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High myopia is among the most common causes of vision impairment, and it is mainly
characterized by abnormal elongation of the axial length, leading to pathologic changes
in the ocular structures. Owing to the close relationship between high myopia and glau-
coma, the association between intraocular pressure (IOP) and high myopia progression
has garnered attention. However, whether lowering IOP can retard the progression of
high myopia is unclear. On reviewing previous studies, we suggest that lowering IOP
plays a role in progressive axial length elongation in high myopia, particularly in patho-
logic myopia, wherein the sclera is more remodeled. Based on the responses of the
ocular layers, we further proposed the potential mechanisms. For the sclera, lowering
the IOP could inhibit the activation of scleral fibroblasts and then reduce scleral remod-
eling, and a decrease in the scleral distending force would retard the ocular expansion
like a balloon. For the choroid, lowering IOP results in an increase in choroidal blood
perfusion, thereby reducing scleral hypoxia and slowing down scleral remodeling. The
final effect of these pathways is slowing axial elongation and the development of scle-
ral staphyloma. Further animal and clinical studies regarding high myopia with varied
degree of IOP and the changes of choroid and sclera during IOP fluctuation in high
myopia are needed to verify the role of IOP in the pathogenesis and progression of high
myopia. It is hoped that this may lead to the development of a prospective treatment
option to prevent and control high myopia progression.
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igh myopia is a leading cause of visual impairment and
blindness worldwide, which is defined as a refractive
error <—6.00 diopters (D) or axial length (AL) >26.5 mm.!
It is characterized by excessive axial elongation and asso-
ciated with a high risk of other ocular complications such
as retinal detachment, glaucoma, and cataracts.? Pathologic
myopia is possibly a consequence of high myopia, with
additional abnormal choroidal vasculature and degenera-
tive changes.’ These features make high myopia a challeng-
ing global public health problem, especially in East Asian
countries.>
Highly myopic eyes, due to the abnormal elongation of
AL, result in different anatomic changes such as posterior
staphyloma, atrophy of retina and choroid, deformation of
the optic nerve, and retinoschisis, which will lead to irre-
versible vision impairment.®” New loci associated with high
myopia have been constantly identified, and an important
role of the nervous system was suggested in the etiology of
this highly hereditary disease,®’ whereas the exact patho-
genesis and biological mechanisms of high myopia remain to
be elucidated. A few theories have been put forward: scleral
remodeling and mechanical property weakening are under-
lining the development of high myopia and posterior staphy-
loma.!® In addition, Bruch’s membrane opening has a role in

Copyright 2021 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

the process of axial elongation of high myopia,® while high
myopia may also be influenced by defects in choroidal circu-
lation."! Based on current medical technology, high myopia
is considered an irreversible ocular degeneration without
effective interventions.

More and more evidence has suggested that high myopia
is closely related to the occurrence of glaucoma. Most studies
have reported that people with high myopia have a twofold
to fourfold increased risk of open-angle glaucoma,'?-1°
although a few studies have indicated that they are unre-
lated.'”'® A meta-analysis showed that the pooled odds
ratios of the association with glaucoma were 1.77 for low
myopia and 2.46 for high myopia.'® The Collaborative Longi-
tudinal Evaluation of Ethnicity and Refractive Error study
has determined that the mean intraocular pressure (IOP)
before myopia onset was significantly higher (P < 0.001)
than that of emmetropes in children, but the IOP difference
(0.57 mm Hg) was relatively small to suggest a role for IOP
in the onset of myopia.?’ At the genetic level, a meta-analysis
of genome-wide association studies has further explored
the significant genetic correlation between refractive error
and IOP (P = 1.04 x 107'?). A Mendelian randomization
model was built to demonstrate that on average, every
1-mm Hg increase in IOP predicts a 0.05- to 0.09-D decrease
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in spherical equivalent,®! which means exposure to higher

IOP may inadvertently raise the prevalence of myopia.

IOP contributes to the regulation of retinal and choroidal
microcirculation and deformation of the optic disc, which
is involved in glaucoma and also in myopic optic neuropa-
thy.22 The above evidence implies that IOP may play a
role in the pathogenesis of high myopia. Combined with
previous animal and clinical studies, we propose that lower-
ing the IOP can control high myopia progression based
on the responses of the scleral and choroidal layers. The
potential mechanism underlying this perspective is illus-
trated (Fig.) and may provide multiple potential targets
for the prevention and control of high myopia, which is
expected to help in the management and prognosis of high
myopia.

EVIDENCE IN ANIMAL EXPERIMENTS

In animal experiments, the effect of lowering IOP in control-
ling AL and the refractive error changes caused by ocular
hypotensive medications are varied. Timolol, a B-adrenergic
receptor blocker, was shown to be unable to control myopia
progression in chicks,?* and carteolol also showed no signif-
icant correlation with axial elongation in young guinea
pigs.?> However, a selective prostaglandin F2 o receptor
agonist called latanoprost was proved to induce the remodel-
ing of scleral collagen and normalize the scleral microstruc-
ture in the guinea pig myopia models, leading to reduced
AL elongation and refractive error changes.?*?” Others have
suggested that latanoprost acid can also inhibit the progres-
sion of form-deprivation myopia in guinea pigs, probably by
hypotensive effects, and strengthen the scleral framework to
reduce AL elongation.?® In addition, both brimonidine eye
drops and intravitreal injections were reported to be effec-
tive in inhibiting progressing myopia, mainly through slow-
ing AL elongation.??:3°

There are some possible explanations for the inconsis-
tent effect of IOP-lowering medications on myopia progres-
sion in animal models. First, the chick’s sclera has an inner
cartilage layer that is more resistant to IOP fluctuations than
guinea pigs. The older the animal, the lower the elasticity
of the sclera and the weaker the response to IOP changes.
Second, different types of medications have different IOP-
lowering efficacy, and medication such as S-receptor block-
ers cannot maintain a low and stable level of IOP during
nighttime compared with prostaglandins, as IOP diurnal
fluctuation tends to play an important role in axial elon-
gation.®! Third, differences in pharmacodynamics, specific
receptors, and the impact on vascular flow density as well
as choroidal blood perfusion may also contribute to these
different results, which require further elucidation.

‘{Choroidal blood perfusion T)—b(ScIeral ischemia and hypoxia l)

High myopia control

The potential mechanisms for the control of high myopia progression through the lowering of IOP.

EVALUATIONS IN CLINICAL PRACTICES

During clinical practice, many studies have shown that AL
elongation is associated with IOP to some extent at different
ages. As for young children, a population-based predicted
model showed that AL was most strongly influenced by
age and reached a plateau around 3 years, as the sclera
becomes much less distensible after that.>* This associa-
tion was also significantly influenced by IOP; for example,
in children with congenital glaucoma with increased IOP,
the predicted curve of AL was approximately 1 to 2 mm
higher for the same age and sex. Another retrospective
study proved that in children with congenital glaucoma
with an average age of 10 months, the postoperative IOP
after trabeculectomy or goniotomy was remarkably corre-
lated with AL growth.>> With IOP controlled in congenital
glaucoma, AL may decrease or the axial growth pattern may
parallel the normal growth curve* To our knowledge, no
long-term follow-up of infants’ AL under different IOP has
been reported. During the rapid growth of the sclera and
eyeball in young children, AL seems to be very sensitive to
changes in IOP. In 6- to 11-year-old myopic children, a 5-year
follow-up study by the Correction of Myopia Evaluation Trial
suggested that IOP was not associated with myopia progres-
sion or change in AL.*> Concerning teens and those in their
early 20s, the Singapore Cohort Study of the Risk Factors
for Myopia (SCORM) study suggested that there were no
significant IOP differences between high or low myopia and
emmetropes, and it did not support an association between
IOP and AL or refractive error in children.3® Conversely, the
Anyang Childhood Eye Study indicated that IOP was about
1 to 2 mm Hg higher in myopic eyes than in emmetropic
or hyperopia eyes using noncontact tonometry. However, in
eyes with greater myopia progression, IOP was significantly
lower, which indicated that progressing myopic eyes have
higher scleral compliance.>” A multivariate linear regression
analysis used in the Anyang University Students Eye Study
described that higher IOP is associated with higher myopic
refractive error and shorter AL. As the sclera has a certain
compliance, below the threshold, the correlation between
IOP and AL was negative, while above a certain degree,
the correlation was positive.®* Therefore, the true value of
IOP tends to be underestimated in progressive high myopic
eyes, and the compliance of the sclera should be taken into
consideration. In healthy teenagers’ eyes, after an immediate
IOP elevation of 10 and 20 mm Hg that was induced by a
suction cup, the AL significantly increased by 23 and 39 um,
respectively.”’ The result indicates that the elasticity of the
sclera still exists in teenagers; however, we should acknowl-
edge that the AL change in teenagers was far less than that
in young children under different IOPs.

The relationship between IOP and myopia was even more
inconsistent in older adults. A Japanese survey confirmed
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that the mean IOP in advancing degrees of myopia was
slightly higher than that of nonmyopic eyes, even after
adjusting the age and central corneal thickness.®! As for
the population over 40 years old, the Japanese Kumejima
study demonstrated that higher IOP was significantly corre-
lated with longer AL (P < 0.018),42 while the Los Angeles
Latino Eye Study showed there was no significant associa-
tion between IOP and AL (P = 0.13).%% In addition, the Ling-
tou Eye Cohort Study manifested that longitudinal changes
in IOP were positively related to myopic progression (based
on spherical equivalent, P < 0.001).* The Northern Ireland
Cohort for the Longitudinal Study of Ageing study, which
enrolled participants older than 50 years, demonstrated that
increased IOP was associated with increased myopic refrac-
tive error in adjusted multivariate analysis (P < 0.01), but the
AL parameters were not included in the analysis.*> Moreover,
in elderly patients with open-angle glaucoma, AL reduction
after trabeculectomy or glaucoma drainage device surgery
was related to postoperative IOP and the amount of IOP
reduction.®® More accurately, the Wilmer Eye Institute indi-
cated that for every 1-mm Hg IOP decrease after trabeculec-
tomy, there was a mean decrease of 6.8 um in ALY A
Japanese 6-year follow-up study found that the lack of using
IOP-lowering medications in high myopic adult patients was
a prognostic factor for increased AL in the multivariate analy-
sis.* However, the postoperative AL change by IOP in adults
was much less significant than that in young children, in
both the value and the proportion of total AL. In addition,
in adult patients with glaucoma who had emmetropia or
mild myopia, AL decreased by only 0.16 mm after trabeculec-
tomy,” which was far less than that in the young children.
Due to the difference in AL change between children and
adults, scleral rigidity and elasticity need to be taken into
consideration in IOP measurement.

Moreover, most of the AL was measured from the corneal
surface to the retinal pigment epithelium, excluding the
choroidal thickness. When IOP decreases, choroidal blood
prefusion and choroidal thickness increase accordingly,?’
which diminish the real AL value change. In vivo elastic
responses of the sclera were different between myopic and
normal eyes,® and the elasticity of the posterior retina—
choroid-sclera complex increased as the AL increased in
eyes with high myopia.>® We hypothesized that the AL is
rarely changed by lowering the IOP in normal adults or
patients with mild myopia, whose sclera are rigid and rela-
tively inflexible. However, in progressive high myopia, espe-
cially pathologic myopia, it has been reported that the sclera
of these patients was continually prolonged and had higher
compliance and, consequently, was more elastic and more
sensitive to IOP change.?’>>! In summary, we hold the view
that lowering the IOP can slow down AL increase, especially
in progressive high myopia populations.

ScLErAL REsPONSE TO IOP

As the ocular outer coat, the sclera is considered an indis-
pensable target and has been studied extensively with
respect to high myopia pathogenesis. The scleral response to
IOP can be divided into two stages—acute and chronic IOP
elevation. Changes in scleral structure, composition varia-
tion, and weakening of biomechanical properties can result
in axial elongation, which is one of the most significant
changes in both the early and late stages of high myopia.'®

For decades, Laplace’s law has been implemented as a
theoretical model in ophthalmology to describe the mecha-
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nism of the corneoscleral shell. Although it was proven to be
inappropriate, it roughly illustrated the interaction between
IOP and stress to the corneoscleral tissues.>*>> During ocular
growth in childhood or high myopia progression, once IOP
is elevated, it is likely to increase ocular stress directly and
result in a balloon-like expansion, particularly in the sclera’s
posterior pole.>* After a long stretching period, scleral elas-
ticity may decrease, affecting the scleral growth rate and
expansion speed, ultimately leading to axial elongation.>®
The subsequent scleral rigidity may increase the susceptibil-
ity of intraocular structures to the distending force of IOP.
This vicious circle might be halted when IOP lowering is
practiced. For instance, lowering the IOP can increase scle-
ral resistance and, in turn, reduce the incidence of ocular
stretching, which appears to be the fundamental step in
avoiding permanent vision loss in high myopia.>

It is known that scleral fibroblasts can produce matrix
metalloproteinases (MMPs) to induce type I collagen degra-
dation and remodeling of other extracellular matrices, lead-
ing to scleral thinning during myopia progression.”’->8
Another mechanical stretching in vitro model demonstrated
that the production of tissue inhibitor of metalloproteinase
1 by human scleral fibroblasts was suppressed and raised
the proportion of MMPs and scleral remodeling.>® Moreover,
mechanical strain-induced Ras homolog family member
A/Rho-associated protein kinase 2 pathway and transform-
ing growth factor 81 mediation were demonstrated to regu-
late scleral remodeling.®*®' Therefore, IOP lowering may
be perceived by the mechanical response genes of scleral
fibroblasts and lead to depressed scleral remodeling and
reduced axial elongation by inhibiting fibroblast activation.

CHoOROIDAL RESPONSE TO IOP

One of the main functions of choroid, a blood-rich tissue,
is to supply oxygen and nutriment to the outer retina and
overlying sclera. Reduced choroidal blood flow can result
in scleral ischemia and hypoxia, contributing to the onset
of ocular elongation and myopia.®> Choroidal thickness
(CTD) is a measurable indicator of choroidal blood perfusion
(ChBP) and was reported to be thinner in myopia than in
emmetropia and hyperopia; specifically, CT decreases by 5
pm per refraction diopter of myopia.®*% Furthermore, in
high myopic eyes, CT was reported to be negatively corre-
lated with AL and CT reduction occurred before reti-
nal thinning in the early progression of myopia.®® Hence,
choroidal thinning was supposed to serve as a new target or
predictor biomarker for myopic development and progres-
sion.%7-68

It is worth noting that lowering the IOP can promote
ChBP. For example, topical ocular hypotensive drugs such as
bimatoprost and dorzolamide have been shown to increase
ChBP and cause a marked increase in CT.®7° For every
1-mm Hg decrease in IOP after trabeculectomy, the mean
increase in CT was 3.4 pm, and these postoperative changes
were maintained for at least 6 months.?”-7! Interestingly,
several interventions to retard myopia progression in chil-
dren and teenagers, such as orthokeratology treatment and
low-dose atropine, also increased ChBP or CT.”?>73 This
suggested that increasing ChBP may be a significant target
in high myopia control. Remarkably, increased ChBP has
recently been reported to inhibit high myopia progression
by reducing scleral ischemia and hypoxia and further leads
to changes in the scleral extracellular matrix and collagen
remodeling in guinea pigs,’* indicating that lowering the
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IOP is a promising mechanism for controlling high myopic
development by increasing the blood supply to the choroid.

FuTrure DIRECTIONS AND CHALLENGES

Currently, there is no direct evidence for the role of IOP
in the pathogenesis of high myopia, and many unanswered
questions remain about the effect of reducing the IOP on the
progression of high myopia. We propose that the following
issues should be answered: (1) How does the AL change
in high myopia under varied IOP degrees? Will higher IOP
contribute to longer AL? (2) What is the underlying mech-
anism of scleral and choroid change in high myopia under
higher IOP? (3) Will reducing IOP slow down the progres-
sion of high myopia that showed as AL elongation, atrophy
of the retina and choroid, or tractional change of the retina?
If so, animal experiments are needed to further clarify the
effect of varied degrees of IOP on sclera and choroid and
their exact role in AL growth. Further longitudinal clinical
data regarding the AL changes in patients with high myopia
who have used or are currently using ocular hypotension
medications and even randomized controlled trials with
interventions to reduce IOP in patients with progressive
high myopia are also significant to confirm the feasibility
of reducing IOP for controlling progressive high myopia or
continuous axial elongation.

CONCLUSION

High myopia comprises multiple etiologic factors, and the
mechanisms for controlling high myopia are more complex.
There is contradictory clinical and experimental evidence for
the relationship between high myopia and glaucoma as well
as between IOP and myopia progression. By summarizing
the findings of previous studies, we concluded that lowering
the IOP may control high myopia progression, particularly
in progressive high myopia and pathologic myopia, wherein
the sclera is more elastic, grows faster, and is more suscepti-
ble to IOP changes. The potential mechanisms based on the
responses of the scleral and choroidal layers were proposed.
First, lowering the IOP can decrease the distending force on
the sclera and slow down the scleral elasticity degeneration
rate and expansion speed. Second, lowering the IOP may
be perceived by the mechanical response genes of scleral
fibroblasts and inhibit the activation of scleral fibroblasts.
Third, the ocular hypotension effect can result in an increase
of ChBP, thereby reducing scleral ischemia and hypoxia. The
final effect is the reduction of scleral collagen remodeling
and the attenuation of axial elongation. This perspective may
serve as a basis for delaying high myopia progression and
controlling high myopia combined with glaucoma. However,
further animal and clinical studies are in urgent need to
confirm the role of IOP in the pathogenesis and progres-
sion of high myopia.
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