest of all the extraocular muscles, and that of the SOM is 7-8 mm.”

The Edge of the PS
As the muscle contracts and the eye rotates toward the muscle, the effective insertion moves toward the scleral insertion
point, and the arc of contact decreases.”” Importantly, the muscle remains tangential to the globe at its effective insertion,
maintaining the same torque through much of the eye movement.”> Due to this tangential moving contact, the eyeball
may be subjected to a moving compression during the muscle contraction all along the arc of contact of the muscle.
By applying this to the IOM, the temporal part of the eyeball would thus be subjected to a compressive action which
could then lead to the temporal edge of the PS, corresponding to pigmentary anomalies seen on ophthalmoscopy'"!"-*
(Figure 9A). The same analysis is valid for the SOM for the upper edge of the PS.

Figure 9 Wide macular posterior staphyloma (PS) - (Type | PS). I-Characteristics. (A) Right fundus image. The edge of the PS shows pigmentary abnormalities
(arrowheads). Arrows indicate the WF-OCT sections in (D) and (E). (B and C) 3D-MRI viewed from the inferior (B) and nasal (C) sides. The arrowheads show the
borders of the PS. (B) The arrow points at a notch at the temporal border. (D and E) WF-OCT sections. Horizontal (D) and vertical (E) scans showing an inwards
protrusion of the sclera with a thinning of the underlying choroid (white arrows) at the edge of the PS, followed by an outwards deformation of the sclera towards the
posterior pole. (F and H) 3D WF-OCT images viewed from the anterior (F), nasal (G), and inferior (H) sides, disclosing the borders (arrowheads) of the PS and the notch
(arrows) in (G) and (H) at the border of the PS. This illustration is used with the permission from IOVS and corresponds to Figure 2 of Shinohara et al*® 2- Hypothetical
muscles involvement on PS characteristics. The horizontal arrow in (A) crosses the temporal border of the PS and provides information on the possible involvement of the
inferior oblique muscle: pigmentary abnormalities on fundus (A), notch in the temporal border (B and H), inward deformation of the eyeball (D). The vertical arrow in (A)
crosses the upper border of the PS and provides information on the possible involvement of the superior oblique muscle: pigmentary abnormalities on fundus (A), inward
deformation of the eyeball (E) and the notch in the upper border (G).

Notes: Reprinted with permission from Shinohara K, Shimada N, Moriyama M, et al. Posterior Staphylomas in pathologic myopia imaged by widefield optical coherence
tomography. Invest Ophthalmol Vis Sci. 20I7;58(9):3750—3758.20

Abbreviations: WF-OCT, widefield optical coherence tomography; 3D-MRI, Three-dimensional magnetic resonance imaging; 3D WF-OCT, Three-dimensional optical
coherence tomography.
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If we perform a correlation analysis with the use of 3D-MRI images, this could explain why the upper to temporal
margins of PS are more abrupt'’ (Figure 9B and C).

These edges of PS were also found to show a choroidal thinning on WF-OCT sections (Figure 9D)*° as well as an
inward deformation of the sclera towards the vitreous.?® Vertical OCT section of (Figure 9E) corresponds to the same
analysis for the SOM.

Finally, 3D WF-OCT provided high resolution tomographic reconstructions of PS, viewed respectively from the
anterior (Figure 9F), nasal (Figure 9G), and inferior (Figure 9H) sides. Figure 9 is used with the permission from IOVS

and corresponds to Figure 2 of Shinohara et al.*

The Notch-Like Depression of PS

The IOM could compress the eyeball at the limits of its insertion as it has been suggested for the PPS'® and eventually
lead over time to the temporal notch observed in 3D-MRI (Figure 9B). Same analysis for the upper notch observed on
3D-MRI in the upper part of the eyeball, in relation to the insertion of the SOM.

The Shape and Type of PS
The compression at the arc of contact of the IOM separates the globe into two parts in the anteroposterior axis. The
eyeball portions at the anterior and posterior borders of the arc of contact of the IOM are free of its compressive action
and would show outpouching on either side of the compressive area (Figure 10A-D).

However, as the ON sheaths also pull significantly on the peripapillary area via their attachments,® they also deform the
eyeball as already stated'® (Figure 10E-H). The posterior part of the eye is thus subjected to this additional force
(Figure 10K-L).

e P

T PR 2

Figure 10 Hypothetical pathogenesis of posterior staphylomas (PS). (A-D) The eye (A) subjected to the compression of an oblique muscle during its contraction (B)
undergoes a deformation (C) corresponding to outpouchings (blue areas) on either side of the contact area (pink zone) which deforms inwards under the compression,
leading to its final shape (D). When the same eye (E) is subjected to the traction of optic nerve sheaths (F), it deforms (G), and presents an outward protrusion (blue area)
and a “pinch” (pink areas) at the end of the traction area, at the either side of the protrusion, leading to its final shape (H). As the eye is normally subjected to both forces (I
and J), it combines the changes resulting from each component (K), leading to its final shape (L) which is that of the PS and corresponds to the interaction between the
different forces. lllustration drawn by Loic Blommaert.
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The final appearance of the posterior protrusion of the eye would then be dictated by the sum of these forces
(Figure 10L). Over time, repetition of these deformations would lead to tissue remodeling and permanent fixation of
these deformities, corresponding to PS. The same analysis applies for the SOM.

In (Figure 11), used with the permission from IOVS, and corresponding in part to Figure 4 from Shinohara et al,*® a
PS shows pigmentary abnormalities on the fundus (Figure 11A), matching to its edges as seen on 3D-MRI images, which
additionally show a temporal notch (Figure 11B and C).

Analysis of Potential Forces at Play

IOM: the horizontal WF-OCT section shows an anterior protrusion at the temporal edge of the PS (blue arrow,
Figure 11D) potentially induced by the IOM. One would expect to observe an outward deformation of the eyeball at
either side of this inward deformation induced by this muscle, which is the case and begins at the level of the blue

arrowheads in Figure 11D. A corresponding thinning of the choroid along the inward deformity (white arrows,

Figure |1 Posterior staphyloma (PS) (type VI of Ohno-Matsui classification). |- Characteristics. (A) Right eye fundus showing pigmentary abnormalities at the border of a wide PS
(arrowheads). Arrows indicate the scanned lines of WF-OCT sections in (D) and (E). (B and C) 3D-MRI viewed from the inferior (B) and posterior (C) sides, showing the border
of the PS (arrowheads). In (B), the posterior outpouching is located nasally; however, different from a peripapillary staphyloma, the outpouching has a wide opening angle leading it
to be classified as “other”. Also, a notch is located at the temporal border of the PS (arrow). (D and E) Horizontal (D) and vertical (E) WF-OCT sections. An inward protrusion of
the sclera and a thinning of the choroid are located at the edge of the PS both in the horizontal and vertical sections (white arrows). A posterior displacement of the sclera follows
the inward deformation toward the posterior pole. In (D), the fovea (white arrowhead) is located on the slope of the PS nasal to the PS edge, and the optic nerve head is located at
the bottom of the PS. (E) A posterior scleral displacement in the lower fundus with a dome-shaped appearance of the macula (white arrowhead) are shown. This PS was classified as
“other” (peripapillary and inferior type) by WF-OCT. This illustration is used with the permission from IOVS and corresponds to Figure 4 of Shinohara et al*® 2- Analysis of potential
muscles and optic nerve sheaths involvement on PS characteristics. (D) Section along the horizontal line. The anterior protrusion at the temporal edge of the PS (blue arrow), would
result from the indentation of the IOM, with outward deformation of the eyeball on either side (blue arrowheads). The corresponding thinning of the choroid along the inward
deformation (white arrows) and rethickening of the choroid beginning at the end of the inward deformation (blue arrowheads) toward the posterior pole are seen. (E) The same
analysis for the upper edge about the SOM. Also, in (D), around the optic nerve head: an outward deformation resulting from the traction of its sheaths is perceived (red arrows).
Although the choroid is thin, it nevertheless presents a slight thickening in front of this outward deformation. Next, the choroid shows a thinning at the site of the pinching of the
meningeal sheaths (red arrowheads). This thinning meets on its way (yellow line) the re-thickening (from the blue arrowhead) due to the action of the IOM. This case illustrates that
the final shape of the eyeball results from several interactions.

Note: Reprinted with permission from Shinohara K, Shimada N, Moriyama M, et al. Posterior Staphylomas in pathologic myopia imaged by widefield optical coherence
tomography. Invest Ophthalmol Vis Sci. 2017;58(9):3750-3758.2°

Abbreviations: WF-OCT, widefield optical coherence tomography; 3D-MRI, Three-dimensional magnetic resonance imaging; IOM, Inferior oblique muscle; SOM, superior
oblique muscle.
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Figure 11D) and re-thickening of the choroid beginning at the end of the inward deformity (blue arrowheads, Figure 11D)
is seen as expected.

ON sheaths: around the ON head, the eyeball exhibits an outward deformation due to the direct traction forces of the ON
sheaths (red arrows, Figure 11D) which is followed by the pinching of the choroid induced by the tangential component of the
pull of these meninges (red arrowheads, Figure 11D). The posterior outward deformation due to the IOM (with the
corresponding choroidal re-thickening) crosses this choroidal compression in its path (yellow line, Figure 11D).

The final appearance of the eyeball depends on the importance of each force (muscles and ON sheaths) (Figure 11B).
This PS was classified as other = type VI (Ohno-Matsui’s classification) by Shinohara et al,>* with PPS constituting one
of its components.

SOM: Along the same line, the vertical WF-OCT section (Figure 11E) shows that the inward deformation with related
components of this PS at its upper edge would result from the action of the SOM.

Nasal side of the eyeball: eyes with PS show less deformities on the nasal side'” (Figures 9B and 11B), fitting with the fact
that this part of the eye is not in contact with oblique muscles and is therefore less impacted by their contraction forces.

The IOM is a band about 9 mm wide and thus has an anterior and posterior edge.” It is slender and has two surfaces:
ocular and orbital.”* According to the main positioning of the tangential forces (at its anterior or posterior edge) along its
arc of contact, their amplitude and their extent, the impact on the globe would lead to the appearance of PS type I or 11
which are the more frequent.'*!7%2>

The pathogenesis of PPS has previously been suggested'® (Figure 7).

The distribution of the traction forces of the ON sheaths differently on their scleral attachment, combined with the
action of the oblique muscles would lead to the appearance of several types of PS, which need further investigation.

Moreover, since the impact of the meningeal sheaths is not limited to a single axis due to the orientation of the ON
from the orbit towards the eyeball, and since the properties of the sclera would also act, there are several interactions
determining the appearance of deformities of the eyeball.

Finally, depending on the position of the eye, SOM additionally, allows it to move down and out while IOM is also
responsible for elevation, and abduction. Therefore, how these muscles would compress or pull on the eyeball would
depend on the movement involved and the starting position of the eye for that specific movement.

The eyeball would thus be permanently and according to the eye movements, subjected to different forces which
would induce intermittent deformations of its wall. The resultant of these forces over time would determine the shape and

10,1116 and more

the location of potential protrusions and explain why the types of eyes deformities are numerous,
complex than current classification.”® Moreover, this would also explain the existence of compound types of PS, the

precise diagnosis of which is best made using WF imaging (Figure 12A and B).

Figure 12 Fundus image of Type VI PS (Ohno-Matsui), corresponding to Curtin type VII: Peripapillary staphyloma (PPS) and wide macular staphyloma. (A) In 50° imaging by
Visucam®, only the PPS is obvious. White lines outline its edges. (B) In 240° imaging with Clarus® the outermost edges (white arrowheads) of a wide macular posterior
staphyloma are discloses, revealing its compound nature and emphasizing that the accurate diagnosis of PS is best made using wide-field imaging.

Clinical Ophthalmology 2023:17 heeps: 3839

Dove:


https://www.dovepress.com
https://www.dovepress.com

Ehongo Dove

Interestingly, in eyes with HM, using 3D-MRI, a recent work disclosed deformities at the equatorial part,*” which
warrants further investigations as these deformities could be related to the impact of the rectus muscles on the eyeball.

M42,44,45

The reduced tissue resistance in H would explain why PS are more common in this refractive group. Finally,

the gradual and acquired nature of these changes would explain their high prevalence with aging.'®!7-2!:23:27:29:35
Recently, significant gaze-induced globe deformations in eyes with PS were demonstrated in all gaze positions by 3D-

MRIL”” Moreover, the increase in the vitreous chamber axial volume occurred specifically in downgaze,”” supporting the

association of near activities with myopia occurrence and progression’’ and warranting further confirmation.

Table 2 summarizes the main developments in the knowledge of PS.

Quantitative Aspects — Long-Term Changes

A quantitative approach would allow standardization of PS characteristics for large-scale studies.

The Shape of Staphyloma

Using 3D WF-MRI, Moriyama classified the ocular shapes of eyes with HM into 4 distinct types: nasally and temporally
distorted, cylindrical, and barrel-shaped.'® Interestingly, the deformations related to the present hypothesis (Figure 10A—L) fit
with these shapes.

By analyzing the outer and inner scleral curvatures with a combination of 3D-MRI and SS-OCT, Ohno-Matsui et al
found that all temporally distorted eyes on 3D-MRI showed irregular scleral curvature on OCT and all eyes with temporal
slope and irregular curve on OCT had a PS.*

Quantitative analysis of mean scleral local curvature and its variance in eyes with PS with SD-OCT showed that they
were greater in female, elderly, and eyes with longer AL, implying that these groups had less “smooth” and therefore
more severe curvature of the eye. These parameters provide an indication of the severity of PS.?'

The Depth of Staphyloma

Curtin had already noticed that PS type II was shallow, with the steepest margins at the disc.'> Then, UWF-OCT
confirmed that PS type II was significantly deeper than type I, with abrupt margins, and was therefore not a smaller
version of type 1.*° Additionally, unlike PS type I, its depth-to-diameter ratio correlated with AL, meaning that eyes with

longer AL have more severe PS type I1.*°

As a significant positive correlation between PS depth and width was found,'***-'-°

it was suggested that over time,
PS diameter and depth increase simultaneously.>
However, very recently, UWF-OCT showed that the depth-to-diameter ratio increases with age, implying that the PS

deepens more than it widens with age,*® thus confirming its increasing severity with age.”'

Long-Term Changes
Paving the way for understanding PS, Curtin classified it into 10 subtypes.'? Interestingly, all primary types except type I

are related to the ON head (Figure 13 Columns A—C). Moreover, as just discussed, the severity of PS increases with age:

12,31,35 21,23

it deepens and becomes irregular over time.

Furthermore, as previously discussed, (Table 1) among the 3 OCT criteria for the diagnosis of PS,%° Tanaka et al
showed that the inward protrusion of the sclera at the PS edges was not the earliest, being absent in some slight cases.>
This is consistent with Curtin’s results showing that sharp-edged PS are unusual in the youngest age group.'? Therefore,
Tanaka et al suggested that later, when the PS deepens, an inward protrusion of the sclera at its edges then occurs.>®

Although PS types I and II are consistently the most common,'*'”2**® Curtin showed that PS type II, the 2nd most
frequent in patients aged 3—19 years, became less frequent in older subjects'? (Figure 13 Column D). Moreover, he found
that compound types were more common in older subjects,'? which recent findings confirm.?" The increasing complexity
of PS with age was established by Hsiang through a longitudinal observation of some PS moving from type II to type IX

over 20 years.23
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Table 2 Main Developments in the Knowledge of Posterior Staphyloma

Year Author (Ref)

Objective

Method

Results

Strength

Drawback

morphologic types of PS,
their prevalence, and their
effect on visual acuity.

ophthalmoscopy and drawings.

1801 Scarpa'® I'st description of PS. A pair of post-mortem eyes. Identification of posterior staphyloma as an Ist description of PS. Post-mortem
entity.
1977 Curtin'? To determine Fundus stereoscopic Ten types of PS, 5 primary and 5 compounds. | Ist classification of PS. Subjective, complicated.

1999 Takano>®

To evaluate OCT features
of the retina in eyes with

severe myopia and PS.

TD-OCT.

Foveal retinal detachment and retinoschisis
found in eyes with PS.

Foveal retinal detachment and
retinoschisis are common in PM
with PS.

Conventional OCT
imaging is limited in
depth and extent.
TD-OCT is obsolete.

2008 Hsiang®

To analyze the relationship
between grade/type of PS
and incidence of myopic

macular lesions.

Ultra-sound A and B.
Follow up of some PS over 20

years.

90% of eyes with HM had PS.
Morphologic features of PS worsen with age.
Deep PS are related to more severe myopic

maculopathy.

Longitudinal analysis of 9 eyes over
20 years showing that PS deepens
with age. Transition of some type Il
PS to type IX PS.

Only 2D images
generated.

2011 Moriyama'®

To image the entire shape

of the eye.

High-resolution volume
rendering 3D-MRI.

The entire eye in pathologic myopic eyes
divided in 4 distinct shapes: nasally and
temporally distorted, cylinder and barrel.
Temporally distorted eyes had more visual
field defects. Eyes with 22 protrusions had
significantly more chorioretinal lesions than

eyes with <I protrusion.

I'st analysis of the whole shape of
the eye. Capture of the entire
large PS. The shape of the eye
correlates with myopic

complications in PM.

3D-MRI is not available
in routine clinical
settings. Slight curvature
changes not detected by
3D-MRI.

2013 Henaine-Berra®

To determine the
prevalence of macular
complications in eyes with

high myopia and PS.

SD-OCT.

Macular abnormalities significantly more

common in eyes with PS.

Visualization of retina, choroid,

and the anterior scleral contour.

Conventional OCT
imaging is limited in

depth and extent.

2012 Ohno-Matsui®®

To analyze the shape of
the sclera determined by
SS-OCT and to correlate
it with myopic

retinochoroidal lesions.

SS-OCT and 3D-MRI.

Scleral curvature irregularities are more
common with age and longer AL. All the
eyes with temporal slope and irregular curve
on OCT had PS.

Myopic fundus lesions significantly
more common in eyes with

irregular scleral curvature.

The posterior scleral
contour could not be
captured in all the eyes
by SS-OCT.

(Continued)
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Table 2 (Continued).

Year Author (Ref)

Objective

Method

Results

Strength

Drawback

2014 Spaide'®

To determine the
definition of PS.

Criteria defining a PS based on

curvature were established.

PS is an outpouching of a portion of the wall
of the eye with a radius of curvature lesser

than that of the adjacent zone.

Unequivocal uniform definition of

a PS based on curvature.

Not all PS have sharp
change of curvature in

their edges.

2014 Ohno-Matsui'”

To determine the
incidence and types of PS
using 3D-MRI. To
correlation 3D-MRI and
fundus features of PS.

3D-MRI and ultra-widefield
(UWF)-fundus images
IR and AF images and size of PS.

6 types of PS, 5 primary and type VI that is
made of all the compound PS. Correlation
between 3D-MRI and fundus features of PS.

Criteria defining a PS based on
UWEF-fundus photos were
established. Simplified classification
of PS.

Subtle changes of
curvature (types lll and
1V) not detected by 3D-
MRI (low spatial

resolution).

2016 Shinohara'®

To analyze morphologic
features of peripapillary
staphyloma (PPS; type IlI
PS).

SS-OCT and indirect
ophthalmoscopy.

Definition of OCT features of PPS. SS-OCT
has a high resolution enabling to detect type
Ill and IV PS and to analyze choroid and

retina.

I'st study analyzing PPS (type llI
PS).

Caution should be paid
not to miss compound
PS with conventional

OCT acquisition.

2017 Shinohara?®

To diagnose PS using 3D
rendering widefield SS-
OCT (WF-OCT) and 3D-
MRI.

Comparison between 3D-MRI
and a WF-OCT

Prototype, the multiple scan
lines of which allow scan maps
for 3D reconstruction of PS.

Good concordance between WF-OCT and
3D-MRI. PS has 3 key OCT features: a
gradual choroidal thinning toward the PS
edge, an inward protrusion of the sclera at
PS edges, an outward protrusion of sclera in
the area posterior to PS edges.

Imaging of very large or deep PS
allowing accurate diagnosis of PS
and detection of the extent of PS.
3D-WF-OCT Provides 3D images
of region of interest.

Prototype, not available

in clinical settings.

2019 Tanaka®®

To determine first signs of
PS in highly myopic eyes of
young subjects.

Wide-field OCT.

In the early stage, the inward scleral
deformation at the edge of a PS may be
absent. PS shows then a gradual thinning of
the choroid toward the PS edge and a
gradual re-thickening of choroid from the PS
edge toward the posterior pole along with

the outward scleral deformation.

Choroidal thickness changes and
the scleral outward deformation
constitute the early signs of the PS
edges.

Cross-sectional study.

2023 Hoang”’

To assess gaze-induced
axial volume change in
eyes with posterior
staphyloma

3D-MRI imaging with eye gaze in
5 directions: primary, N, T, S
and |. Comparison between the
primary position and each of
the other directions.

Significant globe deformation was noted in all
gazes. Vitreous chamber axial volume
increased only in downgaze.

First study showing in vivo change
in vitreous chamber axial volume.
This could be relevant for the
impact of near work on myopia
onset and progression.

Procedure to refine and
improve. Correlation
analysis with myopia
progression and
longitudinal analyses
wanted.
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2022 Nakao*®

To determine the shape of
PS and identify factors
contributing to the shape
and grade of PS. To
compare PS type | and Il.

Ultra-wide-field OCT.

Types | and Il PS were
compared.

Maxi depth-to-Maxi diameter

ratio.

AL was significantly longer in Narrow PS and
was correlated to depth-to-diameter ratio.
Age was significantly correlated with depth-
to-diameter ratio in both types | and Il PS.
Type Il PS was significantly deeper than type |
PS.

Quantitative evaluations of the
shape and the depth of PS to
monitor their progression and
evaluate the risk of damaging the

retina

Cross-sectional study.

2022 Ehongo'?

To study the pathogenesis
of peripapillary myopic

changes.

Spectral Domain-OCT.

PPS is suggested to result from traction force
of the optic nerve sheaths at their scleral

insertion.

Traction/compression on eyewall

may promote PPS.

Cross-sectional study.
WEF-OCT not used.

2023 Liv®’

To measure posterior
scleral birefringence as a
biomarker of scleral

changes.

Triple-input polarization-
sensitive-OCT.

In a cross-sectional study involving adults,
scleral birefringence was associated with
myopia status and negatively correlated with

myopia.

Collagen birefringence analysis
may constitute a biomarker of

scleral changes.

Procedure to refine and

improve.

2023 Luo®’

To assess global ocular
deformation in pathologic

myopia.

High resolution 3D-MRI.

The equatorial part of the eye also shows
deformations.

Ocular deformations in pathologic
myopia affect the entire eye. This

is relevant in the pathogenesis of

PS.

The necessity of 3D-
MRI precludes its use in

clinical settings.

Abbreviations: PS, Posterior staphyloma; 2D, Two-dimensional; 3D, Three-dimensional; MRI, Magnetic resonance Imaging; OCT, optical coherence tomography; UWEF, ultra-widefield WF-OCT, widefield optical coherence tomography;
3D-MRI, Three-dimensional magnetic resonance imaging; TD-OCT, time domain optical coherence tomography; SD-OCT, spectral domain optical coherence tomography; SS-OCT, swept source optical coherence tomography; AL, axial
length; N, nasal; T, temporal; S, superior; |, inferior.
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A B C D
Type of posterior Schematic landmarks | Type of ONH-PS relationship Prevalence of PS by age group
staphyloma of PS based on ONH 3-19 vs 60-86 years
| ONH within the PS Decrease (26.1 vs 22.1%);249 eyes

Il ONH in contact with the PS Decrease (73.7 vs 10.5%);38 eyes

0®
©

1} ONH in the center of the PS Increase (28.6 vs 71.4%);7 eyes

v @ ONH in contact with the PS Increase (9.1 vs 59.1%);22 eyes

+

\" @ . ONH in contact with the PS Increase (33.3 vs 50%);12 eyes

Figure 13 Data analysis of posterior staphylomas (PS) retrieved from Curtin.'?> Column (A) Types of PS (I to V) according to Curtin’s classification. Column (B) Landmarks
of PS with respect to optic nerve head (ONH), based on Curtin’s drawings. Black curve: optic nerve. Black cross: macula. Green curve: boundaries of PS. Column (C)
Relationship between PS and ONH. It defines the location of PS edge with respect to the ONH. (B and C) There is a close relationship between most PS edges and the optic
nerve. Column (D) the prevalence of PS for the two groups of age. Calculated from Curtin’s Table Il. Curtin.'? All the PS except Types | and Il, already more frequent in
young subjects, increase with age.

Abbreviation: PS, posterior staphyloma; ONH, optic nerve head.

This suggests that, under the influence of promoters, the type of PS expressed first reflects the impact of the strongest
promoter. Over the time, the primary deformation becomes more pronounced, and the effect of the weaker promoter eventually
becomes apparent, leading to compound subtypes.

Interestingly, the transition noted by Hsiang® was from type II to type IX, whereas PPS, known for its subtle
margins'’ can easily be underdiagnosed.

Figure 14 shows that type IX could reflect a combination of a PPS (Figure 14A) and type II PS (Figure 14B). The
septum (Figure 14C) would therefore correspond to the meeting point of their respective temporal (Figure 14D) and nasal
(Figure 14D-14F) edges. Some PS types IX would therefore have been initially misdiagnosed as type II until the
accentuation related to the scleral elevation at the edge of PPS allowed the diagnosis to be refined. This would explain the
increase in prevalence of type IX while that of type II decreases over time.'”

OCT photomontage (Figure 15A) provides the WF-OCT equivalent of this type IX PS whose hypothetical composi-
tion is schematized in (Figure 15B). Wide-angle OCT scans (Figure 15C and D) clearly reveal that the ridge between the
two constituent components is related to the ON sheaths. The hypothetical promoting ON sheaths traction forces are
presented in (Figure 15E and F). Figure 16A shows the UWF photo of this PS type IX. The upper and lower edges of its
PPS-component are shown in Figure 16B and C respectively.

This discussion of the constituent elements of the combined PS suggests the progressive deformation of the eyeball
under the simultaneous action of numerous forces, including traction of the ONH sheaths (Figures 11 and 15). As most
PS, including primary types'? (Figure 13 Columns A—C) are in close relationship with the ONH, whose sheaths would
contribute to their emergence, the pathogenetic analysis of PSs should therefore involve the ONH.

Posterior Staphyloma. Treatment, Prevention, Perspectives
Since PS is the main determinant of visual impairment in eyes affected by HM and many unknowns remain regarding its

understanding, management and prevention of myopia constitute the core of its prevention.

3844 s Clinical Ophthalmology 2023:17
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Figure 14 Posterior staphyloma (PS) type IX (Curtin classification). Analysis of its constituent components. (A) Linear OCT section along the green arrow in the infrared
image. The section is in the upper peripapillary area and discloses a peripapillary staphyloma (PPS) whose ends are indicated by the blue arrows. (A and B) the green dashed
circle indicates the zone of junction between sections (A) and (B). The yellow bars highlight the superior temporal vessels constituting landmarks to reconstruct the shape
of this posterior pole. (A, C and D) The white arrows in the infrared images indicate the ridge. (B) Temporal continuation of the section presented in (A). The transition
between the two components of this PS is highlighted by the blue arrow for the end of the PPS and the red arrow for the beginning of the 2e component. (C). Section across
the optic nerve (ON) head as shown on the infrared image. The red dots indicate the opening of the scleral canal. (C~F) The dashed green lines indicate the transition zone
of the 2 constituent components of this PS which is located at the ridge (detailed analysis of the ridge is presented in Figure 15). (D) This section encompasses the transition
between the two components of this PS; The blue arrow indicates the end of the PPS. The red arrow shows the beginning of the 2e part of this PS. (E) This section
encompasses the temporal continuation of section (C). (F) The edges of the 2e component of this PS are captured and indicated by the red arrows. In total, this compound
PS is made by a combination of a PPS and type Il PS which meet at the ridge.

Early-Stage of Myopia
Measures to prevent the onset of myopia by encouraging children’s outdoor activities and reducing near-work are effective.”®”
Progression of Myopia

Low-dose atropine, orthokeratology and peripheral defocusing corrections are effective in controlling myopia progression.
84,85

80,81

Their side effects and complications are known.**** Combined treatments appear more effective than monotherapy™*** and are

under investigation.*®*

Complications of Myopia

Each complication of myopia is managed according to standards of care (choroidal neovascularization, traction maculopathy,
retinal detachment, glaucoma...). However, the prognosis is limited in most cases and no solutions are available for chorioretinal
atrophy, non-glaucomatous neuropathy and PS. Nonetheless, options for addressing the scleral outpouching of PS are summarized
below.

Reshaping the Sclera in Posterior Staphyloma

Posterior scleral reinforcement for PS involves surgical implantation under general anesthesia of donor sclera, lyophi-

88,89

lized dura or other materials to strengthen the posterior eyewall directly and mechanically. This procedure requires

further studies to confirm its usefulness, safety® and long-term results.”

Clinical Ophthalmology 2023:17 heeps: 3845
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Figure 15 Posterior staphyloma (PS) type IX. Analysis of its hypothetical pathogenesis. (A) This image is a montage of parts (D) and (F) of Figure 14 and constitutes the equivalent of a
widefield OCT. The ridge, pointed out by white arrows in the infrared image, is an inward protrusion (green dashed line) of the eye wall and corresponds to the concomitant ends of the
two components of this compound PS (blue and red arrows). (B) Schematic pathogenetic analysis of the constituent elements of this compound PS. Black curve: ON. Black cross:
macula. Green curve: boundary of each staphyloma. Red crescent: the ridge of type X PS. (C and D) OCT sections along the green arrow in the corresponding infrared images. The
sections are across the optic nerve (ON). The ridge is an inward protrusion (green triangles) of the wall of the eye and corresponds to the concomitant ends of the two components of
this compound PS. (C) and (D). The ridge is in front of the dura mater (DM) which fibrillar aspect is disclosed by variation in reflectivity. The gamma-delta zone corresponding to the
peripapillary area free of Bruch’s membrane between the red dot and the red line is extended and deformed inward. The scleral flange (S) is posteriorly deformed. The 3 blue bars
indicate the transition at the scleral insertion of the dura (DM). Red dots: the scleral opening. Yellow dots: the arterial circle of Zinn-Haller. White star: retro-orbital fat. Red line: end of
Bruch’s membrane. (M) mirror artifact. (C~F) Yellow star: subarachnoid space. (E) and (F) are respectively portions of sections (C) and (D), labelled with the hypothetic traction of
ON sheaths. Dashed blue arrows: DM. Blue arrow: pia mater.

Scleral cross-linking involves the formation of bonds between collagen polymer chains to stiffen the sclera. It shows
promise in reshaping the eyeball by halting the aberrant scleral remodeling. Strategies involving either light energy or
chemical processes are at different stages of translational development.”! 3
Fibroblast transplants performed on the sclera in a rat model of deprivation myopia’* provided a significant reduction

in ocular elongation and myopic shift in transplanted compared to non-transplanted eyes. Further results are awaited.”

Insights from Recent Data on Myopia in Humans

Curvature irregularity”’ and depth-to-diameter ratio*® are quantitative parameters for assessing PS severity. Gaze down
movement, unlike other gaze directions was found to increase the axial volume of the vitreous chamber in eyes with PS,
which is relevant for the relationship between near-work and myopia.”” The violet component of sunlight blocked by
conventional eyeglasses has been shown to slow myopia progression in preadolescent children wearing violet light-
transmitting glasses.”” Scleral collagen birefringence has been measured in vivo and found to be related to myopia status
and progression, showing promise for clinical monitoring of scleral changes.’’ ON sheaths traction forces have been
suggested to promote PPS,'* warranting exploratory studies. Equatorial and anterior eyeball irregularities found in
myopic eyes require further investigation.*” The traction forces of ON sheaths and oblique muscles could contribute to
the occurrence of PS in susceptible individuals (hypothesis formulated in this work), justifying exploratory studies.
Table 3 presents an analysis of the studies summarized above.
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Figure 16 Fundus image of posterior staphyloma (PS) type IX. This PS is the one analyzed in Figures 14 and |5. Axial length: 28.69 mm. (A) Widefield fundus image. The
signs of PS are slight (relative pallor, subtle edges). (A—=C) White arrows indicate a discrete ridge best disclosed on infrared images. Blue arrows indicate the arterial circle of
Zinn-Haller. (B and C) Linear OCT sections as shown in infrared images, located in the upper (B) and lower (C) peripapillary area. Red arrows indicate a gradual thinning of
the choroid toward the edge of the peripapillary component of this compound PS, followed by gradual re-thickening of choroid from the PS edge toward its outward
deformation (yellow arrows). The posterior curvature of the eye is sloped temporally. The detailed analysis of the macular component of this PS was presented in Figure |14F.

Genetics and Artificial Intelligence in Myopia Prevention

Recent molecular technologies have identified more than 100 genes and over 20 chromosomal loci associated with
myopia.”®”” Due to the complex multifactorial determinants of myopia, with numerous phenotypes, its understanding
will further benefit from big data for genetic analysis and phenotyping correlation with the collaboration of various

research institutes to achieve myopia prevention.

96,97

Table 3 Perspectives on Posterior Staphyloma from Some Recent Human Publications

Author Year
(Ref)

Clues - Current Data

Hypotheses

Potential Exploration
Tracks

Perspectives

promise for violet-light glasses
to slow myopia progression in
pre-adolescent children.

sunlight slow the progression

of myopia

Numa 2018 Greater curvature irregularities | Posterior staphyloma severity To develop quantitative Achieve quantitative
in female, elderly, and eyes with | can be measured quantitatively | and standardized standardized methods to assess
longer axial length documented | through its curvature methodologies to the severity of posterior
using SD-OCT irregularity measure the curvature staphyloma for randomized
irregularity of posterior studies.
staphyloma
Mori 2021%° Randomized study shows Glasses transmitting violet Confirmatory studies Achieve practical terms of use

in combination to outdoor

activities

Hoang 202177

Gaze down movement
increases the vitreous
chamber axial volume while

other eye gazes do not.

Increase in vitreous chamber
axial volume, induced by gaze
down movement may be
relevant for the role of near

and reading activities in myopia.

Confirmatory studies.

Exploratory studies to
analyze eyeball changes
related to eye

movements

Analysis of the intraocular and
ocular changes during near
work and their relationship
with myopia development and

progression.

(Continued)
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Table 3 (Continued).

Author Year
(Ref)

Clues - Current Data

Hypotheses

Potential Exploration
Tracks

Perspectives

Liu 2022%7

Scleral collagen birefringence
is related to myopia status and
progression as detected using
triple-input polarization-
sensitive-OCT technique

In-vivo monitoring of early
scleral changes toward
pathologic myopia is possible
with this technology

Studies for improving
this technology

Perform early in-vivo detection
of posterior scleral signs
indicating pathological changes

in myopia

Ehongo 2022'3

Characteristics of peripapillary
staphyloma (PPS) analyzed
using SD-OCT suggest that
PPS is promoted by ON
sheaths traction force

ON sheaths traction forces
lead to PPS in susceptible
individuals

Exploratory studies to

confirm the hypothesis.
Exploratory studies to

find the risk factors to

develop PPS.

Achieve an understanding of
scleral and ON sheaths factors
contributing to PPS and how to
counteract them

Nakao 2022%

Posterior staphyloma deepens
more than it enlarges with age.
Posterior staphyloma type Il
depth is related to axial length
as documented using UWF-
OCT

Posterior staphyloma severity
can be measured quantitatively
through its depth-to-diameter

ratio

To standardize
methodologies to
measure depth-to-
diameter ratio of
posterior staphyloma

Achieve quantitative
standardized methods to assess
the severity of posterior
staphyloma for randomized
studies

Luo 2023

Equatorial and anterior eyeball
irregularities documented in
myopic subjects using 3D-MRI

Rectus muscles forces might
deform the eyeball

Confirmatory studies for
the anterior eye-shape
irregularities.
Exploratory studies for
the rectus muscles

potential implication.

Achieve an understanding of
the scleral and rectus muscles
factors favoring the
susceptibility for these

irregularities

Ehongo 2023
(This article)

Widefield OCT, 3D-MRI, and
widefield fundus co-analysis
suggests, a correspondence
between the edges of the
posterior staphyloma and the
landmarks of the ON sheaths.
It seems the case for oblique
muscles, suggesting new
insights into the pathogenesis
of posterior staphyloma.

ON sheaths and oblique
muscles traction forces might
lead to posterior staphyloma in
susceptible individuals

Exploratory studies to
analyze this hypothesis.
Exploratory studies to
find the determinant
factors

Understanding the scleral, ON
sheaths and oblique muscles
factors favoring the occurrence
of posterior staphyloma and
how to counteract them

Abbreviations: SD-OCT, spectral domain optical coherence tomography; OCT, optical coherence tomography; ON, optic nerve; PPS, peripapillary staphyloma; UWF,
ultra-widefield optical coherence tomography; 3D-MRI, Three-dimensional magnetic resonance imaging.

Many prediction models addressing the onset and progression of myopia in children and teenagers are in development

and validation phases.

98,99

Wearable devices (smartwatch linked to smartphone) that record time spent outdoors and send feedback to parents

and children are in development to encourage children to spend more time outdoors.

100

A cloud-based sensor device attached to the sides of the glasses, objectively and dynamically monitoring the wearer’s

risky behaviors (near-working distance and its duration)

been shown to reduce them in school-aged children.

101

101

is promising. Vibration alert, triggered by risky behavior, has

Summary
The current and predicted prevalence of myopia are increasing worldwide, and the COVID-19 lockdown has accentuated

this trend, making this condition a public health problem more than ever. Its complications, mainly PS are therefore also

https:
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expected to increase in the decades to come. The management and prevention of PS that obscures the prognosis of a
myopic eye require an understanding of its pathogenesis which remains unknown until now. In particular, why some eyes
develop PS and others do not.

In this article, in addition to the already suggested ON sheaths traction forces, I hypothesize that extraocular muscles
forces might act on the eyeball, which is summarized as follows.

ON sheaths pull on and distort the eye wall, promoting changes like gamma peripapillary atrophy and complications
like PPS and PICC.

The oblique muscles wrap the wall of the eye along their arc of contact and can compress it along this arc during
cyclotorsions, which fits with some characteristics of PS. The insertions of the IOM and SOM correspond respectively to
the temporal and superior notches of the PS and could witness the pinching of the eyeball by their scleral insertions.

The repetition of these deformations over time would lead to their fixation by remodeling effect, explaining the major
influence of age in the prevalence of PS.

The posterior shape of the globe would then reflect a balance between the interaction of ON sheaths, oblique muscles,
and biomechanical scleral resistance.

Due to the weakening of ocular structures associated with myopia, the prevalence of PS would be higher in this
refractive group.

This hypothesis would explain three indices characterizing PS: the specific pattern underlying the classification of PS,
the presence of PS in non-elongated eyes and the transition over time from type II to type IX PS observed in longitudinal
studies. Studies are warranted to explore eyeball deformations in relation to eye movements.

Conclusion

Myopia concerns most ophthalmological subspecialties due to its increasing prevalence, early onset, and diversity of
complications. Elucidating its pathogenesis and that of its complications, including PS is a key factor for establishing
action strategies. It is a multidisciplinary approach, starting with genetics, involving the entire ophthalmological
community, and integrating artificial intelligence.
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