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Abstract

blood perfusion as a “rapid predictive index” of myopia.

Myopia is the leading cause of visual impairment worldwide. The lack of a “rapid predictive index” for myopia
development and progression hinders the clinic management and prevention of myopia. This article reviews the
studies describing changes that occur in the choroid during myopia development and proposes that it is possible
to detect myopia development at an earlier stage than is currently possible in a clinical setting using choroidal
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Background

Presently, repeated measurements of refraction and axial
length over time are required to obtain a definitive clinical
diagnosis of myopia progression. These “downstream indi-
cators” do not facilitate early intervention to prevent my-
opia progressing into a more severe stage, which may even
cause irreversible blindness. Establishing a “rapid predict-
ive index” is of interest to ophthalmologists in order to
improve both the management and prevention of myopia.
Changes in choroidal structure and function are recently
suggested to be contributory factors of myopia onset and
progression, although the underlying mechanism is still
not clear. Therefore, it is worthwhile to determine if
changes in non-invasive choroidal measurements can be
used to establish an index of this process.
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Main text

Myopia is the leading cause of visual impairment world-
wide [1]. Its alarmingly rapid increase in prevalence has
raised significant concerns regarding its impact on pub-
lic health. The number of affected people is expected to
triple from 1.41 billion with a prevalence of 22.9% in
2000 to 4.76 billion to reach 49.8% in 2050 [2]. Younger
generations are getting myopic at an earlier age, espe-
cially in East Asian countries, including Singapore,
Japan, Korea, and China [3, 4]. Meanwhile, the global
prevalence of high myopia is also predicted to rise from
2.7% (163 million) in 2000 to a markedly elevated level
of 9.8% (938 million) in 2050 [2]. Severe myopia in-
creases the risk of irreversible blindness due to retinal
detachment, macular degeneration, glaucoma, and chor-
oidal neovascularization [1, 5, 6]. Furthermore, visual
impairment resulting from both uncorrected myopia and
myopia-related ocular complications heighten socioeco-
nomic burdens. Annually, the direct cost of visual im-
pairment caused by myopia is 755 million dollars in
Singapore [7] and at least 3.8 billion dollars in the
United States [8]. These alarmingly high costs accom-
panied estimated declines in the gross domestic product
of 202 billion dollars worldwide [9]. The “myopia
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pandemic” has caught the attention of the World Health
Organization, who advocates inclusion of myopia assess-
ment into the general eye care service [10].

Myopia is a complex disease with a multi-factorial eti-
ology whose underlying pathophysiological mechanisms
are not yet fully understood. Two of its signature
changes include excessive optical axis elongation, con-
current scleral thinning accompanying remodeling of its
extracellular matrix [11-14]. These alterations result in
declines in the visual acuity of distant images. This mal-
function allegedly stems from aberrant transduced ret-
inal signals excessively lengthening the optical axis along
with the aforementioned changes in the scleral structure
and content. Despite this realization, it is still unclear
how visually-induced retinal signal transduction events
elicit control of scleral and optical axis elongation during
ocular development.

There is emerging evidence that myopia has risk factors
involving interactions between environment and genetic
risk factors. One of the environmental variables thought
to influence myopia progression during development es-
pecially in school age children includes time spent per-
forming near work [15, 16] and exposure to outdoor
daylight [17, 18]. Some insight has been obtained from
studies focused on clarifying how visually evoked signals
at the retina are transduced and then induce molecular
signaling pathway activation. These messages may regulate
choroidal function and/or traverse into the sclera to affect
changes that modulate responses described in experimen-
tal myopia animal models [19-21]. Such communication
is required in order for the scleral stiffness to decrease and
stretch to accommodate excessive optical axis elongation.
Changes in choroidal thickness and function are also sug-
gested to be contributory factors since it is juxtaposed be-
tween the retina and sclera. Secondly, the choroid may
also act as a barrier to the diffusion of endogenous growth
factors that promote axial elongation [22, 23]. Finally, the
choroid itself may be one of the sources of factors that dir-
ectly influence scleral stiffness and extensibility through
control of its molecular content and turnover [24, 25].
Therefore, studies on functional changes that occur in the
choroid during myopia development are relevant to clari-
fying the pathophysiological events driving this process in
experimental animal models.

Clinicians commonly use time dependent measure-
ments of refraction and axial length to evaluate myopia
progression. Establishing with statistical analysis a defini-
tive diagnosis, may require obtaining repeated measure-
ments for periods over more than a year. Furthermore,
during extended periods using these traditional metrics
as outcome measurements in clinical myopia research
may sometimes confound interpretation of the results
due to contributions by extraneous factors. Such pro-
longation could also increase the likelihood that the
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study subjects may be exposed to procedures that are
deemed ineffective in myopia control. Another concern
is that sole reliance on measurements of refraction and
axial length as the “downstream indicators” may not be
able to resolve rapid progression of myopia in the clinic.
Therefore, establishing a “rapid predictive index” will be
invaluable in the management and prevention of myopia.
Such an index would be an asset because it would pro-
vide an accurate evaluation of myopia susceptibility and
the effects of therapeutic measures on its development.
One possibility includes changes in axon myelination,
which was reported as a biomarker for myopia develop-
ment in the form deprivation myopia chicken model [26,
27]. There are also indications that evaluation of param-
eters characteristic of choroidal function may identify
changes that can rapidly predict the likelihood of myopia
onset and track the progression of this disease process.

Choroidal thickness and myopia

With the advent of optical coherent tomography (OCT),
cross-sectional viewing of the posterior segment of the
eye became possible [28]. The results show that the
retinal thickness is thinner in myopic subjects than in
non-myopic subjects [29-32]. Recently, Fourier-domain
OCT is increasingly being used to monitor changes in
the choroid that occur during myopia development.
With this innovation, the anterior and posterior bound-
aries of the choroid are identified in a cross-sectional
image. Accordingly, choroidal thickness is defined as the
vertical distance between the two boundaries at a spe-
cific location or over a defined area.

The Beijing Eye Study reported that the sub-foveal
choroid shrank by 32pum for every 1 mm increase in
axial length in 3233 subjects [33]. These findings were
supported by the subgroup analysis done in the
Shandong Children Eye Study [34]. In the subgroup of
972 school children aged more than 6 years, they found
that thicker sub-foveal choroid was associated with
shorter axial length and it decreased by 25 um per milli-
meter increase in axial length. Additionally, the Beijing
Eye Study reported later that thicker peripapillary chor-
oidal thickness was also associated with a shorter axial
length in 3060 subjects [35]. In another cross-sectional
analysis of the data from the Correction of Myopia
Evaluation Trial (COMET) cohort, differences in
choroidal thickness were found among different ethnici-
ties after adjustment for axial length; namely, Asians had
the thinnest choroidal thicknesses [36]. Given that my-
opia is more prevalent in Asian populations, thinner
choroidal thickness might be a risk factor for myopia
development.

Longitudinal designs were used to measure changes in
choroidal thickness in myopia. Such an analysis is com-
plex because of the confounding influence of age-related
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changes on choroidal thickness. Several studies found
that in adults choroidal thickness became thinner with
increasing age at rates ranging from 14 to 54 pum per
decade [33, 37—-39]. In contrast, choroidal thickness in
children with no significant refractive errors increased
with age [40—-42], while in children with a wider range of
refractive errors, age dependent changes in choroidal
thickness were similar to the pattern observed in adults
[43-45]. Read et al. [46] followed 41 myopes and 60
non-myopes aged between 10 and 15years for 18
months and found that in children whose axial
elongation increased more rapidly, choroidal thickening
during this period was less than in other subjects under-
going more moderate and slower increases in axial
elongation. Fontaine et al. [47] also found in a 15
months follow-up that sub-foveal choroidal thickness in-
creased in non-myopic eyes, but it decreased in myopic
eyes of 115 children aged from 2 to 16 years. In a 2020
study, Xiong et al. [48] followed a cohort of 756 partici-
pants with different refractive statuses aged from 6 to
18 years for 1year and reported that age as well as re-
fractive status could simultaneously influence the pattern
of changes in choroidal thickness, which may explain
why previous studies failed to detect such an association.
Furthermore, this recent report also demonstrated that
newly developed myopic subjects experienced more evi-
dent choroidal thinning compared with both non-
myopic individuals and those afflicted with myopia for a
longer period.

All of the above evidence supports the notion that
choroidal thinning may be reflective of myopia develop-
ment. However, even though several different animal
myopia model studies obtained results in agreement
with those reported in clinical studies [19, 21, 49], the
mechanism was unknown that controls choroidal thick-
ness. Further study is still needed to elucidate whether
the changes occur in parallel or precede development of
myopia. Furthermore, in the latter case, it is also uncer-
tain how changes in the choroid thickness manifest such
a major regulatory role on myopia development.

Choroidal blood perfusion and myopia

Advances in OCT technology resulted in development
of optical coherence tomography angiography (OCT-A),
which makes it possible to non-invasively quantify chor-
oidal vessel density [50, 51]. This innovation facilitates
evaluating changes in choroidal vessel density in clinical
and animal studies of myopia. Currently, there are only
a few available OCT-A clinical studies since it is a rela-
tively new imaging modality. Another limitation is that
their conclusions are not consistent with one another.
Milani et al. [52] found no significant difference in chor-
iocapillaris perfusion area between 42 myopic and 40
control eyes in a retrospective study. In contrast,
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measuring instead a larger range of choroidal area and
using another algorithm, Mo and colleagues [53] re-
ported a marginally significant difference in choriocapil-
laris blood flow density between 45 emmetropic and 41
high myopic eyes. This finding agrees another study re-
ported by Al-Sheikh et al. [30], in which the area of flow
deficit in the choriocapillaris increased in eyes with
greater myopia. In one of our recently published studies
[54], the choroidal vascularity and choriocapillaris flow
voids were measured and compared between eyes of 31
anisomyopic young adults. We found that choroidal vas-
cularity and choriocapillaris blood flow were lower in
more myopic individuals.

Despite the variability in measurement of choroidal
parameters, either intra-individual or inter-device was
found to be acceptable [55-57]. It is worth noting that
confounding factors, such as age, systolic blood pressure
and measurement time should be taken into consider-
ation when analyzing choroidal thickness or blood perfu-
sion change [58]. Meanwhile, with such small changes in
choroidal parameters, it will be difficult to predict the
onset and progression of myopia. However, this hurdle
could be due to a current technical limitation that is
likely to be lessened with the advent of a new device and
updated algorithms.

Clinical evidence is still very inadequate to make any
definitive conclusion regarding an association between
changes in choroidal blood flow and myopia. Our recent
studies may shed some light on this question that could
ultimately help clarify the relationship between choroidal
vascularity and myopia development. Wu et al. [12]
found that scleral hypoxia is a key modulator of scleral
remodeling during myopia development. Later, Zhang
and associates [59] demonstrated that in guinea pigs
with temporal ciliary artery transection, choroidal blood
perfusion was significantly reduced from the baseline in
the temporal quadrants, but not in the nasal quadrants.
The choroidal thickness in the temporal but not the
nasal quadrants also decreased, which was likely caused
by the reduced choroidal blood perfusion. The same
study found that choroidal blood perfusion and its thick-
ness were both significantly reduced in spontaneous and
three different experimental animal myopia models. An-
other recent study from our group showed that prazosin,
a vasodilator, increased choroidal blood perfusion and
inhibited both myopia progression as well as eyeball
elongation via reducing scleral hypoxia in guinea pigs
[60]. In view of all of the above findings, it is plausible
that changes in choroidal thickness in myopia might re-
sult from reduced choroidal blood perfusion, which in
turn may lead to scleral hypoxia. This condition could in
turn trigger downstream receptor-linked signaling path-
ways events that induce responses promoting myopia
progression.
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Conclusions

Taken together, the above considerations prompt us to
hypothesize that measurements of choroidal blood per-
fusion have the potential to provide a sensitive and
“rapid predictive index” of myopia onset. Further study
is warranted to test the possibility that such measure-
ments will make it possible to detect myopia develop-
ment at an earlier stage than is currently possible in a
clinical setting.
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