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Myopic axial elongation is associated with various non-pathological changes. These include a decrease in
photoreceptor cell and retinal pigment epithelium (RPE) cell density and retinal layer thickness, mainly in the
retro-equatorial to equatorial regions; choroidal and scleral thinning pronounced at the posterior pole and least
marked at the ora serrata; and a shift in Bruch’s membrane opening (BMO) occurring in moderately myopic eyes
and typically in the temporal/inferior direction. The BMO shift leads to an overhang of Bruch’s membrane (BM)
into the nasal intrapapillary compartment and BM absence in the temporal region (i.e., parapapillary gamma
zone), optic disc ovalization due to shortening of the ophthalmoscopically visible horizontal disc diameter,
fovea-optic disc distance elongation, reduction in angle kappa, and straightening/stretching of the papil-
lomacular retinal blood vessels and retinal nerve fibers. Highly myopic eyes additionally show an enlargement of
all layers of the optic nerve canal, elongation and thinning of the lamina cribrosa, peripapillary scleral flange (i.
e., parapapillary delta zone) and peripapillary choroidal border tissue, and development of circular parapapillary
beta, gamma, and delta zone. Pathological features of high myopia include development of macular linear RPE
defects (lacquer cracks), which widen to round RPE defects (patchy atrophies) with central BM defects, macular
neovascularization, myopic macular retinoschisis, and glaucomatous/glaucoma-like and non-glaucomatous optic
neuropathy. BM thickness is unrelated to axial length. Including the change in eye shape from a sphere in
emmetropia to a prolate (rotational) ellipsoid in myopia, the features may be explained by a primary BM
enlargement in the retro-equatorial/equatorial region leading to axial elongation.

1. Introduction myopia. Therefore, we assessed the anatomical features of myopic eyes

using light microscopy, OCT, and ophthalmoscopy and correlated them

Myopic axial elongation is associated with pronounced anatomical
changes of the eye (Haarman et al., 2020; Morgan et al., 2012; Ohno--
Matsui et al., 2021). Exploring and understanding the anatomical
characteristics of myopic eyes may help us better describe the histo-
logical correlates of ophthalmoscopical features of the myopic eye, to
compare structural findings obtained by optical coherence tomography
(OCT) with light-microscopical histology, to predict visual effects of the
ophthalmoscopical appearance of the myopic fundus, and to gain a more
comprehensive understanding of the process of axial elongation in

with each other. We discuss these morphological findings with the re-
sults of previous experimental and clinical studies on the potential
mechanism of axial elongation as part of the process of emmetropization
and myopization.
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2. Sclera
2.1. Scleral thickness

Numerous studies on human globes and experimental studies on
animals have revealed that axial elongation is associated with a thinning
of the sclera posterior to the equator; these studies also addressed the
role that the sclera may play in the process of axial elongation, emme-
tropization, and myopization (Coudrillier et al., 2012; Harper and
Summers, 2015; Heine, 1899; Jonas, J.B. et al., 2014a; Maruko et al.,
2012; McBrien et al., 2000; 2001, 2003, 2009; Morgan et al., 2012;
Norman et al., 2010; Olsen et al., 1998; Rada et al., 2006; Shen et al.,
2015; Vurgese et al., 2012).

Histomorphometry studies showed that the scleral thickness,
measured at and posterior to the equator in human eyes, was lower in
myopic eyes with an axial length >26 mm than in eyes with an axial
length <26 mm (Olsen et al., 1998; Shen et al., 2015; Vurgese et al.,
2012). In eyes with an axial length <26 mm and >26.0 mm, the scleral
thickness decreased in an inter-regional comparison from the limbus
(0.50 + 0.11 mm and 0.46 + 0.06 mm, respectively) to the ora serrata
(0.43 + 0.14 mm and 0.40 + 0.13, respectively) and to the equator
(0.42 + 0.15 mm and 0.35 + 0.14, respectively), from where it
increased towards the midpoint posterior pole/equator (0.65 + 0.15
mm and 0.47 + 0.19 mm, respectively) to the peri-optic nerve head
region (0.86 + 0.21 mm and 0.63 + 0.28 mm, respectively), and finally
to the posterior pole (0.94 + 0.18 mm and 0.67 + 0.33 mm, respec-
tively) (Vurgese et al., 2012). The differences in scleral thickness be-
tween the eyes with an axial length <26 mm vs. >26 mm were
significant for all eye regions at and posterior to the equator, while the
scleral thickness at the ora serrata (p = 0.32) and at the limbus (p = 0.17)
did not differ significantly. In a high-field micro-magnetic resonance
imaging (MRI) of 11 enucleated human globes, Norman and colleagues
measured a maximal scleral thickness at the posterior pole of 1.0 £ 0.18
mm (Norman et al., 2010). This value was similar to the posterior scleral
thickness measured histomorphometrically in eyes with an axial length
<26 mm (0.94 + 0.18 mm).

The peripapillary scleral flange consists of the inner layer of the
posterior sclera, which continues into the lamina cribrosa and which is
partially separated from the lamina cribrosa by the peripapillary border
tissue of the scleral flange (Fig. 1). It forms the anterior end of the orbital
cerebrospinal fluid space and is the biomechanical anchor of the lamina

Fig. 1. Histo-photograph showing the posterior sclera (black arrows) splitting
off into the peripapillary scleral flange (yellow asterisk) and into the optic nerve
dura mater (black asterisk).
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cribrosa (Ren et al., 2009). The outer layer of the posterior sclera merges
into the optic nerve dura mater. The peripapillary scleral flange has a
mean thickness of 0.39 + 0.09 mm (axial length <26 mm) and 0.33 +
0.12 mm (axial length >26 mm) in eyes with an axial length <26 mm
and >26.0 mm, respectively. The peripapillary scleral flange is thinner
than the sclera at any location of the globe (Fig. 1).

The finding that the peripapillary scleral flange is the thinnest part of
the whole ocular coat suggests that it a “locus minoris resistenciae”
(region of least resistance). It explains the occurrence of a traumatic
avulsion of the optic nerve at the level of the peripapillary scleral flange
(Omari et al., 2022). In that condition, the peripapillary scleral flange
and the retinal nerve fibers rupture, leading to a retraction of the optic
nervewhile the optic nerve meninges form a hollow tube. In highly
myopic eyes, the peripapillary scleral flange can reach a thinness of 50
pm. Considering that the peripapillary scleral flange is the biomechan-
ical anchor of the lamina cribrosa, the myopic thinning of the flange may
potentially explain an increased vulnerability of the optic nerve head
and optic nerve in highly myopic eyes (Jonas, JB et al., 2017a; Ren et al.,
2009; Xu, L et al., 2017).

A study by Avetisov and colleagues examined scleral thickness
changes occurring from birth to adulthood in emmetropic and in myopic
human eyes (Avetisov et al., 1983). Avetisov and coworkers found that
ontogenetic eye formation was accompanied by a thickening of all
scleral regions, most markedly in the posterior section. They observed an
accumulation of collagen and elastin in the posterior pole in association
with a reduced share of soluble collagen fractions, a lower content of
glycosaminoglycans in the equatorial region, and an increase of tensile
strength and elasticity modulus. The authors discussed that a higher risk
of myopia could be associated with a reduced content of collagen in the
posterior scleral region, a delayed decrease of the soluble collagen
fractions in the posterior and equatorial regions, and a diminished ten-
sile strength.

Other experimental investigations suggest that the myopia-related
increase in eye size results from an active scleral remodeling. This pro-
cess included the production of a weakened scleral matrix, as summa-
rized in Rada et al. (2006). Another study reported that scleral elasticity
increased within the first 24 h of the development of myopia in tree
shrews (McBrien et al., 2000, 2001, 2009). The scleral creep rate
(defined as tissue extension vs. time) was elevated in the sclera of tree
shrew eyes developing myopia and reduced in eyes recovering from
myopia. These myopic changes were thought to be due to changes in
matrix constituents, caused by scleral myofibroblasts. The latter are
regulated by tissue stress and growth factors such as transforming
growth factor-p (TGF-B). Changes in these regulatory factors have been
observed during myopia development, implicating cellular factors in the
subsequently weakened sclera. Liu and colleagues found a reduced
expression of tissue inhibitor of metalloproteinase-2 (TIMP-2) in the
sclera of tree shrew eyes undergoing myopization (Liu, HH et al., 2017).
If TIMP-2 was exogenously added, myopia development and axial
elongation were significantly decreased, and posterior scleral collagen
degradation was inhibited. Liu et al. concluded that the reduction in
TIMP-2 contributes to an increased degradative activity in the sclera and
discussed that replenishment of TIMP-2 may significantly reduce the
rate of both scleral collagen degradation and myopia development (Liu,
HH et al., 2017; McBrien, 2013).

Interpretations of these findings must remain mindful that data are
based on changes occurring within the first 24 h of myopia development
in tree shrews; however, myopia develops over decades in humans. In
addition, humans do not recover from myopia to any significant extent
relative to tree shews (Zhu et al., 2013). Although tree shrews have often
been deemed a better model than birds or primates (including humans),
they reach maturity within 4 months, as compared with more than one
or two decades in humans. Further, tree shrews do not have a fovea in
their cone-dominant (~95% cones) retina.
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2.2. Scleral thickness associations

Scleral thickness measurements obtained histomorphometrically in
the anterior ocular segment are correlated with each other, but they are
not markedly related to scleral thickness measurements made in the
posterior segment. Similarly, posterior scleral thickness measurements
are related to each other, but they are not profoundly correlated with
anterior scleral thickness measurements (Vurgese et al., 2012). The
scleral thickness values recorded posterior to the equator are inversely
correlated with longer axial length (Vurgese et al., 2012). The regression
lines are steeper and the correlation coefficients are higher, the closer
the measurements are taken to the posterior region. In non-axially
elongated eyes, the association between scleral thickness and axial
length is not statistically significant, except for a relatively weak asso-
ciation between axial length and the scleral thickness at the posterior
pole. Subsequently, the sclera is significantly thinner at and posterior to
the equator in eyes with an axial length >26 mm vs < 26 mm, while the
scleral thickness at the ora serrata and at the limbus does not differ
significantly between both groups. In clinical studies, the anterior scleral
thickness was slightly inversely correlated with longer axial length
(Dhakal et al., 2020; Sung et al., 2021). One study found that scleral
thickness in the inferior anterior segment decreased in thickness in
myopia, whereas the scleral thickness in the nasal and temporal me-
ridians in the anterior segment were not correlated with myopic
refractive error (Dhakal et al., 2020).

The thickness of the peripapillary scleral flange is positively corre-
lated with central lamina cribrosa thickness and inversely correlated
with longer axial length. None of the scleral measurements taken at the
various locations of the globe are associated with central or peripheral
corneal thickness, independently of axial length. This finding is in line
with other studies (Oliveira et al., 2006), including the population-based
Central India Eye and Medical Study, in which central corneal thickness
was not found to be correlated with axial length (Nangia et al., 2010).
The observation that the scleral thickness in the anterior segment does
not correlate with the scleral thickness in the posterior segment suggests
that myopic axial elongation, including moderate myopia, takes place
predominantly in the posterior segment.

2.3. Scleral cross section area and volume

The scleral cross-section area, measured at or behind the equator,
decreases with longer axial length (Jonas, JB et al., 2014a). The scleral
volume is not related to axial length in individuals older than 3 years
(Jonas, JB et al., 2014a; Shen et al., 2016a), which suggests that axial
elongation is associated more with a re-modelling of the available scleral
tissue than with an active growth of new scleral tissue (Bryant and
McDonnell, 1998; McBrien et al., 2000; Rada et al., 2006). McBrien and
colleagues observed significant scleral thinning and scleral tissue loss,
especially at the posterior pole, in young tree shrews with induced
myopia (McBrien et al., 2001). After a period of 12 days of myopia in-
duction, the collagen fibril diameter distribution was not significantly
altered; however, after a period of 3-20 months of myopia induction,
significant reductions in the collagen fibril diameter were found,
particularly at the posterior pole. McBrien and colleagues concluded
that a loss of scleral tissue and subsequent scleral thinning occurred
rapidly during development of axial myopia, while an increased number
of small-diameter collagen fibrils in the sclera of highly myopic eyes of
tree shrews was observed only in the longer term. As discussed above, it
remains unclear to what degree these findings obtained in tree shrews
are applicable in humans.

2.4. Posterior staphyloma
A feature of highly myopic eyes, but occurring also in some non-

-highly myopic eyes, are posterior staphylomas, which are out-
pouchings of a circumscribed region of the posterior sclera (Curtin,
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1977; Hayashi, M et al., 2013; Lee, S et al., 2015; Liu et al., 2021;
Maruko et al., 2011; Mehta et al., 2006; Moriyama et al., 2011; Nakao
et al., 2022; Ohno-Matsui, 2014; Ohno-Matsui and Jonas, JB, 2019;
Park, JH et al., 2016; Park, UC et al., 2021; Saito et al., 2021; Scott et al.,
2005; Shinohara et al., 2016, 2017, 2018; Spaide, 2013; Tanaka et al.,
2019; Wang, NK et al., 2016). Upon OCT-based histology, a posterior
staphyloma is characterized by a relatively abrupt scleral thinning
starting at the staphyloma edge, a pronounced de-arrangement of scleral
collagen fibrils, and a marked choroidal thinning. The latter adds to an
axial elongation—-associated choroidal thinning and is most pronounced
at the staphyloma border. Although occurring predominantly in highly
myopic eyes, posterior staphylomas can also be detected in some non-
-highly myopic eyes, such as in eyes with retinitis pigmentosa or
localized Bruch’s membrane (BM) defects. Localized BM defects in eyes
with congenital colobomas and in eyes with macular toxoplasmotic scars
are usually accompanied by localized scleral staphylomas (Jonas, JB and
Panda-Jonas, 2016; Xu, X et al., 2019a) (Fig. 2).

According to a recent histological study, a staphylomatous region-
—as compared to a corresponding region without sclera staphyloma—is
characterized by marked scleral thinning and spatially correlated BM
defects, while the thickness and density of the choriocapillaris and RPE
cell layer and BM thickness did not differ significantly between the
staphylomatous vs. non-staphylomatous regions (Jonas, JB et al.,
2020a). While the pathogenesis of posterior staphylomas has so far
remained elusive, the clinical and histological findings may suggest that
local factors in BM and the choroid and/or a locally decreased biome-
chanical resistance of the sclera against a posteriorly expanding BM may
play a role. The markedly thinned sclera in the staphylomatous region in
spatial association with localized BM defects may suggest that a locally
reduced resistance of the sclera against a backward-pushing BM may
lead to a local outpouching of the sclera. BM may then, following the
increased scleral circumference, become overextended, and localized
BM ruptures may develop. This notion supports an active role for BM in
axial elongation in myopic eyes. Alternatively, BM defects may develop
initially, perhaps due to differences between the meridians in BM
growth in the fundus midperiphery (see below). The localized BM de-
fects may lead to a local outpouching of the sclera, similar to the
occurrence of scleral staphylomas in spatial association with congenital
BM defects, as in the case of colobomas, or in association with acquired
BM defects in non-highly myopic eyes, such as in the case of tox-
oplasmotic scarring (Jonas, JB and Panda-Jonas, 2016).

3. Choroid

The choriocapillaris is a dense, mono-layered capillary network, the
basal membrane of which covers the posterior surface of BM (Jonas, JB
et al., 2011; Lejoyeux et al., 2022; Schachat et al., 2017) (Fig. 3). The
choriocapillaris is the inner layer of the choroid. As shown in numerous
clinical studies, the thickness of the choroid decreases with longer axial
length (Hoseini-Yazdi et al., 2019; Flores-Moreno et al., 2013; Fujiwara
et al., 2009; Ikuno and Tano, 2009; Jonas et al., 2019; Margolis and
Spaide, 2009; Moriyama et al., 2007; Spaide et al., 2008; Wei et al.,
2013). The axial length-associated reduction in choroidal thickness is
most marked in the subfoveal region and decreases towards the pe-
riphery. In a study of 27 healthy young adults, Hoseini-Yazdi and col-
leagues did not find significant differences in choroidal thickness at a
distance of 14 mm from the fovea between emmetropic eyes and myopic
eyes (Hoseini-Yazdi et al., 2019). The subfoveal choroidal thickness
decreases by approximately 32 pm (95% confidence interval [CI]:
37.1-26.0) for each millimeter increase in axial length, and by 4.1 pm
(95%CI: 4.6-3.7) for each year increase in age, after adjusting for
additional parameters such as sex (Fujiwara et al., 2009; Spaide et al.,
2008; Wei et al., 2013).

The choroidal thickness reduction affects most prominently the layer
of the medium- and large-sized choroidal vessels (Xu et al., 2017).
Correspondingly, the percentage of the large choroidal vessel layer and
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Fig. 2. Optical coherence tomographic (OCT) image of a coloboma, showing the defect in Bruch’s membrane (red arrows).

Fig. 3. Histo-photograph showing Bruch’s membrane and the choriocapillaris.

of the medium-sized choroidal vessel layer on the total choroidal
thickness decreases with longer axial length (Xu et al., 2017; Zhao et al.,
2018). In contrast to the thickness of the medium- and large-sized
choroidal vessels, the thickness of the choriocapillaris, measured histo-
morphometrically, may not be related to axial length (Panda-Jonas
et al, 2021). Complementing the histomorphometric findings,
OCT-angiographic studies reported that myopic eyes and non-myopic
eyes did not differ significantly in the choriocapillaris perfusion area
and that the choriocapillaris perfusion area in the foveal region was not
associated with axial length (Al-Sheikh et al., 2017; Cheng, W et al.,
2021, 2022). Mo and colleagues found that OCT-angiographic patterns
of the choriocapillaris did not vary between emmetropic eyes and highly
myopic eyes with or without pathological myopia (Mo et al., 2017).

Scherm and colleagues reported that the subfoveal pattern of the cho-
riocapillaris was not associated with axial length or choroidal thickness
(Scherm et al., 2019).

In another OCT-angiographic clinical study, Al-Sheikh and associates
found a lower total number of signal voids in the choriocapillaris,
whereas the total and average flow void area was significantly higher, in
a myopic study group compared with in a non-myopic control group
(Al-Sheikh et al., 2017). The myopia-associated decrease in total
choroidal thickness was not significantly associated with quantitative
parameters of the choriocapillaris (Al-Sheikh et al., 2017). Jiang and
coworkers found no differences in the overall vascular density in the
choriocapillaris, as measured by OCT-angiography, between highly and
non-highly myopic persons (Jiang et al., 2021). Applying swept-source
optical coherence tomography angiography, Cheng and colleagues re-
ported that longer axial length was associated with a higher chorioca-
pillaris flow deficit in the perifoveal region, but not in the parafoveal
region or in the fovea (Cheng, W et al., 2022).

In contrast to the histomorphometric study and the clinical studies
mentioned above, a study using OCT-angiography reported that the
choroidal vascularity and choriocapillaris blood perfusion decreased
with longer axial length and choroidal thinning, and that both param-
eters were lower in the more myopic eyes of anisomyopic adults (Wu
et al., 2021). In a community-based cohort of young adults, choroidal
thickness showed changes during early adulthood. Choroidal thickening
was less marked in eyes that were longer at baseline, and the choroid
thinned in eyes that showed myopia progression (Lee, SS et al., 2022a).
In eyes with myopic maculopathy, regions of patchy atrophy (categories
3 and 4 of myopic maculopathy) showed a complete loss of the cho-
riocapillaris and of the large choroidal vessels (Sayanagi et al., 2017).
Eyes with category 2 of myopic maculopathy (“diffuse choroidal atro-
phy”) revealed a low-density pattern of the choriocapillaris. In another
clinical investigation, a lower choriocapillaris flow was detected in
myopic eyes with diffuse chorioretinal atrophy (stage 2 of myopic
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maculopathy), in eyes with patchy atrophies (categories 2 and 3 of
myopic maculopathy), and in some eyes with tessellated fundus (Wong,
CW et al., 2019). One of the reasons for the differences between the
studies may be the inclusion of eyes with pathological myopia in some
clinical study populations. Macular BM defects in eyes with category 3+
of myopic maculopathy do not have a choriocapillaris in the region of
the patchy atrophy. If areas with BM defects were included into the
measurements, the mean thickness and density of the choriocapillaris as
averaged across the total examination area would be lower, as if the
patchy atrophy regions were excluded.

4. Bruch’s membrane

Bruch’s membrane (BM) consists of a collagenous layer, an elastic
layer, and a collagenous layer, and it is covered on both sides by basal
membranes; on its inner side by the basal membrane of the RPE, and on
its outer side by the basal membrane of the choriocapillaris (Curcio and
Johnson, 2012; Guymer and Bird, 2006) (Fig. 3).

According to histomorphometric studies on enucleated Caucasian
human eyes, BM is thickest in the region of the pars plana, while its
thickness does not differ markedly between other locations at or behind
the equator of the eye (Jonas, JB et al., 2014b). BM thickness is not
significantly associated with axial length (Jonas, JB et al., 2014b).
Consequently, the ratio of scleral thickness to BM thickness and the ratio
of choroidal thickness to BM thickness significantly decreases with
longer axial length for measurements taken posterior to the equator,
since retinal and choroidal thickness, measured at or posterior to the
equator, decrease with longer axial length. In a parallel manner, a study
on enucleated Chinese eyes revealed that in eyes without congenital
glaucoma, BM was the thickest at the ora serrata, followed by the pos-
terior pole, the posterior pole/equator midpoint, and, finally, the
equator (Bai et al., 2017). Also in the Chinese eyes, BM thickness was not
significantly correlated with axial length at any location. Similar find-
ings were obtained in a histomorphometric study on guinea pigs (Deng
etal., 2019). Since the distance between the ora serrata and the posterior
pole elongates with longer axial length, implying an enlargement of the
surface area of BM, the finding that BM thickness is independent of axial
length indicates an increase in BM volume along with axial elongation. It
supports the notion that the process of axial elongation may be associ-
ated with a growth of BM. In contrast, the thickness of the choroid and
sclera decrease with longer axial length, and choroidal and scleral vol-
ume are independent of axial length. These findings imply that the axial
elongation-related thinning of the sclera and choroid is a
re-arrangement of the available scleral and choroidal tissue, rather than
active formation of new tissue (Jonas, JB et al., 2017b).

If BM actively enlarges during axial elongation, the question arises
whether BM enlargement occurs in a diffuse manner or predominantly
in special locations of the eye. Assuming that the numbers of RPE cells
and photoreceptor cells are postnatally stable, and taking into account
that BM underlies both cell layers, one may consider regional differences
in associations between the RPE cell density or the photoreceptor den-
sity with axial length as surrogate for a localized enlargement of BM.
Studies conducted separately on eyes of Caucasians and Chinese
revealed that the densities of the photoreceptors and RPE cells in the
region of the posterior pole/equator midpoint, at the equator and close
to the ora serrata decreased with longer axial length (or alternatively
with longer retinal length) (Bai et al., 2017; Jonas, JB et al., 2017c;.own
unpublished data). The decrease was most marked at the posterior
pole/equator midpoint, followed by the equator, and it was less marked
close to the ora serrata. The RPE cell density at the posterior pole was not
related to axial length. The densities of both cell types were positively
correlated with each other, and the axial length-related decrease in cell
density did not differ significantly between the RPE and photoreceptor
cells at the equator and at the posterior pole/equator midpoint. Corre-
spondingly, the ratio of photoreceptor density to RPE cell density was
independent of axial length at those locations. These findings suggest
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that the axial elongation-associated enlargement of BM takes place
predominantly in the retro-equatorial region, followed by the equatorial
region.

Fitting with this notion, a study of RPE progenitor cells showed that
in domestic pigs that underwent either experimental RPE debridement,
subretinal amniotic membrane transplantation, or both, the in vivo
incorporation of 5-bromo-2'-deoxyuridine (BrdU) in RPE cells was
detectable in the peripheral fundus region, but not in the central region
(Kiilgaard et al., 2007). As a corollary, after 1 and 4 days of cell
culturing, pre-equatorial RPE cells incorporated significantly more [>H]
thymidine than had more centrally located RPE cells. The results suggest
a higher proliferative capacity in peripheral vs. central RPE cells. As a
corollary, the expression of genes related to extracellular matrix pro-
duction or turnover differed between the periphery and the center of the
fundus. A microarray analysis by Van Soest et al. (2007) found that the
macular and peripheral RPE differed in the expression of 438 genes, 33
of which were related to the extracellular matrix and some of which
encoded proteins known to be present in BM.

Studies on human eyes reported that BM thickness increased with
older age (Pauleikhoff et al., 1990; Ramrattan et al., 1994). An
age-related increase in BM thickness may be attributed to a lifelong
production and deposition of basal membrane material, with BM being
covered by two basal laminae (Curcio and Johnson, 2012; Guymer and
Bird, 2006; Guymer et al., 1999; Pauleikhoff et al., 1990; Ramrattan
et al., 1994).

4.1. Biomechanical properties of Bruch’s membrane

The biomechanics of BM has been explored experimentally (Friberg
and Lace, 1988; Ugarte et al., 2006; M. Wang et al., 2018) (Fig. 4). The
elastic modulus of BM (with the choroid attached) was examined by
Ugarte and colleagues, who investigated the pressure-deformation
relationship and defined the elastic modulus of BM as a strain-to-stress
ratio with units in mm/Pa (Ugarte et al., 2006). Applying various hy-
drostatic pressures (stress) to the surface of BM samples obtained from
the mid-peripheral fundus region, Ugarte and colleagues found that the
elasticity of BM (with the choroid attached) in human eyes decreased
linearly with older age after the age of 21 years, with an approximate
reduction of 1% per year of age, without a detected influence of the
presence of age-related macular degeneration. The recoil capacity of BM
was not affected by ageing. Using a linear elastic material model, Friberg
and associates examined the elastic modulus of BM and found that the
modulus of elasticity of BM (with the choroid attached) was significantly
greater in posteriorly vs. anteriorly located samples (7.5 + 7.0 vs. 2.2 +
1.5 x 10° N m~2), with a mean elasticity modulus for all locations of 6.0
+ 2.8 x 10° N m 2 and a mean stress at failure of 3.3 + 1.3 x 10° N m 2
(Friberg and Lace, 1988). The mean elasticity modulus of scleral strips

Fig. 4. Pig eye with the sclera peeled off showing the underlying dark uvea; the
exposed uvea with Bruch’s membrane and retina is withstanding an intraocular
pressure caused by the squeezing fingers.
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was 2.9 + 1.4 x 10° N m~2 for the anterior sclera and 1.8 = 1.1 x 10N
m ™2 for the posterior sclera at stress levels ranging from 20 to 260 x 10*
N m 2 (Friberg and Lace, 1988).

Applying uniaxial tensile tests and performing burst tests, Girard and
colleagues determined the biomechanical properties and the rupture
pressure of BM (with the choroid attached) in pig eyes (X. Wang et al.,
2018). The uniaxial tensile tests revealed an average elastic (tangent)
modulus of BM at 0% and 5% strain of 1.60 + 0.81 MPa and 2.44 + 1.02
MPa, respectively. The burst examinations demonstrated that BM could
withstand an average intraocular pressure of 82 mm Hg before rupture.
These findings indicated that BM is a nonlinear soft tissue (stiffer with
stretch), similar to other collagenous tissues such as the dura or peri-
papillary sclera (Girard et al., 2009; Wang et al., 2016). The elastic
modulus of BM is comparable or higher than that of the sclera (0.2-0.5
MPa for an intraocular pressure of approximately 15 mm Hg; 7.96 +
1.00 MPa at 8% strain), of the cornea (0.1-0.5 MPa), of the retina (0.011
MPa), and of the iris (0.004 MPa) (Elsheikh et al., 2008; Ko et al., 2013;
Leung et al., 2014; Liu, J and He, 2009; Liu, TX and Wang, 2013; Pier-
scionek et al., 2007; Whitcomb et al., 2009; Worthington et al., 2014).

The relatively high rupture pressure of BM, which is capable of
maintaining the intraocular pressure up to a level of about 80 mm Hg,
suggests that BM may be the second-strongest tissue in the eye, second
only to the corneoscleral shell. It points at the biomechanical importance
of BM for the structural stiffness and stability of the eye. Studies
exploring the biomechanical properties of BM in axially elongated eyes
are both lacking and warranted.
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4.2. Bruch’s membrane defects

In axially elongated eyes—especially in those with an axial length
exceeding 26.5 mm—BM can develop secondary defects in the macular
region (Du et al.,, 2020; Jonas et al., 2013a; Meng et al., 2022a;
Ohno-Matsui et al., 2016a; You et al., 2016) (Figs. 5-9). They can be
differentiated from the primary BM defect, which is the BM opening
(BMO) of the optic nerve head. The secondary BM defects in the macular
region are surrounded by larger defects in the RPE layer. In a recent
histomorphometric study, the mean width of macular BM defects was
1.93 + 1.62 mm (range: 0.22-6.24 mm) (own unpublished data). A
higher prevalence and larger size of macular BM defects is associated
with longer axial length and a higher prevalence of posterior staph-
ylomas. The BM defects are smaller than the defects in the overlying RPE
(1.9 + 1.6 mm vs. 2.6 mm + 1.7 mm), are larger than defects in the
overlying retinal inner nuclear layer (0.4 &+ 0.8 mm), and are larger than
so-called inner limiting membrane (ILM) bridges (0.1 + 0.3 mm) (own
unpublished data). The choriocapillaris, BM and the RPE cell layer do
not differ significantly in thickness between the border of the BM defect
and neighboring regions. In the area of the macular BM defects, the RPE
and the choriocapillaris are completely absent, and the layers of mid-
and large-sized choroidal vessel are mostly missing. Correspondingly,
the inner retinal layers have direct contact with the inner surface of the
sclera in the region of the BM defect. Within the BM defects, the sclera is
thinner (0.28 + 0.19 mm vs. 0.36 + 0.13 mm) relative to neighboring
regions. It has remained unclear why these secondary macular BM de-
fects show no leaking of fluid from the choroidal space into the retinal
space.

The macular BM defects, as detected by light microscopy, correspond

Fig. 5. Fundus photograph and optical coherence tomographic (OCT) image of the fundus of a highly myopic eye with a “patchy atrophy” (category 3 of myopic
maculopathy); red arrows: end of retinal pigment epithelium layer and Bruch’s membrane, indicating a defect in both layers.
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Lacquer
Crack

Fig. 6. Fundus photograph and optical coherence tomographic (OCT) image of the fundus of a highly myopic eye in 2001 (upper left image) and in 2011 (upper right
eye), after having developed lacquer cracks (green arrow) and extrafoveal patchy atrophies (black ovals), in association with an enlarging parapapillary gamma zone
and developing delta zone; the OCT images, taken in 2011, show a Bruch’s membrane defect corresponding to the patchy atrophy.
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Fig. 7. Fundus photograph and optical coherence tomographic (OCT) image of the fundus of a highly myopic eye, having developed a fovea “patchy atrophy”
(category 4 of myopic maculopathy) in 2011 (right upper image) out myopic macular of a macular neovascularization in 2001 (left upper image); Note: enlarging
parapapillary gamma zone and delta zone.
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Fig. 8. Fundus photograph and optical coherence tomographic (OCT) image of the fundus of a highly myopic eye in 2001 (upper left image) and in 2011 (upper right
eye), after having developed extrafoveal patchy atrophies; the OCT images, taken in 2011, show Bruch’s membrane defects corresponding to the patchy atrophies;

green arrow: lacquer crack.

to the macular patchy atrophies as the main element of the definition of
stage (category) 3 of myopic maculopathy (Ohno-Matsui et al., 2015).
The histology of the macular BM defects with the lack of RPE cells and
photoreceptors implies that they correspond to an absolute scotoma in
the visual field. Future studies are encouraged to explore whether BM
defects without myopic macular neovascularization differ from those
with myopic macular neovascularization (Xie et al., 2021).

It may be considered that, as described by Spaide and others, mac-
ular BM defects can occur also in non-highly myopic eyes, such as in
patients with Stargardt’s disease or in eyes with pseudoxanthoma elas-
ticum and peripapillary atrophy (Park et al., 2012; Spaide and Jonas,
2015).

5. Retinal pigment epithelium (RPE)

The RPE forms a monolayer of hexagonally arranged cells, which are
most dense in the foveal region. In a morphometric study on enucleated
normal human donor eyes, the total number of RPE cells was 3,556,000
+ 491,000 (range: 2,130,500-4,653,200 (Panda-Jonas et al., 1996). The

total RPE cell count increased along with a higher number of rods and
cones, a larger total retinal surface area, and a larger optic disc area. The
RPE cell density decreased from the fovea (4200 + 730 cells/mm?) to
the mid-periphery (3000 =+ 460 cells/mm?) and to the outer peripheral
fundus regions (1600 + 411 cells/mm?). In the retinal periphery, the
RPE cell density was highest in the nasal fundus region compared with
any other fundus quadrant. The RPE cell density decreased by about
0.3% per year with increasing age.

In recent histomorphometric studies of human eyes, the RPE cell
density in the equatorial region and at the posterior pole/equator
midpoint decreased with longer axial length, while it was less signifi-
cantly or not at all associated with axial length at the ora serrata and at
the posterior pole (Bai et al., 2017; Jonas, JB et al., 2017¢, 2020b). In a
similar manner, the RPE cell density in eyes of guinea pigs with
lens-induced axial elongation decreased with longer axial length at the
posterior pole/equator midpoint (and at the posterior pole) (Deng et al.,
2019). In human eyes, the RPE cell density correlated with the density of
the photoreceptors. Both parameters, measured in the retro-equatorial
region (posterior pole/equator midpoint) and equatorial region,
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Fig. 9. Fundus photograph and optical coherence tomographic (OCT) image of the fundus of a highly myopic eye in 2001 (upper left image) and in 2011 (upper right
eye), after having developed a foveal patchy atrophy; the OCT images, taken in 2011, show Bruch’s membrane defects and central retinal pigment epithelium

proliferations in the foveal region.

decreased with longer axial length and longer retinal length (Bai et al.,
2017; Jonas, JB et al., 2017c; own unpublished data). Assuming a
postnatal constancy in the number of RPE cells, the decrease in the RPE
cell density found predominantly in the retro-equatorial region (poste-
rior pole/equator midpoint) and equatorial region fits with the notion of
an axial elongation-related regional enlargement of BM in the
retro-equatorial and equatorial region (Jonas, JB et al., 2017b).

5.1. Secondary RPE defects

Highly myopic eyes with stage (category) 3 or 4 of myopic macul-
opathy show so-called patchy atrophies in their macular region. Upon
OCT-based histology and as examined histologically by light micro-
scopy, these patchy atrophies correspond to round RPE defects, a sub-
stantial proportion of which additionally show a BM defect in their
centers (Jonas, JB et al., 2013a; Ohno-Matsui et al., 2016b; own un-
published data). The RPE defects with central BM defects are larger than
the RPE defects without additional central BM defects. All macular BM
defects have a defect in the overlying RPE layer. In the follow-up, RPE
defects without central BM defect can enlarge and develop a central BM
defect (Ohno-Matsui et al., 2016b).

These observations suggest that both forms—RPE defects without or
with central BM defects—belong to the same entity and that the larger
RPE defects with central BM defects represent a more advanced stage
(own unpublished data). It may imply that an RPE defect is initially
developed in patchy atrophies, followed by a central BM defect, while
the RPE defect enlarges concurrently. One may suggest that an axial
elongation-associated stretching effect is the etiological basis for both
phenomena. Considering that the RPE basal membrane is much thinner
than the BM, the RPE basal membrane (and the RPE cell layer), relative

to the BM, may be biomechanically weaker and rupture first.

The first stage of an RPE rupture may be a lacquer crack, which OCT-
based histology reveals is characterized by an increased transmission of
light into the choroidal and scleral space in association with an RPE
lesion. Corresponding linear BM defects are not typically detected in
these regions (Xu et al., 2019b). If an axial elongation-induced rupture
of the RPE occurs, first in the shape of a lacquer crack and later widening
into a round defect (i.e., a patchy atrophy), one may wonder whether the
RPE cells in the RPE defect region became lost or whether the RPE sheet
developed a small opening and slipped away during the enlargement of
the opening. The notion of a slippage of the RPE is supported by ob-
servations obtained in eyes with age-related macular degeneration in
which prominent detachments of the RPE can be found. These RPE de-
tachments may be detachments of the RPE basal membrane from the
underlying BM (consisting of a collagenous, elastic, and collagenous
layer). A detachment of the RPE cells from their basal membrane, with
the latter then still resting on BM, may be unlikely, since the RPE cells,
like other cells of ectodermal origin, are firmly attached to their basal
membranes. In addition, a sheet of RPE cells without their connecting
basal membrane may get dissolved and transform into a cell suspension.

Another example of a temporary RPE detachment is the development
of RPE rolls at the margin of the BM opening at the optic nerve head.
These parapapillary RPE rolls occur in association with a marked rise in
intraocular pressure (IOP) and decrease in height when the IOP nor-
malizes again (Wang, YX et al., 2015a). Another example is the decrease
in the height of some RPE detachments in the macular region when the
IOP increases (Wang, YX et al., 2015b). These examples may serve to
support the notion that the RPE, with its basal membrane, is not firmly
connected to the main layers of BM and may be able to slide. If the
notion of a sliding RPE is valid, an axial elongation-related increased
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strain within the RPE layer in the posterior ocular segment in highly
myopic eyes may first lead to an enlargement of the physiologic opening
of the RPE layer in the optic nerve head canal region; in other words, to
the development and enlargement of a parapapillary (myopic) beta zone
characterized by the presence of BM and the absence of RPE in the
parapapillary region. Such a myopic beta zone is typically found in
myopic eyes and arises from an enlargement of the RPE opening of the
optic nerve head canal. The development of such a myopic beta zone
may occur parallel to, but independent of, the development of a para-
papillary gamma zone.

While the etiology of a myopic beta zone may be due to the axial
elongation-associated enlargement of the inner surface of the eye, the
development of a gamma zone in moderately myopic eyes may be
caused by a temporal shift of the BMO in relationship to the lamina
cribrosa. Such a temporal BMO shift may be caused by an enlargement of
BM in the mid-periphery of the fundus (see below for further details). If
the axial elongation-related enlargement of the RPE opening of the optic
nerve head canal (i.e., myopic beta zone) does not lead to a sufficient
relaxation within the RPE cell layer (and its basal membrane), secondary
defects in the macular RPE layer may develop, first in the form of linear
defects (lacquer cracks). Therefore, the RPE defects in the macular re-
gion may not be due to a loss of RPE cells but, rather, due to the
development of an initially small (linear) RPE defect (lacquer crack),
which eventually widens to a patchy atrophy. Typically, the lacquer
cracks are orientated in a perpendicular angle to the shortest optic disc
diameter and to the maximal with of parapapillary gamma zone (Jonas
JB et al., 2022a; Jonas RA et al., 2021a). The enlargement of lacquer
cracks to patchy atrophies has been observed clinically (Xu, X et al.,
2019b). Fitting with the notion of a sliding RPE is the observation that
the defect in the overlying photoreceptor layer (outer nuclear layer) in
the region of the BM defects is smaller than the RPE defect (own un-
published data). This finding corroborates the idea that the RPE layer
can slip away beneath the photoreceptors, while the less mobile pho-
toreceptors remain firmly connected to the inner retinal structures.

6. Retinal photoreceptor layer

Assuming a postnatal constancy in the photoreceptor count, regional
differences in associations between the photoreceptor density and axial
length can be used as surrogate for regional differences in the enlarge-
ment of the underlying tissue; namely, BM and the sclera. Assessing the
photoreceptor density in anterior—posterior histological sections of
enucleated human eyes revealed a decreased density along with longer
axial and retinal length (measured from the ora serrata to the posterior
pole). The axial length-related decrease in the photoreceptor density
was most marked at the posterior pole/equator midpoint, followed by
the equatorial region, and, finally, the region near the ora serrata (own
unpublished data). In that study, the photoreceptor density at the pos-
terior pole was not measured. The regional photoreceptor density was
correlated with the regional RPE cell density. In a similar study, the
thickness of the retina (measured as thickness of the inner and outer
nuclear layers combined) at the equator and at the posterior pole/
equator midpoint decreased with longer axial length (Jonas, JB et al.,
2016a). These observations support the hypothesis of a regional
enlargement of the underlying tissue—BM and the sclera—in the fundus
mid-periphery during the process of axial elongation.

The retinal thickness (as measured by OCT) in the foveal center and
in the parafoveal regions is not significantly associated with axial length
or even slightly increases with longer axial length (Deng et al., 2019;
Jonas, JB et al., 2016a). Correspondingly, the thickness of the photo-
receptor layer in the fovea region is not related, or not markedly related,
to axial length (Kim, TY et al., 2020). In the study population of the UK
biobank, the combined thickness of the layers from the inner nuclear
layer to the RPE increased with more hyperopic refractive error, after
adjusting for younger age, male sex, non-Black ethnicity, no smoking,
lower systolic blood pressure, higher intraocular pressure, and higher
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corneal hysteresis (Chua et al., 2019). The topic has been addressed in
other studies (Dabir et al., 2015; Eckmann-Hansen et al., 2021; Mirha-

jianmoghadam et al., 2020; Trinh et al., 2022; Wang, Y et al., 2019;

Woog and Legras, 2019). Applying adaptive optics scanning laser
ophthalmoscopy, Wang and colleagues found that the foveal cone
mosaic was expanded in eyes with longer eyes, but not in proportion to
eye length (Wang, Y et al., 2019). Considering the optics of a myopic
eye, eyes with longer axial length, compared with eyes with normal axial
length, had a higher cone angular sampling density (measured in con-
es/deg?) in and around the fovea, despite the decrease in the cone
density (measured as cones/mm?). Eckmann-Hansen et al. (2021), also
applying adaptive optics scanning laser ophthalmoscopy, found a 9.7%
decrease in absolute cone density for each mm increase in axial length,
while the angular cone density showed a 0.84% decrease for each mm
increase in axial length. These results could explain why best corrected
visual acuity was independent of axial length (Shao et al., 2014).

If the macular BM does not enlarge in axial elongation (Jonas, JB
et al., 2015), the question arises as to why the thickness of the outer
nuclear layer (slightly) decreases in longer eyes. A possible explanation
may be that the retina, fixed to the ora serrata, increases in surface area
during axial elongation. This would impart strain on the retina, leading
to a retinal thinning predominantly in the mid-periphery of the fun-
dus—and presumably leading to a decrease in photoreceptor density in
that region—while the effect of the retinal stretching in the macular
region may be the smallest relative to other fundus regions. However, it
would nonetheless lead to a slight but statistically significant decrease in
ONL thickness in the macular region.

7. Retina
7.1. Retinal length

Axial myopia is characterized by an elongation of the sagittal
diameter of the eye and, to a minor degree, by an enlargement of the
ocular coronal diameters (Atchison et al., 2004; Cheng, HM et al., 1992;
Guo, Y et al., 2017; Heine, 1899; Jonas, JB et al., 2017d; Logan et al.,
2004; Matsumura et al., 2019; Meyer-Schwickerath et al., 1984). Longer
axial length is associated with a longer retina as measured from the ora
serrata to the posterior pole and, to a minor degree, it is related to a
longer ciliary body. For each millimeter increase in sagittal globe
diameter, the retinal length increases linearly by 0.73 mm (95%CI:
0.65-0.81), and the ciliary body length increases by 0.16 mm (95%CI:
0.12-0.20) (Panda-Jonas et al., 2022). Ciliary body length is nearly
constant beyond an axial length of 30 mm. Correspondingly, axial
elongation is mainly associated with an increase in the length of the
vitreous body compartment.

The elongation of the retina in myopic eyes has clinical importance.
The retina elongates by 4.3 mm, if the axial length increases from 24 mm
in a roughly emmetropic eye to 30 mm in a highly myopic eye. This
retinal lengthening primarily affects the retinal structures connecting
the deeper retinal layers with the optic disc; these structures are the ILM
and the retinal nerve fibers. Assuming that the axons of the retinal
ganglion cells are not elastic, any lengthening of the retinal nerve fibers
will lead to a mechanical strain, which could result in their damage and
loss, and it would result in a non-glaucomatous optic neuropathy. This
assumption agrees with clinical findings that high axial myopia can be
associated with a non-glaucomatous optic nerve damage (Bikbov et al.,
2020). If one assumed that myopic enlargement did not differ between
the equatorial region, the mid-peripheral region, and the central region
at the posterior pole, the lengthening of the retinal nerve fibers would
increase with the distance to the optic disc. In that case, retinal nerve
fibers originating in the retinal periphery would be lengthened most. As
discussed above, however, axial elongation is associated predominantly
with an enlargement of the eye wall in the retro-equatorial and equa-
torial regions. In that case, all axons of the retinal ganglion cells located
within or anteriorly to that region will be lengthened and stretched,
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while the axons of the retinal ganglion cells located centrally to that
location will be less affected. These assumptions fit with the clinical
observation of a concentric constriction of the visual field in highly
myopic eyes (Fledelius et al., 2019).

Other than the retinal nerve fibers, the ILM is the other structure
directly extending from the retina to the optic disc. Any elongation of the
retina will lead to an elongation of the ILM. Since the ILM, as a basal
membrane (similar to the lens capsule or BM), is not elastic but stiff, an
elongation of the ILM will increase its strain (Wang, X et al., 2018).
Particularly in eyes with a posterior staphyloma in which the distance to
the optic disc has locally further enlarged, the ILM stretch may lead to an
intraretinal detachment of the ILM, similar to a washing-line phenom-
enon. Such a washing-line phenomenon could cause a secondary split-
ting of the retina, into an inner part clinging to the ILM, and an outer
part with the retinal photoreceptors firmly connected to the RPE and
BM. It could explain the development of a myopic macular retinoschisis.

Other than affecting the ILM and retinal nerve fiber layer, the in-
crease in the distance to the optic disc also affects all other retinal layers,
since the local enlargement of their underground (i.e., BM) leads to a
decrease in their density (Fig. 10). This notion is based on the assump-
tion that the retinal cells do not undergo mitosis in adolescence or later,
and that axial elongation leads to an enlargement of the inner surface of
BM in that region. A decreased photoreceptor cell density may directly
cause a reduction in spatial resolution and, in association with a
decreased density of the cells of the inner nuclear layer and retinal
ganglion cell layer, an enlargement of receptive fields. Correspondingly,
clinical studies have revealed that at peripheral retinal loci, resolution
acuity declined linearly with the magnitude of myopic refractive error
(Chui et al., 2005). Relative to emmetropic eyes, eyes with a myopic
refractive error of —15 diopters had twice as much spacing between
retinal receptive units and, thus, 50% of the peripheral resolution acuity
(Chui et al., 2005).

7.2. Fovea—optic disc distance

The fovea-optic disc distance increases with longer axial length due
to the development and enlargement of a temporal gamma zone (Jonas
RA et al., 2015a) (Fig. 10). Since the distance between the superior and
inferior temporal vascular arcade is independent of axial length, the
angle between the temporal vascular arcade decreases with longer axial
length (Jonas RA et al., 2015b, 2018a). What results is a crowding of the
retinal nerve fiber layer in the temporal region of the optic nerve head
and, correspondingly, to a relative thinning of the retinal nerve fiber
layer in the other regions (Jonas, JB et al., 2022b; Jonas RA et al., 2015b;
Zhang, Q et al., 2021). In particular, the locations of the peaks of the
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retinal nerve fiber layer thickness profiles move in the direction of the
temporal position (Zhang, Q et al., 2021). These changes in the retinal
nerve fiber layer thickness profile, occurring in association with the
axial elongation-associated decrease in angle kappa, must be taken into
account when diagnosing an optic nerve damage, based on the peri-
papillary retinal nerve fiber layer thickness profile.

The increase in the fovea—optic disc distance leads to an elongation,
and potentially stretching, of the retinal nerve fibers running in the
papillo-macular bundle (Jonas, RA et al., 2021b), which could lead to
non-glaucomatous optic nerve damage. This might explain the occur-
rence of paracentral scotomas in highly myopic eyes in which the
macular morphology cannot explain the etiology of paracentral sco-
tomas (Bikbov et al., 2020). Retinal nerve fibers, which run primarily in
an arcuate manner from their retinal ganglion cells to the optic disc, may
compensate for the increased distance to the optic disc by taking a
straighter course. Correspondingly, retinal vessels take a straighter
course towards the optic disc in highly myopic eyes with progressive
myopization (Jonas, RA et al., 2021b).

7.3. Cobblestones

So-called “cobblestones”, or retinal cobble stone degeneration,
develop in the equatorial and pre-equatorial region of axially elongated
eyes (Grossniklaus and Green, 1992). In a recent histomorphometric
study on human enucleated globes, BM thickness and thickness and
density of the choriocapillaris were significantly lower in the cobble-
stone region than in the area just beyond the cobblestone region, or in
corresponding regions of eyes without cobblestones (Jonas, SB et al.,
2022). The cobblestone regions were characterized by an apparently
firm adhesion between a disorganized retina and a thinned and intact
BM, an abrupt termination of the normally-appearing RPE layer at the
cobblestone border, some islands of RPE cells within the cobblestone
region and, except for the RPE islands, an absence of intraretinal or
subretinal RPE proliferations and absence of regional scleral thinning.
Interestingly, BM within the cobblestone regions, except for the areas of
the RPE islands, appeared mostly to be monolayered, in contrast to its
double-layered appearance beyond the cobblestone region. The inner
layer of BM terminated in the border region of the cobblestone region,
and it was absent within the cobblestone regions, except for the areas
with RPE islands (Jonas, SB et al., 2022).

The etiology of cobblestones in myopic eyes has remained elusive to
date. Grossniklaus discussed a relationship between mechanical
stretching and a vascular compromise of the pathologically myopic eye
and the development of choroidal ischemic atrophy of the RPE and
overlying retina (Grossniklaus and Green, 1992). In a study applying

Fig. 10. Fundus photograph of the fundus of a highly myopic eye in 2001 (upper left image) and in 2011 (upper right eye, showing the elongation of the optic
disc—fovea distance (2011: black bar; 2011: black bar + green bar [elongation from 2001 to 2011]), and the widening of the parapapillary gamma zone by the same

amount (2001: red bar; 2011: red bar + green bar [elongation]).
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OCT imaging of peripheral retinal lesions, Ghazi and colleagues
described an enucleated and formalin-fixed eye with a cobblestone
(paving stone) degeneration, which upon OCT examination showed an
abnormally high reflectivity at the level of the BM line, while the
equivalent histological image demonstrated, as in the histomorpho-
metric study cited above, an absence of RPE, an outer retinal layer, and
choriocapillaris (Ghazi et al., 2006). In the cobblestone region, the OCT
did not show cystoid spaces, which are otherwise typical for a peripheral
retinal cystoid degeneration with Blessig-Iwanoff cystoid spaces. Ghazi
and colleagues considered that the hyperreflectivity seen on the OCT
image may have resulted from increased signal transmission caused by
the RPE cell loss, with backscattering from the residual choroid and
inner sclera.

Based on the histological and clinical observations concerning the
morphology of cobblestones, it is possible that the axial elonga-
tion-associated enlargement of the inner ocular surface leads to a
stretching and increased strain within the RPE layer at the posterior pole
and in the periphery of the fundus, where the main enlargement of the
ocular coats (e.g., BM) may occur. Such a strain within the RPE layer
may lead to focal defects in the RPE layer in the form of cobblestones,
explaining the absence of RPE and the inner BM layer in the cobblestone
region with a secondary destruction of the photoreceptor cell layer and
thinning of the choriocapillaris, while the middle and inner retinal
layers, the layer of medium- and large-sized choroidal vessels, and the
sclera were stretched, but not directly affected.

7.4. Tissue shift in association with axial elongation

In the population-based longitudinal Beijing Eye Study 2001/2011
with a follow-up of 10 years, a shift of large choroidal vessels in rela-
tionship to retinal vessels was observed in 47 (55%) out of 85 highly
myopic eyes (Jonas, JB et al., 2021a). The shift occurred most often in
the disc—fovea line and corresponded to the gamma zone enlargement in
eyes with a parapapillary gamma zone without choroidal vessels. In eyes
in which a gamma zone showed some large choroidal vessels, the
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choroidal shift was smaller than the enlargement of the gamma zone. In
the region of a developing or enlarging diffuse chorio-retinal atrophy
(stage [category] 2 of myopic maculopathy) or a macular patchy atro-
phy (stage [category] 3 or 4 of myopic maculopathy), the choroidal
inter-vessel distance increased, suggesting a choroidal vessel shift or
spreading in a direction perpendicular to the longest diameter of the
lesion. In eyes with a macular BM defect with choroidal vessels, the
inter-vessel distance in the choroidal large vessel layer did not change
notably (Jonas, JB et al., 2021a). The finding of a decrease in the large
choroidal vessel density (i.e., an increase in the choroidal inter-vessel
distance) confirms a previous report by Moryama and colleagues, who
also observed a decrease in the number of large vessels in the choroid
(Moriyama et al., 2007).

The changes in the position of the large choroidal vessels occurring in
association with an enlargement of a parapapillary gamma zone may be
explained by a shift of BMO into the temporal direction in axially
elongating eyes (Figs. 10-12). The BMO shift leads to an overhanging of
BM into the intrapapillary compartment at the nasal disc border, and to
a compensatory lack of BM (i.e., gamma zone) in the temporal para-
papillary region (Jonas, JB et al., 2017b; Reis et al., 2012; Zhang, Q
et al., 2019). Since the large choroidal vessels are not connected to the
underlying sclera—except for the few vortex veins in the equatorial
region and for the short ciliary arteries in the peripapillary region—one
may infer that the large choroidal vessels can shift on the sclera in a
relatively unrestricted manner. The large and medium-sized choroidal
vessels are connected with the choriocapillaris, which is firmly attached
to BM through its basal membrane. It is possible that any shift in BM will
lead to a similar shift of the choriocapillaris, and more or less to a similar
shift of the large choroidal vessels. Since the retinal vessels are con-
nected to the optic nerve head and become even slightly stretched by the
gamma zone-associated elongation of the disc—fovea distance, their
gamma zone enlargement-associated shift is limited (Jonas RA et al.,
2021b; Kim, TW et al., 2012). Such a discrepancy in retinal vessel shift
and choroidal vessel shift can lead to a change in the relative position of
the retinal vessel-based landmarks compared with the position of large

Fig. 11. Optical coherent tomographic image of the optic nerve head of a moderately myopic eye, showing the overhanging of Bruch’s membrane into the intra-
papillary compartment on one side of the optic disc and the corresponding absence of Bruch’s membrane at the opposite side of the optic disc (gamma zone), leading

to a reduction in the ophthalmoscopically visible optic disc.
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cribrosa) in moderate myopia and high myopia.

choroidal vessel-associated landmarks.

An additional factor influencing the axial elongation-related
choroidal shift may be that the large choroidal vessels are fed by, and
are connected with, the short posterior ciliary arteries which penetrate
the sclera in the peripapillary region. The finding that the choroidal
vessel shift was less pronounced in eyes showing large choroidal vessels
in their gamma zone may suggest that in these eyes, the peripapillary
ciliary artery system prevented a full shift of the large choroidal vessel
layer. A partial immobility of the peripapillary choroidal vessels sug-
gests that in some highly myopic eyes with an enlarging gamma zone, a
strain within the large choroidal vessel layer may develop due to a BM-
associated shifting of the choriocapillaris, while the peripapillary ciliary
arteries prevent a full shift of the large choroidal vessels. It may also
suggest that within the retinal layers, a strain develops between the
inner retinal layers with the retinal vessels and the retinal nerve fibers
both connected with the optic disc, and the deep retinal layers with the
retinal photoreceptors firmly connected to the RPE and indirectly to the
shifting BM.

Independently of the gamma zone enlargement, a shifting of the
large choroidal vessels was also observed in regions with a developing or
enlarging diffuse choroidal atrophy and in macular BM defects. If
macular BM defects develop and enlarge, the choriocapillaris firmly
connected with the shifting BM moves, together with BM, while the
large choroidal vessels only loosely connected with the choriocapillaris
may partially remain in the center of the BM defect. Since the inner
retinal layer covering a BM defect may also partially shift, the spatial
relationship between retinal vessel landmarks and choroidal vessel
landmarks may change.

8. Optic nerve head

The optic nerve head consists of the optic nerve head canal (intra-
papillary region) with the lamina cribrosa as its basis, and the
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parapapillary region. The latter includes alpha zone (irregular pigmen-
tation due to RPE irregularities and peripheral location), beta zone
(complete RPE loss with BM being present), gamma zone (absence of BM
[and thus absence of RPE]), and delta zone (elongated and thinned
peripapillary scleral flange) within the gamma zone and located at the
optic disc border) (Burgoyne et al., 2005; Jonas, JB et al., 1999, 2017e,f;
Wang, YX et al. 2020; 2021). The optic nerve head canal consists of the
(1) opening in the retina (retinal ganglion cell layer opening, inner
plexiform layer opening, inner nuclear layer opening, outer plexiform
layer opening, and outer nuclear layer opening, with each of these layers
closed against the intrapapillary compartment by the intrapapillary
retinal ganglion cell axons [or retinal nerve fibers]); (2) RPE layer
opening; (3) BMO; (4) opening in the choroid, sealed against the intra-
papillary compartment by the peripapillary border tissue of the choroid;
and (5) opening in the peripapillary scleral flange, covered by the
lamina cribrosa (Zhang, Q et al., 2019; Wang YX et al., 2021).

8.1. Optic disc size

The optic disc may be defined as the ophthalmoscopically visible
region having the lamina cribrosa as its bottom (uncovered or covered
by neuroretinal rim) (Jonas, JB et al., 2017f; Wang, YX et al., 2021). If
the BMO is fully aligned to the lamina cribrosa, the BMO size fits with
the size of the lamina cribrosa and, thus, represents the optic disc size. In
the case of a misalignment of the BMO in relationship to the lamina
cribrosa (e.g., in the case of an overhanging of BM into the intrapapillary
compartment), the optic disc size is smaller than the BMO size, since the
optic disc is the equivalent of the area common to both the BMO and the
lamina cribrosa (Araie et al., 2017; Reis et al., 2012; Strouthidis et al.,
2009, 2010; Wang, YX et al., 2021; Zhang, Q et al., 2019). Besides a
pronounced inter-individual variability of about 1:7 in non-highly
myopic eyes of Caucasians (Jonas et al., 1988a; Papastathopoulos
et al., 1995; Ramrattan et al., 1999; Sanfilippo et al., 2009; Varma et al.,
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1994), the size of the optic disc depends on ethnic background (Wang,
YX et al, 2021). The optic disc is largest in populations from
Sub-Saharan Africa, followed by South Asians, Chinese and, eventually,
European-descended individuals (Chi et al., 1989; Tsai et al., 1995;
Varma et al., 1994; Wang, YX et al., 2021). Among individuals of Eu-
ropean descent, disc size is not associated with iris color (Budde et al.,
1998).

Disc size depends on the refractive error, showing a curvilinear
relationship (Jonas, JB et al., 1999; Jonas, JB and Budde, 2000). The
optic disc size is small in marked hyperopia and increases towards
emmetropia. From emmetropia towards moderate myopia, the disc size
tends to decrease, mainly from increasing misalignment between the
BMO and the lamina cribrosa, such that the optic disc area in common
between the BMO area and lamina cribrosa area decreases (Reis et al.,
2012; Zhang, Q et al., 2019). In high myopia, further axial elongation
leads to an enlargement of the BMO, and any part of BM previously
overhanging into the intrapapillary compartment in moderate myopia is
withdrawn to the parapapillary region (Jonas, JB et al., 2003, 2004; Lee,
Setal., 2014; Sung et al., 2019; Zhang, Q et al., 2019). The withdrawal
of the intrapapillary overhanging part of BM leads to an uncovering of
the region having the lamina cribrosa (with or without neuroretinal rim)
as its bottom; consequently, that region becomes fully assessable upon
ophthalmoscopy. In addition, the lamina cribrosa area enlarges with
longer axial length in highly myopic eyes. Therefore, optic disc
enlargement in highly myopic eyes is due to two mechanisms: the axial
elongation-associated enlargement of the BMO, uncovering the lamina
cribrosa region, and an enlargement of the lamina cribrosa itself. The
enlargement of the BMO and lamina cribrosa starts mainly at a cut-off
value of approximately —8 diopters or an axial length of about 26.5
mm (Xu, L et al., 2007a, 2010; Zhang, Q et al., 2019).

The optic disc enlargement in high myopia leads to secondary (or
acquired) macrodiscs, which can be differentiated from primary mac-
rodiscs. While the size of primary macrodiscs is independent of age,
refractive error, and axial length from early adulthood onwards, the size
of secondary macrodiscs enlarges with further axial elongation (Jonas,
JB et al., 1988a,b; Liu, HH et al., 2010a; Xu, L et al., 2007b, 2010). Since
the latter depends on age, the size of secondary macrodiscs is indirectly
associated with older age. While primary macrodiscs are associated with
larger and flatter corneas and a higher prevalence of cilioretinal arteries,
congenital optic nerve head pits and “Morning glory syndrome”, sec-
ondary macrodiscs in highly myopic eyes do not show such associations
(Jonas, JB and Konigsreuther, 1994; Jonas, JB and Naumann, 1987;
Jonas, JB et al., 1989a). The secondary macrodiscs can be differentiated
into secondary macrodiscs in eyes with primary high myopia, and into
secondary macrodiscs in eyes with secondary high myopia due to
congenital glaucoma. In both, a larger optic disc is correlated with
longer axial length (Jonas, JB and Dichtl, 1997; Jonas, JB et al., 1988c).

The association of high myopia with secondary macrodiscs has
clinical significance (Dichtl et al., 1998). A larger optic disc size is
related to a lower prevalence of optic disc drusen and non-arteritic
anterior ischemic optic neuropathy, both conditions leading to
non-glaucomatous optic nerve damage. Correspondingly, high myopia is
a protective factor against both conditions. In histomorphometric
studies, a larger optic disc size in non-highly myopic eyes correlated
with a larger retinal surface area and a higher count of photoreceptors,
RPE cells, and optic nerve fibers (Panda-Jonas et al., 1994, 1996; Wang,
YX et al, 2021). While in highly myopic eyes, the axial elonga-
tion-associated increase in the optic disc size may correlate with the
axial elongation-related increase in the retinal surface area, the size of
secondary macrodiscs in highly myopic eyes may not correlate with the
count of photoreceptors, RPE cells, and optic nerve fibers, under the
condition that the retinal cells have no postnatal mitotic activity.

8.2. Optic disc shape

Defining the optic disc as the ophthalmoscopically visible part of the
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lamina cribrosa (uncovered or covered by neuroretinal rim), the optic
disc shape depends on the shape of the lamina cribrosa and on the spatial
relationship between the lamina cribrosa and the BMO. In a postmortem
study on 107 freshly enucleated, unfixed, human donor eyes, the mean
ratio of the minimal to maximal lamina cribrosa diameter was 0.86 +
0.11, indicating a slightly oval, nearly circular shape (Jonas, JB et al.,
1988c). A similar result was obtained when the optic disc shape was
measured upon ophthalmoscopy, i.e., on fundus photographs (Jonas, JB
et al., 1988a).

In moderately myopic eyes, the optic disc shape is often configurated
in a vertical oval and is more obliquely oriented; in other words, the
maximal disc diameter, often forming a rectangular angle with the optic
disc—fovea line, is slightly rotated along the z-axis towards the temporal
side (i.e., the superior disc pole is rotated towards the fovea) (How et al.,
2009; Jonas, JB et al., 1988c, 1999; Rezapour et al., 2022a; Tay et al.,
2005; Wang, YX et al., 2021; Xu, L et al., 2007b; You et al., 2008). The
vertical ovalization of the disc shape increases during myopization in
adolescence, simultaneously showing a shortening of the horizontal disc
diameter, while the vertical disc diameter remains mostly unchanged
(Guo, Y et al., 2015, 2018a; Hwang et al., 2012; Jonas, JB et al., 2022c;
Nakazawa et al., 2008; Kim, TW et al., 2012; Samarawickrama et al.,
2011; Yoon et al., 2019). Upon OCT-based histology, eyes with a vertical
oval disc show an overhanging of BM into the intrapapillary compart-
ment in the nasal superior region and, correspondingly, a parapapillary
gamma zone in the temporal inferior region (Jonas, JB et al., 2017b; Reis
et al., 2012; Zhang, Q et al., 2019).

In highly myopic eyes, the optic disc shape varies markedly between
individuals, and can assume a markedly oval shape, with an oblique
orientation of the maximal disc diameter. Since these eyes show a cir-
cular parapapillary gamma zone, indicating the absence of BM around
the optic disc, an overhanging of BM into the intrapapillary compart-
ment can no longer explain the vertical disc shape. Potentially, addi-
tional forces may influence the disc shape in highly myopic eyes.
According to studies performed by Demer, Girard, and others, the optic
nerve may become too short in markedly elongated eyes to allow a full
adduction of these eyes (Chang et al., 2017; Demer, 2016; Wang et al.,
2016a, b, 2017, 2018, 2021). If the optic nerve becomes too short, it
leads to a backward pull—likely through the optic nerve dura mater—on
the insertion of the optic nerve dura mater at the posterior sclera. That
insertion line is the peripheral end of the peripapillary scleral flange,
which, through the peripapillary border tissue of the peripapillary
scleral flange, is connected with the lamina cribrosa.

Taking into account the orbital origin of the optic nerve in the nasal
superior region of the orbit, one may infer that in adduction, the tem-
poral and temporal inferior border of the optic nerve head (i.e., the end
of the peripapillary scleral flange and, indirectly, the temporal border of
the optic disc) is drawn backward. This could lead to a rotation of the
optic disc around a line oriented perpendicularly to the direction of
action of the optic nerve. With the optic nerve coming from the nasal
superior region of the orbit, that line, with its 12 o’clock position, would
be rotated towards the macula. Fitting with that notion, the maximal
optic disc diameter in highly myopic eyes is often sagittally rotated with
the superior disc pole towards the macula. Additionally, the potential
backward pull of the optic nerve dura mater in highly myopic eyes may
lead to the development of peripapillary suprachoroidal cavitations, as
described below (Dai et al., 2015a; Jonas, JB et al., 2016a; Toranzo
et al., 2005; You et al., 2013).

Aligning with the observations made about the relationship between
length of the optic nerve and reduction of adduction of highly myopic
eyes, Wang and colleagues reported that the optic nerve tortuosity in
primary gaze, adduction, and in abduction was significantly lower in
highly myopic eyes compared with non-highly myopic eyes (Wang, X
et al., 2021). The authors suggested that eyes that would later become
highly myopic were exposed to higher optic nerve traction forces during
eye movements before the onset of myopia. In non-highly myopic eyes,
the potential backward pull by the optic nerve dura mater may not play
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a major role—at least, it may not lead to a change in the optic disc shape
(Shang et al., 2019a).

Some moderately myopic eyes can have so-called “tilted discs”,
which are small optic discs, the maximal diameter of which is orientated
horizontally, and which often show an inferior “crescent” or gamma
zone (Cohen et al., 2022; How et al., 2009; Kim, MJ et al., 2014; Park,
HY etal., 2015; Rebolleda et al., 2016; You et al., 2008). In contrast to its
name as a tilted disc—and which may render this term a mis-
nomer—these discs show a marked overhanging of BM into the intra-
papillary compartment at the superior disc region and, correspondingly,
an absence of BM (gamma zone) in the inferior parapapillary region. The
BMO shift into inferior direction explains the horizontal shape of the
optic disc as the ophthalmoscopically visible part of the optic nerve
canal. “Tilted” discs may, therefore, not truly be tilted; rather, they may
have a vertical misalignment of BMO in relationship to the lamina cri-
brosa. It remains to be discussed why in these eyes BM is overhanging at
the superior region, in contrast to the nasal region as in eyes with a
vertical oval disc shape.

Interestingly, eyes with “tilted discs” have a fovea that is located
relatively inferiorly. This fact aligns with the hypothesis that, in these
eyes, a movement of BM occurred in the inferior direction, leading to BM
overhanging at the superior disc pole, to an inferior gamma zone, and to
an inferior location of the fovea (Jonas, RA et al., 2021c¢). It should also
be considered that the optic disc shape, as it appears upon ophthal-
moscopy, can undergo a perspective distortion, due to the location of the
optic disc nasally to the fovea (Dai et al., 2015b). The effect of a
perspective distortion of the ophthalmoscopical optic disc image is,
however, too small to sufficiently explain the vertical optic disc shape in
myopic eyes.

8.3. Neuroretinal rim shape

Independent of axial length, the neuroretinal rim shape usually fol-
lows the inferior-superior-nasal-temporal (ISNT) rule (Jonas, JB et al.,
1988a). This rule indicates that the neuroretinal rim is usually wider at
the inferior disc pole, followed by the superior disc pole, the nasal disc
region and, finally, the temporal disc area. As in non-myopic eyes, the
rim can also be wider superiorly rather than inferiorly in many myopic
eyes; whereas, in almost all eyes, the rim is most narrow in the temporal
disc region. With neuroretinal rim shape and the ISNT rule being major
parameters in the morphological diagnosis of glaucomatous optic nerve
damage, it is clinically important that the rim shape in highly myopic
eyes also usually follows the ISNT rule.

In highly myopic eyes, the enlargement and stretching of the lamina
cribrosa (and optic disc) is associated with a flattening of the optic cup,
as assessed upon ophthalmoscopy (Jonas, JB and Dichtl, 1997; Xu, L
etal., 2007b). Such enlargement and stretching render the delineation of
the optic cup from the neuroretinal rim more difficult, particularly in
highly myopic eyes with glaucomatous optic nerve damage, since the
depth of the glaucomatous optic cup is markedly flatter in highly myopic
eyes than in non-highly myopic eyes with glaucoma (Chang and Singh,
2013; Jonas, JB and Dichtl, 1997; Tan et al., 2019; Xu, L et al., 2007b).

Highly myopic eyes can show, besides glaucomatous damage of the
optic nerve, a non-glaucomatous optic neuropathy (Bikbov et al., 2020).
Since non-glaucomatous optic nerve damage does not markedly change
the shape and size of the neuroretinal rim, its detection in highly myopic
eyes can be particularly difficult. Clues as to the presence and severity of
a non-glaucomatous optic nerve damage in highly myopic eyes can be a
marked pallor of the neuroretinal rim (with the rim shape fulfilling the
ISNT rule), and thin retinal arterioles (as unspecific clue for any type of
optic nerve damage). Besides morphological parameters, a general
constriction of the outer isopters of the visual field and central peri-
metric defects, not explainable by myopic maculopathy, are additional
clues for the presence of a non-glaucomatous optic neuropathy.
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8.4. Lamina cribrosa

The lamina cribrosa covers the opening of the peripapillary scleral
flange, simultaneously allows the exit of the retinal ganglion cell axons
and central retinal vein and the entry of the central retinal artery, and,
by tightening the intraocular compartment, it helps to preserve the
intraocular pressure. In non-highly myopic eyes, the thickness and
diameter of the lamina cribrosa is mostly independent of axial length. In
highly myopic eyes, the lamina cribrosa markedly elongates and thins
with longer axial length, while the lamina cribrosa volume remains
constant and is independent of axial length (Jonas, JB et al., 1992a,
2003, 2004). The enlargement and thinning of the lamina cribrosa in
highly myopic eyes, synonymous with the enlargement of the optic disc,
is typical for high myopia, in contrast to moderate myopia. The lamina
cribrosa thinning may be due to the axial elongation-associated increase
in strain in the peripapillary sclera, leading to a posterior scleral thin-
ning and enlargement of the peripapillary scleral opening (i.e., the
lamina cribrosa).

In eyes with small-to-medium-sized optic discs and normal optic
nerves, the complete posterior surface of the lamina cribrosa is covered
and supported by the solid tissue of the optic nerve (Jonas, JB et al.,
1992a, 2003). In highly myopic eyes with secondary macrodiscs, the
lamina cribrosa is elongated and markedly thinned. Since the retro-
bulbar optic nerve does not expand in diameter with longer axial length,
the periphery of the posterior surface of an enlarged lamina cribrosa in
highly myopic eyes is not covered by the solid tissue of the optic nerve
but has direct contact with the orbital cerebrospinal fluid space. The lack
of a structural support for the peripheral posterior lamina cribrosa sur-
face in highly myopic eyes may be one of the reasons for an increased
prevalence of glaucomatous or glaucoma-like optic neuropathy in highly
myopic eyes (Jonas, JB et al., 2017a, 2020c; Xu, L et al., 2007a). In
addition, the peripheral outer lamina cribrosa surface region exposed to
the cerebrospinal fluid space enlarges if the optic nerve gets thinner (e.
g., in the case of glaucomatous or non-glaucomatous optic neuropathy in
highly myopic eyes).

In non-highly myopic eyes, the thinning of the retrobulbar optic
nerve in glaucomatous eyes is associated with the development of ac-
quired optic disc pits, usually located sharply at the disc border in the
superior or inferior disc region (Faridi et al., 2014; Javitt et al., 1990).
These optic disc pits represent a local backward bulging of the lamina
cribrosa into the cerebrospinal fluid space. It remains unclear whether
such a herniation of the lamina cribrosa also occurs at the same fre-
quency in secondary macrodiscs in highly myopic eyes, or whether the
axial elongation-associated stretching tightens the lamina cribrosa and
prevents its posterior bulge-like deformation (Kimura et al., 2014;
Ohno-Matsui et al., 2012). Ohno-Matsui et al. detected pit-like clefts
within the optic disc at the optic disc border at the superior or inferior
disc pole, or within the parapapillary region in 32 (16.2%) of 198 highly
myopic eyes, but in no emmetropic eyes (Ohno-Matsui et al., 2012). The
prevalence of these pit-like abnormalities increased with longer axial
length and larger optic disc size. Almost all eyes with pit-like clefts
additionally showed a posterior staphyloma, and the pits were often
associated with defects in the retinal nerve fiber layer, as observed in
another study (Dai et al., 2013a; Ohno-Matsui et al., 2012).

8.5. Peripapillary border tissues

The two deepest layers (openings) in the optic nerve head canal (i.e.,
the peripapillary scleral flange opening and the choroidal opening) are
separated from the intracanalicular compartment by a border tissue,
which, histologically, is a continuation of the optic nerve pia mater and
which ends at the end of the BM at the BMO (Figs. 13 and 14). This
border tissue is differentiated into the peripapillary choroidal border
tissue (Jacoby) and the peripapillary scleral flange border tissue
(Elschnig) (Anderson, 1969, 1970; Biicklers, 1929; Elschnig, 1900,
1901; Hayreh, 1974; Hayreh and Vrabec, 1966; Hogan et al., 1971;



J.B. Jonas et al.

Progress in Retinal and Eye Research xxx (xxxx) xxx

i "
MNENd of Bruch’s 8
M e m bran&i

A ,
|Peripapillary [

Border Tissueof B8
ktheScIeraIFIant-:-
R 0y

(AL, e .

Fig. 13. Histo-photograph showing the peripapillary border tissues of the peripapillary scleral flange and of the choroid; yellow bar: peripapillary scleral flange; red

bar: choroid.
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Fig. 14. Optical coherence tomographic image of the optic nerve head showing the peripapillary border tissues of the peripapillary scleral flange and of the choroid;

yellow bar: peripapillary scleral flange; red bar: choroid.

Jacoby, 1905; Jonas, RA and Holbach, 2020; Kuhnt, 1879; Salzmann,
1912). The collagen fibers of the peripapillary scleral flange border
tissue criss-cross with collagenous fibers coming from the peripapillary
scleral flange and continue into the lamina cribrosa (Jonas, RA and
Holbach, 2020). This criss-crossing of collagenous fibers may be
important for the sagittal stabilization of the optic nerve head. Without
such a stabilization in the anterior-posterior direction, the intraocular
pressure being higher than the retro-laminar cerebrospinal fluid pres-
sure could push or press backward the peripapillary retina, which is
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directly connected with the lamina cribrosa through the retinal ganglion
cell axons and indirectly through the peripapillary choroidal border
tissue.

The choroidal peripapillary border tissue connects the peripapillary
scleral flange border tissue with the end of BM at the margin of the BMO.
Besides the scleral spur in the anterior segment of the eye, the choroidal
peripapillary border tissue is, thus, one of only two structures connect-
ing the inner shell of the eye (consisting of the uvea, BM, RPE and retina,
and lens) with the outer shell (i.e., the sclera). Both peripapillary border
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tissues may, thus, have biomechanical importance. The merging line of
the choroidal border tissue with the end of BM is the histological
correlate of the peripapillary ring which surrounds the optic nerve upon
ophthalmoscopy (Jonas, JB et al., 2014c). The choroidal peripapillary
border tissue separating the choroidal space with the leaking chorioca-
pillaris may be related to the choroid-optic nerve head blood barrier.

Axial elongation has an effect on both peripapillary border tissues.
The choroidal border tissue elongates due to the development of para-
papillary gamma zone (Jonas, RA and Holbach, 2020). The enlarging
distance between the end of BM and the optic disc leads to a lengthening
and thinning of the choroidal border tissue, which may even rupture in
some highly myopic eyes; in such a case, BM may no longer be firmly
and tautly connected to the optic disc. Such a rupture of the peripapil-
lary choroidal border tissue with a disconnection of BM end from the
optic disc may lead to and explain a corrugation of BM observed upon
histology and on OCT images in some highly myopic eyes (Jonas, JB
et al., 2018b) (Fig. 15). The volume of the choroidal border tissue is
mostly independent of the axial elongation since the increase in its
length is associated with a decrease in its thickness. The importance of
the axial elongation-associated elongation and thinning of the choroidal
border tissue and of a rupture and detachment of the peripapillary
choroidal border tissue from the end of BM for the biomechanics of the
lamina cribrosa has not yet been explored.

The peripapillary scleral flange border tissue can become shorter in
eyes with axial elongation in association with the axial elonga-
tion-associated thinning of the lamina cribrosa. The same may hold true
in eyes with glaucomatous optic neuropathy.

8.6. Parapapillary alpha, beta, gamma, and delta zones

In the parapapillary region, four zones can be differentiated: alpha,
beta, gamma, and delta (Dai et al., 2013b; Fantes and Anderson, 1989;
Jonas, JB et al., 1989b, 1992b, 2011, 2012, 2016b; Kubota et al., 1993;
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Sung et al., 2020) (Figs. 6, 7, 9, 10, 16 and 17).

8.6.1. Alpha zone

The alpha zone is present in almost all eyes and is located, as
compared with all other parapapillary zones, most peripherally to the
optic disc border, and it is characterized by an irregular hyperpigmen-
tation and hypopigmentation due to irregularities in the parapapillary
RPE (Fantes and Anderson, 1989; Jonas, JB et al., 1992b; Kubota et al.,
1993). It is histologically defined by the presence of BM and an irreg-
ularly arranged RPE, which in some eyes appears to be rolled up at its
end (Wang et al., 2015c). The alpha zone is largest and most frequently
located in the temporal horizontal sector, followed by the inferior
temporal sector and the superior temporal area, and it is smallest and
most rarely found in the nasal parapapillary sector.

8.6.2. Beta zone

Upon light microscopy and OCT-based histology, the beta zone is
characterized by the presence of BM and absence of RPE (Jonas, JB et al.,
1989b, 1992b). In the part of the beta zone located closest to the optic
disc border, the choriocapillaris is closed and retinal photoreceptors are
missing (Fantes and Anderson, 1989; Jonas, JB et al., 1992b, 2011,
2012; Kubota et al., 1993; Zhang, Q et al., 2018). In an intermediate
region of the beta zone, the choriocapillaris is open and photoreceptors
are absent. In the peripheral part of the beta zone, the choriocapillaris is
open and photoreceptors are present, but the RPE, by definition, is
missing. If one extrapolates these longitudinal findings obtained in a
cross-sectional study, they may suggest that during beta zone develop-
ment, there is, first, a loss of RPE cells, followed by a loss of photore-
ceptors and, finally, a closure of the choriocapillaris. Corresponding to
the histological anatomy, a beta zone represents an absolute scotoma in
perimetry, and an alpha zone a relative scotoma (Akagi et al., 2013;
Jonas, JB et al., 1991; Meyer et al., 1997; Rensch and Jonas, JB, 2008).
Due to the mostly closed choriocapillaris, a beta zone appears as a

@mbrane (due to
ruptured peripapillary
choroidal border tissue?)

" Bruch's

Fig. 15. Fundus photograph and optical coherence tomographic (OCT) image of the optic nerve head of a highly myopic eye, showing a corrugated Bruch’s
membrane, the end of which may be loosened from its anchoring in the optic nerve head, potentially due to a rupture of the peripapillary choroidal border tissue.
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Fig. 16. Optical coherence tomographic (OCT) image and fundus photograph of the optic nerve head of a myopic eye, with parapapillary gamma zone and delta
zone, and potentially the visualization of the orbital cerebrospinal fluid space (yellow asterisk) in the OCT image.
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Fig. 17. Fundus photograph image of the fundus of a highly myopic eye, having developed extrafoveal “patchy atrophies” (category 3 of myopic maculopathy) in
2011 (right image; left image: same eye in 2001) and lacquer cracks (white arrow), in addition to an enlarging gamma zone and delta zone.

hypofluorescent area in angiography (O'Brart et al., 1997). The beta
zone is the largest and is most frequently located in the temporal hori-
zontal sector, followed by the inferior temporal area and the superior
temporal region, while it is the smallest and is most rarely found in the
nasal region (Jonas, JB et al., 1989b, 1992b).

The beta zone may be differentiated into a beta zone which devel-
oped in association with glaucomatous optic neuropathy (“glaucoma-
tous beta zone”), and into a beta zone which developed in axially
elongating eyes (“myopic beta zone”). In the case of non-myopic eyes,
the occurrence and size of a beta zone is correlated with the glaucom-
atous loss of neuroretinal rim inside of the optic disc, glaucomatous
visual field loss, decreasing diameter of the retinal arteries in eyes with
glaucoma, and a decreasing diameter of the retrobulbar part of the optic
nerve as measured sonographically (Anderson, 1983; Araie et al., 1994;
Bak et al., 2020; De Moraes et al., 2017; Hayashi, K et al., 2012; Horn
et al., 1997; Jonas, JB et al., 1992b, 2001; Manalastas et al., 2018; Miki
et al., 2017; Park, KH et al., 1996; Skaat et al., 2016; Sugiyama et al.,
1997; Tezel et al., 1997; Tuulonen et al., 1996; Uchida et al., 1998). The
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location of the glaucomatous beta zone is also spatially associated with
the location of the most marked loss of neuroretinal rim inside of the
optic disc and with the location of perimetric defects.

The glaucomatous beta zone may be due to an upfolding of the end of
the parapapillary RPE in dependence of fluctuations of the intraocular
pressure (Wang, YX et al., 2015c). The myopic beta zone may potentially
develop in association with the axial elongation-associated enlargement
of the RPE layer area. It may lead to an increased strain within the RPE
layer and an increase in the size of the physiological opening of the RPE
layer at the optic nerve head. As discussed above, the RPE layer and its
basal membrane may not be firmly connected with the underlying BM
and may be slip away from the optic disc. Independently of the etiology,
a beta zone is associated, due to the absence of RPE cells, with an ab-
solute scotoma (i.e., enlargement of the blind spot).

8.6.3. Gamma zone
The gamma zone is located between the beta zone (or alpha zone in
the case of an absence of beta zone) on its peripheral side, and the
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peripapillary ring on its central side (Asai et al., 2016; Banc and Bianchi
Marzoli, 2022; Cheng, D et al., 2022; Dai et al., 2013b; Guo, Y et al.,
2018a,b, 2021; Hu et al., 2016, 2021; Jonas, JB et al., 2011, 2012,
2016b, 2017a, 2018¢, 2022d; Kim et al., 2020; Kim, M et al., 2018; Lee,
EJ et al., 2017; Lee, KM et al., 2018a,b; Manjunath et al., 2011; Miki
et al., 2017, 2019; Sakaguchi et al., 2017; Sawada et al., 2018; Shang
et al., 2019b, 2022; Sung et al., 2018; Vianna et al., 2016; Yoo et al.,
2016) (Figs. 6,7,9-11,16,17). In highly myopic eyes, the gamma zone
can include a parapapillary delta zone in its central part (i.e., in the
direction of the optic disc). The gamma zone is defined by the absence of
both BM and RPE. Due to the absence of BM, the gamma zone does not
contain choriocapillaris or deep retinal layers (Jonas, JB et al., 2012). It
includes the inner limiting membrane on its inner surface, followed by
retinal nerve fibers and the underlying sclera or peripapillary scleral
flange. In some eyes it also includes few large choroidal vessels, and in
some eyes the BM border can be located more peripherally than the
border of the choroidal tissue, so that a small crescent of choroidal tissue
(as discussed below) is located in the peripheral part of the gamma zone,
uncovered by BM (Jonas, JB et al., 2012).

The development of a gamma zone may occur via two mechanisms
(Jonas, JB et al., 2017b) (Fig. 12). As also suggested by the morphology
of the optic nerve head in moderately myopic eyes, the BMO may shift in
non-highly myopic eyes, usually in the direction of the macula. As also
discussed above, this mechanism explains the overhanging of BM into
the intrapapillary compartment at the nasal disc border, and, corre-
spondingly, an absence of BM (i.e., gamma zone) in the temporal par-
apapillary region (Zhang, Q. et al., 2019). The shifting of the two layers
of the optic nerve canal (BMO and choroidal opening) in relationship to
the lamina cribrosa (as opening of the peripapillary scleral flange) leads
to an oblique orientation of the ocular optic nerve head canal in
dependence of the direction of the shift of the BMO (Girkin et al., 2017;
Hong et al., 2019). The direction of the BM shift determines the location
of the widest extension of the gamma zone in the non-highly myopic
eyes.

Shifting of the BMO (and BM) as a mechanism responsible for the
development of gamma zone in moderately myopic eyes also explains
the occurrence of a so-called choroidal crescent in the peripheral region
of the gamma zone in some eyes. Since BM primarily moves and drags
the adjacent choriocapillaris and choroid, the latter may stay behind a
bit, so that a small margin of choroid uncovered by BM in the peripheral
region of the gamma zone may exist. The gamma zone is usually widest
in the temporal inferior region, corresponding to the most common
location of BM overhanging in the nasal superior disc quadrant. Ex-
ceptions are eyes with so-called “tilted optic discs”, in which an inferior
gamma zone is associated with a BM overhanging in the superior disc
region. In these eyes, the BM shift may have occurred from the superior
to inferior direction. Correspondingly, the fovea in these eyes is located
more inferiorly as compared to eyes with a temporal gamma zone
(Jonas, RA et al., 2021c). In eyes with a so-called “inversio situs
papillae”, BM overhanging is located in the temporal disc region, with a
corresponding gamma zone in the nasal parapapillary region. The eyes
with inversio situs papillae also have a large angle kappa (i.e., the angle
between the temporal superior retinal arterial arcade and the temporal
inferior arterial arcade), since the retinal vessels first leave the optic disc
in a nasal superior and inferior direction, respectively, before they turn
to a temporal direction. It fits with the notion of a BM shift into the nasal
direction in these eyes, since BM and the attached RPE may indirectly
shift the overlying retina. Also fitting with the notion of a BMO shift as a
cause for the disc shape in these eyes with inversio situs papillae is the
finding of a reduced disc—fovea distance. The cause for the BMO and BM
shift has remained unclear to date and will be discussed below.

In highly myopic eyes, the BMO enlarges, eventually leading to a
circular gamma zone. During the BMO enlargement, the intrapapillarily
overhanging part of BM will be retracted, leading to a circular gamma
zone. The reason for the BMO enlargement may be an increase in the
strain within BM perhaps caused by the axial elongation-associated
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enlargement of BM. A BMO enlargement has been noted mostly in eyes
with an axial length >26.5 mm, which may be considered a cut-off value
for differentiation between moderate and high myopia (Jonas, JB, 2005;
Xu, L et al., 2010).

The gamma zone is dependent mostly on axial length, and it is
not—or not profoundly—associated with glaucoma (Dai et al., 2013b;
Jonas, JB et al., 2012). In contrast, the glaucomatous beta zone is
associated with the prevalence and degree of glaucomatous optic nerve
damage. A gamma zone leads to an enlargement of the parapapillary
region without photoreceptors, and since it does not contain BM or RPE,
it represents an absolute scotoma (i.e., an enlargement of the blind spot
in the visual field). Since gamma zones do not include choriocapillaris
(except for a choroidal crescent at the temporal border of the gamma
zone in some eyes) or medium-sized choroidal vessels, the superficial
peripapillary retinal capillary system is the only vascular system present
in the gamma zone (besides few large choroidal vessels in some eyes).
These anatomical characteristics may be taken into account when
OCT-angiography findings in myopic eyes with a gamma zone are
interpreted (Lee, K et al., 2020a; Park, HY et al., 2019; Suwan et al.,
2018).

8.6.4. Delta zone

The delta zone has been defined as the region that is located, in some
eyes, within the gamma zone at the optic disc border, and it is charac-
terized by an elongated and thinned peripapillary scleral flange (Dai
et al., 2013b; Jonas, JB et al., 2012) (Figs. 6, 7, 9, 16 and 17). Since the
peripapillary scleral flange ends where the optic nerve dura mater
merges with the posterior scleral, and since the peripapillary arterial
circle Zinn-Haller is usually located at the dura mater-sclera junction,
the peripapillary arterial circle can ophthalmoscopically delineate the
delta zone from the remaining peripheral gamma zone (Jonas, JB et al.,
2013b). The delta zone includes the ILM, the retinal nerve fiber layer,
and the peripapillary scleral flange. All other retinal layers, the RPE, BM,
and all choroidal layers (except for few large choroidal vessels stemming
from the posterior short ciliary arteries) are absent in the delta zone. It
remains unclear whether the retinal nerve fiver layer is fully covered by
a normal ILM, since the Miiller cells, forming the ILM as their basal
membrane, are missing in gamma and delta zones. However, since the
ILM may not contain a physiological opening in the region of the optic
nerve canal (in contrast to the retina, RPE, BM, choroid, and peri-
papillary scleral flange), the development of delta and gamma zones
may lead to a stretching of the ILM. Since the Miiller cells may be firmly
connected to their basal membrane (i.e., inner limiting membrane), the
Miiller cells themselves may become stretched and elongated. The effect
of a potential gamma zone- and delta zone-associated stretching of
Miiller cells has not yet been explored. The potential effect of a
stretching of the ILM with respect to the pathogenesis of a myopic
macular retinoschisis is discussed below.

The peripapillary scleral flange forms the anterior border of the
orbital CSF space, and it is the biomechanical anchor of the lamina
cribrosa. The development of a delta zone in highly myopic eyes may,
therefore, have consequences for the biomechanics of the lamina cri-
brosa and may be of importance for the pathogenesis of an increased
prevalence of optic nerve damage in highly myopic eyes, as discussed in
detail below (Jonas, JB et al., 2017a; Xu, L et al., 2007b).

9. Suprachoroidal parapapillary cavitation

Originally described as a peripapillary detachment, a suprachoroidal
parapapillary cavitation (also called intrachoroidal parapapillary cavi-
tation) is characterized by a cleavage between the choroid, which is
connected to the BM, and the sclera in the parapapillary region (Freund
etal., 2003; Spaide et al., 2012; Toranzo et al., 2005; You et al., 2013). It
is typically found in highly myopic eyes in the inferior to temporal
inferior parapapillary region, and it shows an orange-like color upon
ophthalmoscopy and is positioned at the optic disc border. The
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mechanism leading to the development of a suprachoroidal para-
papillary cavitation may be associated with an optic nerve becoming too
short to allow a complete adduction of markedly elongated eyes (Chang
etal., 2017; Demer, 2016; Wang, X et al., 2016). As also discussed above,
the optic nerve—presumably its dura mater—may exert a backward pull
on the posterior sclera at the merging line of the dura mater with the
sclera in markedly elongated adducted eyes. It could lead to a backward
pull of the peripapillary sclera and to a secondary cleavage between the
sclera and the choroid, which is adherent to BM. Taking into account the
orbital origin of the optic nerve in the superior nasal region of the orbit,
the backward traction at the end of the peripapillary sclera flange will be
highest in the inferior temporal part of the parapapillary region, where
the suprachoroidal parapapillary cavitations are most commonly
located.

10. Peripapillary arterial circle of Zinn-Haller

The peripapillary arterial circle of Zinn-Haller is the origin for the
arterial blood supply of the lamina cribrosa. It is located at the line
where the posterior sclera splits off into the optic nerve dura mater
(outer part) and into the peripapillary scleral flange (inner part) (Jonas,
JB and Jonas, SB, 2010; Ohno-Matsui et al., 2013). The peripapillary
arterial circle is, thus, positioned at the peripheral end of the peri-
papillary scleral flange and marks the border between the delta zone and
the remaining gamma zone. The circle can be visualized by indocyanine
green angiography (Ohno-Matsui et al., 2013). If visible upon ophthal-
moscopy, the peripapillary arterial circle is helpful for the delineation of
the delta zone. The axial elongation-related lengthening of the peri-
papillary scleral flange (i.e., delta zone) increases the distance between
the arterial circle and the lamina cribrosa. The development and
enlargement of the delta zone may be a reason for the increased prev-
alence of optic nerve damage found in highly myopic eyes.

11. Eye shape

Axial ocular elongation leads to increased ocular circumference; this
increase is, to a minor degree, a result of increased length of the ciliary
body (pars plicata and pars plana combined), and to a major degree a
result of elongation of the retina (i.e., increased distance between the
ora serrata and the optic disc and macula) (Panda-Jonas et al., 2022).
The retinal length, measured from the ora serrata to the optic disc
border, increases by approximately 0.73 mm, and the ciliary body
length, measured from the scleral spur to the ora serrata, elongates by
about 0.16 mm, for each mm increase in axial length. Both retinal length
and ciliary body length are correlated with each other, with an increase
of ciliary body length by 0.12 mm for each mm in increase in retinal
length. Correspondingly, the myopic globe enlargement mainly affects
the sagittal eye diameter, while the horizontal and vertical eye diameter
increase, by a significantly lower amount (Atchison et al., 2004), in axial
length was associated with an increase in the horizontal and vertical
globe diameters by 0.44 mm and 0.51 mm, respectively, in eyes with an
axial length <24 mm. However, in eyes with an axial length >24 mm,
the horizontal and vertical globe diameters increased by a smaller
amount (0.19 mm and 0.21 mm, respectively) for each millimeter in-
crease in axial diameter (Jonas, JB et al., 2017d). The less pronounced
enlargement of the coronal globe diameters relative to the ante-
rior-posterior diameter falls in line with the change seen in the eye
shape from a sphere in emmetropia to a prolate ellipsoid in myopia.

The change in the eye shape from a sphere to a prolate ellipsoid, as
already described in many studies (Atchison et al., 2004; Cheng, HM
et al., 1992; Guo, X et al., 2017; Heine, 1899; Jonas et al., 2017d; Lee
et al., 2021; Logan et al., 2004; Matsumura et al., 2019; Meyer-Sch-
wickerath et al., 1984), suggests that, for geometrical reasons, the eye
wall enlargement takes place predominantly in the equatorial region
and/or its vicinity. A primary wall enlargement at the anterior or pos-
terior eye poles (i.e., cornea or macula) would not lead to a sagittal
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elongation of a sphere.
12. Definition of high myopia

To date, high axial myopia has not been generally defined by a cut-
off value of myopic refractive error or of axial length. In many studies, a
myopic refractive error of —6 diopters or more was used to differentiate
moderate myopia from high myopia (Flitcroft et al., 2019). A myopic
refractive error of —5 diopters, if uncorrected, leads to an uncorrected
visual acuity of approximately 6/172, a level fulfilling the requirement
of the definition of blindness (<3/60 in the better eye). An
evidence-based consensus suggested a threshold of —6.00 diopters to
define high myopia (Flitcroft et al., 2019; Morgan et al., 2012).

Morphologically, high myopia can be defined by an enlargement of
the BMO, independently of additional pathological changes in the
macular region or the optic nerve head (Jonas, JB, 2005; Zhang, Q et al.,
2019). BMO enlargement may be an incipient sign of an axial elonga-
tion-related stretching of ocular tissues in the posterior ocular segment,
prior to the development of secondary macular BM defects. BMO
enlargement typically occurs beyond an axial length of about 26.0-26.5
mm or a myopic refractive error of approximately more than —6 to —8
diopters (Jonas, JB, 2005; Zhang, Q et al., 2019). Similarly, the preva-
lence of a glaucomatous or glaucoma-like optic neuropathy increased
with axial length beyond a myopic refractive error of —6 to —8 diopters
(Xu, L et al., 2007b).

Since the globe elongates in childhood and adolescence, the cut-off
value for high myopia in children and adolescents may be defined in
dependence of age, and it may be based on normograms, according to
which a final axial length of more than 26.0-26.5 mm or a myopic
refractive error of more than —6 to —8 diopters may eventually be
reached in adulthood (Parssinen et al., 2014; Parssinen and Kauppinen,
2019; Tideman et al., 2018).

13. Secondary high axial myopia due to congenital glaucoma

Secondary high axial myopia due to congenital glaucoma is a special
form of axial myopia caused by abnormally high intraocular pressure
within the first 2 years of life. Assessment of similarities and differences
between primary high myopia (with a yet unknown cause for axial
elongation) and secondary high myopia may be helpful to elucidate the
etiology of axial elongation in eyes with primary myopia.

A major morphological difference between eyes with secondary high
myopia and eyes with primary high myopia is that in the former, the
whole eye wall becomes elongated and thinned, including the cornea
and BM (Bai et al., 2017; Jonas, JB et al., 2016¢, 2020b; Shen et al.,
2016b). The cornea is increased in its diameter and decreased in its
thickness, and Descemet’s membrane can show ruptures (Haab’s striae)
and secondary corneal edema. In contrast, the globe wall enlargement in
primary high myopia occurs predominantly in the posterior segment.
Subsequently, the corneal diameter is mostly independent of axial
length in eyes with primary myopia, and the axial elongation-associated
lengthening of the ciliary body is markedly smaller than the axial
elongation-associated lengthening of the retina.

Other differences between eyes with primary vs. secondary high
myopia are that in eyes with secondary high myopia, RPE cell density at
the posterior pole decreases with longer axial length, while eyes with
primary high myopia show no such relationship. Furthermore, in eyes
with secondary high myopia, BM thickness at the posterior pole,
midpoint posterior pole/equator, and equator decreases with longer
axial length; whereas, in eyes with primary high myopia, BM thickness
at any ocular region is not statistically significantly correlated with axial
length. In secondary high myopia, but not in primary high myopia,
lower BM thickness is associated with lower RPE cell density, and BM
thickness and RPE cell density decrease in a parallel manner with longer
axial length.
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14. Myopic maculopathy

Myopic maculopathy is characterized by an increased degree of
fundus tessellation (category or stage 1 of myopic maculopathy ac-
cording to the Pathologic Myopia Study Group), “diffuse chorioretinal
atrophy” (stage 2), extrafoveal patchy atrophies (stage 3), and foveally
located patchy atrophies (stage 4) (Fang et al., 2018; Haarman et al.,
2022a; Hashimoto et al., 2019; Ohno-Matsui et al., 2015; Ruiz-Medrano
etal., 2019; Yokoi and Ohno-Matsui, 2018). “Plus” signs include lacquer
cracks and macular neovascularization.

In the population-based Beijing Eye Study, a higher degree of fundus
tessellation was related mainly to a thinner subfoveal choroidal thick-
ness and to older age, while adjusting for parameters such as longer axial
length, male sex, lower body mass index, worse best-corrected visual
acuity, larger parapapillary beta zone, and lower prevalence of inter-
mediate and late age-related macular degeneration (Wei et al., 2013). If
semi-quantified into four grades (0-4), an increasing grade of fundus
tessellation was associated with decreasing subfoveal choroidal thick-
ness (grade 0: 322 + 90 pm; grade 1: 229 + 80 pm; grade 2: 122 + 52
pm; grade 3: 81 + 37 pm). Therefore, marked fundus tessellation is an
ophthalmoscopical surrogate for a leptochoroidea. As also discussed
above, the ratio of small-vessel choroidal layer thickness to total
choroidal thickness increases with longer axial length, while the ratios of
Sattler’s layer (medium-sized choroidal vessel layer) and Haller’s layer
thickness (large-sized choroidal vessel layer) to total choroidal thickness
decreases (Zhao et al.,, 2018). Axial elongation-associated (and
ageing-associated) choroidal thinning thus affected Haller’s and Sat-
tler’s layers more markedly than the small-vessel layer. Correspond-
ingly, a histomorphometric study and a recent clinical study did not find
a significant relationship between thickness of the choriocapillaris and
axial length in enucleated human eyes (Cheng, W et al., 2022; Pan-
da-Jonas et al., 2021).

Stage 2 of myopic maculopathy (i.e., diffuse chorioretinal atrophy) is
characterized mainly by a pronounced thinning of the choroid, in the
absence of any specific defects such as lesions in the RPE layer or BM
defects. It remains unclear whether “diffuse chorioretinal atrophy” is
indeed an atrophy of tissue, such as a loss of RPE cells or photoreceptors,
or whether it is simply a further axial elongation-associated thinning of
the choroid. Interestingly, studies have not shown an association be-
tween the foveal retinal thickness and axial length (Deng et al., 2019;
Jonas, JB et al., 2016a).

Stage 3 of myopic maculopathy is characterized by extrafoveally
located, so-called “patchy atrophies”, formerly also called “chorioretinal
atrophies” (Ohno-Matsui et al., 2016a). Upon OCT-based imaging and
light microscopy, the patchy atrophies were found to represent a round
defect in the layer of the RPE, often but not always, surrounding an
additional defect in the BM (Jonas, JB et al., 2013a; Ohno-Matsui et al.,
2016a). In a recent histomorphometric study, a higher prevalence and a
larger diameter of patchy atrophies with central BM defects was asso-
ciated with longer axial length and a higher prevalence of posterior
staphylomas. The mean size of the largest BM defect per eye was 1.93 +
1.62 mm (own unpublished data). The patchy atrophies with central BM
defects are predominantly located in the macular region. The BM defects
are smaller than the width of the defect in the overlying RPE layer, and
they are marginally smaller than the defect in the overlying outer nu-
clear layer. The BM defects are larger than the defects in the overlying
inner nuclear layer and inner limiting membrane bridges. The chorio-
capillaris thickness, BM thickness, and RPE cell density were not found
to differ significantly between the region at the BM defect margin and
neighboring regions.

In the region of the BM defect, the choriocapillaris and the RPE layer
are absent. The sclera is thinner in the region of the BM defects than in
neighboring regions. To date, the reason underlying the spatial associ-
ation between the BM defects and a localized thinning of the scler-
a—found in addition to the axial elongation-associated general scleral
thinning—has remained elusive. It can be discussed that, first, there is a
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scleral thinning, leading to a local overextension of BM and secondary
BM defects, or that the BM defects are the primary changes, secondarily
leading to a local extension of the sclera. Corresponding to the associ-
ation between BM defects and localized scleral thinning, a higher
prevalence of BM defects is associated with a higher prevalence of
posterior staphylomas. In a recent histological study on enucleated
highly myopic human eyes, all globes with posterior staphylomas
showed BM defects in spatial association with the staphylomas (Jonas
et al., 2020a). The ophthalmoscopically visible patchy atrophies mainly
represent defects in the RPE, while the centrally located, smaller BM
defects are better visible upon OCT-based imaging than by ophthal-
moscopy. Due to the absence of RPE (and photoreceptors), the patchy
atrophies represent an absolute scotoma in the visual field.

In stage 4 of myopic maculopathy, a patchy atrophy is located in the
foveal center, in association with a marked reduction in central visual
acuity and a scotoma in the central and paracentral visual field. In most
eyes in the fourth stage of myopic maculopathy, the atrophy develops
around a scarred macular neovascularization (Cheung et al., 2017;
Ohno-Matsui et al., 2016c¢).

A lacquer crack is one of the plus lesions in the definition of myopic
maculopathy (Figs. 6, 8 and 17). It represents most likely a linear defect
in the RPE, while BM in the region of a lacquer crack is usually intact.
The orientation of lacquer cracks is often perpendicular to the largest
width of the parapapillary gamma zone. Lacquer cracks have been
considered to be the precursor—or the first stage—of a patchy atrophy.
In the longitudinal population-based Beijing Eye Study, with a follow-up
of 10 years, newly developed or enlarged lacquer cracks/patchy atro-
phies were detected in 17 (19.1%) out of 89 highly myopic eyes (Yan,
YN et al., 2018). Incident lacquer cracks, enlargement of a pre-existing
lacquer crack, and enlargement of a lacquer crack to a patchy atrophy
were observed in 3, 3, and 5 eyes, respectively. In 14 (82.4%) of 17 eyes
with incident or enlarging lacquer cracks/patchy atrophies, the change
occurred perpendicularly to, and widened in, the direction of the par-
apapillary gamma zone enlargement.

Overall, the frequency of a lacquer crack/patchy atrophy enlarge-
ment was lower than the frequency of changes in other myopic macul-
opathy features, such as an elongation of the optic disc—fovea distance, a
choroidal vessel shift, and a change in the ophthalmoscopical optic disc
size (Jonas, JB et al., 2022a). A recent observational report described the
decrease in the width of lacquer cracks in eyes with an expanding par-
apapillary myopic beta/gamma zone (Jonas, RA et al., 2021a) (Fig. 18).
A possible explanation is that an enlargement of the RPE opening (i.e.,
myopic beta zone) of the optic nerve head canal led to a relative
relaxation of the axial elongation-related increased strain within the
RPE layer, so that the linear defect in the RPE in the parafoveal region
(lacquer crack) decreased in width.

Myopic macular retinoschisis is part of myopic traction maculop-
athy, as another feature of myopic maculopathy (Cheong et al., 2022;
Matsumura et al., 2021; Parolini et al., 2021; Shinohara et al., 2018;
Uramoto et al., 2022; You et al., 2014). It is characterized by a spreading
of the retinal layers in the macular region, with the photoreceptors
firmly connected to the RPE; the latter is fully adherent to BM. The inner
retinal layers in association with the ILM appear to be drawn away, with
schisis-like tissue dehiscences running parallel to the retinal surface
between various retinal layers. Besides maculoschisis, the myopic trac-
tion maculopathy includes lamellar or full-thickness macular holes and
foveal retinal detachment. A higher prevalence of myopic traction
maculopathy is associated with pre-retinal tractional structures, with
higher myopic refractive error and longer axial length, and with a higher
prevalence of posterior staphylomas, dome-shaped macula, chorior-
etinal atrophy, and myopic maculopathy (Cheong et al., 2022).

The pathogenesis of myopic macular retinoschisis remains poorly
understood. One explanation is that the ILM connected to the optic disc
and, with the basal membrane being non-elastic, may become too short
to completely follow the inner retinal surface in myopic eyes with an
elongated retina; this may particularly be the case in regions with a
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Fig. 18. Fundus photograph taken in 2001 (Figs. 18a) and 2011 (Fig. 18b) of a highly myopic eye with a refractive error of —20.0 diopters and an axial length of
30.69 mm. The image taken in 2001 shows a lacquer crack (black arrows) which is no longer detectable in the image obtained in 2011. Note: marked enlargement of
parapapillary myopic beta/gamma zone (green arrows); black asterisks: markings of a large choroidal vessel as fundus landmark.

posterior staphyloma. While due to the lengthening of the peripapillary
choroidal border tissue, BM can slip away from the optic disc border,
and the ILM may get strained and partially elevated in such axially
elongated eyes. This may resemble a washing-line phenomenon. Such an
intraretinal detachment of the ILM could cause a secondary splitting of
the retina, into an inner part clinging to the ILM, and an outer part with
the retinal photoreceptors firmly connected to the RPE and BM.

Macular neovascularization is another plus lesion in the definition of
myopic maculopathy and can eventually lead to a subretinal prolifera-
tion of RPE cells, forming a pseudo-fibrous metaplasia that is histolog-
ically similar to the fibrous pseudo-metaplasia of the lens epithelium in
the case of secondary cataract (Jonas, SB et al., 2021d). It has remained
unclear, why macular BM defects usually do not develop macular neo-
vascularization despite a full access of the choroidal tissue to the retinal
space.

Longitudinal studies revealed the sequence of the stages of myopic
maculopathy, which we described earlier (Fang et al., 2018; Guo et al.,
2021; Lin, C et al., 2018; Liu et al., 2010a; Ueda et al., 2020; Wong, YL
et al., 2020; Yan, YN et al., 2018). In general, it has remained unclear
whether the axial elongation-associated changes form a continuum,
starting from mild abnormalities in moderate myopia to profound
changes in high myopia and to pathological changes found in eyes with
pathological myopia. It refers to the question of whether the marked
increase in the prevalence of mild, moderate, and high myopia found in
children and adolescents during the past three decades poses a risk for a
substantial increase in the prevalence of pathological myopia when
these children and adolescents reach the age of 40-60 years. Alterna-
tively, pathological myopia may represent an entity different from the
so-called “schoolchildren myopia™.

Interestingly, the prevalence of pathological myopia in a rural pop-
ulation of Central India was not associated with educational attainment
level, in contrast to the prevalence of schoolchildren myopia, which
strongly increased with higher educational level (Jonas, JB et al,
2017g). It also appears that the genetic backgrounds may partially differ
between schoolchildren myopia and pathological myopia. To date, less
than 20% of all myopias, including schoolchildren myopia, have been
linked to a genetic pattern, while pathological myopia, in association
with known syndromes such as Stickler’s syndrome, has a strong genetic
basis (Haarman et al., 2022b; Ghorbani Mojarrad et al., 2020; Tideman
et al., 2021).

14.1. Dome-shaped macula

A dome-shaped macula (DSM) is another characteristic feature
occurring in some highly myopic eyes with myopic maculopathy. First
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reported by Gaudric and colleagues (Caillaux et al., 2013), a DSM is
described as an inward protrusion of the macula, as visualized by optical
coherence tomography (Ellabban et al., 2013; Errera et al.,, 2014;
Gaucher et al.,, 2008; Ohno-Matsui et al., 2017; Saito et al., 2021;
Soudier et al., 2016; Viola et al., 2015, 2021). Another study reported
that a DSM was associated with a local thickening of the subfoveal sclera
(Imamura et al., 2011). In a clinical study conducted by Fang and col-
leagues, a higher DSM prevalence correlated with a higher prevalence of
macular BM defects (Fang et al., 2017; Meng et al., 2022b). The authors
discussed that the BM defects may be pathogenetically associated with
the DSM formation. Assuming a biomechanical role played by BM, the
ruptures in BM may lead to a relaxation of the posterior sclera, allowing
a relative thickening and relative inward protrusion of the central sclera
(Fang et al., 2017). In a recent histomorphometric study, a dome-shaped
configuration of the macula was associated with a relative thickening of
the sclera and of the choroid in the foveal region, a central defect in BM
and a subretinal RPE proliferation (own unpublished data). The latter
was similar to a neovascular proliferative myopic maculopathy with a
subretinal proliferation of RPE cells connected to a PAS (periodic acid-
—Schiff reaction)-positive membrane (Jonas, SB et al., 2021). It resem-
bled the pseudo-fibrous metaplasia of the lens epithelium in the case of a
secondary cataract, and corresponded to the embryological origin of
both the RPE and the lens epithelium from the ectoderm.

The etiology of a DSM has remained elusive thus far. The assumed
axial elongation-associated BM enlargement may lead to an increased
strain within BM, primarily leading to an enlargement of the BM
opening of the optic nerve head, and secondarily, to macular BM defects.
In eyes that are not highly myopic, BM defects are associated with
localized posterior staphylomas, such as in the case of macular tox-
oplasmotic scars and in congenital colobomas (Jonas, JB and
Panda-Jonas, 2016). In a similar manner, congenital defects in BM in
eyes with colobomas are associated with localized posterior staph-
ylomas. It has remained unclear why, in some highly myopic eyes, BM
defects located outside of the foveal region are associated with an out-
pouching of the sclera (i.e., staphylomas), while in other highly myopic
eyes, BM defects located in the foveal region are related with a relative
inward bowing of the sclera, forming a DSM. One possibility is that in
highly myopic eyes, an increased orbital tissue pressure due to a
compression of retrobulbar orbital fat (caused by the enlarging globe)
may push the sclera inward, no longer meeting a strong biomechanical
resistance by a now weakened BM.

14.2. Macular ridges

Macular elevations can occur in three patterns: DSMs with the
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macular elevation detectable in both the (1) vertical and (2) horizontal
OCT sections; and (3) ridge-shaped maculas (RSMs), in which case the
macular elevation is observable only in the vertical or horizontal section
(Coco et al., 2012; Garcia-Zamora et al., 2021; Maruko et al., 2011). In a
recent hospital-based study, 17 (9.2%) out of 185 highly myopic eyes
(100 consecutive patients younger than 20 years) eyes showed macular
elevations, all of which ran exclusively in the horizontal direction across
the vertical optical coherence tomographic section (Xu, X et al., 2020).
They fulfilled the definition of a macular ridge and showed no staph-
ylomas or macular BM defects. Conversely, the macular elevations in
patients with DSMs were significantly higher and had a narrower base
than the macular ridges in younger patients and showed macular BM
defects in their vicinity. The macular ridges usually have a wider basis
and smoother elevation slope relative to DSMs.

The etiologies of RSMs and DSMs have remained unclear so far. In
contrast to DSMs, macular ridges show no BM defects in their vicinity.
One possibility is that a BM enlargement in the equatorial and retro-
equatorial fundus regions in axially elongating eyes may not occur in
a completely symmetrical manner; rather, in some eyes the BM
enlargement is larger in one meridian relative to the perpendicular
meridian, which would result in a linear abundance of BM at the pos-
terior pole, leading to an inward folding of BM, with a BM fold (macular
ridge) running in the direction perpendicular to the meridian in which
the surplus of BM was produced. With macular ridges running pre-
dominantly in the horizontal direction (and being detectable in vertical
OCT scans), the relative overproduction of BM may have occurred in
these eyes in the vertical meridian. Such an etiology of a macular
elevation would be independent of the presence and location of macular
BM defects. It has remained unclear whether a macular ridge in younger
age is a risk factor for developing a dome-shaped macula in older age
(Fang et al., 2020).

15. Myopia-associated optic neuropathy
15.1. Glaucomatous or glaucoma-like optic neuropathy

Although population-based studies have shown that pathologic
myopia is one of the most common causes for irreversible blindness
worldwide, they typically did not differentiate between the macular
changes (caused by myopic maculopathy) and optic nerve damage as the
main causes for the vision loss (Bikbov et al., 2020; Flaxman et al., 2017;
Xu, L et al., 2006). The classification of myopic maculopathy by the
Pathologic Myopia Study Group (fundus tessellation, diffuse chorior-
etinal atrophy, extrafoveal patchy atrophies, foveal patchy atrophy) did
not include any optic nerve head alterations, although such alterations
are frequently found in highly myopic eyes (Ohno-Matsui et al., 2015;
Jonas, JB et al., 2017a; Xu et al., 2007a). However, epidemiological
investigations and hospital-based studies have revealed an abnormally
high prevalence of glaucomatous or glaucoma-like optic nerve damage
in myopic and highly myopic eyes and have found myopia to be a risk
factor for progression of glaucomatous optic neuropathy (Chihara et al.,
1997; Ha et al., 2022; Jonas, JB et al., 2017a,e, 2020d; Kuzin et al.,
2010; Lee, K et al., 2020b; Marcus et al., 2011; Mitchell et al., 1999; Pan,
C et al., 2013; Suzuki et al., 2006; Tham et al., 2016; Xu et al., 2007a,
Wang et al., 2022). It remains unclear whether the association between
glaucoma and myopia is valid for high myopia exclusively, or for myopia
of any degree (Jonas, JB et al., 2002; Xu, L et al., 2007a).

The association between glaucoma and (high) myopia suggests that a
considerable subgroup of highly myopic patients lose vision due to an
optic neuropathy (Bikbov et al., 2020; Jonas, JB et al., 2017a; Xu, L
et al., 2007a). Vision loss induced by optic nerve damage in highly
myopic patients can go unnoticed. In a clinical study of 519 highly
myopic eyes (axial length: 29.5 + 2.2 mm), the prevalence of glau-
comatous or glaucoma-like optic neuropathy was 27.2%, and increased
from 12.2% in the subgroup of eyes with an axial length <26.5 mm to
32.6% in the subgroup with an axial length >28 mm, and to 42.1% in
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the subgroup of eyes with an axial length >30 mm (Jonas, JB et al.,
2017a).

The clinical diagnosis of glaucomatous or glaucoma-like optic neu-
ropathy depends on the ophthalmoscopical examination of the optic
nerve head, especially of the shape of the neuroretinal rim (Jonas, JB
etal., 1999, 2020c; Wang, YX et al., 2021). As also discussed above, the
neuroretinal rim shape follows the ISNT rule in myopic and highly
myopic eyes, with the smallest rim part located in the temporal hori-
zontal disc sector (Jonas, JB et al., 1988a). To delineate the neuroretinal
rim from the optic cup in highly myopic eyes, it is important to detect an
intrapapillary vessel kinking relatively near the optic disc border. Such
kinking suggests a loss of neuroretinal rim in that disc sector, corre-
sponding to a glaucomatous damage of the optic nerve.

Morphometric techniques for the detection of an optic nerve dam-
age—mainly OCT-based measurements of the peripapillary retinal nerve
fiber layer thickness and determination of the thickness and width of the
neuroretina rim—usually fail in highly myopic eyes due to marked
myopia-associated alterations in the morphology of the optic nerve head
(Tan et al., 2019). These changes include a reduction in the spatial
contrast between the height of the neuroretinal rim and the depth of the
optic cup due to the stretching of the optic disc, including the BMO and
the lamina cribrosa, with a subsequent flattening of the optic cup; a
decrease in the color contrast between the pinkish color of the neuro-
retinal rim and the pale color of the bottom of the optic cup; a reduced
visibility of the peripapillary retinal nerve fiber layer due to the bright
underground in the parapapillary region in the gamma and delta zones;
and unspecific causes of visual field defects, which may be due to
myopic macular changes, non-glaucomatous reasons for an optic nerve
damage in highly myopic eyes, refractive reasons, and irregularities of
the posterior eye wall (e.g., staphylomas) (Chang and Singh, 2013;
Jonas, JB and Dichtl, 1997; Lin, F et al., 2022; Rezapour et al., 2021a,b;
Tan et al., 2019; Xu, L et al., 2007b). Furthermore, the intraocular
pressure is not elevated in many highly myopic eyes with optic nerve
damage (Jonas, JB et al., 2017h; Lin, FB et al., 2020).

Some of these problems may be addressed if the retinal ganglion
cell-inner plexiform layer thickness in the macular region outside of
areas with macular patchy atrophies are measured by OCT (Bowd et al.,
2022; Rezapour et al., 2022b). In that context, it must be taken into
account that within the patchy atrophic regions (stages 3 and 4 of
myopic maculopathy), the retinal surface area is focally enlarged. This
enlargement may lead to a geometrically explained thinning of the
retinal ganglion cell layer and inner plexiform layer (Jonas, JB et al.,
2013a). Another possibility may be the assessment of the radial peri-
papillary capillary network by OCT-angiography and the assessment of
the retinal nerve fiber layer texture (Ang et al., 2018; Sung et al., 2018;
Tan et al., 2019).

The difficulties in assessing an optic nerve damage in highly myopic
eyes are compounded by even more severe difficulties in detecting
progression of optic neuropathy in high myopia. Future studies may
address whether the determination of the outer perimetric isopters and
thickness measurements of the macular retinal ganglion cell-inner
plexiform layer outside of patchy atrophic areas are helpful for exam-
ining progression of optic nerve damage in highly myopic eyes.

It should be noted that an association between intraocular pressure
and the occurrence of a glaucomatous or glaucoma-like optic neuropa-
thy, as defined by an abnormal shape of the neuroretinal rim, has not yet
been conclusively demonstrated (Jonas, JB et al., 2017h; Lin, FB et al.,
2020). Furthermore, the markedly thinned sclera in highly myopic eyes
may lead to an inaccuracy in tonometry (Whitacre and Stein, 1993).
However, an association of the optic nerve damage with intraocular
pressure and with the protective effect of a lowering of intraocular
pressure has been considered central for the definition of glaucoma
(Garway-Heath et al., 2015). Until future studies address such a rela-
tionship, the occurrence of an optic nerve damage with an abnormal
neuroretinal rim shape in highly myopic eyes may also be called
“glaucoma-like” or “glaucomatoid” (Song et al., 2020).
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15.2. Causes of increased prevalence of glaucomatous or glaucomatoid
optic neuropathy in high myopia

Histological risk factors for the axial length-associated increase in
the prevalence of a glaucomatous or glaucoma-like optic neuropathy in
highly myopic eyes may be the enlargement and thinning of the lamina
cribrosa, lengthening and thinning of the peripapillary choroidal border
tissue—with potential consequences on the biomechanics of the
connection between BM and the lamina cribrosa—the elongation and
thinning of the peripapillary scleral flange as the biomechanical anchor
of the lamina cribrosa, and the increased distance between the peri-
papillary arterial circle of Zinn-Haller and the lamina cribrosa. It re-
mains unclear whether other axial elongation-associated changes in the
region of the optic nerve head, such as the development of the para-
papillary gamma zone in association with a temporal shifting of the BM
opening, and the enlargement of gamma zone in association with an
enlargement of the BM opening, may indirectly be associated with the
prevalence of glaucoma (Jonas, JB et al., 2020c; Wang, YX et al., 2021).

As a corollary to the histological findings, clinical observations have
suggested that the presence and size of parapapillary delta zone and an
axial elongation-associated enlargement of the optic disc were the two
main morphological risk factors for an increase in the glaucoma prev-
alence in axially elongated, highly myopic, eyes (Jonas, JB et al., 2017a;
Nagaoka et al., 2015). Interestingly, presence and size of gamma zone
(after subtraction of delta zone) after adjusting for axial length was not
markedly associated with glaucoma in high myopia in that study, fitting
with the notion, that it is the peripapillary scleral flange which is pri-
marily connected with the lamina cribrosa.

15.3. Non-glaucomatous optic neuropathy

Clinical findings suggest that high axial myopia can be associated
with a non-glaucomatous optic nerve damage. In the population-based
Ufa Eye and Medical Study, a higher prevalence of myopic maculop-
athy was correlated with a thinner peripapillary retinal nerve fiber layer,
after adjusting for the presence or degree of glaucomatous optic neu-
ropathy or after excluding eyes with glaucomatous optic nerve damage
(Bikbov et al., 2020). The thinner retinal nerve fiber layer in
non-glaucomatous eyes with myopic maculopathy points at a
non-glaucomatous type of optic nerve damage in highly myopic eyes
with maculopathy.

Reasons for an increased prevalence of a non-glaucomatous optic
neuropathy in highly myopic eyes may be the increase in the distance
between the retinal ganglion cell bodies and the optic disc. Upon his-
tomorphometry and as discussed above, the retina—over its whole re-
gion from the ora serrata to the optic disc—elongates by 4.3 mm if axial
length increases from 24 mm in an emmetropic eye to 30 mm in a highly
myopic eye (own unpublished data). This retinal lengthening primarily
affects the retinal structures connecting the deeper retinal layers with
the optic disc; these structures are the ILM and the retinal nerve fibers.
Assuming that the axons of the retinal ganglion cells are not elastic or
extendable, any lengthening of the retinal nerve fibers will lead to their
stretching. Such mechanical strain may lead to damage to and loss of the
retinal nerve fibers, ultimately resulting in a non-glaucomatous optic
neuropathy.

In addition to the axial elongation-associated changes in the mid-
periphery of the fundus, an increase in the distance between the
retinal ganglion cells and the optic disc occurs in the papillo-macular
region via the development of a temporal parapapillary gamma and
delta zone (Jonas, RA et al., 2021b). The gamma and delta zones, if
located in the temporal parapapillary region, lead directly to an increase
in the disc—fovea distance at a ratio of approximately 1:1 (Jonas, RA
et al.,, 2015a). This increase is associated with a lengthening of the
retinal nerve fibers in the papillomacular region, since these fibers
already run in a straight course to the optic disc, prior to the
commencement of axial elongation. The lengthening of the fibers may
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lead to their stretching with secondary damage.

In contrast, axons in the curved arcuate regions may compensate for
an increase in the disc-fovea distance by becoming more straight-lined,
without secondary fiber stretching. An elongation and stretching of the
papillo-macular fibers may be associated with the development of cen-
tral scotomas in highly myopic eyes; myopic macular changes could not
otherwise explain these scotomas. The notion of a straightening of
retinal nerve fibers with elongating distance to the optic disc is sup-
ported by a population-based 10-year follow-up study, in which a higher
prevalence of a disc-fovea distance elongation was found in 71% of
highly myopic eyes and was related to a straightening of the papillo-
macular retinal vessels; additionally, a widening of the gamma zone
and a decrease in angle kappa were found (Jonas, RA et al., 2021b).
Using the easily ophthalmoscopically detectable retinal vessels as
landmarks, one may infer that the retinal nerve fibers become stretched
throughout the course of a widening parapapillary gamma zone.

16. Axial elongation/emmetropization/myopization

Axial myopia can be regarded as the result of an overshooting of the
physiological process of emmetropization. The process of emmetrop-
ization describes the physiological axial elongation of the eye by which
the marked axial hyperopia present at birth is transformed into emme-
tropia in adulthood. For each millimeter of the ocular axial length that
extends beyond the accepted threshold in relation to the combined
refractive power of cornea and lens, a myopic refractive error of
approximately —2 to —3 diopters results. Studies report that axial
elongation usually ceases in the third decade of life in about two-thirds
of moderately myopic individuals, while one-third of such individuals
can show myopia progression during that period, albeit at lower rates
than during childhood (Lee, SS et al., 2022b). In contrast, highly myopic
patients, especially those with pathological changes in the macula (i.e.,
myopic maculopathy) or the optic nerve (high myopia-associated optic
neuropathy), can experience further axial elongation in adulthood such
that sagittal eye diameters exceeding 35 mm can eventually result (Du
et al., 2021; Fang et al., 2018; Larsen, 1971; Lee, MW et al., 2020; Saka
et al., 2010, 2013).

Continuous axial elongation is a main risk factor for the progression
of myopic maculopathy (Fang et al., 2018; Lee MW et al., 2020; Saka
et al., 2010, 2013). To cite an example, in the study by Du and col-
leagues, the mean axial length among 1877 patients increased from
29.66 + 2.20 mm annually at baseline by 0.05 £+ 0.24 mm (Du et al.,
2021). Among the risk factors for marked axial elongation were female
sex (OR: 1.46, 95%CI: 1.38-1.55), baseline axial length of 28.15 mm or
greater (OR: 1.67, 95%CI: 1.54-1.81 to OR: 2.67, 95%CI: 2.46-2.88),
presence of maculopathy (OR: 1.06, 95%CI: 0.96-1.17 to OR: 1.39, 95%
CI: 1.24-1.55), and previous macular neovascularization (OR: 1.37,
95%ClI: 1.29-1.47) (Du et al., 2021). These risk factors for elongation are
not modifiable; therefore, Du and colleagues concluded that prevention
of myopia may be the best approach to reduce the incidence of patho-
logical myopia. Alternatively, procedures are warranted to decrease or
completely stop further axial elongation and myopization in highly
myopic eyes, in an attempt to prevent the development and progression
of myopic maculopathy and high myopia-associated optic neuropathy.
Blocking or neutralizing a hypothetical “myopia growth factor” has been
suggested as a possible method to prevent or reduce further axial
elongation, particularly in adult highly myopic patients with ongoing
axial elongation.

Experimental and clinical studies reported that various molecules are
potentially involved in the process of axial elongation. These molecules
include dopamine, atropine, TGF-f, fibroblast growth factor, hepatocyte
growth factor, insulin-like growth factor, and amphiregulin and other
epidermal growth factor (EGF) family members, to name a few (Barathi
et al., 2009; Cheng, T et al., 2020; Chua, WH et al., 2006; Chia et al.,
2016; Dong et al., 2019b, 2020, 2022; Gao et al., 2006; Jiang, L et al.,
2014; Jiang, WJ et al., 2017; Jobling et al., 2009, 2014; Li et al., 2014;
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Mao et al., 2016; Seko et al., 1995). Recent studies conducted in young
guinea pigs with or without lens-induced myopization showed that the
repeated intravitreal application of antibodies against EGF family
members, such as amphiregulin, neuregulin-1, and EGF itself, yielded a
decrease in axial elongation, while repeated intravitreal injections of
EGF family members themselves—namely, amphiregulin, neuregulin-1,
and EGF—were associated with an increase in axial elongation (Dong
et al., 2019b, 2020, 2022; Jiang, WJ et al., 2017). As a corollary, the
intravitreal application of EGF receptor antibodies was associated with a
reduction in the axial elongation in young guinea pigs (Dong et al.,
2020). Based on the observations made in the experimental studies and
in the histomorphometric investigations, the hypothesis was formulated
that EGF and its family members, potentially produced by cells in the
retina, may stimulate the RPE in the mid-periphery of the fundus to
locally enlarge BM as its basal membrane. The RPE contains receptors
for EGF (Anchan et al., 1991; Cheng, LB et al., 2014; Defoe and Grind-
staff, 2004; Khaliq et al., 1996; Kociok et al., 1998; Liang et al., 2010;
Liu, NP et al., 1992; Vatsyayan et al., 2011; Xu and Fu, 2007; Yan, F
etal., 2007; Zhang, L et al., 2013). These findings place BM at the center
of the efferent limb of the postulated feedback mechanism governing
axial elongation in the process of emmetropization/myopization (Jonas,
JB et al., 2017b).

The following findings were the basis for the formulation of the
hypothesis (Table 1) (Fig. 19). The process of emmetropization can be
regarded as a fitting of the optical axis length to the refractive power of
the cornea and lens, starting approximately in the third year of life. In
the first 2 years of life, the enlargement of the globe occurs by growth in
all directions (i.e., the spherical shape of the eye remains preserved). In
that period, the globe enlarges its anterior-posterior sagittal diameter
from about 17 mm at full-term birth to about 21-22 mm at the end of the
second year of life. This globe enlargement is related to an increase in
the scleral volume, as also found histomorphometrically (Jonas, JB
et al., 2014a). After that period, the eye further enlarges, mainly by an
increase in its sagittal diameter up to an axial length of about 24 mm,
with 1-mm increase in the anterior-posterior size corresponding to an
increase of 0.5 mm in the equatorial plane in the horizontal and vertical
direction (Jonas, JB et al., 2017d). Above an axial length of 24 mm, the
equatorial diameters (horizontal and vertical) increase by approxi-
mately 0.20 mm or less for each millimeter elongation in the sagittal
direction (Jonas, JB et al., 2017d). These measurements corroborate the
observed change in the eye shape from a sphere in hyperopia and
emmetropia to a prolate ellipsoid in axial myopia. The axial elonga-
tion-associated change in the globe’s shape suggests an eye wall
enlargement occurring predominantly in the equatorial region.

Axial elongation leads to a choroidal thinning and, to a relatively
lower degree, to a scleral thinning (Hoseini-Yazdi et al., 2019; Flor-
es-Moreno et al., 2013; Fujiwara et al., 2009; Jonas, JB et al., 2019;
Moriyama et al., 2007; Spaide et al., 2008; Wei et al., 2013). The
choroidal thinning is most pronounced at the posterior pole. Addition-
ally, axial elongation is related to a retinal thinning and a reduction in
the RPE cell density in the retro-equatorial region (Jonas, JB et al.,
2016d, 2017c, 2020b). This contrasts with the retinal thickness and RPE
cell density in the macular region; here, both parameters are indepen-
dent of axial length. BM’s thickness in any region was found to be in-
dependent of axial length in all ocular regions, except for eyes with
secondary high myopia due to congenital glaucoma (Bai et al., 2017;
Dong et al., 2019a; Jonas, JB et al., 2014b, 2020b). The axial elonga-
tion-associated increase in the fovea—optic disc distance is mainly due to
the development and enlargement of a parapapillary gamma zone,
which usually enlarges in the temporal to inferior temporal direction,
towards the fovea (Jonas JB et al., 2012, 2016b, 2018c, 2022b,d; Jonas
RA et al., 2015a). Since the distance between the temporal superior
vascular arcade and the temporal inferior vascular arcade is indepen-
dent of axial length, BM length in the macular region is not enlarged
during axial elongation (Jonas JB et al., 2015, 2018a; Jonas RA et al.,
2015b). The elongation of the optic disc-fovea distance leads to a
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Table 1
Axial elongation—associated morphological changes.

Minor, moderate, and
high myopia:

Thinning of the sclera, most marked at the posterior pole
and least marked at the ora serrata or anterior to it.
Scleral volume not correlated with axial length (and age)
beyond an age of 3 years.

Thinning of the choroid, most marked at the posterior
pole and least marked at the ora serrata.

Choroidal volume not correlated with axial length (and
age) beyond an age of 3 years.

Bruch’s membrane not related to axial length.

Bruch’s membrane volume increase with longer axial
length.

Photoreceptor density decrease with longer axial length,
most marked at the posterior pole/equator midpoint and
in the equatorial region, and less marked close to the ora
serrata.

Retinal thickness decreases with longer axial length, most
marked at the posterior pole/equator midpoint and in the
equatorial region, and least—or not—marked at the
posterior pole.

Retinal pigment epithelium cell density decreases with
longer axial length, most marked at the posterior pole/
equator midpoint and in the equatorial region, and
least—or not—marked at the posterior pole.

Bruch’s membrane opening shift in moderately myopic
eyes, usually in the temporal/inferior direction; leading
to an overhanging of Bruch’s membrane into the nasal
intrapapillary compartment and Bruch’s membrane
absence in the temporal region (i.e., parapapillary gamma
zone), optic disc ovalization due to shortening of the
ophthalmoscopically visible horizontal disc diameter,
fovea—optic disc distance elongation, reduction in angle
kappa, and straightening/stretching of the
papillomacular retinal blood vessels and retinal nerve
fibers

Bruch’s membrane opening (BMO) shift, usually in the
temporal (inferior) direction, with longer axial length in
moderately myopic eyes, leading to an overhanging of
Bruch’s membrane (BM) into the intrapapillary
compartment nasally, and an absence of BM in the
temporal parapapillary region (parapapillary gamma
zone).

Enlargement of the retinal pigment epithelium layer
opening of the optic nerve canal, leading to a
parapapillary myopic beta zone;

Elongation and thinning of the peripapillary choroidal
border tissue (the volume of which is not related to axial
length), due to the development of a gamma zone with an
increased distance between the end of Bruch’s membrane
and the end of lamina cribrosa.

Minor and moderate
myopia:

Moderate and high
myopia:

High myopia:

Enlargement of all layers of the optic nerve canal,
including

Enlargement of the retinal pigment epithelium layer
opening of the optic nerve canal, leading to a
parapapillary myopic beta zone.

Enlargement of Bruch’s membrane opening, leading to a
retraction of a BM formerly overhanging into the
intrapapillary compartment and eventually to a circular
gamma zone.

Enlargement of the lamina cribrosa, leading an
elongation and thinning of the lamina cribrosa, with the
consequence of the development of a secondary
macrodiscs and a steepening of the trans-lamina cribrosa
pressure gradient between the intraocular compartment
(intraocular pressure) and the retro-laminar
compartment (orbital cerebrospinal fluid pressure).
Elongation and thinning of the peripapillary scleral flange
(i.e., parapapillary delta zone).

- Elongation and thinning of the peripapillary choroidal
border tissue due to the circular enlargement of gamma
zone, sometimes leading to a rupture of the elongated and
thinned peripapillary choroidal border tissue, with the
consequence of a loosening of the peripapillary BM end
and a corrugation of BM.

(continued on next page)
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Table 1 (continued)

Development of linear defects of the RPE in the macular
(extrafoveal) region, widening to round defects (patchy
atrophies) with further axial elongation.

Development of macular BM defects with a corresponding
equally sized defect in the choriocapillaris, surrounded by
a larger RPE layer defect; with a smaller defect in the
retinal outer nuclear layer and an even smaller defect in
the retinal inner nuclear layer, sometimes leading to inner
limiting membrane (ILM) bridges.

Macular neovascularization, often in association with a
foveal patchy atrophy.

Myopic macular retinoschisis, potentially in association
with a washing line effect of the inner limiting membrane.
Glaucomatous/glaucoma-like optic neuropathy.
Non-glaucomatous optic neuropathy.

With Bruch’s membrane unrelated to axial length, and considering the change in
eye shape from a sphere in emmetropia to a prolate (rotational) ellipsoid in
myopia, the features may be explained by a primary Bruch’s membrane
enlargement in the retro-equatorial/equatorial region, leading to axial elonga-
tion and secondary choroidal thinning at the posterior pole.

decrease in angle kappa between the temporal superior and the temporal
inferior vascular arcade (Jonas RA et al., 2015b). The observation that
the macular BM does not markedly change during axial elongation in
eyes without myopic maculopathy (stage 3 or higher) aligns with the
findings that the RPE cell density, retinal thickness and density of the
choriocapillaris, and the best-corrected visual acuity were independent

Nomajomxial length
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of axial length in axially elongated eyes without myopic maculopathy
(Panda-Jonas, JB et al., 2021) (Fig. 19).

These morphological findings formed the basis for the hypothesis
that axial elongation occurs through an enlargement of BM in the
equatorial to retroequatorial region. An ocular wall enlargement taking
place predominantly in the equatorial to retro-equatorial region would
geometrically explain the change from a spherical eye shape in emme-
tropia to a prolate ellipsoid form in axial myopia. A BM enlargement in
the equatorial to retro-equatorial region pushes the posterior part of BM
backward, leading to a compression and secondary thinning of the
choroid that is most pronounced at the posterior pole. The thinning of
the sclera, less marked than the choroidal thinning when expressed in
relative terms, might secondarily be induced by the backward push of
the posterior BM. A BM enlargement in the equatorial to retro-equatorial
region fits with the observed decrease in the RPE cell count and retinal
layer thickness in these regions of axially elongated eyes. With BM in the
macular region primarily not involved in the process of BM enlargement,
the density of the retinal photoreceptors remains unaffected by axial
elongation. This aligns with the observation that best-corrected visual
acuity is independent of axial length in myopic eyes without myopic
maculopathy.

With the macular BM primarily unaffected by axial elongation, the
hypothesis also fits with the findings, that the thickness of the retina, the
RPE cell density and the choriocapillaris density in the macular region
were not related to axial length (Cheng, W et al., 2021, 2022; Pan-
da-Jonas et al., 2021). By the same token, the distance between the

thicknessnddiameteof

thecornea,

Scleral and choroidal thinning,
most marked at the posterior
pole; no change in scleral or
choroidal volume

BM thickness not related tc
axial length, BM volume
increasing

Pathologic myopia:

* Lacquer cracks (linear RPE defects), wpdanhyg to
atrophies

* Macular BM defects

* Macular neovascularization

* Myopic macular retinoschisis

Thicknessfretina, RPE densityttBbknedand

choriocapilladies)sitgot (markedayfflectetyaxial

elongation

Thinningftheretinanddecrease

in RPEeldensitgndphotoreceptor
celinthemidperiphegrin
associatiomithapresumedrowth
ofBruchs membrane

* ShifofBMO (“gammaong (moderatmyopip

* Enlargement of RPO operimp@rapapillary myopic bqg
zone)

* Elongatioofthedisefovealistancduetogammaone

HighMyopia

* Enlargement of all layers of the optic nerve canal
opening (myopic beta zone), BNiGc@ilar gamma zong
peripapillary scleral flange opesytigd(sc
enlargemeneélongation/thinning of lamina cribrosa

* Elongation/thinning of the peripapillary scteral fla
parapapillary delta zone)

* Elongation/thinning of peripapillary choroidal bor
(potentially repture and corrugation of BM)

Pathologic myopia:

* Glaucomatous/glaucoma-like optic neuropathy

* Non-glaucomatous optic neuropathy

Fig. 19. Eye globe with general myopic changes topographically listed.
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temporal superior vascular arcade and the temporal inferior vascular
arcade was not related to axial length in eyes without stage 3 or higher of
myopic maculopathy, supporting the notion that macular BM does not
enlarge in axially elongated eyes. BM enlargement taking place pre-
dominantly in the equatorial to retro-equatorial region would also
explain the shift of BM into the temporal direction towards the fovea,
parallel to the development and enlargement of the gamma zone in the
temporal parapapillary region in moderately myopic eyes.

Finally, an active BM production and enlargement would fit with the
observation that the thickness of BM, in contrast to the thickness of the
choroid and sclera, was independent of axial length. It remains unclear
how an enlargement of BMO with longer axial length, and eventually the
development and enlargement of lacquer cracks and BM defects in the
macular region, could be explained by the hypothesis. One may discuss
that the BM enlargement in the equatorial to retro-equatorial region,
also slightly increasing the coronal diameters of the myopic eye, may
increase the strain within BM, leading initially to a BMO enlargement.
Should that be insufficient to release the strain, secondary new BM de-
fects may develop in the macular region. The enlargement of the RPE
opening of the optic nerve canal (i.e., the development of a myopic
parapapillary beta zone) may result from enlargement of the inner
surface of BM (due to the enlargement of BM), so that the RPE layer
becomes stretched, leading initially to an increase in the RPE opening of
the optic nerve canal, and in a second step, to secondary RPE layer de-
fects in the macular region, beginning with linear lacquer cracks that
then widened to round defect and then so-called “patchy atrophies”.
Fitting with this notion is that the orientation of the lacquer cracks (or
linear RPE defects) is usually perpendicular to the direction of the widest
section of the gamma zone.

The notion of defects in the RPE layer developing before or in as-
sociation with the development of macular BM defects is supported by
histological findings of macular BM defects. In all eyes with BM defects,
as examined in a recent histomorphometric study, the overlying RPE
defect was larger than the BM defect. This finding corroborates clinical
OCT findings indicating that within a patchy atrophy, the RPE defect is
larger than the BM defect in its center. Further support is lent by the
finding that highly myopic eyes can show RPE defects in the macular
region (patchy atrophies) without a concurrent BM defect, while all BM
defects are associated with a (larger) surrounding RPE defect. Sup-
porting the hypothesis of BM as a biomechanically important structure
for the shape and size of the eye and for the process of axial elongation is
the finding that the biomechanical strength of BM in relationship to the
structure thickness was about 100 times higher than the strength of the
sclera.

Experimental studies and clinical observations have suggested that
the afferent, sensory part of the feedback mechanism governing the
process of axial elongation is located in the mid-periphery of the fundus
in the retro-equatorial region of the eye (Berntsen et al., 2013; Mutti
et al., 2007, 2011; Sankaridurg et al., 2011; Smith et al., 2005, 2007,
2009). This suggestion is based on experimental results that a peripheral
defocus leads to axial elongation of the eyes in animals, and on clinical
observations that human eyes with a congenital macular scar (e.g., due
to a toxoplasmotic retinochoroiditis) do not typically develop axial
elongation, while eyes with a destruction of the retina in the
mid-periphery, such as after peripheral and mid-peripheral laser coag-
ulation therapy for retinopathy of prematurity, can develop marked
axial myopia. In contrast, eyes with retinopathy of prematurity treated
by intravitreal application of anti-vascular endothelial growth factor
(VEGF) drugs develop axial myopia less often (Harder et al., 2013;
Marlow et al., 2021).

The notion of the fundus mid-periphery as the location of the sensory
arm of the process of emmetropization is also supported by clinical trials
on myopic children, in which a peripheral myopization by circular
progressive addition contact lenses or by orthokeratology (with a
steepening of the corneal periphery) or other optical measures was
associated with a reduction in the rate of myopia progression (Wildsoet
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et al., 2019). The presumed location of the sensory part of the feedback
mechanism in the fundus mid-periphery is in line with the location of the
presumed BM growth in the fundus mid-periphery, with the RPE
cells-producing BM being located in close proximity to the retinal cells,
which are part of the sensory arm of the feedback mechanism. It would
also explain why BM in the macular region is not primarily affected
during the process.

In summary, the hypothesis suggests that BM enlargement in the
retro-equatorial/equatorial region actively leads to myopic axial elon-
gation. This hypothesis is supported by histological, clinical, and
experimental findings, such as that the elastic modulus of BM is com-
parable or higher than that of the sclera for an intraocular pressure of
approximately 15 mm Hg (Table 1). The hypothesis conflicts with the
usual assumption that the sclera is the primary structure involved in
achieving the elongation of the eye (Liu, HH et al., 2010b; McBrien,
2013; McBrien et al., 2000, 2003, 2006, 2009; Morgan et al., 2012).

Previous studies have examined the axial elongation-associated
changes in the sclera and have convincingly shown alterations at the
microscopical, biochemical, and genetical levels (Liu, HH et al., 2010b;
McBrien, 2013; McBrien et al., 2000, 2003, 2006, 2009; Morgan et al.,
2012). It has remained unclear, however, whether these changes are
primary changes leading to the elongation of the globe, or whether they
occur in a secondary manner as a consequence of eye elongation. A
major argument may be that if the sclera was the tissue elongating the
eye, the distance between the sclera and BM would increase (i.e., the
choroidal thickness would increase). All studies concur, however, that
axial elongation is associated with a choroidal thinning. The posterior
choroidal thinning implies that the posterior pole of BM is moving
backward to a greater degree than the degree to which the posterior
sclera moves backward.

An indirect argument in favor of BM and against the sclera as the
structure primarily elongating the eye is that the process of emmetrop-
ization uses axial elongation to elongate the optical axis and not the
sagittal diameter of the globe. The optical axis ends at the photoreceptor
outer segments in close proximity to the RPE and BM. Since the choroid
separates the sclera from the photoreceptor outer segments, and since
the subfoveal choroidal thickness fluctuates between morning and
evening—and may be dependent on additional parameters (such as ce-
rebrospinal fluid pressure—the sclera is unlikely to govern the optical
axis length with a sufficient precision of approximately 50-100 pm.

Another point for discussion is that the messenger molecule that may
be produced in the retina would have to cross the RPE barrier, the rapid
blood stream of the choriocapillaris, and the interstitial tissue of the
choroid before it could arrive at the scleral inner surface. It may be
unlikely that such as mechanism would lead to a predictable dose of the
messenger molecule reaching the sclera. In addition, the density of
fibrocytes in the sclera is relatively low, so that a fine-tuning of the
length of the optic axis may be difficult. A fine-tuning is, however,
necessary, since an axial length of merely 300 pm too long—resulting in
a myopic refractive error of —1 diopter—would have been a major
survival disadvantage in our ancestral environments. Future studies may
address in greater detail which structure—the sclera, BM, or other
morphological element—may be the primary -catalysts of eye
elongation.

17. Biomechanical aspects

Some potential biomechanical aspects of the myopic changes are as
follows.

e During myopization in adolescence, the BMO shift described above
leads to an anatomical stretching of the peripapillary choroidal
border tissue on the nasal optic disc side (centripetally, in direction
of the intrapapillary compartment) and at the temporal optic disc
side in the gamma zone (centrifugally in a direction away from the
optic disc). Any stretching of the peripapillary border tissue of the
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choroid may be transferred onto the lamina cribrosa, since the

choroidal border tissue is connected with the peripheral end of the

lamina cribrosa.
¢ Anatomically, the eye can be considered to be composed of an inner
ball and an outer coat. The inner ball, comprising the uvea, BM, RPE,
retina, lens, and vitreous body, is connected to its outer coat (i.e., the
sclera) at only two locations: anteriorly at the scleral spur, and
posteriorly at the peripapillary border tissue of the choroid. The
biomechanical importance of the peripapillary choroidal border
tissue as the only posterior connection between the inner ball and the
outer coat of the eye has not yet been explored, either with respect to
the state of emmetropia or axial elongation.
The eye performs movements with marked acceleration and decel-
eration, which may lead to a hurling of the inner ball against the
outer shell (i.e., the sclera), buffered by the choroid. In that model,
the choroid may play a similar role as the outer cerebrospinal fluid
space plays for buffering body movement-induced shifting of the
brain against the skull. The hurling of the inner ocular shell leads to
stress and strain on the peripapillary choroidal border tissue, which
is the only connection between the inner shell and the outer shell in
the posterior hemisphere of the globe. The axial elonga-
tion—-associated changes in the peripapillary choroidal border tissue
(elongation and thinning, in some eyes perhaps rupture) with respect
to the potential role of the choroid as mechanical buffer has not yet
been explored.
The potential enlargement of BM in the equatorial regions, also
leading to an increase in the coronal diameters of the globe, may lead
to a strain in BM at the posterior pole, leading to an enlargement of
the BMO in highly myopic eyes (usually beyond an axial length of
approximately 26.0-26.5 mm). This BMO enlargement leads to a
centrifugal stretch on the peripapillary choroidal border tissue, and
to the development of a circular gamma zone. The biomechanical
importance of a circularly centrifugal stretch on the peripapillary
choroidal border tissue has not been examined yet.
The collagenous fibers of the peripapillary border tissue of the per-
ipapillary scleral flange criss-cross with the collagenous fibers of the
scleral flange, which continue into those of the lamina cribrosa. The
biomechanics of this anchoring of the scleral flange/lamina cribrosa,
running in the coronal plane, with the sagittally orientated peri-
papillary border tissues has remained unexplored. It is likely that this
criss-crossing leads to a stabilization of the lamina cribrosa in the
anterior—posterior direction.
If in highly myopic eyes with a large gamma zone, the peripapillary
choroidal border tissue (connecting the end of BM with the end of the
lamina cribrosa) ruptures, the strain within BM may be released,
leading to an undulation of BM in its vicinity (Jonas, JB et al.,
2018a). A similar morphology can be detected close to macular BM
defects in eyes with myopic maculopathy. The biomechanical
importance of a ruptured peripapillary choroidal border tissue for
the stability and morphology of the lamina cribrosa remains to be
explored. Likewise, the biomechanical consequence of the end of BM
loosened (due to the ruptured peripapillary choroidal border tissue)
for the stability and function of the BM in the macular region has not
yet been assessed.
The development of BM defects in the macular region may lead to a
release in the strain of BM around the BMO of the optic nerve, with a
secondary reduction in the strain in the peripapillary choroidal
border tissue.
The potential enlargement of BM in the equatorial regions in axial
myopization may lead to an increase in the strain within the sclera,
potentially most pronounced at the posterior pole. It may cause not
only to a reduction in the posterior sclera thickness, but also an
enlargement of the peripapillary scleral flange opening (i.e., the
optic disc), with a secondary stretching, elongation, and thinning of
the lamina cribrosa. It may hold significant importance for the
biomechanics of the lamina cribrosa, especially with respect to the
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increased prevalence of glaucomatous or glaucoma-like optic neu-
ropathy in high myopia.

The potential enlargement of BM in the equatorial regions in axial
myopization may lead to a backward movement of the BM at pos-
terior pole, leading to a compression and thinning of the choroid at
the posterior pole.

A large gamma zone in the temporal parapapillary region, increasing
the distance between the retinal ganglion cell nuclei and the optic
disc border, may lead to a stretching of the retinal ganglion cell axons
in the papillo-macular region, and eventually to their loss, thereby
potentially explaining the development of central scotoma in highly
myopic eyes without maculopathy.

Especially in highly myopic eyes, additional forces may be involved,
such as an increased tissue pressure due to a compression of retro-
bulbar orbital fat, caused by the enlarging globe; an increased
backward pull by the four rectus muscles the insertion position,
which has moved forward due to the forward displacement of the
anterior segment of the highly axially elongated globe; and a back-
ward pull by the optic nerve (dura mater) becoming relatively too
short to allow a full adduction of a markedly axially elongated eye.

18. Limitations

The limitations of this review must be considered. First, the scope of
the topic at hand did not allow for a complete description of all
morphological changes occurring in axially elongating, myopic eyes.
Similarly, given that the principles of the process of axial elongation
remain unknown, we focused on only one possible explanatory mecha-
nism underlying axial elongation, without describing in detail other
potential explanations of how axial elongation is associated with certain
biomarkers and messenger molecules. That this study neglected other
hypotheses, such as those on the role of the choroid and sclera in
myopization, does not indicate that these hypotheses are not valid
(Barathi and Beuerman, 2011; Guggenheim and McBrien, 1996; Guo, L
etal., 2014; Gwiazda et al., 1993; Hung et al., 2018; Jiang, L et al., 2018;
Markov et al., 2018; Mutti et al., 2006, 2007, 2011; Nickla and Wallman,
2010; Pan, M et al., 2021; Rymer and Wildsoet, 2005; Siegwart and
Norton, 2002; Troilo and Wallman, 1991; Troilo et al., 2019; Wang, KK
et al., 2017; Wallman et al., 1978, 1995; Wang, M et al., 2018; Wildsoet
and Wallman, 1995; Wong, CW et al., 2017; Wu et al., 2018; Ye et al.,
2020; Zhang and Wildsoet, 2015; Zhou, F et al., 2021; Zhou, X et al.,
2021).

Second, it has remained elusive whether anatomical features of
myopic eyes are effect of or are caused by the process of axial elongation.
Third, there may be many counter-arguments against the hypothesis of
BM as a driving structure in the process of axial elongation. It has been
discussed that the choroid may have a tendency to mold itself to the
supporting sclera such that there would be no reason for the develop-
ment of a suprachoroidal cleavage or choroidal widening in the case the
sclera were the structure primarily moving the back of the eye back-
ward. It could hold true even more if BM would follow the choroid and
sclera, if the sclera was the structure primarily elongating the globe. It
also has to be considered that an enlargement of BM or increased pro-
duction of basal membrane material by the RPE in the retro-equatorial
region has not been directly demonstrated yet. Fourth, it has not
generally been accepted yet that the mid-peripheral retina has a regu-
latory function in the process of emmetropization.

19. Future developments/questions addressable in the future

Some of the topics future studies may address are (1) the biome-
chanical properties of BM in axially elongated eyes; (2) the effect of
measures, such as macula buckling, scleral banding, and scleral stiff-
ening by cross-linking of scleral collagen, on further axial elongation and
choroidal thinning (compression); (3) whether peripapillary supra-
choroidal cavitations may prevent further optic disc rotation in highly
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myopic eyes; (4) whether the BM defects in eyes with angioid streaks
differ in some aspects from BM defects in highly myopic eyes; (5) the
potential role of the choroid as a buffer for the inner ocular sphere
against acceleration- and deceleration-induced whiplash injuries,
including the role of the peripapillary choroidal border tissue and the
effect of its axial elongation-related thinning and stretching; (6) the
biomechanical consequences of a potential rupture of the peripapillary
choroidal border tissue, potentially leading to a corrugation of BM; (7)
the biomechanical consequence of a globe enlargement in the coronal
diameters for the strain within BM, in particular at the posterior pole;

(8) the biomechanical importance of the criss-crossing of the
collagenous fibers of the peripapillary border tissue of the peripapillary
scleral flange with the collagenous fibers of the scleral flange at the
border of the lamina cribrosa; (9) the consequence of an increased strain
in BM on the biomechanics of the lamina cribrosa; and (10) the effects
and associations of BM defects occurring in non-highly myopic eyes,
such as in patients with Stargardt’s disease or in eyes with pseudox-
anthoma elasticum and peripapillary atrophy (Park, SP et al., 2012;
Spaide and Jonas, 2015).

20. Conclusions

In primary myopia, axial elongation-associated non-pathological
changes occur predominantly in the posterior half of the eye. Corre-
sponding to a change in the eye shape from a sphere to a prolate ellip-
soid, an axial length-related reduction in photoreceptor and RPE cell
density and decrease in retinal nuclear layer thickness is most marked at
the equator/posterior pole midpoint, followed by the equator region,
and least—or not at all—marked at the posterior pole (Table 1). An axial
length-associated thinning of the choroid and sclera is most pronounced
at the posterior pole and least marked at the ora serrata. These changes
in choroidal and scleral thickness occur without a change in choroidal
and scleral volume. In contrast, the thickness of BM is not correlated
with, and BM volume increases with, longer axial length. In moderate
myopia, the BMO may shift, usually in direction to the fovea, leading to
an overhanging of BM into the nasal intrapapillary compartment, an
absence of BM in the temporal region (i.e., parapapillary gamma zone),
an ovalization of the disc shape due to a shortening of the oph-
thalmoscopically visible horizontal optic disc diameter with a subse-
quent reduction in the ophthalmoscopical disc size, an elongation of the
fovea—optic disc distance (due to the development of gamma zone and
without an elongation of the macular BM), a reduction in angle kappa,
and a straightening and stretching of the papillomacular retinal blood
vessels and retinal nerve fibers. Anatomical characteristics in highly
myopic eyes are an enlargement of the BMO with an optic disc
enlargement, elongation and thinning of the lamina cribrosa, peri-
papillary scleral flange (i.e., parapapillary delta zone) and peripapillary
choroidal border tissue, and development of circular gamma and delta
zones. These features are anatomical characteristics of moderately
myopic and highly myopic eyes and may be of interest to describe and
better understand the psychophysical effects of myopia on visual acuity
and visual field, and may help to further elucidate the mechanism of
myopic axial elongation. Future studies may examine whether these
anatomical findings can be explained by an enlargement of BM in the
equatorial and retro-equatorial region, the location that has been
considered the site of the afferent part of the feedback mechanism
controlling the processes of emmetropization/myopization and axial
elongation.
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