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Purroske. To describe nonpathological myopia-related characteristics of the human eye.

MerHoDSs. Based on histomorphometric and clinical studies, qualitative and quantitative
findings associated with myopic axial elongation are presented.

Resurrs. In axial myopia, the eye changes from a spherical shape to a prolate ellipsoid,
photoreceptor, and retinal pigment epithelium cell density and total retinal thickness
decrease, most marked in the retroequatorial region, followed by the equator. The choroid
and sclera are thin, most markedly at the posterior pole and least markedly at the ora
serrata. The sclera undergoes alterations in fibroblast activity, changes in extracellular
matrix content, and remodeling. Bruch’s membrane (BM) thickness is unrelated to axial
length, although the BM volume increases. In moderate myopia, the BM opening shifts,
usually toward the fovea, leading to the BM overhanging into the nasal intrapapillary
compartment. Subsequently, the BM is absent in the temporal region (such as parapap-
illary gamma zone), the optic disc takes on a vertically oval shape, the fovea—optic disc
distance elongates without macular BM elongation, the angle kappa reduces, and the
papillomacular retinal vessels and nerve fibers straighten and stretch. In high myopia,
the BM opening and the optic disc enlarge, the lamina cribrosa, the peripapillary scleral
flange (such as parapapillary delta zone) and the peripapillary choroidal border tissue
lengthen and thin, and a circular gamma and delta zone develop.

Concrusions. A thorough characterization of ocular changes in nonpathological myopia
are of importance to better understand the mechanisms of myopic axial elongation,
pathological structural changes, and psychophysical sequelae of myopia on visual func-
tion.

Keywords: axial myopia, high myopia, axial elongation, retinal pigment epithelium,
Bruch’s membrane

Q_ xial myopia is associated with a panoply of both

ORBIT AND OCULAR SHAPE

nonpathological and pathological histological and gross

changes of the eye.!? Although the etiology has not yet been
described completely, axial myopia occurs when the axial
length of the eye grows too long for the optics, and images
focus in front of the retina. In axially myopic eyes, struc-
tural ocular changes occur as a result of axial elongation
and predominantly affect tissues located posterior to the ora
serrata. In this review, nonpathological ocular tissue changes
associated with axial myopia are described, differentiating
those related to mild to moderate myopia compared to high
myopia, with a cut-off for high myopia of approximately
—6.0 to —8.0 diopters (D) in refractive error and about

26.0 mm in axial length.?
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Emmetropic eyes are generally oblate or spherical in shape.
Myopic axial elongation leads to a change in eye shape
to a prolate ellipsoid.*'! The easiest way to geometrically
explain such a change is a sagittal enlargement of a sphere’s
wall in the equatorial region. Recent studies have demon-
strated that the density of photoreceptors and RPE cells
and total retinal thickness show an axial length-associated
decrease, most marked at the midpoint between the equa-
tor and posterior pole, followed by the equatorial region,
suggesting that the retroequatorial region is the center of
myopic eye wall enlargement.'? !4 If the center of ocular wall
enlargement were located exactly at the equator, a purely
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Scheme showing the alignment of all three ONH canal layers (BMO, choroidal opening and peripapillary scleral flange opening,

spanned by the lamina cribrosa) in emmetropic eyes (top), the shift of BMO into the temporal direction in moderately myopic eyes (middle),
and the widening of BMO in highly myopic eyes (bottom). Reprinted from Jonas JB, Jonas RA, Bikbov MM, Wang YX, Panda-Jonas S. Myopia:
Histology, clinical features, and potential implications for the etiology of axial elongation. Prog Retin Eye Res. 2022 Dec 28:101156. Online

ahead of print. © 2022 Elsevier Ltd.

Ficure 2. Histophotograph of an ONH of a moderately myopic eye,
showing the three layers of the ONH canal: the BMO (yellow line),
the choroidal opening (between the yellow line and the red line),
demarcated by the choroidal peripapillary border tissue (“Jacoby”)
(yellow arrows), and the opening of the peripapillary scleral flange,
covered by the lamina cribrosa (between the red line and the black
line) and demarcated by the peripapillary border tissue of the peri-
papillary scleral flange (“Elschnig”) (red arrows); perforated red
line: peripapillary scleral flange; black arrows: optic nerve pia mater.
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axial elongation would be more likely to occur. However,
with the center of wall enlargement located posterior to
the equator, axial elongation would be expected to occur
along with an increase, to a minor amount, in the horizontal
and vertical diameters of the globe, combined with a minor
enlargement of the eye wall also in the pre-equatorial region.
Evidence for the predominantly retroequatorial location is
provided in a study investigating enucleated eyes; in eyes
with an axial length of 24 mm or less, an increase of horizon-
tal and vertical eye diameters of 0.44 mm and 0.51 mm was
observed for each mm increase in axial length, respectively,
and in eyes with an axial length of more than 24 mm, there
was an increase in the horizontal and vertical eye diameters
of 0.19 mm and 0.21 mm, respectively, for each millime-
ter increase in axial length.” This finding may also explain
why axial elongation leads to an enlargement of the Bruch’s
membrane opening (BMO) of the optic nerve head (ONH),
because the axial elongation—associated increase in the coro-
nal diameters of the globe may increase the strain within BM
in the posterior region. Increased strain within the BM may
first lead to an enlargement of the BMO, followed by the
development of secondary expansion defects of BM in the
macular region.!>!7 A retroequatorial location of the center
of the myopic enlargement of the eye wall is in accordance
with observations from experimental and clinical studies in
which the sensory part of the feedback mechanism regu-
lating axial elongation has been shown to exist in the
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Ficure 3. Optic coherence tomography image of an ONH in a moderately myopic eye, showing the intrapapillary overhanging of BM in
the nasal region, the corresponding absence of BM (such as gamma zone) in the temporal inferior region, and the relatively small optic disc
diameter (blue line), ophthalmoscopically reduced by the overhanging part of the BM; yellow arrows, ends of the BM; black arrow, central

end of gamma zone.

midperipheral region of the posterior eye.!®=2! The notion of
an eye wall enlargement in the retroequatorial and equato-
rial regions also fits with the clinical observation of a poste-
rior shift of BMO in the foveal direction.!>"!” The BMO shift
in the foveal direction explains further observations in axial
myopia, including an overhanging of BM into the intrapapil-
lary compartment (such as the compartment anterior to the
lamina cribrosa and surrounded by the peripapillary border
choroidal tissue) at the nasal optic disc border, an ovaliza-
tion of the optic disc shape in moderately myopic eyes, and
a compensatory absence of BM in the temporal parapap-
illary region, such as parapapillary gamma zone (Figs. 1
to 3).15:17:22,23 Correspondingly, the optic disc—fovea distance
in these eyes with a temporal gamma zone is elongated.?*

Opric NErvE HEAD

The ONH consists of the ONH canal and the parapapillary
region.” The ONH canal is the outlet for retinal ganglion
cells axons (such as retinal nerve fibers) and central reti-
nal vein and the inlet for the central retinal artery. The ONH
canal wall is composed of three layers: the BMO as the inner
layer, the choroidal opening as the middle layer, and the
lamina cribrosa as the perforated opening in the peripapil-
lary scleral flange as the outer layer (Figs. 1 to 3).>'7 The
ONH canal contains approximately 1.2 million nerve fibers
passing through approximately 160 to 300 lamina cribrosa
pores.?>2% The central retinal vessel trunk is located in the
central region of the lamina cribrosa, usually slightly decen-
tered in the nasal upper direction.?’

OrtiCc Disc

The optic disc can be regarded as the ophthalmoscopically
visible part of the neuroretinal rim and optic cup.?® The
optic disc shape changes from a mostly circular form in
emmetropic eyes to an oval, usually vertically oval, form in
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moderately myopic eyes, often in association with a rela-
tively small optic disc size.?>?%=3! A shift of the BMO in the
temporal direction, leading to an overhanging of BM into the
nasal intrapapillary compartment (Figs. 1 to 3), may be the
reason for the optic disc change from circular to oval 162223
The overhanging part of BM prevents the ophthalmoscopic
detectability of the optic cup in the nasal region, so that the
optic disc, if defined as the ophthalmoscopically visible part
of the neuroretinal rim and optic cup, gets smaller, and its
shape assumes a vertical oval.'>'7-22 Another minor reason
for the vertical ovalization of the optic disc shape upon
ophthalmoscopy may be a perspective artefact; during axial
elongation, the ophthalmoscopic view onto the optic disc
changes from a mostly perpendicular angle to an oblique
angle.>? Because of this perspective, the horizontal optic disc
diameter appears relatively shortened.

Although moderately myopic eyes may have a relatively
small optic disc, highly myopic eyes tend to have a larger
optic disc, as well as a larger ONH canal, than both moder-
ately myopic and emmetropic eyes.>3* Optic disc enlarge-
ment in highly myopic eyes is associated with a length-
ening and thinning of the lamina cribrosa.®> A decreased
lamina cribrosa thickness shortens the distance between
the intraocular compartment, which is under IOP, and
the retrobulbar compartment, which is under orbital cere-
brospinal fluid pressure pressure.?® The resulting steepen-
ing of the translaminar pressure gradient and pronounced
morphological intralaminar changes, with a potential shear-
ing effect on the lamina cribrosa pores, may contribute
to the increased prevalence of glaucoma-like and/or glau-
comatous optic neuropathy in high myopia.’’~%! In highly
myopic eyes, stretching of the lamina cribrosa, together
with a flattening of the parapapillary tissue caused by the
development of parapapillary gamma zone and delta zone,
leads to a flattening of the optic cup, because the spatial
difference between the height of the neuroretinal rim and
the depth of the optic cup is decreased.’®3* This factor
hinders the delineation of the neuroretinal rim from the
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optic cup and is one of the reasons for increased difficulty
in detecting optic nerve damage in a highly myopic ONH.*?
Optic disc enlargement in highly myopic eyes is accom-
panied by an enlargement of the BMO, which leads to a
retraction of the nasal overhang of BM into the parapap-
illary region, so that a circular parapapillary gamma zone
develops.m'”*“‘“

In highly myopic eyes, the optic disc shape shows high
interindividual variability.>>>* The longest axis of the disc
can be vertically or obliquely, and sometimes horizontally,
oriented. In extremely myopic eyes, the optic disc may be
influenced by a backward pull of the optic nerve, being
potentially too short to allow a pronounced adduction of the
eye with a markedly elongated axial length.>“® Because the
optic nerve originates slightly superior and nasal in the orbit,
the optic nerve pull, probably exerted by the optic nerve
dura mater on its insertion line at the posterior sclera (e.g.,
the peripheral end of the peripapillary scleral flange), will
be maximal at the temporal inferior ONH region. This would
lead to a vertical rotation of the ONH, so that its shape,
as assessed ophthalmoscopically, becomes vertically oval.
Because the backward pull may be strongest, not exactly at
the temporal ONH border, but at the temporal inferior ONH
border, it may also lead to a rotation of the ONH around
its sagittal axis, with the superior disc pole turning in the
direction of the fovea. Such a mechanism could explain the
relatively frequent finding of a sagittal ONH rotation in the
direction toward the fovea.

PARAPAPILLARY GAMMA ZONE AND DELTA ZONE

The three layers composing the ONH canal are aligned to
each other at birth and form a mostly perpendicular angle
with the sclera (Fig. 1). In adolescents and young adults with
developing moderate myopia, the ONH canal assumes an
oblique orientation, with the BMO located usually in direc-
tion of the fovea and the lamina cribrosa located anteri-
orly to it. This orientation leads to an oblique exit of the
retinal nerve fibers from posterior internal-to-anterior exter-
nal direction, before the nerve fibers, then within the optic
nerve, bend backward in direction toward the superior nasal
region of the orbit. As pointed out elsewhere in this article,
the misalignment of the three ONH canal layers leads to an
overhanging of BM into the intrapapillary compartment at
the nasal optic disc side, and to an absence of BM in the
temporal parapapillary region (Figs. 1 to 3).1%17:23 A region
without BM in the parapapillary area is termed the gamma
zone (Fig. 4).17:434

The etiology for the misalignment of the ONH canal struc-
tures has remained elusive. As discussed by Lee et al.,*’ a
potential mechanism could be an anterior shift of the lamina
cribrosa leading to an oblique exit of the nerve fibers in
posterior-to-anterior direction. The forces provoking such
an anterior lamina cribrosa shift are unclear, in particu-
lar because studies have suggested that the optic nerve in
axially elongated eyes mayj, if the eye is adducted, pull the
ONH structures backward (as stated elsewhere in this arti-
cle) and not forward.*>%® An alternative mechanism is a shift
of the BMO in direction of the fovea. Such a backward shift
of the BMO could be produced by an enlargement of BM
in the equatorial and retroequatorial region, as discussed in
previous studies.!

Beside the misalignment of the ONH canal layers, an
axial elongation-associated enlargement of the BMO is a
second mechanism that may contribute to the enlargement
of gamma zone.'® Cross-sectional studies have suggested
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Ficure 4. Clinical photograph of a highly myopic eye with para-
papillary gamma zone (green arrows) and parapapillary delta zone
(black arrows).

that BMO enlargement is present in eyes with an axial length
of more than 26.0 or 26.5 mm (or a myopic refractive error
of approximately —8.0 D).'° The BMO enlargement leads to
a retraction of the intrapapillarily overhanging BM so that a
circular gamma zone develops.*

The parapapillary delta zone is defined as a zone within
the gamma zone characterized by an elongated and thinned
peripapillary scleral flange (Fig. 4).174% The posterior
sclera physiologically splits into an outer part, continuing
into the optic nerve dura mater, and an inner part, continuing
into the peripapillary scleral flange.*®* The latter connects
through the peripapillary border tissue of the peripapillary
scleral flange with the lamina cribrosa and forms the ante-
rior border of the orbital cerebrospinal fluid space. The para-
papillary beta zone is defined as the region around the ONH
with an absence of RPE and with the presence of BM (such
as BM is void of RPE).>!7 In eyes with a gamma zone, the
peripapillary scleral flange is covered only by the retinal
nerve fiber layer, the choroidal peripapillary border tissue,
and the inner limiting membrane.'”40%,50 In eyes without
a gamma zone or parapapillary beta zone, the peripapillary
scleral flange is covered by the choroid, BM, RPE, and deep
and superficial retinal layers. Because the peripapillary scle-
ral flange is the biomechanical anchor of the lamina cribrosa,
the high myopia-associated stretching of the peripapillary
scleral flange may have consequences for the biomechan-
ics of the lamina cribrosa and may be one of the reasons
for an increased prevalence of glaucomatous or glaucoma-
like optic nerve damage in high myopia. Correspondingly,
studies have shown that a large secondary macrodisc and
a large delta zone are factors associated clinically with a
greater prevalence of glaucomatous or glaucoma-like optic
nerve damage,!7:3740,51,52

The axial elongation-related enlargement of the BMO
and enlargement of gamma zone and delta zone lead to an
enlargement of the blind spot in the visual field. The result-
ing scotoma is absolute because retinal photoreceptors are
absent in these regions.

ARTERIAL CIRCLE OF ZINN—HALLER

The arterial circle of Zinn—-Haller is located at the junction
of the optic nerve dura mater and the posterior sclera at the
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peripheral end of the peripapillary scleral flange.>® The arte-
rial circle of Zinn-Haller serves to nourish the ONH, includ-
ing the lamina cribrosa. If visible upon ophthalmoscopy,
the arterial circle marks the border between the delta zone
and the rest of gamma zone.!” Elongation of the delta zone
leads to an increased distance between the arterial circle
and the lamina cribrosa. Consequences of this increased
distance between the blood supply and lamina cribrosa
could be an additional reason for an increased prevalence of
glaucomatous or glaucoma-like optic nerve damage in high
myopia.

PERIPAPILLARY BORDER TISSUE

Within the ONH canal, the peripapillary choroid and the
peripapillary scleral flange are separated from the intrapap-
illary compartment by the peripapillary border tissue of the
choroid (“Jacoby”) and of the peripapillary scleral flange
(“Elschnig”) (Fig. 2).5%°%5 The border tissue of the peri-
papillary scleral flange is a continuation of the optic nerve
pia mater and continues into the choroidal border tissue,
which connects to the end of BM.'7->° Because the peripapil-
lary scleral flange border tissue perpendicularly crisscrosses
with the collagen fibers of the peripapillary scleral flange,
and because it is connected through the choroidal border
tissue with the BM, the peripapillary scleral flange border
tissue supports a biomechanical stabilization of the lamina
cribrosa in the sagittal direction. The choroidal border tissue
separates the intrachoroidal compartment, in which, owing
to fenestrations of the choriocapillaris, fluorescein and albu-
min leaks into the interstitial space from the intrapapillary
compartment. In the latter, the blood vessels are not fenes-
trated, so that a leakage of albumin or fluorescein phys-
iologically does not occur. The border tissue may, there-
fore, be the location of the presumed choroid-ONH barrier.
Connecting the superficial peripheral end of the lamina
cribrosa with the end of BM, the choroidal border tissue
elongates by almost the same amount as the end of BM
recedes from the optic disc border in eyes with gamma
(and delta) zone. The elongation of the choroidal border
tissue is accompanied by a corresponding thinning, so that
the volume of the choroidal border tissue remains unaf-
fected in eyes with enlarging gamma zone.”® The elonga-
tion and thinning of the choroidal border tissue may lead
to its rupture in some eyes with a large gamma zone, so
that the end of BM is no longer firmly connected to the
ONH. This may be the reason for a curling up of the BM
end in myopic eyes with a large gamma zone and may
lead to a secondary corrugation of the BM, as can be seen
histologically and on optical coherence tomographic (OCT)
images.>

Beside the scleral spur in the anterior segment of the
eye and the vortex veins in the posterior segment, the
choroidal border tissue is the only structure connecting
the inner sphere of the globe (such as the complex of
choroid, BM, RPE, retina, ciliary body, iris, lens, and vitre-
ous body) with the outer shell (such as the sclera and
cornea). Because it is connected directly to the extraocular
muscles, the sclera undergoes marked rotational accelera-
tion and deceleration movements. The inner sphere under-
lies the laws of mass inertia so that, in the case of accel-
eration, it stays back, and, in the case of deceleration, it
swings after. The discrepancies in the movements between
the outer shell and the inner sphere lead to stress and
strain on the scleral spur and the choroidal peripapil-
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lary border tissue, which connect the outer shell with the
inner sphere. This finding implies that the choroidal peri-
papillary border tissue has biomechanical importance for
the eye. However, it has remained unclear which biome-
chanical sequels the axial elongation-associated lengthen-
ing and thinning of the choroidal peripapillary border tissue
may have for the biomechanics of the ONH and for the
macula.

THE OpT1IiC NERVE

High myopia has been identified as a major factor associ-
ated with glaucomatous neuropathy, as well as with nonglau-
comatous optic nerve damage.!37-4041,57-59 An increased
prevalence of glaucomatous optic neuropathy may be due
to elongation and thinning of the lamina cribrosa, together
with associated intralamina tissue changes and steepening of
the translamina cribrosa pressure gradient, elongation and
thinning of the peripapillary scleral flange as the biomechan-
ical anchor of the lamina cribrosa, and increased distance
between the peripapillary arterial circle of Zinn-Haller and
the lamina cribrosa. An increased prevalence of nonglauco-
matous optic nerve damage in highly myopic eyes may be
due to the increased distance from the retinal ganglion cell
bodies to the optic disc, leading to a lengthening and poten-
tial stretching of the retinal nerve fibers.!”>® The increased
distance between the retinal ganglion cell bodies and the
optic disc is due to the lengthening of the retina in associa-
tion with the axial elongation and development and enlarge-
ment of gamma zone, leading to an increased fovea—optic
disc distance.?*%

It has remained unclear whether moderate myopia is a
risk factor for glaucomatous optic neuropathy.®'~-% Moder-
ate myopia has not been described to be a risk factor for
nonglaucomatous optic nerve damage.

RETINA

Axial ocular elongation leads to an increase in ocular circum-
ference. According to a recent histomorphometric study in
enucleated human eyes, the increase in ocular circumfer-
ence is, to a minor part, associated with an increase in
the length of the ciliary body (pars plicata and pars plana
combined), and to a major part, associated with elongation
of the retina, such as an increased distance between the ora
serrata and optic disc and macula.®® For each mm increase
in axial length, retinal length, measured from the ora serrata
to the optic disc, increased by 0.73 mm (95% confidence
interval-0.65, 0.81), and the ciliary body length, measured
from the scleral spur to the ora serrata, increased by 0.16 mm
(95% confidence interval, 0.12-0.20).°° Retinal length and
ciliary body length were correlated with each other, with an
increase of ciliary body length by 0.12 mm (95% confidence
interval, 0.07-0.17) for each millimeter increase in retinal
length. These findings agree with previous observations that
myopic globe enlargement mainly affects the axial eye diam-
eter, whereas horizontal and vertical equatorial eye diame-
ters increase by a markedly lower amount.#-!!
Histomorphometric measurements show that photore-
ceptor density in association with axial length decreases
most markedly in the retroequatorial region, followed by the
equatorial region, and finally the ora serrata.!? As discussed
elsewhere in this article, these findings suggest that axial
elongation takes place predominantly in the retroequatorial
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region, followed by the equatorial region, and finally the
ora serrata. Correspondingly, the total retinal thickness
measured in the equatorial and retroequatorial regions
decreases with longer axial length, whereas retinal thick-
ness in the macular region is not related, or is not markedly
related, to the axial length.'® In clinical studies, a thinner
macular retinal outer nuclear layer, as a surrogate for a lower
photoreceptor density, has been shown to be associated
with longer axial length after correcting for parameters, such
as age, sex, disc—fovea distance, and subfoveal choroidal
thickness.!>7° Correspondingly, studies applying adaptive
optics scanning laser ophthalmoscopy revealed that the
foveal cone mosaic expands with a longer axial length.”'~7>
It has remained unclear whether the cone angular sampling
density (measured in cones per degree squared) increases,
decreases, or is not associated with axial length.”!~7> Gener-
ally, one may assume that myopes likely have the same
number of photoreceptors and RPE cells as nonmyopic indi-
viduals. However, the photoreceptors are spread out over an
axial elongation-related larger inner surface area in myopic
eyes, so that their overall mean density decreases with a
longer axial length. In the fovea, however, the photorecep-
tor density has not been reported to decrease markedly with
a longer axial length. This finding is paralleled by observa-
tions that other morphological structures of the fovea, such
as the thickness of BM and the density of the foveal RPE
cells, are not markedly, or not at all, correlated with axial
length.

From a clinical point of view, the myopia-associated
decrease in photoreceptor density in the retroequatorial and
equatorial regions may cause directly a decrease in spatial
resolution and, in association with a potentially decreased
density of cells of the inner nuclear layer and retinal ganglion
cell layer, an enlargement of receptive fields. These assump-
tions fit with the clinical observation of a concentric constric-
tion of the visual field in highly myopic eyes.’® In that
context, one may also have to consider that the increased
length of the optical axis may lead to a larger projected
image on the retina. Clinical studies by Chui et al.”” have
revealed that, at peripheral retinal loci, resolution acuity
declines linearly with the magnitude of myopic refractive
error. Eyes with a myopic refractive error of —15.0 D, as
compared with emmetropic eyes, had twice as much spac-
ing between the retinal receptive units and, thus, 50% of the
peripheral resolution acuity.”” The analysis of ocular expan-
sion patterns using grating acuity data by Chui et al.”” also
concluded that the center of myopic ocular wall expansion is
located posterior to the geometric center of the globe. This
finding is in accordance with the histomorphometric data
on the midperipheral density of the RPE cells and photore-
ceptors and retinal thickness, as discussed elsewhere in this
article.

Other nonpathological changes in the retina associ-
ated with axial elongation include lattice degeneration and
cobblestone degeneration located in the equatorial and pre-
equatorial regions.”®-8! The prevalence of lattice degenera-
tion increases from emmetropia to moderate myopia with a
peak at an axial length of approximately 26.0 to 26.9 mm
(or a refractive error of —6.00 to —8.70 D), and decreases
toward high myopia and extreme myopia.”” The preva-
lence of cobblestone degeneration generally increases with
a longer axial length and is the highest in highly myopic
eyes. Cobblestones have a bright, whitish color owing to
a scarcity or complete absence of melanin in the level of
the RPE. In a recent histomorphometric study, the thickness
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of the BM and the choriocapillaris in cobblestone regions
was thinner and, just outside of the cobblestone regions,
were thicker than in corresponding regions of eyes with-
out cobblestones.8! The cobblestone regions showed a firm
adhesion between a disorganized retina and a thinned BM,
and only few RPE islands, whereas the scleral and total
choroid did not show a significant regional thinning. On
light microscopy, the BM within the cobblestone regions
(except for the RPE islands) seemed to be monolayered,
whereas outside of the cobblestone region was double
layered. Malignant choroidal melanomas have been found
to be correlated spatially with cobblestone degeneration
anterior to the tumors,?? with the authors proposing that
a peripheral choroidal blood perfusion insufficiency owing
to the choroidal malignant melanomas, as well as owing to
other tumors, such as choroidal neve and choroidal metas-
tases, might have caused the cobblestones.

RPE

Similar to the photoreceptors, the underlying RPE also
shows a decrease in cell density with longer axial length,
most marked in the retroequatorial region.!'* Interestingly,
RPE cell density does not decrease, or decreases only to a
minor degree, at the posterior pole.!* The observation that
the inverse association between the RPE cell density and
axial length was the strongest at the retroequatorial region,
followed by the equatorial region, then the ora serrata, and
that it was the weakest, if at all present, at the posterior
pole, is in line with the notion of a myopic ocular wall
enlargement predominantly in the retroequatorial region,
whereas the posterior pole itself, except for the develop-
ment of gamma zone and delta zone, may not be involved
in that process primarily.!> Although not always observed, a
slight decrease in the RPE cell density at the posterior pole
in association with longer axial length is in alignment with
reports on a decrease in foveal cone density with longer axial
length.”!~7> The photoreceptor density/RPE cell density ratio
may not be affected by the axial length markedly.

BM

Histomorphometric studies on European and Chinese eyes,
as well as in a guinea pig model, have shown that the thick-
ness of BM is not related to axial length.8>-% Even in human
eyes with an extreme axial length of more than 30 mm, the
foveal BM thickness was similar to eyes with shorter axial
lengths. These findings suggest that, because the surface
area of BM increases with longer axial length but thick-
ness is constant, the volume of BM increases with longer
axial length. This finding is in contrast with the volume of
the sclera and choroid, which do not increase in axial elon-
gation.?>#” The ability of the BM to maintain its thickness
suggests that the BM has an active role in the process of
axial elongation.

It is important to note that the thickness of BM is just
2 to 4 pm. Moderate changes in BM thickness are difficult
to detect by light microscopy. With increasing tensile stress,
lengthening occurs, the proportion of which is described
by Young’s modulus. If one assumes that the BM does not
remodel in axially elongating eyes, it should be under some
tensile stress. With increasing strain from such a stress, typi-
cally some tissue thinning occurs, as described by Poisson’s
ratio. These considerations may make one assume that there
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may be some thinning of the BM, however undetected in
previous light microscopy examinations.34-8

The distance from the foveola to the optic disc border
increases with longer axial length, whereas the distance
from the fovea to the border of gamma zone is independent
of axial length.?* The axial length-associated increase in the
disc—fovea distance was shown to be due to the development
and enlargement of gamma zone, whereas the length of the
BM in the macular region was not associated with axial elon-
gation. Correspondingly, the distance between the superior
temporal arterial arcade and the inferior temporal arterial
arcade in eyes without macular BM defects was found to be
independent of axial length, fitting with the notion that the
BM in the macular region does not enlarge in axially elon-
gated eyes without BM defects.

Some eyes with marked axial elongation show BM defects
in the posterior region and in spatial association with scleral
staphylomas.?” The BM defects were surrounded by a larger
area without RPE cells. BM thickness at the edge of the BM
defects was not decreased. It has remained unclear whether
the BM in axially elongated eyes, in particular in highly
myopic eyes, shows changes in its biochemical composition,
such as the degree of calcification, as has been shown in eyes
with pseudoxanthoma elasticum and AMD.**-%* This ques-
tion may also be of interest for the development of lacquer
cracks, which may be the ophthalmoscopic equivalent of
linear defects in the RPE layer and, in some eyes, of the
underlying BM.”>~%8 The defects in the RPE layer and in the
BM in the macular region correspond, owing to the absence
of RPE cells, with an absolute scotoma in the visual field.

Fovea-Oprtic Disc DISTANCE

The fovea—optic disc distance increases with longer axial
length owing to the development and enlargement of a
temporal gamma zone.?* Because the distance between the
superior and inferior temporal vascular arcades is indepen-
dent of axial length, the angle between the temporal vascular
arcade decreases with a longer axial length.®® This process
leads to crowding of the retinal nerve fiber layer in the
temporal region of the ONH, and correspondingly, to a rela-
tive thinning of the retinal nerve fiber layer in the other
regions 8892:190 In particular, the location of the peaks of
the retinal nerve fiber layer thickness profiles move in the
direction toward the temporal position.”” These changes in
the retinal nerve fiber layer thickness profile, occurring in
association with an axial elongation-associated decrease in
angle kappa (such as the angle between the temporal supe-
rior vascular arcade and temporal inferior vascular arcade
with the optic disc as the angle vertex) have to be taken into
account when diagnosing an optic nerve image based on the
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 papillomacular bundle.!** This may
potentially lead to nonglaucomatous optic nerve damage,
and might explain the occurrence of paracentral scotomas
in highly myopic eyes in which the macular morphology
cannot explain the etiology of paracentral scotomas. Reti-
nal nerve fibers, which primarily run in an arcuate manner
from their retinal ganglion cell body 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 toward the optic disc in highly
myopic eyes undergoing myopia progression.'%!
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CHOROID

As shown in clinical studies, the thickness of the choroid
decreases with a longer axial length, most markedly in the
subfoveal region.'92-1% This decrease in choroidal thick-
ness has been shown to affect the layers of medium and
large choroidal vessels primarily, whereas the thickness of
the choriocapillaris is not, or is only marginally, associ-
ated with a longer axial length.!®® Correspondingly, the
ratio of the large choroidal vessel layer and of the medium
choroidal vessel layer to total choroidal thickness decreases,
and the ratio of the choriocapillaris increases with longer
axial length.'"!

In a recent clinical study on non-highly myopic indi-
viduals, choriocapillaris flow deficits, as measured by OCT
angiography, were shown to be independent of axial length
in a multivariable analysis adjusting for age, IOP, serum
concentrations of high-density lipoprotein cholesterol, and
lower image quality score.'®> Similar results have been
reported by others.°® 197 However, the latter two studies did
not correct for image magnification effects related to axial
length. In an investigation conducted by Jiang et al.,'?® the
overall vascular density in the choriocapillaris did not vary
between highly myopic and non-highly myopic individuals.
In contrast, one study reported that choroidal vascularity
and choriocapillaris blood perfusion, as measured by OCT
angiography, decreased with longer axial length and with
choroidal thinning.!® Similarly, in a study applying swept-
source OCT angiography, a longer axial length in highly
myopic eyes correlated with a higher choriocapillaris flow
deficit in the perifoveal region, although in the parafoveal
and foveal regions such an association was not found.!*?

In approximately 17% of highly myopic individuals, an
intrachoroidal parapapillary cavitation (also called supra-
choroidal parapapillary cavitation), originally described as a
peripapillary detachment, is found.®® An intrachoroidal para-
papillary cavitation is defined as a cleavage between the
choroid, connected to the BM, and the sclera in the para-
papillary region (Fig. 5).5-% This cavitation generally occurs
in the inferior to temporal inferior parapapillary region. As
described by Spaide et al.,*” lesions appear ophthalmoscop-
ically as orange-colored regions at the inferior to temporal-
inferior ONH border, with a backward bowing of the sclera,
and without a deformed configuration of the overlying BM—
RPE-retina complex. Posterior outward bowing of the sclera
might suggests a posterior excursion of the sclera, and not
an anterior displacement of the retina and RPE, as cause for
the cavitation.®’ It was also proposed that, owing to a physi-
ological elastic stress—strain relationship, the ability to resist
deformation is related to the thickness and composition of
the layers involved. IOP-related deformation of the posterior
scleral wall would be more marked in the region of the para-
papillary gamma zone and delta zone than in other posterior
fundus regions, because the overlying tissues in the area of
the gamma zone and delta zone are either absent or abnor-
mally thin.®” Another possibility to explain the development
of the choroidal cavitations may be, as discussed elsewhere
in this article, that the optic nerve is relatively too short
to allow full adduction of a markedly elongated eye.?>:40:%°
In adduction of extremely elongated eyes, the optic nerve,
presumably the optic nerve dura mater, exerts a pull on the
posterior sclera at the merging line of the dura mater with
the sclera, such as at the peripheral end of the peripapil-
lary scleral flange. This could lead to a backward pull of the
peripapillary sclera and to a secondary cleavage between
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Ficure 5. Clinical and optical tomographic image of a parapapillary intrachoroidal cavitation.

the sclera and the choroid, which is adherent to the BM. A
suprachoroidal parapapillary cavitation may not be consid-
ered pathological, because it is not accompanied by func-
tional deficits generally and has not been reported to be a
risk factor for myopia-related pathologies.®® For details on
how myopia control treatments impact the choroid, see the
IMI—dynamic choroid white paper.!!!

SCLERA

In the process of axial elongation, the sclera undergoes
significant remodeling. Its thickness decreases with a longer
axial length, most markedly at the posterior pole, and
least markedly at the ora serrata and anterior to the ora
serrata.*112-114 Histomorphological studies have shown that
the cross-sectional area and volume of the sclera is not corre-
lated with axial length or age in individuals ages 3 years and
older, whereas in children ages 2 years and younger, the scle-
ral cross-sectional area and volume increase with age.*-%
The remodeling of the sclera is accompanied by, or
induced by, changes in extracellular matrix (ECM) composi-
tion and in scleral fibroblasts.!’>~!3> The sclera is formed by
a dense, fibrous, viscoelastic connective tissue that includes
irregularly arranged collagen fibrils with proteoglycans and
noncollagenous glycoproteins located between the fibrils.
Scleral fibroblasts produce the collagen and other compo-
nents of the ECM. Studies have reported that axial elongation
may be associated with active scleral remodeling, contribut-
ing to a weakened scleral matrix.!'® As evidence of early scle-
ral remodeling, increases in scleral metabolism and scleral
elasticity were observed in tree shrew eyes while undergoing
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experimental myopia and recovery. 121 From a biome-
chanical point of view, investigations of tree shrews revealed
that the ratio of tissue extension in relationship to time
(such as scleral creep rate) increased in eyes undergoing
myopia development and decreased during recovery, when
the myopia regressed.!?! These biomechanical changes were
considered to be associated with scleral myofibroblasts-
induced alterations of the scleral ECM. Changes in the
morphological composition of the sclera in myopia has
been further demonstrated by Curtin et al.'*> using elec-
tron microscopy. The sclera of myopic eyes showed a
predominantly lamellar, collagen fiber bundle arrangement,
a decrease in the fibril diameter, a larger range in fibril diam-
eters, a higher number of unusual star-shaped fibrils, and
a higher count of fibril groups with uniform and very fine
diameters compared to emmetropic eyes.!®

Tissue stress and tissue growth factors, including TGF-8,
influence myofibroblasts. Myofibroblasts are differentiated
fibroblasts that express a-smooth muscle actin. Correspond-
ingly, the expression of tissue inhibitor of metalloproteinase-
2 was decreased in the sclera of tree shrew eyes devel-
oping experimental myopia.'”’ When tissue inhibitor of
metalloproteinase-2 was added exogenously, myopia devel-
opment and axial elongation significantly decreased, and
posterior scleral collagen degradation was inhibited.'?>1%

In a study performing a genome wide association
study for highly myopic patients, four Kyoto Encyclope-
dia of Genes and Genomes signaling pathways, includ-
ing one for amphetamine addiction, ECM receptor inter-
action, neuroactive ligand receptor interaction, and regula-
tion of actin cytoskeleton pathways, were associated with
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high myopia, and the hypoxia-induing factor-lo signaling
pathway was related with high myopia of more than -
10.0 D.!3? These results agree with the observation that the
hypoxia-signaling, the elF2-signaling, and mammalian target
of rapamycin signaling pathways were activated in a murine
model of myopia.!*® Additionally, these results support
results of other studies in which experimental myopia in
mice and guinea pigs was shown to be related with an
hypoxia-induing factor-la up-regulation in the sclera. Simi-
larly, in human scleral fibroblasts, exposure to hypoxia
induced transdifferentiation of myofibroblasts with down-
regulation of type I collagen. In another clinical study on
highly myopic patients, the examination of sclera-related
gene polymorphisms showed that, in particular, polymor-
phisms of TGF-8 2 were related with myopia so that TGF-3
2 may be an important element in the process of scleral
remodeling.!%*

It has remained unclear whether the axial elongation—
associated changes in the sclera are alterations primarily
leading to axial elongation, or whether an elongation of
intraocular tissues develops first with the scleral changes
occurring in a secondary manner. It is hypothesized that
signaling pathways involved in myopic scleral remodeling
involve dopamine, retinoic acid, and adenosine. For recent
comprehensive reviews, see Summers et al. (2021)'3¢ and
Brown et al. (2022).137

VITREOUS

With a longer axial length, macromolecules of the vitre-
ous undergo alterations, the viscosity of the vitreous body
decreases, and the prevalence of posterior vitreous detach-
ment increases.'3-142 Although only 2% of the vitreous body
consists of macromolecules, they are of high importance for
the transparency, gel state, and physiologic function of the
vitreous body.!%? An early study of human eyes reported that
the myopic vitreous has decreased the protein concentra-
tion, collagen content, and hyaluronate concentration than
the vitreous of emmetropic eyes.*> A more recent study in
a mouse model of myopia showed that vitreous potassium,
sodium, and chloride decrease.'** With a longer axial length,
as well as advancing age, these physiological changes lead to
degeneration of the collagen fibrils within the vitreous body
and a gel liquefaction of the fibril-hyaluronic acid associ-
ation, so that vitreous opacities develop, and, eventually, a
detachment of the posterior vitreous from the inner limiting
membrane of the posterior retina and of the ONH occurs. In
some cases, after a posterior vitreous detachment, condensa-
tion and adhesion of the posterior vitreous body at the ONH,
called the Martegiani ring, is perceived as a large floater. If
clinically significant, the vitreous floater induces a reduction
in quality of vision. This condition has been termed “vision-
degrading myodesopsia.”'4? In some highly myopic eyes, the
posterior vitreous detachment can be incomplete, with vitre-
ous cortex remaining on the macula.!®

ANTERIOR SEGMENT

Myopic axial elongation-associated changes in the anterior
segment as compared with those in the posterior segment
are less marked. The dimensions of the cornea with respect
to its thickness and diameter are mostly independent of
axial length.'>-'%7 The anterior corneal curvature radius
decreases slightly with axial length in moderately myopic
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eyes, although it is independent of axial length in highly
myopic eyes. The anterior chamber depth and the anterior
chamber angle increase with axial length. Correspondingly,
a longer axial length is correlated with a lower prevalence
and incidence of POAG. The lens thickness decreases with
longer axial length in moderately myopic eyes, while lens
thickness is not related to axial length in highly myopic eyes.

CONCLUSIONS

Myopic axial elongation-associated nonpathological
changes occur predominantly in the posterior one-half
of the eye. Corresponding with a change in the eye shape
from a sphere to a prolate ellipsoid, decreases in photore-
ceptor and RPE cell density and total retinal thickness are
most marked at the retroequatorial region, followed by the
equatorial region, and least marked at the posterior pole.
Thinning of the choroid and sclera is most pronounced at
the posterior pole and least pronounced at the ora serrata.
Additionally, the sclera undergoes remodeling early in the
development of myopia. These changes in choroidal and
scleral thickness occur without a change in the choroidal
or scleral volume. The thickness of the BM is not correlated
with, and the BM volume increases with, a longer axial
length. In moderate myopia, the BMO may shift, usually in
the direction of the fovea, leading to an overhanging of the
BM into the nasal intrapapillary compartment, an absence
of the BM in the temporal region (such as parapapillary
gamma zone), an ovalization of the disc shape owing to
a shortening of the ophthalmoscopically visible horizontal
optic disc diameter with a subsequent decrease in the
ophthalmoscopic disc size, an elongation of the fovea—optic
disc distance (owing to the development of the gamma zone
and without an elongation of the macular BM), a decrease
in the angle kappa, and a straightening and stretching of
the papillomacular retinal blood vessels and retinal nerve
fibers. Anatomic characteristics in highly myopic eyes are
an enlargement of the BMO with an optic disc enlargement,
elongation and thinning of the lamina cribrosa, peripapil-
lary scleral flange (such as the parapapillary delta zone)
and the peripapillary choroidal border tissue, and the
development of circular gamma and delta zones. Thorough
characterization of ocular changes in nonpathological
myopia is of importance to better understand mechanisms
of myopic axial elongation, pathological structural changes,
and psychophysical sequelae of myopia on visual function.
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